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Abstract

A measuremertf themassof the W bosonin hadronicete~ — W*W~ decaysvasperformedwith 183pb?!
of datarecordedwvith theOPAL detectomtacentre-of-masenegy of \/s= 189G¢/. Usingaone-dimensional
reweightingtechniquewherethe W width is fixed to its StandardVodel prediction,the masswasdetermined
to

Mgd = 80.360-+ 0.1052"+ 0.093Y" G/ .

Furthermoretheinfluenceof areconstructiof W*W~ — qqqq(g) eventsasfivejetsonboththestatisticaland
the systematiauncertaintywas studiedand optimised. It wasalsoshown the feasibility of a two-dimensional
analysisa simultaneoudit to thetwo W masse®f eachevent.
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Chapter 1

Intr oduction

Understandingof the fundamentalconstituentsof the universe has always beenof greatinterest
throughoutmankind. Theidea,thatthe microcosmthe world at infinitely small distancesis greatly
relatedto theorigin of theuniverseandthatit containsalreadyall thelawsthatgovernthebehaiour of

natureup to theregime of our everydaylife andbeyond,hasmotivatedthe studyof this extraordinary
domain.

Sincethe 20" century physicistshave developedthetoolsto take acloserlook atthebehaiour of
natureat the scaleof elementaryparticles.In the studyof high enegetic collisionsof particles,aided
by the useof acceleratorspnecanthenlearnaboutthe fundamentatomponent®f matterandtheir
interactionsunderconditionsthataresimilar to theenegy densityof the universein its infangy.

The Standad Model of particlephysicsdescribeshe elementaryparticlesandtheir interactions.
However, thereare several free parameterghat remainunpredictedand have to be determinedby
experiment.Also, notall ingredientsof this modelhave beendirectly obseredyet, sothatmeasuring
the propertiesof the elementanyparticlesandtheir interactionsnot only completeghe missingparts
of thistheorybut alsosenesasatestof its validity andgivesconstraintgo thoseparameterghathave
notbeenmeasureget.

In 1934,Enrico Fermiintroducedthe weakforce asa point-like interactionin orderto explain 3
decay=f unstablenuclei. It wasalreadyknown thatit couldonly bevalid atlow enegies,andin the
late sixtiesit wasshavn to beaneffective approximatiorof theweaksectorof theelectraveaktheory
at low momentumtransfer This first model of the weakforce describedow-momentumprocesses
very well becaus®f the high masse®f the exchangeparticlestheW* andz°® bosonsfor whichthe
interactionappearso be point-like, sinceatlow enegy theseparticlescanonly bevirtually produced.

In the early eighties,the two experimentsJA1 andUA2 at CERN obsered the first W+ and z°
bosonsthe mediatorsof theweakforceaspredictedby the StandardModel. Theseparticlestogether
with the photon,completethe framework of the electraveaktheory

Becausef the hight masse®f theweakbosonsyery high enegy is neededn particlecollisions
in orderto createthemasrealparticles.High precisionmeasurementsf Z° decaysatthe LEP exper
imentsin the early ninetiesalsosene asanindirectmeasuremenif the W massassuminghelinks
betweenthe differentparametersasgiven by the Standardnodel. Therefore,a direct measurement
canbeseerasatestof thevalidity of themodelitself. Furthermoresincethemassof theW bosonde-
pendgo acertaindegreeon the massof the Higgsboson a preciseknowvledgeof theW masgogether
with other Standardviodel parametersestrictsthe allowed rangeof the massof the Higgs boson,
thesofar unobseredingredientof the model. This knowledgeis importantfor experimentalistsvho
attemptto discover the Higgsboson.
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At enegies available in electron-positrorcollisions at the Large Electron-PositrorCollider at
CERN, real pairsof W* bosonscanbe produced.Measuringtheir decayproductsallows the recon-
structionof the massof the W* boson. Sincethe W bosoncandecayinto both, a pair of quarks
andleptons,the measuremernis performedseparatelyn the threechannelsthe hadronic,the semi-
leptonic and the leptonic channel. The analysisperformedand describedn this thesiscoversthe
measurementf the massof the W bosonin the hadronicchannelwhereboth W bosonsdecayinto
quark-antiquarlpairs.Reconstructinghe momentaof thesequarksandpairingthemcorrectlyallows
the extractionof the two W massedor eachevent. Unfortunately the quarksthemseles cannotbe
obsenred, sincethey cannotexist asisolatedparticlesas describedoy QuantumChromodynamics.
The quarksfragmentin shavers—theso-calledjets—of hadronicparticleswhich canbe measured
by the detectorsurroundinghe collision point. This effect leadsto a signatureof four high enegetic
jets,eachpointingmoreor lessinto thedirectionof theinitial quarkmomentumlIn somehadronicwW
decayst happenghataninitial partonradiatesa high enegeticgluon,whichitself leadsto ahadronic
shawer. If thejet, originatingfrom sucha gluon, is significantlyseparatedrom theinitial quark,the
eventmight not be properlyreconstructeavhentreatedasfour jets. The analysisperformedin this
thesisfocuseson theimprovementof the W massmeasuremeriy reconstructingucheventsasfive
jets. Theinfluenceon boththe statisticalandthe systematiaincertaintyof the W massmeasurement
from aninclusionof 5-jet eventsis studiedandthe currentOPAL analysis performedwith 183pb—1
of datafrom e e~ collisionsat a centre-of-masenegy of 189GeV/, is optimised.



Chapter 2

The Standard Model

The StandardModel describeghe interactionsof matterapartfrom the gravitation asa gaugetheory
basedn J (3) Q I (2), QU (1), symmetrygroups.

Theknown fundamental particlescanbe dividedinto two main groups:fermions,spin1/2 par
ticlesandbosonsparticleswith spin1. While fermionsarereferredto asthe particlesthat matteris
built of, the gaugebosonsareresponsibldor the interactionsj.e. the forcesbetweernfermionsarise
from the exchangeof gaugebosons.

In additionto thesegaugebosonsthe mediatorf theinteractionsthereis anotheboson the so-
calledHiggsbosonwhichis alsopartof the StandardModel. Theexistenceof this spin0 particleis a
consequencef the Higgs mechanisnof spontaneousymmetrybreakingwhichis neededo provide
the heary electraveakgaugebosonsthe W* andthe Z° bosonwith masses.

Thefollowing paragraphslescribethe propertiesof the fermionsandtheir interactionsasknown
to date.

2.1 Fundamental Fermions

Thereare two groupsof fundamentafermions: six leptons,six quarksin threecolours andtheir
associatednti-particles All fundamentafermionsthatexperiencehestrongforce(seesection2.2.2)
arethe quarks,all the otherbelongto the groupof leptons. Both, quarksandleptonsoccurin three
families of the samestructure. The first family, of which moststablematteris made,containsthe
up (u) andthedown (d) quark,the electron(e™), its neutralpartnerthe electronneutrino(ve) andin

additionof coursethe four anti-particlesy, d, e" andve. The secondamily is madeof the charmed
quark(c), thestrangeguark(s), themuon(u), themuonneutrino(v,) andtheassociatedntifermions
(c, s, u™ andvy), while the last family consistsof the top quark (t), the bottomquark (b), the tau
lepton (1) andthe tau neutrino(v;) with the correspondingntiparticles, b, 7+ andv;. Themain
differencedetweerthethreedifferentfamiliesaretheir massesincreasingrom family 1 to 3.

2.2 The Forces

Amongthefour known forcesof nature gravitationis not partof the StandardModel (SM). However,
therehave beenserioustheoreticalattemptsto includethe gravitational force into the frameavork of
particle physics.At enegy scalesaccessibleo todays colliders,the gravitation canbe neglectedin

1Fundamentaparticlesarebelievedto be elementaryi.e. they do notshaw ary innerstructure.
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the framawork of particlephysicsbecausef its weaknessn comparisorio the electro-magnetiche
strongandthe weakforce.

2.2.1 The Electro-Magnetic Force

QuantumElectroDynamics(QED), thetheoryof the electro-magnetiinteraction,is oneof the most
preciselytestedtheoriesin physics. As a motivation for the following sectionsthe gaugeprinciple
will bebriefly introducedat the exampleof the electro-magnetiforce.

Startingfrom the gaugeinvarianceof the Maxwell equationsone can seethe existenceof the
photonasa consequencef anunderlyingpostulate.This postulates the invarianceof the equation
of motion for a spin 1/2 particle (like the electron)underlocal phasetransformationf the wave
function @(x) with the phasegy (x):

@' (x) = XDy (x). (2.1)

The equationof motion for an electronin vacuum,the Dirac equation,hasto be completedby an
additionaltermwhich includesa vectorfield A, (x) in orderto absorbthe distortionfrom the phase
transformation.Both, the phaseransformatiorof the wave function (2.1) anda simultaneougrans-
formationof the vectorfield

AL (X) = Au(X) = dux (%), (2.2)

leave the equation
(i3 —m) w(x) = Ay (X)W (x) (2.3)
unchangedHereiny* denoteghe Dirac matricesandmis themassof the electron.Thetransforma-
tions(2.1)and(2.2) arecalledgaugetransformationsTheinvarianceof equation(2.3)is calledlocal

gaugeinvarianceundertheU (1) symmetrygroup. Furthermoreit is possibleto bring equation(2.3)
backinto theshapeof the Dirac equation

(iy"Dy—m)y(x)=0 (2.4)
usingthe definition of the covariant derivative
Dy = 0y +igA,(X). (2.5)
Theequationfor avectorfield, the Procaequation
a,FH + mAY =0 (2.6)
with FHY = gAY — gV A, is not invariantunderthe transformation(2.2) unlessthe massm, of the
bosonis zero. Therefore the gaugebosonarisingfrom thelocal gaugeinvariancehasto be massless.
A massve gaugebosonwould imply a finite rangeof the interaction. This interactionwould not be

ableto compensat¢helocal phasdransformatiorof the wave functionindiscriminatelyanywherein
spacegvenatlargedistances.
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2.2.2 The Strong Force

Thetheoryof the stronginteraction,QuantumChromodynamic$QCD), canalsobe formulatedasa
gaugetheory Analogicallyto QED, QCD describeghe strongforce betweerthe quarksin form of a
U (3) symmetrygroup,involving eight masslesgluonsasthe exchangeparticles. The strongforce
is about100timesstrongetthantheelectro-magnetiéorce but hasarangeof lessthan10-1°> m. Con-
trary to the neutralphotons gluonscarrythe strongchage - the so-calledcolourchage - themseles,
which allows themto interactwith eachother

A featureof QCD, asymptoticfreedom,explainsthe non-istenceof free quarks. The coupling
constantas of the stronginteractionincreasesvith separatiorof the quarks. Consequentlyit is
enegetically more favourablefor quark-antiquarkpairsto be createdfrom the vacuum,in orderto
bind the separatingjuarks,thanfor quarksto exist completelyisolated.On the otherhand,at small
distancesg.g. in deepinelasticscatteringthey canbe consideredas quasifree. This featurealso
allows theapplicationof perturbatiorcalculusathighenegies,becauses is sufiiciently small,while
the hadronizatiorcannotbe calculatedperturbatiely.

2.2.3 The WeakForce

A theoryof a new interaction the weakforce, wasneededo explain the 3 decayof nuclei. Enrico
Fermiformulatedthefirst theoryof aweakdecayin 1934. The interactionwasassumedo be point
like, which is a good approximationgiven the shortrangeof the weak force for comparablylow
enegies.

At higherenegieshowever, thetheorywascondemnedo breakdown, asthe schemeof acontact
interactionwould violate unitarity constraints. Thusa QED like approachwith chaged exchange
particleswasneededThe W bosonwasthenpostulatedandwith it a neutralpartneythe Z° boson to
provide unitarity of thistheory

If onefor instanceconsidersadoubletof anelectronanda neutrino,the electrons andneutrinos
wave functionbecomes productof theleptonwave function ¢ (x) andtheiso-spinor

xe= (o)1~ (3): @)

Underthe assumptiorthatthe chagedweakcurrentcouplesto boththe electronandthe neutrino
with equalstrengthonecanfollow the pathof phaseransformatiorasdescribedor QED:

W — ez gy, (2.8)

This is a rotationin the two dimensionalspaceof the weakiso-spin,whereT = (1,,T,,7;) arethe
Pauli matricesandd (x) denotethe threerotationangles. Transformation®f this kind belongto the
U (2) group.

Similarly to the QED case(seesection2.2.1), the threeexternal vector fields W/, W} and W}’
areneededo compensat¢he local phasdransformatior(2.8)in orderto getaninvariantdescription
of theleptonin a weakfield. Thesethreequantumfields could easilybe misinterpretedhsthethree
exchangebosonseededor the weaktheory

2Sincetherangeof theweakforceis negligible whenthe momentuntransferis muchsmallerthanthe massof the W or
Z° boson,a pointlike interactionis a goodapproximatioratlow enegies.
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2.2.4 The Electroweak Unification

The simplecompositionU (1)em® U (2),,.4« Of the QED andthe weaksectordoesnot describethe
particles’ behaiour appropriately The fact, that chagedweak currentsonly coupleto left handed
fermionsplusthe factthatthereis no experimentalindicationfor the existenceof right handedheu-
trinos,demandsa joint treatmenbf both the electro-magnetiandthe weakforce. Furthermorethe
neutralbosonof aweaktheory asdescribedabore, doesnot matchthe Z° bosonobseredin nature.

In the weaktheoryonecanseeparticlesthat canchangetheir identity throughan emissionof a
weak field quantumas multiplets of the weakiso-spinl. The left handed(right handed)fermions
(anti-fermions)ouild doubletswith | =1/2:

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

Therighthandedleft handedrhagedleptonsandquarks(anti-leptonsandanti-quarksyponotcouple
to the W bosonandthereforebelongto the singlets

eﬁa“l{’vrgauRvdechsthRabR (I :o) (210)

| is the third componenbf the weakiso-spinl. The weakeigenstatesf down-type quarks,d/ =
zj\/ijdj which aresuperpositionsf the quarks coupleto the W* bosons The unitary mixing matrix
V; is referredto asthe Cabbibo-Kobayashi-Masiva (CKM) matrix. The consequencef the fact,
thatV, j differsfrom the unit matrix, manifestdtself in theinstability of hadronanadeof quarksfrom
the secondandthird family®.

A simultaneousreatmenbf boththe electro-magnetiandtheweaksectowith SJ (2), QU (1)y
transformationsy beingthehypercharge Y = 2Qem— 215, senesasabetterdescription.

V(2), ®U(1)y transformationdead to the two fields W}, W} responsiblefor the chaged
bosonsand two additionalneutralfields W}' and B¥. The physicalfields are linear combinations
of thesefour fields:

1
+ . .
WEH = % (WH £iWH), (2.11)
ZH = —B¥sing,, +Wj}' cosB,, (2.12)
AY = BH cos, + W' sinG,,. (2.13)

8, denoteghe electraveak mixing anglewhich is a free parameteof the electraveaktheory It is
in principal determinedy matchingthe fields A* andZ* with the photonandthe neutralweakfield,
respectrely.

Despitethefactthat Vant'Hooft shavedin 1971thatthe electraveaktheory(andgenerallyary
gaugeinvarianttheoryincorporatingmasslesgaugebosons)s renormalizablewhich is oneof this
theorys mostimportantfeaturestherewasstill the problemthatgaugebosonghemseleshave to be
masslesén orderto provide gaugeinvariancefor their own equationsof motionaswell. Obviously
this contradictghe high masse®bsened for the W andthe Z° boson.

SRecentmeasurementsf atmosphericand solar neutrinosstrongly suggesthat the neutrinoshave non-zeromasses.
In this casea matrix similar to the CKM matrix, the Maki-Nakagava-Sakatdepton mixing matrix, canbe introducedto
describehemixing betweerthe differentneutrinogenerations.
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2.3 The Higgs Mechanism

Oneof themostbeautifulaspect®f gaugetheoriessuchasQED andQCD, is therenormalizabilityof
gaugeinvariantmodels.Furthermorethe postulationof gaugeinvarianceto the equationf motion
of anelectronnaturallyleadsto a vectorfield — the photon,which prior to this hadto be appliedto
thetheorywithoutary realgroundsin motivation.

Thearisingvectorfields, e.g.the electromagnetidield, hasits own Lagrangian

zz—ﬁF“"F‘,v—k%_[mzA"Av, (2.14)
whichis the Procalagrangiafi for aspin 1 particlewith F#V = gHAY — gVAH, TheProcalagrangian
itself is not invariantundergaugetransformationg2.2), unlessm equalszero. The zero-masgon-
straintfits perfectlyto the photonandthe gluons,which areassumedo be masslesshut it certainly
doesnot applyto the heary bosonsof the electraveakforce, the Z° andthe W bosons.This section
describeghe StandardModel approachof the Higgs mechanismjnvolving spontaneousymmetry
breaking,in orderto provide the weakbosonswith massesvithout giving up gaugeinvariance.

For simplicity, the Higgs mechanisnfor a weakiso-spinsingletwill be describedn detail in
the following paragraphsintroducinga complex scalarfield, the Higgsfield ¢ = ¢, + i@, onecan
formulatea spin0 Lagrangiarconsistingof a kinematictermT anda potentialU:

1 o 1 2o — 1a2( g
L = 5(0u9) (0" 9) + SH*(979) — 7A%(99)°. (2.15)

T -uU

Thesystemcannow be madeinvariantunderlocal phaseransformations
o— ™o (2.16)

by applyingthe usualmethodof introducinga masslesgjaugefield A# andreplacingthe derivatives
in equation(2.15)with covariantderiatives(2.5):

% :% (0, —1gAL) @] [(9y +19A,) @]
(2.17)

1, 1.2 2 1
ZH2(@F Q) — SA(@F @) — —FHVF,,.
HSHA(@ ) = A0 )" — g FF R
Since The Feynmancalculusis a perturbationprocedurethat startsfrom the groundstate,the
vacuumi,it is suggestedo introducethe new fieldsn and¢, which arefluctuationsaboutoneof the

. 2 .
possiblegroundstatesge i, + @ min = I of U, for instance:

n—g-5 i-q. (2.18)

Notethat,sincethe potentialU is symmetricwith respecto rotationsin the gs-¢ plane,by choosing
oneof the possiblegroundstatesthe symmetryof the potentialitself is hidden The symmetryis said
to be spontaneouslproken The Lagrangians symmetric,i.e. it is invariantunderrotationsof @ in

the comple plane.However, whenwritten with the new variablesjt is thenfoundnotto beinvariant

4The Lagrangiardensityfunction.Z of afield is anequialentdescriptionof thefield’s propertieshanthe equationof
motion of the particleitself. Thetwo descriptionsarelinked throughthe applicationof the EulerLagrangesquationto the
Lagrangian.
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even underthe interchangeof n and &, despitethe fact that both formulationsdisplay exactly the
samephysics. This behaiour is the consequencef the Higgs potentialitself beingsymmetric,but
ary certaingroundstateliken =& =0 < ¢ =p/A; @ =0, nolongershareshis symmetry

In thenew variablesn and¢, thelLagrangian2.17)becomes

2 =| 300 - wen?] + |3(0,)048)

+ [—%TF‘“’FHWL% (q%)zA“A“] -2 (qg) (Gu) A

2 H

. (2.19)
+ {q[n(ﬂuﬁ) — E(0un)IAF + P (AU + 50282+ %) (AAY)

_})\2( 4_|_2 252+E4) + u_z ?
g e )

The termsin the first line can be identified with a single massve (i) and one additionalmassless
(&) scalarparticle. The secondine describesa vectorfield A# which hasnow acquiredthe mass
my = Zﬁ(}—“ (compareto equation2.14), while the term in curled braclets describeghe various
couplingsof &, n andA¥. The constantterm (u2/2A)? is irrelevant, it hasno effect on the field
equations.Not quite understandablés only the term for the massleswyectorfield & sinceit is not
obsered in nature,althoughit shouldbe easyto identify. Also thereis onedisturbingtermin the
secondine

_oi(g® "
2i <q : ) (8)AH, (2.20)
which canhardlybeexplained.Fortunatelyit turnsoutthatbothterms the so-calledGoldstoneboson
¢ andthe term (2.20) disappeaiif one only finds a local gaugetransformatiorwhich gives a real
groundstate:Rotatingg in thecomple plane

o= <(;(|)nsg _ci?ee> <(3;> with 8 = —arctan% (2.21)

reduces.q.(2.19)to

1 1 1/ py2
_ | = u 11212 _ uv - Ll u
2_[2(@1:7)(5 n) — un ]+[ 7o R+ (o) A“A]

" . . 2 5 (2.22)
2H Uy L *2n2 uy 3 132,.4 H™
+{q)\ (AHA)+2qn(AuA) Aun 4)\n}+<2/\) ;
which describesa massve scalar(the Higgsboson),a massve gaugefield A# andtheir couplings.
The sameprocedure—uwitha slightly more complicatedHiggs potential—carbe appliedto the
whole electraveak sectorin orderto provide the W andthe Z° bosonwith masstermswhile leaving
the photonmasslessNote thatthereis a whole variety of Higgs potentialswhich couldall sene the
samepurposehut all of themhave in commonthatthey imply atleastonemassve scalar Sincethe
Higgs bosonhasnot beenobsered yet, onecannottell the actualshapeof its potential. For amore
completedescriptionof the electraveaktheoryandthe Higgsmechanisnsee[1, 2, 3].

S\t is believe thatthe Higgs masscould be beyondthe reachof todays colliders.
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2.4 The Massof the W Boson

Takinginto accountonly lowestorder perturbationcalculus,the massof the W bosonis determined

by
nma VQy
M., =M = = , 2.23
w =Mz cosly \/ sif@,v2G: 2’ (2.23)

whereM, is the massof the Z° bosonandg,, denoteghe couplingto the W bosondefinedby g, =
ge/ sinf,,. TheFermiconstantG. is determinedy the decayrateof muonsto electronsandv is the
vacuumexpectationvaluev = % of theHiggssector(seesection2.3).

Indirectmeasurementsf M,,, weremadeat LEP by precisionmeasurementat the Z° resonance.
They leadto a value of the W massof M{idect — 80.3764 0.034 Ge&/ [4]. A directobsenration of
decaysof real W bosongthereforesenesasa checkof the StandardModel. A direct measurement
from the UA1 experiment[5], where—togethelJA2 [6]—the W bosonwasdiscovered,leadsto a
massof MdIrect = 8274+ 1.0%% 4 2.7 Ge¢/ from W — ev events. Taking higher order corrections
into account,M,, is sensitve to the massof the Higgs boson,and thereforeprovides an indirect
measuremendf the massof the latter that hasnever beenobsered as a real particleso far. The
following equationshavs the next orderdependenciesf M,,, onthe massof the Higgsbosonandthe
top quark:

Miv = sir 6, V/2G,, {H

3G,
8m2\/2

2G 11, M2
2 U 2 H
M¢ + 167T2MVV [—3 In —M€v+"'] } (2.24)

The origin of thesecorrectionsarisefrom the one-loopcorrectiongo the W propagatoasillustrated
in figure 2.1. The sensitvity of the massof the W bosonto both the massof the top quarkandthe
Higgsbosonis showvn in figure2.2.
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Figure 2.1: One-loopcorrectionsto the W propagatoiinvolving virtual top quarks(a), Higgs (b) and y/Z°
bosongc).
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Figure 2.2: Measuremenbf M,,, andM, in 1997. Theindirect prediction(solid line) comesfrom precision
electraveakdataandis comparedo directmeasurementsom LEP2andTevatron(dashedine).

2.5 Production and Decayof W Bosons

Above the thresholdof /s 2 161 G&/ ~ 2M,, thereis enoughenegy available for a pair of real
W bosonsto be createdin e"e~ collisions. This sectionsummariseshe calculationof the WW~—
cross-sectiomndbranchingratios. A moredetaileddescriptioncanbefoundin [7].
Theknowledgeof theWW productioncrosssectiona,,,, calculatedvithin thetheoreticaframe-
work of the SM, allows thedeterminatiorof expectedWW eventsif both,theintegratediuminosity

L:/t.,zﬂ(t)dt, (2.25)

where.Z (1) is theluminosity asdefinedin equation3.1,andtheefficiency of theappliedeventselec-
tionsandreconstructionsareknown.

2.5.1 On-shell production

In e"e~ collisions, pairs of W bosonscanin principle be producedvia two processesthe ete~
annihilationandthe neutrinoexchange asillustratedby the lowestorder Feynmangraphsin figure
2.3.

Consideringthe W bosonsas stableparticleswith infinite lifetimes allows the analyticalcalcu-
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Figure 2.3: Lowestorder Feynmandiagramsof the WTW~ productionprocessesthe neutrinoexchange(a)
andtheelectron-positromnnihilationto a photon(b) anda Z° boson(c).

lation of the on-shellWW cross-sectionin the Born approximatiof using Feynmanrules[3] and
assumingunpolarisecet e~ beams This leadsnearthe productionthresholdwvherethe W bosonsare
producedvirtually atrestto theW W crosssection

o _ma? 1 3
Oww = S 4sin26\N4B+ﬁ(B ) (2.26)

wherea is the electromagneticcoupling constantat zeromomentumiransfey s denoteshe centre-

of-massenegy squarecandf3 = ,/1— M&V/Egeam expresseshe velocity of the W bosonsn therest

frame. This cross-sectioris dominatedby the t-channelneutrinoexchangediagram(~ ) whereas
thes-channehnnihilationdiagramsands-tinterferenceaermsgo like 3.

2.5.2 Off-shell Production of WTW~ Pairs

Althoughequatior2.26is alreadya goodapproximationthecrosssectionfor theproductionof W bo-
sonpairsmustbe calculatedogethemvith all otherpossibled-fermionfinal statego correctlyaccount
for interferenceeffects,sincethe W bosonsareunstableparticles.Still, for mattersof corveniencethe
W*W™ productioncrosssectiona,,, is oftenconsideredeparatelfrom other4-fermionprocesses
sincetheinterferenceeffectsarepredictedto be small:

Non-WW 4-fermionprocessessuchasthe Z%-pair andthe single-Wproductionandtheete~ —

Z%t e processareillustratedby the lowestorderFeynmandiagramsn figure 2.4. Theseprocesses
aretreatedasbackgroundn the measuremendf the massof the W boson. The curly linesin the

SHereinthe Born approximationis the lowestorder calculationof the processesn figure 2.3, the so-called“CC0O3”
Feynmandiagrams.
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Figure 2.4: Non\WW 4-fermionprocesseandtheir lowestorderFeynmandiagrams:(a) Abelianannihilation,
(b) bremsstrahlungc) multi-peripherakcorversion,(d) conversion,(e) non-Abelianannihilationand(f) fusion
process.

Feynmangraphsof figure 2.4 correspondo photon,Z° or W+ bosonexchangeunlessotherwiseindi-
cated.The Z%-pair productionbelongsto the processe# figure 2.4 (d) and(e), single-Wproduction
is representedly figure 2.4 (a), (b) and(f) aswell astheprocessete™ — Z%te.

Thecontrikution of the WW productionto the 4-fermioncross-sectiowanbewritten as

G = G (1+ Gew + Oocp) + - (2.28)

Ogy and 5QCD standfor one-loopelectraveakandQCD correctionswhile the ellipsesdenotehigher
orders.Semi-analyticatalculationof theW W productioncross-sectiofor ahypotheticaW mass
of M,,, = 80.33 areshown in figure 2.5, aswell asmeasurementserformedwith LEP data[8]. The
dashecturve alsoshavs the expectedcross-sectioim theabsencef ZWW couplingsaswell asonly

with v exchange Figure2.6 shavs the SM crosssectionof processem theenegy region available
atLEP2. Onecanclearly seethe strongincreaseof the crosssectionfor the W*W™ productionagy,,

just atthethreshold.Note thatthe shavn functionfor theseprocesseare—mainlyat the production
threshold—dependgnon the massof the W bosonitself. The crosssectiondor differentproduction
channelsandthe dominantbackgroundorocesseselevantfor the 4-quarkchannelreshown in table
2.1for thecentre-of-masenegy of /s= 189GeV, atwhichthedatausedin this analysiswastaken.
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Figure 2.5: LEP measuremendf the WHW~ cross-sectioras a function of the centre-of-mas&negy /s
comparedo SM predictiond9].

\ Process | o[p |
ete -WW —Ityl vy | 176
etes -W'W~ —lyqq | 7.32
efee -W*W~- —qqqq | 7.61
ete —qq(y) 989

ete” — 7070 0.98

Table 2.1: Crosssectiondor StandardModel processefor boththe W pair productionandthe mostimportant
backgroundor the 4-quarkchannehtthe centre-of-massnepgy of \/s= 189GeV.

2.5.3 W Decay

Relatedto the W bosonthereis anotherimportantparameterthe width Iy,,. Althoughit canalsobe
measured10]—evensimultaneouslyith the W mass—the StandardVodel allows the width to be
expressedas a function of the mass. In otherwords: the SM containsonly one free parameterfor

the W boson. The precisionof the massmeasurementanbeincreasedy fixing I'y, to its Standard
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Model prediction

Ge I\/I\?V
W ~ 3
2V2m

r (2.29)

sinceonly onefree parameters left.
W bosonglecayinto pairsof fermions,i.e. eitherinto leptonsW — 1v, (31.5%) or quarkswW — qof
(68.5%) [11]. Thisleadsto 47% hadronic,10% leptonicand43% semi-leptonidV"W— events.
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Figure 2.6: Crosssectiongor StandardModel processeim ete™ collisionsat LEP2enegies.






Chapter 3

The Experiment

3.1 The LargeElectron Positron Collider LEP

LEP[12], the Large ElectronPositron Collider, is a circularacceleratofor electronsandpositrons,
built and situatedat the EuropeanLaboratory for Particle Physics(CERN), not far from Genea,
Switzerland.

Its main purposesareto allow precisionmeasurementsf the propertiesof the mediatingbosons
of the weakinteraction,testsof the StandardVodel andthe searchfor the Higgs boson,aswell as
searchesor otherparticles predictedby extensionsof the StandardModel.

During its first five yearsof operation(1989-1994 known asthe LEP1 era)the LEP accelerator
provided the four ExperimentsALEPH, DELPHI, L3 andOPAL with electron-positrorcollisionsat
centre-of-masgnegiesin the vicinity of the massof the Z° boson. From 1995 on, after a major
technicalupgradeof LEP, the centre-of-mas&nepgy wasincreasedo valuesabove the production
thresholdof pairsof W bosongLEP2).

3.1.1 The LEP Machine

Generally collision experimentstake placein threedifferentsteps:theinitial productionandinjec-
tion of the particlesthefollowing chainof successi acceleratiorandfinally thecollisionitself. The
LEP accelerators only thelastpartof a cascad®f pre-acceleratorat CERN asschematicallyllus-
tratedin figure 3.1. The procesof acceleratiorstartsin the LEP I njectorLinacs(LIL), followed by
the Electron+Positron Accumulatorring (EPA). The two “proton” synchrotrondSand SPS(Super
Proton Syndrotron) successieely accelerateheleptonsto evenhigherenegies,beforethey enterthe
LEP machine.Whenthe LEP ring is filled with a sufiicient numberof electronsandpositrons they
areacceleratedb thedesiredenegy by radiofrequeng cavities (RF). Theprincipalcharacteristicsf
LEP arelistedin table3.1.

In thefirst partof LIL, the extractedelectronsareacceleratedo anenegy of 200 MeV andpart
of themaredirectedonto a tungstertargetin orderto producethe positrons.Thenthe electronsand
positronsarefurtheracceleratetb 600MeV beforethey enterthe EPA ring, wherethey aregroupedo
bunchesgdestinedo the PS.Having reachedcanenepgy of 3.5 Ge&/ in the PS,the bunchef electrons
andpositronsarefilled into the SPSacceleratowherethey arefurtheracceleratedpto 22 Gé&/ before
they arefilled into the LEP ring.

LEP itself consistsof eight straightsectionsof about300 m lengthandcurved partsin between
wherethe orbit of the particlesis deflectedby 45°. Thefour electronandthefour positronbunches,
travelling aroundthe ring in oppositedirections,crossin the straightsections.Only in four of them

23
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Figure 3.1: Schematiwiew of theacceleratosystemat CERN.
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circumference 26659m
meanradiusof curvature 3096m
depthof thetunnelbelow surface 50—175m
diameterof thetunnel 3.8m
numberof particlebunches 4+ 4
spreacdbf thebunchesoy 200um
spreadf the bunchesoy 3um
lengthof thebuncheso, 10mm
maximumcirculatingcurrent 6.3 mA
circulationfrequeng 112 kHz
maximumluminosity 102 cm?s 1 (@ 189Ge)
magnetidield of bendingmagnets 1.02kG (@ 189G¥/)
numberof dipole magnets 3368
numberof quadrupolenagnets 816
numberof sextupolemagnets 504
numberof correctionmagnets 700
synchrotrorradiation 2.28 G&/ perturn (@ 189G&/)
maximumavailableRF voltage 3525MV
maximumc.m.s.enegy 2088 Ge&/

Table 3.1: Main characteristicef LEP in the LEP2mode[12, 13].

thebunchesarefocusedo provide ete~ collisionswithin thefour LEP experiments At theotherfour
crossingselectrostatidields separateéhe orbits of theelectronandpositronbunchesn orderto avoid
collisions.

In the curved partsof LEP, 3368dipole magnetgeflectthe particles. Another816 quadrupole
and504 sextupolemagnetsorrectthe transwersalabberatiorof the bunches.Closeto theinteraction
points, superconductingquadrupolanagnetaninimisethe transersedimensionsof the bunchesat
theinteractionpointsin orderto gainasmuchluminosityaspossible Another400correctingmagnets
aroundthering helpcontrollingthe particles’orbits. Theluminosityis amachinedependenguantity
thatdetermines—togetharvith the crosssectiono—theratedN /dt of aprocess:

dN
—=%-0. 3.1
A (3.1)
At e"e~ colliders,theluminosity neglectingbeam-beannteractionsjs givenby
N.. N, f
= (3.2)
41koy Oy

whereN,. is the numberof particlesper beam, f is the revolution frequeng, k is the numberof
bunchesand gy and gy are the r.m.s beamradii in the plane perpendiculato the beamdirection.
During 1998,the maximalluminosity reachecat LEP wasabout10*?cm 2s 1.

Wheneer a chaged particleis deflectedby a magneticfield, it suffers from enegy lossdueto
synchrotrorradiation.Within oneturn aroundLEP, anelectron(positron)with initial enegy E emits
synchrotrorradiationwith atotal enegy of

4

AE

e = R .8.85 x 10 °GeV 3m, (3.3)
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whereR = 3096 m denoteghe meanradiusof the curvatureof LEP. For a centre-of-masgnegy of
\/S= 189 G&/ the enegy lossthroughsynchrotrorradiation,which constantlyhasto be resupplied
by the RF cavities, is 2.3 Gé&/ perturn.

3.1.2 LEP Energy Measurement

The knowledgeof theinitial stateof the collision is crucialandaffectsthe outcomeof the measure-
ment,particularlysincethe measuremendf the massof the W bosonapplieskinematicfits imposing
enegy and momentumconseration (seesection4.4.1). Thereforethe uncertaintyof the measure-
mentof thebeamenegy leadsto a systematierroronthe massmeasuremeraswill bedescribedn
section5.3.

The beamenepy is evaluatedby measuringhe spin tune vg, the numberof electronspin pre-
cessiongerturnin LEP. This measuremeris performedin specialrunswith polarisedbeams.The
averagebeamenegy canbe extractedvia therelation

(ge _ 2) Ebeam _ Ebeam (3.4)

ST T2 Tme 0.44065Ge/

Herein(ge — 2) /2 is theanomalousnagneticmomentof the electron.

During physicsruns, sucha polarisationmeasurementannotbe performed ,becausehe beams
canonly be suficiently polarisedupto E, ., ,,~ 60 G&/. Furthermoregvenatlower enegies,stable
collision conditionswith transersepolarisedbeamsarenot achievedat LEP.

Thereforethe dependencof theenegy on the magnetidield

e oo
Eyo= ﬁj{B-dl, (3.5)

integratedover the orbit of the beam,is usedto extrapolatethe beamenegy to E,,,,> 60 Ge&/.
The measuremenof the bendingfield B is performedwith 16 NMR probesinstalledin the dipole
magnetsaroundthe LEP ring thatare calibratedwith measurementsf the spintune vs in therange
41— 61Ge¢/. Thelinearity of theNMR probesupto LEP2enegieswastestedn flux loop studiesover
thefull range.In thecalculationof the LEP enegy, alsotime-dependergffectshave to beconsidered,
suchasstrayfields from the passingTGV, the Frenchhigh speedrain, and movementsof the LEP
quadrupolesvith respecto thethebeamdueto the earths tidesasdescribedn [14, 15].

TheLEP Enegy Working Grouphasassigned total errorof 20 Mé/ onthebeamenepy for the
datatakenat/s= 189Gé/ in 1998[14].

Thebeamenegy atthe OPAL interactionpointdoesnotnecessarilyave to beequalto theaverage
LEP enegy aroundthering. Lossesdueto synchrotrorradiationin the arcsandfurtheracceleration
in the sectiondo both sidesof the experimenthave to betakeninto account.

3.2 The OPAL Detector

OPAL, the Omni PurposeApparatusat L EP, wasrealizedin orderto studyall the possibleinterac-
tions producedn e*e~ collisionsat LEP with a geometricacceptancef 99% of the solid angleof
4. A schematiwiew of theOPAL detectorwhichis extensvely describedn [16, 17, 18] is shavnin
figure3.2. Theapparatugonsistof a barrelregion, with subsystemarrangedn concentriccylinders
aroundthe interactionpoint, two endcap®f subdetectorstacled in rectangulatayers,coveringthe
endsof the barrelpart, anddevicessurroundinghe beampipein the forward andbackward regions
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in orderto measuresmall anglescatteringphenomenaThe Cartesiarcoordinateframe of OPAL is
definedwith its origin in the nominalinteractionpoint suchthatthe z axis coincideswith the elec-
tron beam. The x axis pointsto the centreof the LEP ring andthe y axis pointsupward. The polar
andazimuthalanglesof the frameare 8 and ¢, respectiely. Being quasi-symmetriavith respecto
rotationsaroundthe beampipe andmirroring at the x — y plane,the detectors purposes to measure
momentaandenegiesof particlesemeging from theinteractionpointandto determingheiridentity;
aswell asto identify secondaryertices.

3.2.1 The Tracking System

Startingwith theinnermostthe silicon microvertex detectoy the vertex detectorandthejet chamber
reconstructhetrajectorieof chagedparticlesfromtheee collision. While thesilicon microvertex
detectoris a setof semiconductingnicrostrip layers,the restof the tracking systemconsistsdrift
chambersvithin a4 barpressuredessefilled with agasmixtureof 88.2% argon, 9.8% methaneand
2.0% I1SO-hutane. The volumein the pressurevesselis exposedto a constantsolenoidalmagnetic
field of 0.435T parallelto thebeamaxis.

The Jet Chamber

The primaryandfor the W massanalysismostimportanttrackingdevice in the OPAL detectoris the

jet chamber(CJ). It hasa lengthof aboutfour meters,aninnerradiusof 25 cm andan outerradius
of 185cm. The 24 sectorscontain159 sensewires each,interleared with potentialwires, all strung
parallelto thebeamaxisin the ¢ — z plane.Cathodewire planesdorm theboundariebetweersectors.
The sensewires, staggeredy £0.1 mm to the left andright of the ¢ — z plane,are 10 mm apart
from eachother The maximaldrift distancefor electronsemeging from theionisationof the gasis

approximately3 cm for the innermostwires andabout25 cm in the outerpart of CJ. Averagedover

theentirejet chamberthetypical spatialresolutionsof the jet chambeiare135 um in ther — @ plane
usingdrift time informationand6 cmin z direction,evaluatedwith chage division techniquesvhen
comparingthe signalfrom both sidesof thewires.

SinceCJ provides proportionalmultiplication of the primary electronscloseto the sensewires,
themeasuredhageis usedto determinehespecificenegy lossdE /dx of thehigh enegetic particle
causingthe primaryionisation. Togethemwith the knowledgeof its momentumthis canbe usedfor
particleidentification.

Only trackswith | cos8| < 0.73 canyield signalsin all 159signalwireswhile trackswith | cos6| ~
0.98 still transerseabouteightsensewires.

The jet chamberis exposedto a magneticfield, thus measuringhe cunature of tracksyield to
a measuremendf the transersemomentumpyy, assuminghe chage of the particleis +1, with a
resolutionof

(o]
% ~22x 103 py/G&/ [1§ (3.6)
y

for tracksfrom Z° — u* u~ eventswith amaximumnumberof measuregboints.

The Z-Chambers

In orderto measure¢hez coordinatenf theparticles’tracksasthey exit thejet chamber24 Z-chambers
(C2) with sensewires perpendiculato the beamaxis surroundCJ, sensitve to trackswith |cosf| <
0.72. Theirresolutionis 100— 350 umin zand1.5 cmin ther — ¢ plane[16].
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Silicon Micr overtex System

Surroundinghe beampipe,a beryllium tubeat a radiusof 5.35 cm and1.1 mm thick in the vicinity
of the collision point, the silicon microvertex detector(Sl) is installedup to aradiusof 7.8 cm. It is
itself surroundedy anothetbeampipe madeof carbonfibre andthin aluminium.

The silicon microvertex detectorconsistsof two cylindrical barrelsof eachtwo single-sidedsil-
icon detectorsat 6.0 and 7.5 cm distancefrom the interactionpoint. Eachcylinder is madeof two
microstrip detectors glued togetherback-to-back: The oneis sensitve to the z, the otherto the ¢
direction. The purposeof the silicon microvertex systemis to extrapolatethe chagedtracksinto the
insensitve region of thebeampipein orderto detectsecondaryerticeswith high precision.Typical
resolutiondor the pointsof closest@approactof thehhighestenegy trackin aneventto theinteraction
pointarel5 umin ther — @ planeand20— 50 um 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 cmto 23.5 cm. The
innerlayercontainssenseviresstrungparallelto the beamaxiswith a spacingof 0.58 cm. Theouter
sectorshave eachsix “stereo” wires, 0.5 cm apartfrom eachotherand strungwith an angleof 4°
with respectio the beamaxis. Measuringthe drift time of the electronsfrom the ionisationin the
gas,the resolutionin the r — ¢ planecanbe measuredvith an accurag of 55 um. A very fastz
measuremenusedfor triggering,is performedby evaluatingthe time differenceof the signalread
outon both sidesof the signalwires (OZ(AT) ~ 4 cm), amoreaccuratedeterminatiorof the z position
of atrackis achieved by taking boththe sterecandthe axial wiresinto account(oz(aere") ~ 700 um)
[16].

3.2.2 Time-of-Flight Detectors

The time-of-flight system(TOF) generategast trigger inputs and rejectscosmicrays. The barrel
partthat coversa region of |cos@| < 0.82 surroundsthe magneticcoil in form of an array of 160
scintillating tiles of 684 cm length. The scintillating light, emeging from excitationsin the plastic
scintillatordueto transwersingchagedparticles s readouton bothsidesof thescintillatorbarswith a
total of 320photomultipliers. An additionalendcappartof the TOF, a1 cmthick layerof scintillating
tiles, is positionedust beforethe electro-magneticalorimeter

Triggeredby thebeamcrossingsignal,the TOF measureshetimeit takesfor chagedparticlesto
reachthis partof thedetectoratadistanceof about2.4 m from theinteractionzone.A time resolution
of about220 ps canbe achieved for high enegetic particles[16]. With the additionalinformationof
theamplitudeof thesignal,thetime-of-flight detectoris usedfor chagedparticleidentificationin the
0.6— 2.5 Gé&/ range.

3.2.3 Calorimeters

To measurdghe enegy of photonsglectronsandof chagedandneutralhadronsOPAL hasa system
of calorimetersoutsidethe magnetcoil. The particlesare stoppedwithin thesedetectorsjeaving a
signaldependingpn the amountof absorbednengy.
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The Electro-magneticCalorimeter

An array of about10000lead glassblocks, installedbetweenthe TOF andthe returnyoke of the
magnet,formsthe electro-magneticalorimeter(ECAL). It measureshe enegy andthe positionof
electro-magnetishaversby readingouttheéerenlov light in thetransparentnaterial emittedby the
highly relatiistic electron-positromairsfrom the electro-magnetishaver: Whenanenepeticelec-
tronis deceleratedh thefield of a high-Z nucleusby emittinga photon(bremsstrahlung}his photon
can—inthe field of anothernucleus—covert into an electron-positrorpair. This e"e~ pair itself
createdurther bremsstrahlun@ndso on, until the particlesin this avalanchedo not have suficient
enegy to createfurtherpairsof electronsandpositrons.

Beforethe electro-magnetiparticlesreachthe ECAL, they alreadypassapproximatelytwo ra-
diationlengthsof material,which mainly consistsof the pressuresesselandthe magneticcoil, even
for angles|cosO| ~ 0. Thereforethe electro-magnetishaver alreadystartswithin insensitve mate-
rial, beforethe remainingpartof it canbe detectedn the leadglassblocks. Therefore the intrinsic
resolutionof the ECAL is degradedby a factorof about200%/ sinf. Especiallymeasurementike
that of the W massin hadronicevents, which relies on eventswith a wide angularspreadof the
particles,suffer from a degradedsensitvity of the calorimetersat anglesbetweenthe barrelandthe
endcappart,wheretheenteringparticlespassalot of insensitve materialbasicallydueto mechanical
reasons.Barrel and endcappresampledetectorsjocatedalongthe inside boundaryof the electro-
magneticcalorimeter improve the position and enegy resolution. The intrinsic resolutionof the
electro-magneticalorimetemwith its 22 radiationlengthsis

Ot 6.3%
—= ~0.2%
e ~ 02"t oy

16]. (3.7)

The Hadron Calorimeter

The returnyoke for the magneticflux from the magnetis usedasthe iron absorberf the hadron
calorimeter(HCAL). Thesensitve partsof this detectorarestreametayers,interleaved with theiron
absorberThey detectthe hadronicandelectro-magnetishaversproducedn theiron absorbers.

With its depthof 4.8 nuclearinteractionlengthsit is capableo stopneutralandchagedhadronic
particlesandmeasureheir depositedenegy. In additionit alsosupportgheidentificationof muons.

Before particlesreachthe hadroniccalorimeterwhich surroundsthe ECAL, they passalready
abouttwo interactionlengthsof material, mainly within the electro-magneticalorimeter thusthe
enegy of hadrongs calculatedcombiningECAL andHCAL information. The enegy resolutionof
thehadroncalorimeteris about

O 120%

£~ \/ﬁ [16]. (3.8)

3.2.4 Muon Detectors

The only known patrticlesthat the calorimetersare not ableto stop are muonsand neutrinos. The
latterescapehe detectioncompletelyandcanonly bereconstructedmposingenegy andmomentum
conseration. The muonson the otherhandgenerallyleadto signalsin boththetrackingsystemand
the calorimeters put dueto their higher massthe enegy lossvia bremsstrahlungs negligible and
they arenotinteractingvia the strongforce. Therefore they escapahe hadroncalorimeterandenter
the muondetectorsthe outermostdetectormpart of OPAL, which aresupportingthe identificationof

muons. With its drift chamberscovering in multiple layersboth the barreland the endcappart of
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the detectortypical spatialresolutionsof 1.5 mmin ther — @ planeand2 mm n the z directionare
achiered[16].

3.2.5 The Forward Detectorsand Luminometers

The main purposeof the OPAL forward detectorsand the silicon-tungsterluminometeris the ob-
senation of smallangleBhabhascatteringprocesse orderto determinethe LEP luminosity (see
equation3.1). At smallanglesto the beam the t-channelwhich hasa 1/6* dependeng dominates
thedifferentiale"e” — e*e crosssection.

The forward detectormeasuregarticleswithin angularthe rangefrom 47 to 120 mrad. It is di-
videdinto threeparts,from insideto outside:Thetubechambersthreelayersof proportionalcounters
locatedoutsideof the electro-magnetipresamplemrmeasurehe centreof gravity positionof shavers
to within 3 mm. Thefollowing forwardcalorimeteiconsistof 35 samplingayersof alead-scintillator
sandwichwhich measurehe enegy of the shavers. The far forward detector which is installedon
eithersideof OPAL about8 m from theinteractionpoint, coverstheregionof 5— 10 mrad.

The silicon-tungsterluminometer consistingof 19 layersof silicon microstripdetectorsand 18
layersof tungstenon eachside of the interactionpoint at z ~ £240 cm, detectselectro-magnetic
shaversfrom particleswith anglesbetweer25and59 mrad. It measureghe positionof the centreof
gravity of electronshaverswith a precisionof 220 um andthe enegy with aresolutionof og /E ~
24%//E/GeV [17] in regionswith minimal amountof materialbetweerthe collision pointandthe
luminometer

3.2.6 Trigger and Data Acquisition

Thefirst eventselectiorandbackgroundejectionbeginsalreadyon-line. Events classifiedassignal,
areselectedandthetotal amountof informationfrom all the subdetectorss alreadyreducedn order
to be ableto be storedfor lateroff-line analyses.

Trigger

With four electronon four positronbunchesthereareabout45000bunchcrossingpersecondnside
the OPAL detector Thisrateis farto highto bereadout by the experimentnotto mentiontheamount
of datathatwould have to be stored. Therefore the first selectionof eventsis donealreadyon-line
with thetriggersystenof OPAL, reducingthe numberof recordedaventsto aboutl0in asecond.The
triggercollectsthefastessignalsof the detectorandcompareshemto predefinedequirementsn or-
derto only readout “interestingevents”andrejectcosmicray backgroundandbeamgasinteractions.
Thetriggertakesbasicallytwo differentfeaturesnto account:signalsof individual subdetectordike
trackandclustermultiplicities andenegy sums,but alsocorrelatedangularpropertiesn a grid of 6
and ¢ from multiple detectorgogether

Data Acquisition

An event,choserto berecordedstill containsalot of uselessnformation,if all outputsof thevarious
channelsvould be stored. Thus, the dataacquisitionsystemdoesnot only collect the outputfrom
all the 16 subdetectorandalreadycalibratethe datain afirst step,it alsocompressethe eventsize,
basicallyby consideringonly thosechannelghatcontaininformationabore certainnoisethresholds.
This leadsto atypical eventsizefor aW™W~ — qqqq eventof 500 kbyte. Thenthe so-calledfilter
comparesachcollectedevent’s topology with variousphysicsprocessesndrejects15 to 35% of
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eventsacceptedy thetrigger Oncethefirst calibrationis made the eventsbecomeavailablefor the
differentanalysesAfter having collectedsuficient data— this typically takesabouta week— another
setof calibrationconstantsncreaseshe quality of the data.

3.2.7 Detector Simulation

In orderto be ableto comparethe datataken with the detectorto Monte Carlo simulatedphysics
processesthe output of the variousMonte Carlo generatorss passedhroughthe OPAL detector
simulationGOFAL [19] (basedon the GEANT packagg20]) which attemptsto producea detector
responseasif the eventsweretakenwith the real detectorasrealisticallyaspossible.The detector
simulationtakes into accountthe interactionof the particleswith the material of the detectoyr the
signalformationprocessn thedifferentsubsystemsaswell asthe behaiour of thetrigger, the event
builder andthefilter [19].



Chapter 4

The Measurementof the Massof the W
Boson

This chapterdescribegshe analysistoolsandproceduresor aW massreconstructiornn the hadronic
channelfor 183pb 1! of datarecordedwith the OPAL detectorin 1998at the centre-of-masgnegy
V/S= 189 G&/. First, the OPAL standardpreselectiorfor W*W~ candidateswill briefly be de-
scribed.Thenthe massreconstructionincluding kinematiccorrectionswill beintroduced focusing
on the hadronicchannelandfinally the reweighting techniqueusedin the analysisperformedwill
be describedandtestswith events,simulatedby Monte Carlo, will be performed.Furthermorethe
influenceof aninclusionof 5-jet eventsinto the analysiswill be discussedndoptimisedanda first
attemptof analternatve two-dimensionahnalysiswill beintroduced.

4.1 Event Selection

In orderto provide the analysiswith an alreadyrelatively puresampleof efe~ — W W~ — qqgq
events,a selectiontakes placeto rejectmostof thoseeventsthatare obvious background.In the W
pair analysisthis is donein threesteps:Startingwith the mostsimpleeventsignature candidategor
WHTW~ — ¢v/lv eventsareselectecandonly eventsthatfail this selectionareconsideredspossible
semi-leptonicor hadronicevents. The secondstepselectsW W~ — qg¢v events,while only events
thatfail boththeleptonicandthe semi-leptonicaventselectionenterthe selectionof hadronicevents.
For theeventselectionschemesor theleptonicandsemi-leptonichannethereadeiis referredio the
reference$21, 22] and[23, 24] wherethesetwo channelsarefully described.

In the first stageof the selectionof hadroniceventsfrom pairs of W bosons,the DURHAM jet
algorithmcombinegracksandcalorimeterclustergo jets. After having correctedor double-counting
of enepy, the selectionitself takesplace.

4.1.1 Finding the jets

As one of the first stepsof the massreconstructiorthe tracksin the centraltracking systemof the
detectortogetherwith the absorbedenegiesin the calorimetershave to be clusteredn orderto get
four (five) jetsthatcanbeassociatedith thefour quarks(andtheenegeticgluon)of hadronicW W~
decays.This canbe donewith a variety of jet finding algorithms.All of thesealgorithmsattemptto
combine4-momentaof tracksthatarecloseto eachotherin orderto endup with a reconstructiorof
therequirednumberof jets, e.qg.four or five.

33
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SincetheactualW massanalysest OPAL [10, 25, 26] usethe DURHAM et finder[27], thesame
algorithmis usedwithin thesestudiesin orderto allow a bettercomparisorof theresults.

Run:event11075:134269 Ctrk(N= 56 Sump= 93.5) Ecal (N= 87 SumE=114.8)
Ebeam 95.804 Vtx ( —.04, .06, .75) Hcal(N=21 SumE= 37.1) Muon(N= 1)

Figure4.1: ORAL eventdisplayof atypical WTW~ — qgqg candidate Theeventis shovn in directionof the
beamaxis. For abetterillustration, thetracksrecordedn the OPAL wire chambethave differentcolourswhich
distinguishbetweenthe 4 jets found by the DURHAM jet finder (seesection4.1.1) using the detectedracks
togetherwith their associatedentriesin the OPAL calorimeterg(yellow and magentaboxesfor the electro-
magneticandhadroncalorimeteyrespectiely) andthe muonsystem(light blue arrow).

Figure 4.1 shavs a typical WTW~ — qqqq candidateobsered with the OPAL detector The
differentcoloursof thetracksin the centralchambermf OPAL illustratethejet, eachtrackbelongsto
with respecto the DURHAMjet finding algorithm. In thefirst step,this algorithmcalculatedor each
pairi, j of detectedparticles(i.e. tracksandclusters}the quantity

- min, j(Eizv Ejz)

fij =2———(1—cosg)), (4.1)
wheres is the centre-of-masgnegy squaredELj arethe enegies of thei-th andthe j-th particle
andg,; denoteghe anglebetweerthem. A smallvalueof §; meansthatthe anglebetweerthe two
particlesis smallor oneof thesetwo particleshaslow enegy. Thosetwo particlesfor which ;; is
minimal aremegedto apseudo-particldy addingtheir 4-momentaln thenext step,yij is calculated
anothertime for all possiblepairsof the remainingparticlesandthe “new” pseudo-particlén order
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to combinethosetwo for which 37”- is smallest.This proceduras iterateduntil thenumberof pseudo-

particles equalsthe requirednumberof jets. Theseremainingpseudo-particlearethencalledjets,
andin eachstepwherethe numberof pseudo-particles reducedrom N to N — 1,

_ 2min(Eiz,EjZ) L 0 45
=min|2———(1—cosf,; :
Y-y =i S ( ') (4.2)
is calledthejet resolutionparameterThe minimumis taken with respecto all combinationof two
outof N jets. Thejet resolutionparameteyy , \ is ameasurdor the smallestseparatiorof two jets
of aN-jetevent. A smallvalueof y,,_, , meanghattheeventlooksmorelike a (N-1)-jetratherthan
aN-jetevent.

4.1.2 JetEnergy Correction

Information from the tracking detectorsand the electro-magneti@and hadroniccalorimeterscon-
tributesto the measurememnf jet enegies. In casesvherechagedtrackshave associatedlusters,
correctionsof order10— 15% mustbe performedto eliminatedouble-countingf enegy dueto re-
dundanimeasurements.

Thealgorithmusedin this analysisdentifiesindividual associationetweerntracksandclusters.
The momentumof a particleis taken to be the momentummeasuredy the tracking system. The
lower the momentum,the smalleris the considerednatchingregion the track is pointingto. The
contritution of eachsingletrack to the associatedalorimeterclusteris subtractedrom the enegy
measuredy the electro-magneti@and the hadroncalorimeter using information from the particle
identificationto treatleptonsandhadrondifferently [28].

4.1.3 Monte Carlo Detector Recalibration

The detectorresponses includedin the Monte Carlo simulationof events. The agreemenbetween
dataandMonte Carlosimulationis very good,but dueto miss-adjustmerandagingeffectsthereare
small discrepancies.Therefore,the angularoffsets,the angularresolutionsof leptonsand jets and
the enegy scaleasa function of 8 and ¢ of simulatedeventsare corrected[29] usingcomparison
of Monte Carloto datafor eventsrecordedn 1998at the centre-of-masgnegy /s~ M,, sincethe
propertiesof the Z0 bosonarewell understoodrom high precisionmeasuremengserformedat LEP1.

4.1.4 WTW~ — qqoqg Event Selection

Theselectionof hadroniceventsfrom pairsof W bosonss fully documentedn referencqd30].

Preselection

First, a cut-basegreselectiorsuppressepoorly reconstructedventsaswell asa big fraction of the
non-WW background- mainly from Z° — qq(y) events— by requiringthe following propertiesof
eachcandidatereconstructe@sa 4-jetevent:

1. Theeffective invariantmassof theevent, /s mustexceed75%of theavailableenegy /s. v/S
is theenegy thatis left if thephotonenegy from initial stateradiationis subtracted.

1For convenience the term pseudo-particlesilso includesremainingparticlesthat have not beenmerged to pseudo-
particlesyet.
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2. Thevisible enegy mustbegreatetthan0.7 - \/s.
Themostenegetic electro-magneticlustermustcontainlessthan0.3- \/s.

Thelowest(secondowest)multiplicity jet mustcontainat leastone(two) chagedparticles.

a > W

. Thelogarithm(basel0) of the largestweightW,,,, calculatedrom the matrix elementfor the

QCD backgroundorocess™e™ — qqgqq, qqgg for all threejet combinationsof a 4-jet event,

mustbe lessthanzero. The momentaof thefour jetsareinputin placeof the partonmomenta
in orderto calculatethe probability densityof a efe~ — Z° event leadingto this particular
4-partonarrangement31].

This preselectionejects96%of the Z° — qq backgroundandhasan efficiency of 93%sothata total
of 2077eventsin thedataat /s = 189G#/ survive.

Lik elihood Selection

After the preselectiona likelihooddiscriminantis calculatedor eachsurviing candidategvaluated
with thefollowing four variables:

1. max , [log;4(W,,)], the largestweightfrom the QCD matrix elementof all threedifferentjet
combinationsHadronicW+W— decaysgpeakat lower valuethanthe qq background.

2. max; , [10g;o(Wexe)], the maximal weight from the EXCALIBUR matrix element[32] for the
CCO03proces$V "W~ — qqqq of all threedifferentjet permutationsin generalhadronicWw
eventshave largervaluesof this eventweightthanthe backgroundgrocesses.

3. 109;4(Yy5), thelogarithmof the jet resolutionparametefrom the DURHAM jet clusteringalgo-
rithm (seesectiord.1.1).

4. S=3/2miny(3 p2/ 3 P?), the sphericityof anevent. Herein p, is the transersemomentum
with respecto thedirectiondefinedby fi while thesumis performedoverall particles.qq events
tendto low valuesof Swhile the sphericityof WHW— — g0 eventsis in generalarger

Therelative likelihooddiscriminantfor eacheventis takenfrom Monte Carlo simulateddistribu-
tionsof thesdour variabledor bothsignalandbackgroungrocessem asimilarwayasthelik elihood
selectiondescribedn section4.4.3,by transformingthesevariablesinto uncorrelatedfor the caseof
hadronicWW events)andGaussian-like linearcombinationf the original variables.

The selectionof hadronicWW eventsprovidesan efficiengy of 86.5% anda purity of 77%[10,
33.

4.2 Reconstructionof the Leptonic Events

A direct W massreconstructiorin the leptonicchannelW W~ — ¢v/v is impossiblebecausehe
two involved neutrinosarenot detectedandtheir momentaarenot measurable.

However, it wasshavn thatthedistributionsof certainvariablesaresensitve to themassof theW
boson. At OPAL two variablessene sucha property: the leptonenegiesandthe so-calledpseudo-
massaW massthatcanbe calculatedunderthe assumptiorof completelyplanarevents[21]. Figure
4.2shavsthe OPAL eventdisplayof atypicalWTW— — putvu—v candidate.
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Run:event11289: 74764 Ctrk(N= 2
Ebeam 97.778 Vtx ( —-.03, .06,

Figure4.2: OPAL eventdisplayof atypicalW*W~ — u*tvu~v candidate Theeventis shavn in directionof
thebeamaxis. Frominsideto outside onecanseethe following signals:thetracksof the muonsin the central
trackingchambet(blue),little enegy depositionsn the electro-magneticalorimeter(yellow), smallentriesin
thehadroniccalorimeter{magentapndfinally signalsin the muondetectorgbluearrows).

4.3 Reconstructionof the Semi-LeptonicEvents

Firstof all, afterthe primaryleptonwasidentified,the hadronicjets have to bereconstructedThisis
doneby the DURHAM jet finder (seesection4.1.1),an algorithmwhich combinedracksandjets one
afterthe otheruntil the numberof jetsis reducedo the desirednumberof jets, i.e. two in the caseof
WTW~ — gglv events.

In WHW~ — g¢v events,onealreadyhasthe mainmassinformationby evaluatingtheinvariant
massof thetwo quarkjets. Theresolutioncanbe improved by imposingconstraintsj.e. momentum
andenepgy conseration andthe assumptiorthat the two W massesare equal[23, 10]. Figure4.3
shavs atypicalWTW~ — gqgev candidateecordedwvith the OPAL detector
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Run:event11274: 63784 Ctrk(N= 20 Sump=109.4) Ecal(N= 57 SumE= 85.6)
Ebeam 97.835 Vtx ( —.03, .06, .99) Hcal(N=16 SunE= 19.1) Muon(N= 1)

Figure4.3: OPAL eventdisplayof atypicalW*W~ — qgev candidate Theeventis shavn in directionof the
beamaxis. Frominsideto outside,one canseethe following signals: the tracksof the muonsin the central
trackingchamberentriesin theECAL (yellow), entriesin the HCAL (magentapndfinally signalsin themuon
detectorgarrons). Thebig arrov denoteghe directionof undetecteadnomentundueto the neutrino. Clearly
onecanidentify the isolatedhigh enegetictrack from the electron(red) thatwascompletelyabsorbedn the
electro-magneticalorimeter

4.4 Reconstructionof the Hadronic Events

Figure4.1shavsaW*W~ — qqqq candidateecordedat OPAL. Thefour quarksof a hadronicWw

eventproducepartonshaversleadingto four jets of hadronspr—in the caseof hardgluonradiation
of aprimary parton—tofour quarkjetsanda gluonjet. The following paragraphslescribein more
detailthedifferentstepso reconstructhe momenteof the primary partondeadingto a determination
of theW massfor eachhadronicevent. Specialemphasiss givento the differenttreatmenbof 4- and
5-jetlike events.

4.4.1 Kinematic Corrections

TheW™W~ — qqqq channeldoesnot have the disadwantageof undetectegbarticleslike in the other
two WW channels.The massreconstructionhowever, is degradedfrom ambiguitiesdueto multiple
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jet combinationsTherearethree(ten) differentwaysto pair two out of four (five) jetsandassociate
themwith oneof thetwo W bosons.The W massreconstructiorof eacheventthereforedependsn
theefficiengy of findingthecorrectiet combination If thecorrectjet pairingis found,thejet momenta
canbe correctedsimilarly to sectiond.3 by imposingenegy andmomentunconseration aswell as
equalinvariant massof the two jet pairs. Becauseof the five constraintanvolved, this correction
is calleda 5-C fit. The following paragraphslescribethe basicprinciplesof sucha correctionand
introducethefit probability whichis a function of the measurdor the goodness-of-fig2.

Given a setof measuredvariables{x; }, i = 1,2,...,N with uncorrelateduncertainties{g;} and
additionaln < N independentonstraints

fi(Xps Xy Xy) =0, k=1,2,...,0, (4.3)

thefit triesto find thevalues{x} thatminimisethe function

I <M)2+i)\ (%), %o X)) (4.4)
i; i & <
whichis afit with the Lagrangiarmultipliers A;. For a setof measurediariablesthatarecorrelated,
theexpressiorchangego

(xil - Xl)(G_l)IJ (X,J o XJ) + kzlAkfk(xgbxlb --'aX,N)7 (45)

N
=3
i,]=1
G beingthe covariancematrix of the measuredariables{x; }.
Assumingthe errorsandtheir correlationsarecorrectlyestimatedthe minimal x2, dividedby the
numberof degreesof freedomN, , ; = n, is approximatelyl. The x2-probabilityis givenby

P 2N . 27Nd.0.f./2 o Nd f_z B 2 2d 2 46
(X5 Ngor) = et T exp(—x7/2)dx". (4.6)

(Nyot./2) Jx X

P(x% Ny, ¢ ) describeshe probabilitythatalargervalueof x? thanthe oneobsered couldoccur If
the dataobey the constraintsandthe errorsare Gaussiarandcorrectlyestimatedthis probabilityis a
flat functionbetweerD and1 (for furtherdetailsseereferencq34]).

For eachof thethree(ten)differentcombinationsf a 4-jet (5-jet) eventa 5-Cfit is appliedusing
enegy andmomentunconseration

fi=Y p§k> —30V/5=0, k=1,..,4, 4.7)
jets
aswell astheequalmassconstraint

fy = My, — My, =0. (4.8)

pgk) is the k" componenbf the 4-momentump!' = (pgo) = E;, ;) of the j"" jet while M, denotes
theinvariantmassof thel™ W boson(l = 1, 2) for the combinationchosen If only the equationst.7
areapplied,it is referredto asa 4-C correctionof the event. Sucha 4-Cfit is independenof a certain
jet-W association.

For WW candidatesthe assignedrrorsandcorrelationgthe error matrix G) areestimatedrom
Monte Carlo studiesof WTW~ — qqqq eventsand parameterisedependingon the enegies E;, the
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momentap; andthedirections@j of thejets[35, 36]. Figuresd.4a)andb) shav the distributionsof
the 5-C fit probability for 4- and5-jet events,respectrely, with a cut on pi'g > 1%. Thesefigures
shav goodagreemenbetweendataandMonte Carlo. In principle,thesediétrimtions aresupposed
to beflat in caseof well estimatecerrors. The large increaseof entriesfor very small valuesof the
fit probability originatesfrom background.Also eventswith large deviationswhich geta small fit-
probability sincethe x? is evaluatedwith Gaussian-lik errorsthat do not take into accountbadly
reconstructedventsin thetails of the non-Gaussiadistributions. For thoseeventsthe errorson the
measuredjuantitiesareunderestimated.

P 45 | | | | @ | | | | i
£ * Data £100 & b) « Data ]
® [ Monte Carlo © [ Monte Carlo -
K¥ZY Comb. background 80 KZZY Comb. background |
[ ] Non-WW background [ ] Non-WW background-

0 0.2 0.4 0.6 0.8 1

Figure 4.4: 5-C fit probability for a) 4- andb) 5-jet eventswith pf{f > 1% anda 5-C fitted masslargerthan
65Ge/. An eventis treatedasfive jetsif Iny,; exceeds—6.8. Otherwisejt is consideredsa 4-jetevent.

4.4.2 FiveJetsversusfour Jets

A kinematicfit (asdescribedn 4.4.1)providesthe probabilitythatthefour jetsandtheir association
to the two W bosonsare consistentwith enegy and momentumconseration and the assumption
of equalmassof the two W bosons. This probability is calculatedfor eachjet pairing separately
Togetherwith additionalkinematicinformationit is usedto determinewhich combinationis most
likely the correctone(seesectior4.4.3).

Evenin the caseof hardgluonradiationfrom one of the partons the massreconstructiorof the
eventis correctif the jet finding algorithm(seesection4.1.1)associateshe gluon jet to the correct
parton. However, the 4-jet massreconstructiorcan be biasedor wrongif aninitial partonradiates
an enegetic gluon and(part of) the momentumof the latter is not associatedo the jet of theinitial
partonit originatesfrom: Eithertheeventis rejecteddueto a smallprobabilityto fulfil theconstraints
mentionedabore, or it providesa non-optimalmassinformation and degradesthe massresolution
of the analysis. Figure 4.5 shaws a typical 5-jet candidaterecordedwith the OPAL detector The
tracksin the jet chamberarealreadycolouredto label the jet they areassociatedo by the DURHAM
jetalgorithm.
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Run:event 9696: 4242 Ctrk(N= 56 Sump=143.1) Ecal(N= 92 SurE= 91.3)
Ebeam 94.33 Vtx ( —.02, .08, .71) Hcal(N=37 SunE= 63.1) Muon(N= 1)

Figure 4.5: A 5-jet candidaterecordedwith the OPAL detector This event, althoughit clearly looks like
a 5-jet event (Iny,; = —4.20) with a 5-C fitted massof M\?\} =79.43 G¢/, it alsoleadsto a reasonablel-

jet reconstructiornwith M\‘,‘VJ = 79.20 G&/. The jet pairing likelihoodis 0.78 and 0.65 for the 5- and 4-jet
reconstructior(seesection4.4.3). Treatedas4 jets,the greenandtheredtracks,togetherwith their associated
calorimeterclusterswould be combinedo a singlejet.

A possiblesolutionto the problemof wrongly associate@nengy is to treatthe eventsasfive jets
ratherthanfour jetsin orderto avoid thatthejet algorithmaddsgluonenegy to awrongjet. Theidea
iS to recover otherwiserejected4-jet eventson the oneside andimprove the massreconstructiorof
eventswith ahardgluonontheotherside. As anexamplefor aneventthatmightberecoreredin a5-
jettreatmentfigure 4.6 shavs the eventdisplayof a 5-jet candidatevherea 4-jet reconstructioriails
by meansof alow fit probability pﬁf = 0.08. Reconstructedsa 5-jet event, thefit probability be-
comespgjC =0.382. Thecorrespondingeconstructednassesre72.15 Ge/ for four and79.61 G&/
for fivejets.

Thedisadwantageof treatingWW eventsasfive jetscomesrom thelargernumberof possibilities
of jet combinationsTherearetendifferentwaysof associatingwo jetsout of fiveto oneW. Thiscan
in generaleadto a biggercombinatoriabackgroundi.e. WW~ — qqqq(g) eventsthatprovide no

2Notethatthe probabilitiesfor a4- anda 5-jet5-C fit cannoteasilybe comparedn a quantitatve way, sincethenumber
of free parameterss biggerin the caseof 5 jets. Therefore the correspondindit probability is aryhow likely to tendto
highervalues.Usingallikelihooddiscriminantin orderto find the correctjet combinationaswill be describedn 4.4.3,this
event,reconstructeasfour jets,getsalikelihoodvalueof 0.01 andwould berejected As five jets, thejet pairinglikelihood
become9.83.
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Figure 4.6: Another5-jet candidaterecordedwith the OPAL detector(Iny,; = —3.70), reconstructedsfive
(left) and asfour jets (right). This event gives significantly differentresultswhentreatedas four jets: The
measuredV masseareM\?vj =79.61G¢&/ andM\j‘vj = 72.15Gé&/. Thevaluesfor thejet pairinglikelihood(see
section4.4.3)are0.83 and0.01 for the caseof five andfour jets, respectiely. This eventwould probablybe
rejectedn a pure4-jetanalysis.

usefulmassinformationdueto awrongjet-W associationAlso a lossof signaleventsfor whichthe
4-jetanalysiswould have pickedtheright combinationhasto be considered.

The paththis analysiswantsto follow is to improve the existing 4-jet analysisby dividing all
eventsinto two groupswith respecto the jet resolutionparametey,; (given by equation(4.2)) and
treatthemseparately

In orderto quantify the effect of mixing the enegy from both W bosonsn onejet, onecanuse
theincorrectlyassociatedV enegy Ewrong to eachof the four or five jets known from Monte Carlo
simulatedevents.Thefractionof thejet enegy thatoriginatesrom a certainoneof thetwo W bosons
canbe obtainedby applyinga jet finding algorithmat the partonlevel of the event simulation. The
partonjetsfor which the associatiorio the two W bosonss knovn canthenbe associatedo the jets
on detectorevel usingangulamatching.

The left partof figure 4.7 shaws the fraction of 4-jet (5-jet) eventsin bins of Iny,; thathave at
leastonejet for which the wrongly associategénegy mr%’;g exceedslO Gé&/. For a smallvalueof
Iny,s, Eqrong iS similarfor 4 and5 jet eventsbut with increasingny, s it becomesnuchworsefor 4 jet
events. Thisindicatesthatanimprovementby 5 jet reconstructiorcanmainly be expectedfor events

with alargelny,s.

The effect is furtherillustratedin the right side of figure 4.7 by the distribution of the wrongly
associatedV enegy Ej3, for the “worst” jet for both four andfive jets just for thoseeventswith
Iny,; exceeding—6.8. This distribution shaws thatit is worth trying to recover 4-jet eventsin the
high-y,; regionwith a highamountof wrongly associatedV enegy by treatingthemasfive jets.
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Figure 4.7: The left sideshaws the fraction of eventswith wrongly associate@&negy thatis biggerthan10
GeV for eachbin in Iny,; for 4-jet (empty squaresandsolid bars)and5-jet events(filled circlesanddashed
bars).Theright sideshavsthedistribution of thewrongly associate@negy Ef3y,, for the“worst” jet for 4-jet
(solidline) and5-jet events(dashedine) with Iny,; > —6.8.

4.4.3 The CorrectJet Combination

The bestjet pairing, i.e. the jet combinationthatis mostlikely the correctone,is found for both 4-
and5-jet eventswith arelative likelihooddiscriminant25].

This selectionis basedn the so-calledprincipal componen{PC)technique For eachjet combi-
nationarelatie likelihood

x(correctcomb)
£ = _@(incorrectcomhb) + _@(correctcomb) (4'9)
is evaluatedwherethelikelihoodfunction £ is definedby
L) =] B %), (4.10)
i

pi(---)(xi) is the probability densityfunction (pdf) of thei-th linearly independentariableat the value
x; for beingeithera corrector incorrectjet combination.

The pdfs are taken from Monte Carlo simulateddistributions of the variables. Sincethey are
generallycorrelateda transformatioris appliedin orderto getuncorrelated/ariablesfor the correct
jetcombinations—nanecessariljor thecombinatoriabackground—beforthey enterequatiordt. 10:
First eachsinglevariableis transformedseparatelyto becomeGaussian-lik, finally a setof linearly
independentombinationof thesevariabless found.

This likelihood selectionassociateso eachof the differentjet combinationsa likelihood value,
evaluatedwith the distributions of a setof kinematicvariablesfor both correctandincorrectcombi-
nations.Thesedistributionsaretaken from eventssimulatedoy Monte Carlowherethe correctjet-wW
associations known.

Thevariablesthatareusedto determinethe correctjet pairingin the caseof a 4-jet eventarethe
following [10, 25, 33):
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e the difference|AM%C| = \M\j‘\;lc — M\j‘\;zc\ of the two W massesafter a 4-C fit, applyingonly
enegy andmomentunconseration,and

e thesumof thetwo di-jet openinganglesg;; + 6.

Thedistributionsof thesevariablesfor bothcorrectandincorrectjet pairingsareshavn in thefigures
4.8and4.9. Those4-jet combinationghathave a 5-C fit probability pﬁ}c exceedingl% andprovide

a 5-C correctedW massMy;C larger than 65 GeV enterthesedistributions. For eachevent, there
aretwo possiblecontrikutions of combinatorialbackground.However, thereare more correctthan
incorrectjet combinationsshavn in thesefigureswhich reflectsthe fact, that alreadymost of the
wrong combinationdail the cutsdescribedabove.

Taking the jet combinationthat maximisesthe JPLH leadsto a jet pairing efficiengy of 91% for
thoseeventswith ajet resolutionparametemy,. smallerthan—6.8 3 andwith atleastonecombina-
tion with JPLH> 0.4.
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Figure 4.8: Distribution of the differenceof the 4-C correctedWV massedgor boththe correctandincorrectjet
pairings. Only 4-jet combinationswith a 5-C fit probability p;“ exceedingl% anda 5-C correctedW mass

Mg, € largerthan65 GeV aretakeninto account.
For 5-jet eventsthefollowing threevariablesarechosen:

o thedifferencebetweerthetwo fitted massesrom the4-Cfit [AM§| = Mg © — M{S,

e the minimumopeninganglegmitgv(a) betweerthejetsassociatedo the system\W — qqg and
.Je

¢ thecosineof the polarangleof thereconstructe®-jet system| cos@3j |

Thefigures4.10to 4.12shaw thedistributions of thesethreevariablesfor boththe correctjet pairing
andthe combinatoriabackgroundnly for thosecombinationghathave a 5-Cfit probability exceed-
ing 1% anda 5-C correctedmassabove 65 GeV. For eachevent, thereare approximatelytwo out of

3Thefactthata valueof (Iny,5)cut = —6.8 is choserto distinguishbetweer- and5-jet eventslooks arbitraryin this
section.This particularvalueis choserbecausé@ minimisesthe expectederroronthe massdeterminationaswill beshavn
in sectior4.6.
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Figure 4.9: Distribution of the sumof thetwo di-jet openingangleseij + 6, for boththecorrectandincorrect
jet pairing. Only 4-jet combinationswith a5-C it probability p;© exceedingl% anda 5-C correctedV mass
M largerthan65 GeV enterthedistributions.

nine possibleincorrectjet combinationghatpassthe cutsandthereforeenterthe distributionsfor the
combinatoridbackgroundn thesefigures.
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Figure 4.10: Distribution of the differenceof the 4-C correctedW massedor both the correctandincorrect
jet pairing. Only 5-jet combinationswith a5-Cfit probability p2;© exceedingl% anda 5-C corrected/V mass

M largerthan65 GeV andsmallerthan95 GeV aretakeninto account.

In formerOPAL analyse$10, 33] anadditionalvariablewastakenfor 5 jet events: The 5-C fitted
massl\/l\?\;C itself wasenteringthejet pairinglikelihood (JPLH). This variable beingvery sensitve to
the correctjet pairing (seefigure 4.13), enhanceshe efficiengy of the jet pairing from 59%to 74%
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Figure 4.11: Distribution of the smallestopeningangleof the 3-jet systemfor boththe correctandincorrect
jet pairing. Only 5-jet combinationswith a5-C it probability p2;© exceedingl% anda 5-C correctedV mass

M€ largerthan65 GeV contrikuteto the distributions.

entries

2000

1000

T T T I T T T I T T T I
- [ correct jet combination
I B2 wrong jet combinatio

0.8 1
|c0593j|

Figure 4.12: Distribution of the cosineof the anglebetweerthe 3-jet W andthe beampipe | cos6;| for both
thecorrectandincorrectjet pairing. Only 5-jet combinationswith a 5-C fit probability pgjc exceedingl% and

a5-C correctedV massvip; € largerthan65 GeV areconsidered.

for jetswith ajet resolutionparametemy,,; exceeding—6.8. This efficiengy is thefractionof events
for which the 5-jet JPLHwasmaximalfor the correctcombinationwith respecto all eventsthathave
atleastonejet combinationwith a JPLH exceeding0.42. Jetcombinationsvith 5-C fit probabilities
smallerthan1% or 5-Cfitted massesmallerthan65 GeV arenot takeninto account.

Of coursea betterjet pairing efficiengy leadsto a betterresolution,sincethereis not muchmass
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Figure 4.13: Distribution of the 5-C fitted W massof 5-jeteventsfor boththe correctandincorrectjet pairing.
Only 5-jetcombinationswith a 5-Cfit probability p;© exceedingl% anda 5-C correctedV massviy;© larger

than65 GeV enterthe distributions. For reasonsexplainedin section4.4.3,the variableM3© is not usedfor
theJPLHin orderto find the correctjet-W association.

informationin combinatoriabackgroundi.e. thoseeventsfor whichawrongcombinatiormaximises
the JPLH. On the otherhand,the distributions taken to evaluatethe JPLH comefrom Monte Carlo

simulateddatafor a W massof 80.33 GeV. Therefore thosejet combinationsthat have a 5-C fitted

masscloseto 80.33 GeV arefavoured. Sincethis analysisusesa reweightingtechnique(see4.5.1),

this doesnot leadto a bias (alsothe reweighteddistributions, to which the dataare comparedare
slightly shiftedtowardsthe W massfor whichthereferencalistributionsin the JPLHweresimulated,
i.e. MMC = 80.33 G&/), but the sensitvity of themeasuremerdecreases.

Thiseffectisillustratedin figure4.14wherethe5-Cfitted masdistributionsof theqq background
areshawn for bothjet pairingmethodswith andwithoutthe5-Cfitted massasaninputvariablefor the
JPLH.Onecanclearly seethatthis distribution doesnot shav a maximumat 80.33 GeV in thelatter
casdor 5-jetevents.Theflatnesof thedistribution takenwithoutthe 5-C massn theJPLHindicates
the independeng of the remainingvariablesfrom the W massitself. For 4-jet eventshowever, the
distribution doesnot changeas dramaticallywhentaking the 5-C fitted massinto account. The jet
pairing is alreadyquite efficient, even without this additionalvariablein the jet pairing likelihood.
Furthermorethe openingangleof thejetsof eachW bosonis sensitve to thevelocity of theW boson
itself. This velocity is determinedy thekinematicenegy E,;, = 1/2,/s— M, whichdepend®nthe
W mass.

Thediagramdn figure4.15demonstrat¢heeffect of thejet pairingbeingsensitve to theW mass
on the massdistritutionsthemseles. The left diagramshavs the massdistribution M{g¢ — MMC of
the selecteds-jet combinationg(ny,; > —6.8) for differentMonte Carlo massedvM)I© without the
contrikution from combinatoricandnon-WW background If the jet pairingwould not be correlated
with the Monte Carlo mass,for which the pdfsin the JPLH are produced thesedistributions—and
thereforetheir meanvalues—areexpectedto be identical. The meanvaluesof the distributions are
indicatedby the verticallines. Distributionsfor MC massesmallerthanthe massMy\ 1, for which
the referencedistributions of the jet pairing likelihood were obtained,are shiftedto higher masses.
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Figure4.14: 5-Cfitted masdistribution of 4-jet (left) and5-jet (right) eventsof theqq backgroundor different
jet pairinglikelihoods: with (dashedine) andwithout (solid line) the massM{,i,‘C beingadditionalvariablein
the JPLH. Theleft figure containsevents,reconstructe@s4 jets, with a jet resolutionparametetny . smaller
than—6.8, while theright sideshaws 5-jeteventswith Iny ;. exceeding—6.8.

Distributions for higher massegendto lower values. The right diagramof figure 4.15 shaws the
meanvaluesof the massdistributions versusthe Monte Carlo massM¥'© — 80.33 G&/. Ideally, one
would expecta constantfunction. However, the meanof a massdistribution for selecteccorrectjet
combinationsof aMC samplewith [MYC — MyPH| = 500MeV is shiftedonly by 354+ 15 MeV, as
thelinearfit indicates. This effect resultsin a decreas®f the sensitvity of the massmeasurement.
Themeanof the massdistribution is certainlynot theidealmeasuren orderto quantifythe decrease
of sensitvity in a reweighting analysis. A measurementf M,,, aidedby reweighting techniques
is sensitve to the whole shapeof the massdistributions. Furthermore combinatoricand non-Ww
backgroundvasnottakeninto account.

Theinitial ideawasto dropthe5-C correctedV massasavariablefor the JPLHandreplaceit by
otherkinematicvariablesthatarelesscorrelatedwith the massitself but still sensitve to the correct
jet combinationin orderto gaina similar jet pairing efficiengy asbefore. This attemptis described
in appendixA. Unfortunatelythereare no additionalvariablesfound that are both, sensitve to the
correctjet combinatioranduncorrelatedvith the5-C mass.Therefore M3 is takenout of the JPLH
for 5-jet eventsbut the secondbestjet pairingis consideredaswell if its 5-C fit probability exceeds
1/2 of thefit probability of thejet combinatiorthatmaximiseshe JPLH. This basicallyensuresthat
the correctjet pairing is takeninto accountandthe wrong combinationdeadto a flat combinatorial
background.The jet pairing efficiencgy for the bestjet combinationis only 59% for 5 jet events,but
includingalsothe secondestjet pairingyields68%in total.
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Figure 4.15: Influenceof the W massasan additionalvariablein the jet pairinglikelihood: Theleft diagram
shavsthe5-Cfitted masddistributionsfor selected-jet combinationgcombinatoricandnon-WWbackground
is not included)for differentMonte Carlo massesWyIC. The right diagramshawvs the meanvaluesof these
distributionsversusthe Monte Carlomassaswell asaline fit throughthe points.

4.5 The W Massfit in the WrW— — g Channel

Probablythe simplestway to measureghe massof the W bosonby evaluatingthe averageof the 5-
C fitted masse®f all selectecdcandidatesand correctthe resultfor backgroundandbiases.A more
sophisticatednethodusesanasymmetridBreit-Wignerfit to thespectrunof all 5-C correctednasses
[10, 37]. Suchan analysisyields smallerstatisticalerrorsbut the resultneedsto be biascorrected
aswell. It turnsout, however, that using a reweighting technique[38] improves the error on the
measuremerjiL0] andis—aswill bebe discussed—bygonstructiorbiasfree.

The purposeof this sectionis to describethe way the W massis evaluatedfrom the sampleof
datadetectecat OPAL in 1998.1t introduceghereweightingtechnigueandexplainsthe several steps
takento calculatethe massandits statisticalerror

4.5.1 The ReweightingTechnique

As well asaBreit-Wignerfit, thereweightingmethoduseshewholedistribution of calculatednasses
ratherthanjustanaveragevalue. The basicideais to comparethis distribution to Monte Carlo (MC)
simulateddistributions for differentmassest\/l\,“\",C including backgrounddistributions. This canbe
doneby evaluatingthe likelihooddistribution, basedon Poissonprobabilitiesfor the datasamplein
eachbin of the massdistribution, for eachmasspoint MV'\",C. The W masstogetherwith its errorare
then obtainedfrom the shapeof the likelihood contour Provided the simulateddistributions come
from correctly simulatedMonte Carlo events,the resultdoesnot have to undego a biascorrection
sincethe stepsfrom the event sampleto the distributions arethe samefor both the real dataandthe
simulateddistributionsthe datais comparedo.

Unfortunately it would be too mucheffort andit would costtoo muchcomputeranddatastor
agecapacityto produceenoughstatisticsof Monte Carlo eventsfor eachdifferentmasspoint of a
sufiiciently thin grid. Thereforethis analysisusesa reweightingtechniqud38] to createmassdistri-
butionsfor arbitrarymassegrom given samplesof MC eventsto evaluatethe likelihood function at
ary givenmasspoint differentfrom Monte-Carlomasses.

In orderto createa massdistribution for arequiredmassM,, = MR® andwidth I, = FR*, the
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reweightingtechniqufills all eventsof a givenMC sampleatM,,, = M) andr,,, = 'Y€ into a his-
togram butwith aweight f associatetb eachevent. Thisfactorf, whichdepende@n MR, rxex MMC
and 'Y€, is the probability* that the generatedevent correspondso (MR, FRe"), divided by the
probability that the sameevent arosefrom (M€, F}©). TheseprobabilitiesP(M,y, Iy, m;,m,) are
proportionalto the productof therelatiistic Breit-Wignerdistributionsfor thetwo W bosons:

P(MW7 rWa ml: rnz) - M(“"Wa rWa ml) X M(MW7 rW: rnz) X C(mla rnzv \/g) (411)

Hereinm; andm, denotethe two W masse®f the eventon tree-level andc is a phasespacefactor
dependingonly on m;, m, andthe centre-of-massnegy /s. Therelatvistic Breit-Wigner function
B is given by

m?
1 My, | w
B (M, Ty, M) = = W —
TT(m? —Mg,)%+ M—gvl'\%,

(4.12)

Thereweightingfactorfor ageneratedventwith thetree-level massesn, andm, thenbecomes

BA(ME, TR, m, ) > BRT(ME, TR, m,)
B(MVC,TMC m, ) > BIG(MYC, THMC m,)

f= (4.13)

Figure4.16shavs thefunction f of equation(4.13)for the casewhereMC data,thatis available
for M)I® = 80.0 GeVandr )¢ = 1.9 GeV, hasto beextrapolatedor a distribution with MR = 80.5
GeVandri{® = 2.0 GeV.

However, sincethestatisticin theMonteCarlosampléas limited, largefluctuationsn thereweighted
spectraarisefrom eventswith tree-level massesn the vicinity of MR, especiallywhenthe differ-
encebetweerM)I® andMR® is large. Theseeventscangainenormouslybig weightingfactors(4.13).
Thequality of thereweightedspectrecanbeimproved by including Monte Carlosamplest different
massed\' into onereweightedspectrumby taking the weightedaveragebin-by-bin, suchthatthe
contentof the j" bin of thereweightedspectrunfrom MC samplek is givenby

(k)
1 i
K — _— (k)
= S® i; f (4.14)

k)

wherethe sumis taken over all n(f) eventsin bin j of the k" MC sampleand (¥ is the weighting

j
factorfor eachof thoseevents.N¥ is anormalisatiorfactoranddeterminedy
kK — 5k
N = zr i (4.15)
in orderto normaliseall the reweighteddistributions of the different MC massedo unity before

combiningthem.
Theerroron rj(") is givenby

n(k
1 ! 2
K — _— 7Tk) )2 (K
Arj N® A(ri) +i:§ fi . (4.16)

4Sinceit is fact that the consideredavent comesfrom a sampleof MC eventsfor given (MV'\",C, F\')"VC) and not from
(Mvﬁ,e"’-, F\Ffve"’-), thetermprobability canberathermisleading More preciselythoseprobabilitiesaretheprobabilitydensities
thataneventwith thesametree-level masseﬂ;/lw1 and MW2 could have beenproducedwvith a MC generatofor given mass
andwidth.
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Figure 4.16: Weight f of eventswith the tree-level massesn, andm, for Monte Carlo events,producedor
MMC = 80.0 GeV andI'){i® = 1.9 GeV, thathave to be extrapolatedo MR® = 80.5 GeV andl{f™ = 2.0.

The averageerror A(r¥)) is addedto ensurea meaningfulinclusionof binswith low statistics. It is
definedas

(4.17)

For binswith high statistics- e.g.aroundthe masspeak- this term canbe neglected,but without it,
theerror(4.16)couldbecomevery low (or evenzero)for binswith justfew (or no) events.Sincethe
errordetermineghe weights,aswill be shavn, the weightswould becometo high. A discussiorof
theerrorscanbefoundin [38]. The combinedcontentof bin numberj is the weightedsumover the
Ny availableMonte Carlosamples

ZNMC
r .

T Ny 1 -
zrvlc_(
J

H_A‘—A

(4.18)

The weight ensureghat MC sampleswith a massM( ) closerto M,f,l*?:"’ have greaterimpactthan
sampleghatarefurtheraway.
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In thepresentednalysisyeweightedvionte Carlospectreaof the5-C correctednassareproduced
for MR betweer79.33and81.33 GeVwith astepsizeof AMR® = 50MeV °. Thewidth in equation
(4.13)is setto the Standardviodel expectationvalue(seeequatiorn?.29).

Thenthe massspectrumfor the expectednon-WW backgroundj.e. efe™ — y/Z — qq(y) and
e'e” — ZZ — qqqq events, is createdfrom Monte Carlo simulationsand added,to eachof the
reweightedspectrasuchthattheratio of WW to non-WW contrikutionsequalsthe SM expectation.

For eachof the masspoints, the datasamples$ distribution is comparedto the corresponding
reweightedspectrum(including backgroundpy calculatingthe binnedlik elihoodfunction

)\j”J'e*)‘J
Z:U T (4.19)

whichis the productof the Poissorprobabilitiesof eachbin j for anexpectedcontentof )\j, while n;
is thenumberof dataeventsfoundin bin j. Thecentrallimit theorem34] tellsthatfor large numbers
of eventsthe shapeof thelikelihoodfunctionis a Gaussiaf, with the maximumbeingthe measured
quantityM\}‘\}t andthewidth determiningts errorAM\}‘\}t = 0. In practice the evaluationof (4.19)is
doneby examiningthe function

AMig A
~InZ=-%1n J
]

n;!
) (4.20)

]
== In)\j+z/\j+zzllnni
J J ] i=

wherethe secondandthird termin the secondine areconstantsandthereforecanbe neglected:the
secondermis theintegral over the reweightedspectrumandthe third termonly depend®n the data
sample Given.Z is a Gaussian;- In.# canbewritten asa secondrderpolynomial

—InZ = -5 n;InA; = —a(m—MgH)? +b (4.21)
]

with the minimumin M. The spreadAM[" = g, of the Gaussian’ canbe obtainedby varying

—InZ by 1/2 andis thereforegiven by AMJ\}t = 2—13 The shapeof thelikelihoodfunction,aswell

as(—In.¥), is shavn in figure 4.17,togethemwith theresultof afit to a Gaussiaranda polynomial,
respectrely.

4.5.2 The Different Jet Pairing Lik elihood Classes

To rejectpoorly reconstructegventsthat do not containusefulmassinformation, all eventsarere-
quiredto have 5-Cfit probabilityexceedingl% anda4-jet (5-jet) JPLHlargerthan0.4(0.42). It turns
out however that amongstthe remainingevents, not all possesshe samequality of W massinfor-
mation. Dividing the eventsinto separateclasseswith respecto their JPLH guaranteeshat better
reconstructedventsgaingreatenimpactsuchthatthe statisticalerrordecreasedn addition,the con-
tribution of combinatorialbackgroundvarieswith the JPLHascanbeeseenin figure4.18and4.19.

51t wasalsotestedto decreaséhe testsizebut sincespectraat moremasspointswould be neededthe computingtime
increases50 MeV is sufficiently smallto provide anappropriatefit to thelikelihoodcontour which will be shavn by the
pull distributionsin section4.5.3.

6Thebestindicationfor sufficient statisticsis the studyof the pull distribution, whichwill bedonein 4.5.3.
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Figure4.17: Likelihood.Z (left) andLog-Likelihoodcontour—In_#" (right) togethemwith fits to a Gaussian

andapolynomial,respectiely.

Thesetwo figuresshawv the JPLHdistributionsfor both,4- and5-jet WW events.An eventis treated
asafive jetsif its jet resolutionparameteexceedsa certainthresholdiny .- > —6.8, otherwiseit is

reconstructedsa4-jetevent.
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Figure 4.18: JPLHdistribution for 4-jetevents(Iny,; < —6.8) andthefour differentlikelihoodclasses.

| bestcomb || classl | class2 | class3 | class4 |
Rangeof JPLH || 0.4—-0.6 | 0.6—0.7 | 0.7—0.78 | 0.78— 1.0
Expectedavents 80 84 101 100

Table 4.1: Thedifferentlikelihoodclassedor 4-jetevents(Iny,; < —6.8).
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Figure4.19: JPLHddistributionfor 5-jetevents(Iny,; > —6.8) andthefour differentlikelihoodclassedor the
bestjet combination.

| bestcomb || class5 | class6 | class7 | class8 |
Rangeof JPLH, || 0.42-0.54 | 0.54-0.62 | 0.62—-0.72 | 0.72—1.00
Expectedevents 167 161 184 198

| 2" bestcomb class9

Rangeof JPLH, || 0.42—1.00 | if P35> $p5<
Expectedevents 234

Table 4.2: Thedifferentlikelihoodclassedor 5-jetevents(Iny,; > —6.8).

Theeventsarefilled into differentM3, € distributionsandarethencomparedo the corresponding
reweightedspectrapbtaininga likelihoodvalue (4.20)for eachsingleclassthatarefinally addedup
beforethe actuallikelihoodfit (4.21)is performedto extractthe W massandits statisticalerror A
list of the classificationsandtheir cutsare shavn in table 4.1 and4.2 andthe correspondingnass
distributionsareillustratedin figure4.20and4.21.In principle,if only enoughMonte Carlostatistics
would exist, onecouldthink of even moredifferentclassesbut this approactbreaksdowvn assoonas
thereweightedspectrdor thedifferentclassesvould not have enoughentriesarymoreandstartto be
affectedby fluctuations.

4.5.3 EnsembleTests

This sectiondiscusseshe resultsfrom biastests,performedwith multiple independensamplesof
eventssimulatedby Monte-Carlofor different massesvi\'®, eachof the size correspondingo the
recordeduminosity of real data. The numberof sampledor the differentMonte Carlo massesre
shavnin table4.3.

As it hasbeenshawvn in referencd39], the numberof differentsamplescanbeincreasedip to
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Figure4.20: 5-Cfitted masddistributionsfor the differentJPLH classedor 4-jet eventsasdefinedin table4.1.

(Nye/Ngaa)? in examinationsconcerninghe spreadof estimates—irour casethe expectederror—
provided, the resamplingis madeby randomlyassigningthe eventsto the samples. However, the
estimateitself, the meanof the resultingmassedrom eachsample,might be biasedin the caseof
correlatedsamples. In orderto evaluatethe expectederror and to test whetherthe output of the
Likelihoodfit is correct,theanalysiss repeatedvith 1000randomlymixed MC samplegor MV'\",C =
80.33 GeV, eachof the size of the real datafor /s = 189 GeV. The resultingdistribution of the
fitted massedor the 1000 samplescan be seenin figure 4.22. Sincethe MC sample,wherethe
subsamplesriginatefrom, is only 60 timesbiggerthanthe datasize,the 1000testsamplesare not
100%uncorrelatedThereforethe erroron the meanvalueis AMmean= % ~ 13 MeV, assumingio
biasfrom correlationshetweerthe samplesTheexpectederror, whichis the spreadaMJvit, is

Oexp = 99.7+ 3.2 MeV. (4.22)

Figure 4.23 shavs the pull distribution (va\}t — MY©) /oy, originating from the ensembletest
with independenMC samplesfor differentmassessshawvn in table4.3. In caseof correctly es-
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Figure 4.21: 5-Cfitted masddistributionsfor thedifferentJPLHclassedor 5-jet eventsasdefinedin table4.2.
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MWIG&/] | Nyc/Nyaa
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/NdaIa'
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Figure 4.22: Resultsof the ensembldestwith 1000MC subsamplegyeneratedit MY'© = 80.33GeV.

timatederrors oy;; from the likelihood fit, this distribution shouldbe a Gaussiarwith o, = 1.
A fit to a Gaussiarshaws that the centreof the distribution mean, ,, = —0.01+0.13 is consistent
with 0 andthatthe spreadapu” = 0.986+ 0.022 is equalto 1 within the assigneckerrors. Also for
the error on the meanof the pull distribution, the fact that only 60 samplescanbe 100% uncorre-
lated hasto be taken into account. The fact, that the errorsevaluatedby the fit perfectly describe
the errorsfrom ensembletests, proves that the bestand the secondbestjet combinationof 5-jet
eventsare sufiiciently independent.Similar ensembleestare also performedfor differentmasses
MV'\",C =79.83, 80.08, 80.58and80.83 Gé&/ in orderto shawv thatthemeasuremeris free of ary bias.
Theresultsareillustratedin 4.24,where(M ") — 80.33Ge/ is plottedversusM{® — 80.33Gev. This
shouldleadto alinearfunctionwith slopel andwithoutary offset. A linearfit to the points,

(M) — 80.33Ge/) = Ay + A, (M)i© —80.33G&/), (4.23)

yieldsthe offsetof Ay = —4.2+£ 8.3 MeV andthe slopeA; = 1.014-0.03 which areconsistenwith
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Figure 4.23: Pull distribution (M — 80.33G&/)/0y;, of theensembldestwith 1000MC subsampleggener
atedfor MYI® = 80.33Ge.

0 and 1, respectiely. The parameterisatioM,, — 80.33 Ge&/ was chosento minimise the cor
relation betweenA, and A;. The numberof generatedMC samplesis symmetricallydistributed
aroundM}I® = 80.33 Ge, thus a different slope A; would still lead to the sameover-all mean
(MIt) = Ay +8033Gey.

4.6 Comparisonof Methods

Forcingall eventsto four jetsandrequiringa 5-C fit probability largerthan0.01 leadsto a rejection
of about19%of all preselectedvV*W~ — gqqg events.Pickingthe correctjet combinationout of the
threepossibilitiesto pair two out of four jetstogetherusinga jet pairinglikelihoodselection(JPLH)
asdescribedn section4.4.3leadsto anoverall efficiencgy of 57% of correctjet pairingsenteringthe
analysiswith acutontheJPLHat0.4.

To considerall eventsasfive jets recovers formerly rejectedeventsandleadsto about93% of
preselected-quarkeventswith atleastonejet combinationwith a5-Cfit probabilityexceedingd.01.
Ontheotherhand,sincethe jet pairingis moredifficult andthe numberof combinationsncreaseso
ten,a5-jetJPLH,includingthe 5-C fitted massasallikelihoodvariable yieldsanoverall efficiency of
59% correctcombinationswith acutontheJPLHat0.42,i.e. about2% morethanin the caseof four
jets. However, the amountof combinatorialbackgrounds muchhigherfor the 5-jet case(compare
figures4.18to 4.21)andtakingthe W massvi3;€ itself asa likelihoodvariablein orderto determine
thecorrectcombinationleadsto a degradedsensitvity asdiscussedh section4.4.3.Thus,treatingall
eventsasfive jets doesnot yield a betterresolution. Therefore the influenceof mixing 4- and5-jet
events,dependingon the cut on the jet resolutionparametemy,; (seeequatiord.2), andanoptimal
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Figure 4.24: The meanof the fitted masses{M\m —80.33 Ge¢/ for eachensembldestversusthe MC mass
MJC —80.33Ge/. Thesolid line shavs aline fit (M) —80.33G&/) = Ag+ A, (M —80.33G&/), while
thedashedine shovs theidealdependeng (M) = M{IC.

distinctionwhetherto treatan eventasfour or five jetsis studiedin this analysisandpresentedh this
section.

Theresultsareillustratedin figure 4.25. This figureillustratesboth, the fraction of eventstreated
asfour jets (figure 4.25a))andthe resultingexpectederror for the differentanalysegfigure 4.25b)),
dependingpnthecutoniny,. in orderto distinguishbetweend- an 5-jet like events. The higherthe
oncutlny,s, the moreeventsarereconstructedsfour jets. The shavn expectederrorsarisefrom
statisticonly (systematieffectsarenotincluded)andarecalculatedrom theweightedaveragefrom
3200subsamples total for differentMonte Carlomassedetweer/8.83 and80.83 Gé&/.

Figure4.25b)compareshefollowing four analyses:

¢ with only two classesa 4-jet anda 5-jet class,for the bestjet combinationfrom a jet pairing
selectionincludingthe 5-C correctedV massgfor the caseof five jets (bluefilled circles),

¢ thesamebut with thefour jet eventssplit upinto four binsof JPLHasdefinedin table4.1(stars
in magenta),

e asdescribedn this thesis,i.e. without the W massasan additionalvariablefor the jet pairing
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Figure 4.25: The fraction of eventstreatedasfour jets (a) andthe statisticalerror of M,,,, dependingon the
cutonlny,s (b): Thebluefilled circlesshow resultswith the 5-C correctedmassasan additionalvariablein
the 5-jet JPLH. The starsin magentaarefrom the sameanalysis but with four 4-jet classesasdefinedin table
4.1. Theredfilled trianglesshawv the analysisasperformedin thisthesisatlny45CLt = —6.8. Hereinthemass
is taken out of the JPLH and alsothe secondbestjet combinationis taken into accountwith a classification
definedin table4.2. Finally, the greensquaresllustratethe sameanalysisbut with anadditionalclassfor the
third best5-jet combination|f its 5-C fit probabilityis largerthanonethird of thefit probability of the bestjet
pairing. Thesolid linesarefits to third orderpolynomialsandareshown for illustrative purpose®nly.
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but with the secondbestcombinationand a classificationas definedin the tables4.1 and4.2
(redtriangles)and

¢ the samewith anotherclassof thethird bestjet pairing of 5-jet eventsthat have a suficient fit
probability p5, © > 1p3;© (greensquares).

Theuncertaintyof the presente@xpectederrorsis about2 MeV for valuesof (Iny,z).¢ Nnottoofar
from —6.8. However, theerrorbarsarenotshavn, sincethe statisticalffluctuationsbetweerthe shavn
pointsis smallerbecausef thecorrelationbetweerthedifferentanalysesindvaluesof (Iny,c), due
to the samechoiceof subsamplesTheresultsfor very smallandvery big valuesof thecut (Iny;5) ¢y
arelessreliable sincethe errorsof the reweightedhistogramsare not negligible anymorewhenthe
statistican thesehistogramgirop. Thisis especiallythe casefor the magentaredandgreenpoints—
the stars,trianglesand squares—orthe left side (andfor the red and greenpoints—thetrianglesand
squares—ontheright side)of thediagram sincethe 4-jet (5-jet) eventsaresplit up into evensmaller
binsof the JPLH.This is thereasorfor the big fluctuationsatthe far left andright of figure 4.25b).

Fromthis figure onecanconcludethattaking alsofive jetsinto accountdropsthe statisticalerror
of the W massmeasuremertty 5 — 6%. Dividing the 4-jet eventsinto four classeswith respecto
their JPLH yields another2 MéeV. It alsoillustratesthat droppingthe W massout of the JPLH and
including alsothe secondbestcombinationis not just comparabldut evengainsanother2 — 3 Mev
whenintroducingalsodifferentJPLH classedor eventsreconstructeasfive jets.

The dependengc of the statisticalerror on the cut on the resolutionparameteiny . suggestsin
optimal cut at around(Iny,,5).x = —6.8 where36% of the selectedeventsarereconstructedsfour
jets.

4.6.1 An Alter native Analysis: 2D Reweighting

Performingthe massanalysisasdescribedaborve involves a one-dimensiondiit to the W mass.The
singlevalueof thereconstructednassfor eacheventoriginatesirom the equal-massonstrainin the
5-Cfit (seesection4.4.1). Thewidth of the W boson however, is not zero(it wasdeterminedy the
OPAL experimento I, = 2.02+0.16°@"+ 0.10°Y- G&/ [10]) andthedistributionsof the3-jetandthe
2-jetW masse a5-jetreconstructiorareonly identicalfor apuresamplewithoutcombinatoriabnd
non-WWbackgroundThereforetherewasthehopeto decreas¢éheerrorontheW massby dropping
theequal-massonstrainandperforminga reweightingfit involving two-dimensionadistributionsin
thetwo 4-Cfitted W massesln this casetheanalysids automaticallysensitve to the masgdifference
of the two reconstructedV bosons. Sinceall the variablesthat are usedto determinethe correct
jet combination(seesectiond.4.3)arecorrelatedo eitherthe massdifferenceor the 5-C fitted mass
itself, no particularjet pairing is performedin this first attemptof a two-dimensionareweighting
analysis: Any jet combinationof an event with both 4-C fitted W massesn the window between
60 and100 Gé&/ andwith a 5-C fit probability exceedingl% is accepted Figure4.26illustratesthe
numberof jet combinationgper eventthatfulfil theserequirements An eventis consideredasfour
jetsif its jet resolutionparametemmy . is smallerthan—6.4, otherwiseit is reconstructeasfive jets.
The particularchoiceof the cutonIny,; is not originatingfrom an optimisationasdiscussedor the
one-dimensionanalysis.Thecut (Iny,:).s = —6.4 waschosenpecausét dividestheeventsample
into two partsof approximatelyequalsize.

Thediagramsn figure4.27showv thetwo-dimensionaimasdistributionsfor correctcombinations
aswell ascombinatoriabackgroundOnecanclearly seethe kinematiclimit atM; +M, = 189G¢/.
In the caseof four jets, the combinatorialbackgrounds flat. For 5-jet events,the contritution from
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Figure 4.26: Numberof jet combinationswith a 5-C fit probability larger than 0.01 and both 4-C fitted W
massesn therange60— 100Ge/: Figure(a) shavs the eventsconsideredasfour jets (Iny,; < —6.4), figure
(b) shavs thoseeventsreconstructeasfive jets (Iny,; > —6.4). The diagramsarenormalisedwith respecto
all preselectedW eventsthat have at leastonejet combinationwith a 5-C fit probability greaterthan0.01.
Non-WW backgrounds notincluded.

wrong jet pairingsis asymmetric:On average the 3-jet systemhasa larger invariantmassthanthe
2-jetW. Thisis notthe casefor correctcombinationsnly, asshavn in figure4.27 (b).

In thereweightingtechniqueasdescribedn sectiord.5.1,theerrorsontheentriesof thereweight-
ed histogramsareneglected. For sufficiently large numbersof eventscontrituting to eachbin of the
reweighteddistribution, this is a good approximation.However, large fluctuationsin thesedistribu-
tionsleadto uncontrollablebiases.Of courseanincreasef the bin sizedecreasethefluctuationsbut
it alsosmoothen®ut the shapeof the distribution itself andthereforedecreasethe sensitvity to the
W mass.

Thefigures4.28(a) and(b) illustratethe fluctuationsin the distributions of the qq andZZ back-
ground.Sincethisis alreadythewholeavailableMC backgroundamplethebackgroundontribution
to thereweightedhistogramss smoothenedh orderto decreas¢he effect of fluctuationsin the back-

grounddistributions: The entrybi(j”"”WW) of eachbin (i, j) in thetwo-dimensionatliagrambecomes

Zkl bI(Jnon.\NW) . exp { . (ﬁ'li*fT\()Z;(mlfm)z }
p(NONWW) _ f(nonWw) _ ’ (4.24)
1 1 (m—my)2+(m;—m)? ’
Zk,l exp{— o? J }

wherem,,m; denotethe two W massesssociatedo the bin (i, j) andthe width o of the Gaussian
weightis setto 0.8 G&/. Theresultingsmoothenetdackgroundontritutionsto thereweightedspectra
areshawn in the figures4.28 (c) and(d) for four andfive jets, respecirely. As it wasdiscussedn
section4.5.1, a reweightingtechniqueis biasfree provided the event simulationis correct,but any
smoothingof thereweightedhistogramsalsomodifiesthe shapeof the massdistributions. Therefore,
the resultswill be correctedfor bias effects. Resultsfrom bias test, similar to thoseof the one-
dimensionakchemeasdescribedn section4.5.3,canbe seenin figure 4.29,wherethe meanvalues
<M\;\}t> —80.33G¢/ of multiple testsareplottedversughe corresponding/onte CarlomassesA\\© —
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Figure 4.27: Two-dimensionamassdistributionsfor four andfive jet events: Correctcombinationdor 4-jet
(a) and5-jet (b) events,combinatoriabackgroundf 4-jet events(c) andincorrect5-jet combinationgd).

80.33 G&/. A line fit to the datapointsyield a shift of 9+ 8 Me/ anda slopeof 0.98+ 0.03. The
resultingmassshift is aboutonestandardieviation away from zero,while the slopeis consistentvith

1 within the errorsassigned.
Thefigures4.30shav the resultsfrom ensembldestsasintroducedin section4.5.3. The uncor

rectedexpectederroris

O5p =955+3.2MeV. (4.25)

Thepull distribution (M1 —80.33Ge/) /0y, in figure4.31shavs thatthe errorsestimatedn the
fit correctlydescribethe spreadof the resultsfrom the ensembldest. The spreado = 0.993+ 0.022
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(@) 4 jets: non-WW bgd. (b) 5 jets: non-WW bgd.
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Figure 4.28: The contribution of the non-WW backgroundo the reweightinghistograms:Thefigures(a) and
(b) showv the unmodified“W mass”distributionsfor four andfive jets respectiely. Thesedistributionsare
smoothenedisingGaussiamweightsresultingin the distributions(c) for four and(d) for five jets.

of thepull distribution is consistentvith 1. Thisresultillustratesthatthosereconstructethasse¢rom
correctandincorrectjet combinationghatareconsideredn theanalysisaresuficiently uncorrelated.
Comparedo theresultof the one-dimensionaleweightingfit (seesection4.5.3),the expectederror
is reducedoy about4%.

Usingthis two-dimensionateweightingtechniquefor hadroniceventscorrespondingo 183pb—1
of datarecordedwith the OPAL detectoiin 1998,themassof the W bosonis determinedo

M2D — 80.404+ 0.095 Ge/. (4.26)

This resultis not correctedor biaseffectsandtheerroris statisticalonly.
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Figure 4.29: Resultfrom a biastestof the 2-dimensionaknalysis: the meanof the fitted masses(MJJ‘) -
80.33 Ge&/ for eachensembletestversusthe MC massM)|© — 80.33 G&/. The solid line shaws a line fit
((M{') —80.33Ge/) = Ay+ A, (M[© —80.33Ge/ ), while thedashedine shavstheidealdependeng (M) =
MMC.

Note, thatthis two-dimensionateweightinganalysisis only afirst attemptto shaw its feasibility
It is not optimisedyet, neitherfor anappropriatemixing of 4- and5-jetlike events,nor for anoptimal
treatmenbf the non-WW backgroundFor further studiesmorestatisticswould certainlybe needed
for boththe signalandthe non-WW backgroundsimulatedoy Monte Carlo. Introducinga jet pairing
likelihood,for instancebasedon the probability densityfunctionsof the weightsof matrix elements,
in orderto discardincorrectjet combinationswould certainly further decreas¢he error and would
allow theintroductionof differentJPLH classesasdonefor the one-dimensionascheme.
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Figure 4.30: Resultsfrom the ensembldestof the two-dimensionaknalysiswith 1000MC subsampleggen-
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Chapter 5

SystematicUncertainties

In the frameawork of this analysisthereare basicallytwo systematideststhat have beenperformed,
mainly to studythe systematiceffect arisingfrom the inclusion of 5-jet eventsin the analysis: The
dependengof the colourreconnectioreffect onthefractionof 5-jeteventsthatentertheanalysisvas
examined,andthe stability with respecto the jet structureof the qq backgroundvasinvestigated.
Othersystematichecksverenot partof thethesisandwill only briefly bementioned A summaryof
thedifferentsystematieffectsandtheir assignedincertaintiess givenin table5.1. Thecontrikutions
from eachof thedifferentsourcesareaddedn quadratureo yield thetotal systematiaincertainty

5.1 Colour Reconnectionand Bose-EinsteinCorr elation

Sincethe decaylength of the W bosonproducedn LEP2 collisions (~ 0.1 fm) is smallerthanthe
typical scaleat which a quarkfragmentsinto hadrons(~ 1 fm), final stateinteraction(FSlI) effects
betweerthe decayproductsof thetwo W bosonsanoccurwhich could biasthe measuremertf the
massof the W bosonin the 4-quarkchannelasthe decayproductsmay have a significantspace-time
overlap.

The two effects consideredare the Bose-Einsteircorrelation (BEC) [40, 41], which enhances
the productionof identical particleswith integer spin that are closein phase-spacegndthe colour
reconnectior(CR) effect, the exchangeof soft gluonsthatcanleadto a colourflux betweernpartons
from differentW bosondg42].

While the Bose-Einsteircorrelationis not examinedwithin the framework of this thesis(result-
ing systematicerrorson the W massfrom OPAL studies[10] areshawvn in table5.1), the effect of
introducing5-jet eventson the massbiasarisingfrom CR is studiedwith the modelthatis taken as
the currentconserative estimateof a plausibledescriptionof colourreconnectiorin OPAL analyses
[10]. This CR model,the Sjpstrand-Khozemodell (SK 1) with p = 0.9 asdescribedn [43], gives
thelargestmassshift of thosemodelsthatarenot disfavouredby previous LEP analysessdiscussed
in thereferencd10]. Theresultingmassshiftis consideredsthe CR contritution to the systematic
uncertainty

In orderto quantifytheeffectof colourreconnectiomnthemassdeterminatioof W*W~ — qqqq
events,Monte Carlo sampleqseetable B.3), eachof the size of the recordeddata,with andwithout
the CR effectimplementedby the SK | model(p = 0.9), arecomparedsuchthat the eventsin the
comparedsamplesareidenticalup to the endof the partonshaver. Figure5.1 shawvs the difference
AM g = ME — Mft . of W massfits with andwithout this CR effect for the presentanalysis(cut
onlny,. = —6.8). The meanvalue of this distrikution, the massshift, is taken as the systematic
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uncertainty

The massshift andther.m.s. of the AM, distribution is shavn in figure 5.2 asa functionof the
jetresolutionparametemy,; (seesection4.1.1). Theshovn massshift is the meanof the difference
of 63 independensampleswvith andwithout CR. This diagramshaws that the effect is only slightly
dependenon the choiceof whetherto consideraneventasfour or five jets. At Iny,,; = —6.8 where
themeasuremens performedthe massshift is

(AMcg) = (MIL—M ) = 5147 Mev. (5.1)

A shortremark: Thespreadf theAM, distributionfor (Iny,¢) ¢y = —6.8,r.ms. =55+5MeV, is
smallerthantheexpectedspreador completelyindependensampleso (AM{NIeP) — /2. geqp (M)
~ 140MeV (compareo equatiord.22). Ther.m.s., andthereforethe uncertaintyof the massshift, is
smaller sinceonly 34% of the eventhave a differentfragmentatiorfor p = 0.9.

% T T T T I T T T T T T T T

= 12 |- mean = 51+7 MeV -

N rms.=55+5MeV | ——

g 10 - ]

= T T

(] 8 e\ |
6 —
4 +— —
o 4/ i
O "/l 1 1 1 | 1 1 1 1 | 1 1 1 '
-100 0 100 200

AM_ [MeV]

Figure 5.1: Thedifferenceof thefitted massAMcg = M, — Mt . for sampleswith andwithout the colour
reconnectioreffectasdescribedy the SK | modelwith p = 0.9.

5.2 Simulation of qq Background

The largestnumberof eventsfrom non-WW backgrounccomesfrom y/Z° — qq(y) events(the so-
called gqq background)with a 4- or 5-jet like topology from hard gluon radiationfrom the initial
partons. Sincetheseprocessesire alreadyhigherordersin as, it is very difficult for themto be
simulated.

Thereforethe qq backgroundlistributionswerevariedin thesamplesn ensemblegestswhile they
wereleft unchangedn thereweightedspectran orderto studytheinfluenceof incorrectlysimulated
gq background The specialinterestlies in the comparisorof theresultingdeterioratiorwith respect
to analyseghatonly use4-jet events,a studythathasnot beenperformedwith OPAL datasofar.
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Figure 5.2: Colourreconnectiorstudieswith the SK 1 (p = 0.9) modelasa functionof thecutoniny,s;. The
pointswith the assignederror barsarethe meanof the differencefrom 63 samplessimulatedby Monte Carlo
with andwithout the effect of colourreconnectionThe dottedline illustratesthe the spreacof the distribution
of thesedifferences.

For thesestudiesthedistribution of thejet resolutionparameteof the qq eventswasmodified,by
varyingthe probability of aneventto be choserto contrilute to a certainsamplein theensemblgest
inalny,; dependentvay. Thisis doneby weightingthe probabilitywith afactorthatis dependingon
thejet resolutionparametey, ;. of theconsidereavent. Thisweight,whichis simply alinearfunction
with agivenslopeandavalueof 1 atthemeanof theoriginal Iny s distribution, is shavn in thelower
diagramof figure 5.3 for differentslopevalues. Theresultinglny, distributionsareshavn in the
upperdiagram:With a positve slope,the distribution is variedwith a preferenceof highervaluesof
Iny,s while it is shiftedtowardslower valuesfor negative slopes.

For differentslopesof theweightfunctionandvariousvaluesof thecut (In y45)m1, biastestswere
performed. The determinedbiasesand slopesfor thesetestsare shovn in figure 5.4. The absolute
effect of thesevariationsof the qq backgrounds relatively small with respecto the absoluteerror
assignedo both the slopeandthe bias: For a slopeof the weightingfactorof +0.2, the massshift
is lessthen4 MéV. On the otherhand,figure 5.4 demonstratethat the applieddistortion leadsto
an effect that varieswith differentcutson the jet resolutionparametetny,.. While for pure5- or
4-jet analysis(very small or big valuesof Iny,c) the effect is quite small (S 1 MeV)), for certain
composition®f 4- and5jet events,thedeviationincreasesip to about4 MeV.

Note that thereis no hint whetherthe performedvariationsreally are suficiently large in order
to accountfor possiblesystematiceffectsfrom incorrectly simulatedQCD background.The choice
of this particularweightingwith a slopeof +0.2 waschoserbecauseét leadsto a modificationof the
Iny,s distribution of the qq backgroundrom Monte Carlo simulations. Which is big enoughto be

1This cut determinesvhetherto reconstructan event asfour or five jets. The correspondindraction of 4-jet events
enteringtheanalysisfor agivenvalueof (Iny,;). canbeseenn figure4.25.
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Figure 5.3: Variationof the Iny,, distribution of the qq background:The upperdiagramshaows the resulting
shift in the Iny,; distribution of the qq backgroundwhenthe probability for theseeventsto contritute to a
certainMC sample,for which the W masswill be evaluated,is not equalfor all qq eventsbut dependingon
the valueof their jet resolutionparameteiny,.. This probabilityis multiplied by aIny,; dependingveight,
alinearfunctionwith a givenslopeanda valueof 1 at the meanof the original Iny 5 distribution asshavn in
the lower diagram. The vertical lines shov the shift of the averagevalueof Iny,,; for the qq backgroundor
differentslopes.Thesolid lines(slope0) correspond$o the unmodifieddistribution.

examinedwith theqq datarecordedn 1998.

The modificationof the Iny,¢ distribution of the gq backgroundpriginatingfrom this particular
choiceof the slope+0.2 of the weight, is sufficiently large in the sensethatthe qq datarecordedn
1998have enoughstatisticsto be sensitve to suchvariations.

As for the assignecerror from the backgroundreatment several testsincluding differentfrag-
mentationmodelsandrescalingdatatakenat /s ~ M, wereperformedin OPAL studies[10] which
resultin anuncertaintyof 6 Mev onthe measuremertdf M,,,.

5.3 Other SystematicUncertainties

Testsof other systematicuncertaintieghan the effect of colour reconnectionwere not performed
within thisanalysisandarethereforeonly briefly mentionedn thissection.Thesystematichecksand
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Figure 5.4: Influenceof the variationof the qq backgroundor differentvaluesof the cut onthejet resolution
parameteiny,; asdescribedn 5.2. The upperdiagramshaws the offset A, the lower shaws the slopeA, of
biastests(seesectiord.5.3)performedor differentiny ;. distributionsof theqq backgroundandvariousvalues
of thecutonliny,,..

theresultingsystematierrorscomefrom OPAL studiesof theW massn the4-quarkchannelvith the

samedataatthecentre-of-massenegy of \/s= 189G¢/ [10]. Thatanalysisalsousingareweighting

technique mainly differsin the methodto determinethe correctjet pairing for 5-jet eventsandthe

eventclassificatioraswell asin the cut betweem- and5-jetlike eventsfrom the analysisperformed
in this thesis,but thesedifferencesare believed to only slightly affect the systematicuncertainties.
Theresultsfor uncertaintiegxceedings MéV/ canbeseenin table5.1.

The averageL EP beamenepy (seesection3.1.2)for the datatakenin 1998is currentlyknown
with aprecisionof 20 MeV [44, 14]. This leadsto a systematiaincertaintyon M,,, of 16 MeV [10].

In orderto describethe eventshapevariablesandinclusive particleproductionrateof W+ — g
decaysthe JETSET modelis used tunedto OPAL hadronicdataatthe Z° resonanc@45]. A variation
of the JETSET fragmentatiorparameterdy +10 abouttheirtunedvaluesyieldsa shift of 20 MeV on
M,y in thehadronicchanne[10] while anearlierOPAL tuneof the JETSET model[46] biaseghefitted
masshy 30 MeV [10]. Furthermorethe JETSET string modelwasreplacedby the HERWIG cluster
modelandthe ARIADNE colour dipole model[47], appliedto identical eventsdiffering only in the
modellingof the hadronizationThesetestsgive differencesof MyETSET — MEERWIC = 114+ 12 MeV
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Sourceof theerror Osyst. [MeV|
Colourreconnection 51
Bose-EinsteirCorrelations 67
BeamEnegy 16
Fragmentation 30
Background 6

MC statistics 10
Total systematierror 92

Table 5.1: Summaryof the systematiauncertaintiegor thefit resultsfor contributionsexceedings MeV. The
testof the affect of colourreconnectior(SK I, p = 0.9) hasbeenperformedfor this analysis for theresultsof
theothercontritutionsto the systematierrorthereadetis referredto OPAL studieq10].

andMFTSET — MARIAPNE — 6412 MeV [10]. Basedon thesetests,anerrorof 30 MeV is assignedo
the simulationof thefragmentatiorprocess.

Thereweightedmasddistributionsarefitted to thedata,neglectinguncertaintie®f thereweighted
spectra.Thefinite statisticsof the Monte Carlo samplesusedin the reweightingprocedureyield an
errorof 10 MevV onM,, in thehadronicchanne[10].



Chapter 6

Summary and Conclusions

In this work, a reweightingfit to the W massspectrumof hadroniceventsrecordedwith the OPAL
detectowasperformedandoptimisedwith respecto anappropriateénclusionof 5-jetlik e eventsinto
theanalysis.

Comparedo previous OPAL measurementsf the massof theW bosonin hadronicdecaysof W
bosond10, 33], theexpectederrorwasreducedoy 4%.

This improvementwas possibleby optimising the treatmentof 5-jet events. First it wastried
to performa jet pairing selectionthat was equally powerful without usingthe 5-C fitted massasan
additionalvariablein the likelihood selectionof the bestjet combination.In orderto getrid of the
correlationbetweerthis likelihoodselectionandthe W massthe latterwasnottakeninto accountn
thejet pairing but the secondbestjet combinationwasalsotaken into considerationThis leadsto a
flat non-WW backgroundor eventsreconstructedsfive jets. The factthatthe errorsevaluatedby
the fit perfectlydescribethe errorsfrom ensembldestsprovesthatthe bestandthe secondbestjet
combinationof 5-jet eventsaresuficiently independent.

Changinghecutonthelogarithmof thejet resolutionparametelny,;, whichdeterminesvhether
to reconstructin eventasfour or five jets, from —5.6 to —6.8 wasshavn to minimisethe expected
errorof thefit andreducedhefractionof eventstreatedas4-jetsfrom 68to 34%. The eventclassifi-
cationwith respecto thejet pairinglikelihoodwasoptimisedfor this analysis.

Furthermorejt wasshavn thataninclusionof 5-jet eventsdoesnot increasehe systematiain-
certaintyfrom the effect of colourreconnectionSystematieffectsfrom thetreatmenof y/Z° — qg
backgroundverestudied.

The resultof the one-parametefit to the W massin the hadronicchannelfrom 183pb~! data
recordedwith the OPAL detectoiin 1998at the centre-of-masenegy /s= 189G#/ is

M\‘,‘vq = 80.360+0.105' +0.093Y* Gev. (6.1)
Theexpectederroris
O =100+ 3 Mev. (6.2)

In addition, a two-dimensionareweightingfit using both the masse®f the two W bosonswas
performedandshavn to be successfulalthoughsurelymoreMonte Carlo eventsareneededor both
signalandbackgroundo reducethe systematiaincertaintyfrom limited Monte Carlo statisticsto a
valuecomparabléo thiserrorin theone-dimensiondit. It wasdiscusseahatfor furtherstudiesmore
Monte Carlo statisticswould be neededo reducethe fluctuationsin the bin of the two-dimensional
reweightedhistogramsTheresultof thetwo dimensionafit with bothW massefrom a4-Ckinematic
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fit is M\‘/‘vq = 80.404+ 0.095'@ G@&/. The given error is relatedpurely to statistics,an estimation
of the error arising from systematiceffects was not madein this analysis,but it is assumedo be
approximatelythe samethanin the one-dimensionahnalysisapartfrom the effect of limited Monte
Carlo statistics. The expecteduncertaintyhappengo be 0&?}- = 95+ 3 MeV which is about4%

smallerthanthe expectederrorof the one-dimensionaleweightinganalysis.
Both resultsareconsistentvith previous OPAL measurements the hadronicchannelaswell as

the determinatiorof the W massfrom semi-leptonicevents[10, 23, 25 andindirectmeasurements
performedn precisionelectraveaktestsat LEP1[4].



Appendix A

How to impr ove the Jet Pairing
Lik elihood

As discussedn section4.4.3,the sensitvity to the W massis degradedif the massis alreadyused
to determinethe correctjet pairing for 5-jet events. This behaiour comesfrom the factthatthe jet
combinationswith 5-C fitted massesn thevicinity of the massof thoseMonte Carloevents,thatare
usedto producethe probability densityfunctionsin the jet pairing likelihood (JPLH), arefavoured.
This effectis illustratedby thefigure4.15.

This appendixdescribesattemptsto replacethe 5-C fitted massin the jet pairing likelihood by
othervariablesthatarepowerful in orderto determinghe correctjet pairing but without beingcorre-
latedto the masstself. Thefollowing variableswereinvestigated:

the5-Cfit probability p2=<,

the sumof the openinganglesof the two W bosonsay, + a3\, Whereas,,, is the angle
betweerthetwo mostenepetic jetsof the 3-jet system,

theopeningangleof the 2-jet systema,, ;,

the smallest‘jet resolution”min(In yij) (seeequatiord.1) betweenhejetsfrom the 3-jet sys-
tem,

the differenceof the 4-C fitted massesAM, ©| (fip lightestjer) OF the two W bosonsfor the jet
pairingthatcorrespondso the smallesjet of the 3-jet W beingassociatedo the 2-jet system,

thesmallestifferenceof the 4-Cfitted masses trrpin b{\AM\‘,‘V*C\} of all othercombinations
all othercom

thantheoneconsidered,

the differenceof the differenceof the4-C fitted masses
|AM\£/1V7C‘(fIip lightestjet) — [AMy, €],
min _ {|AMy, €|} — |AMy, €| and

all othercomb

the discretevariablel s Which expressesvherethosetwo jetsthatwould be meigedtogether
in caseof a4-jetreconstructiorendup: |, s hasavalueof

- 405 = 0if thesetwo jetsbuild togetherthe 2-jet W of the consideredcombination,
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— l4o5 = 1if bothfragmentsendup togetherin the 3-jetW,

- |45 = 21if only thelessenegeticjet endsup in the 3-jet systemand

- 405 = 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 exceedingl% anda 5-C

fitted masslarger than65 G&/ are considered.In caseof the combinatorialbackgroundall wrong
combinationghatfulfil theserequirement&nterthe shavn distributions.

0
9 [ T T T I T T T I T T T I T T T I T T T ]
£10000 [ correct jet combination 7
()
5 B8 wrong jet combination ]
7500 .
5000 -
2500 -
0
0 0.2 0.4 0.6 0.8 1

pS-C

Figure A.1: 5-Cfit probability p2 .

Comparingto figure4.13,onecanclearly seethatnoneof thesessariablesareaspowerful asthe
5-C fitted massitself. Evenin aninclusionof multiple variablesto thejet pairinglikelihood (JPLH),
partof their power to discriminatebetweencorrectandincorrectjet combinationgnight alreadybe
coveredby thedifferenceof the 4-C fitted massandthe minimum openingangleof the 3-jet system,
variableghatarealreadyusedn theJPLH.Furthermoretheaimisto find variableghatareinsensitve
to themasstself. Especiallythe variablesderived from the openingangles(orzj_W and Uiy + or3j_W)
aresensitve to the boostof eachW boson,which is dueto enegy conseration determinedy its
mass:In therestframeof the W boson,it decaysnto two particleswith anangleof 18(°. Thelarger
the boostof the decayingparticle,the smallerthe anglebetweerthetwo particlesis allowedto be.

TableA.1 shawvs the correlations

(06 =%)(x; —X)))
VI =%)2)- (%= %))
betweerthevariables(i, j) usedin the JPLHaswell asthoseintroducedn this appendix.Thistable

shawvs thatthe openingangleof the 2—jetsystemor2j_W is very muchcorrelatedvith the W masstself
(p = 55%). Replacingthe massin the JPLH by this anglewould thereforestill imply a sensitvity

(A.1)

ij =
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FigureA.2: Thesumof theopeninganglesof thetwo W bosonsy, , + 05, Whereas,,, is theanglebetween
thetwo mostenepgeticjets of the 3-jet system.

of the jet pairing to the W mass. The smallesty;; of the 3-jet systemis, sincey;; is proportional
to the productof the angle and the smallestof the two jet enegies, strongly correlatedwith the
minimum openingangleof the 3-jet W (p = 85%), a variablethatis alreadyincludedin the JPLH.
Thehigh correlationbetweerthe 5-Cfit probability pg*C andthe4-Cfitted mass:iifference|AM\‘,‘V*C|
(p = —57%)comedrom thefact, thatajet combinationwith alarge differenceof thetwo W masses
is likely to obtaina high x? from a 5-C fit andthereforea smallfit probability pgfc, becausef the
equal-massonstrainthatis incorporatedn the 5-Cfit.
A jet pairinglikelihoodselectionusingthe additionalvariables

° pg_c,
* Uiy + Agjyy»
e min {|aM} €|},

all othercomh

[AM | ip tightestieyy — 1AMy €| and

® lxo5

enhancethejet pairingefficiengy from about59%to 61%with respecto thejet pairinglikelihoodas
usedin thisanalysisj.e. without the 5-C fitted W massasadditionalvariable(seesectiord.4.3).This

efficiengy is thefractionof correctlyassociategetsto all eventsthathave atleastonejet combination
with aJPLHexceeding—4.2 anda 5-Cfit probability greaterthan1%.

The variablesexaminedwithin the framework of this thesiswerenot sensitve enoughandinde-
pendentfrom the 5-C fitted massat the sametime. Therefore,it wasdecidedto usea jet pairing
without the 5-C fitted massor ary replacementThelow jet pairing efficiency wasthenimproved by
taking alsothe secondbestjet-W associationnto consideration A proposalffor further studiesis to
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Appendix B

Monte Carlo Samples

This appendixsummariseshe differentMonte Carlo sampleausedto obtainthe reweightedspectra,
the expectederrorsandthe systematichecksperformedn this thesis,all correspondingo a centre-
of-massenegy of \/s= 189Ge¢/.

| Runno. | Generatoinfo | My,/G& | T,,/G& | \/5/G&/ | Events |

9298 | KORALW/JETSET, gr c4f 79.83 2.0544 | 188634 | 50000
9299 | KORALW/JETSET, gr c4f 80.08 2.0738 | 188634 | 100000
9300 | KORALW/JETSET, gr c4f 80.33 2.0933 | 188634 | 200000
9301 | KORALW/JETSET, gr c4f 80.58 2.1129 | 188634 | 100000
9302 | KORALW/JETSET, gr c4f 80.83 2.1326 | 188634 | 50000

Table B.1: Monte Carlosignalsamplesisedto createthe reweightedhistogramsat a centre-of-masenegy of
\/S=189G¢/.

| Background | Runno. | Generatoinfo | /5/G&/ | Events |

Z%/y (qgbackgr) | 5111 PYTHIA 189000 | 500000
4-f (non-WW) 9323 | KORALW/JETSET,gr c4f | 188634 | 151563

Table B.2: Monte Carlonon-WWbackgroundsamplesat a centre-of-masgnegy of /s= 189G#/.

| p [ Runno. | Generatoinfo | My,/G& | \/5/G& | events |

0| 9232 | KORALW/JETSET, gr c4f 80.33 188634 | 100000
oo | 9233 | KORALW/JETSET, gr c4f 80.33 188634 | 100000

Table B.3: Monte Carlo signalsamplesusedfor colour reconnectiorstudies(Sjostrand-Khozenodell) ata
centre-of-masenepy of /s= 189Gé&/. Thesetwo samplesontainthe sameeventswhich areidenticalupto
theendof the partonshawver. Out of thesetwo samplesMC samplesanbe mixedfor ary givenvalueof p.
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