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Summary

Usingdatacollectedat center-of-massenergiesfrom 183to 202 �! #" with theOPAL detec-
tor at LEP, which amountto an integratedluminosityof 457.1 $&%('*) , themassof theW boson
is measuredin thefully leptonicdecaychannel,+�,-+ '/.10325460879254;: . An approximative recon-
structionof theeventsandthedirectlymeasuredenergiesof theleptonsareusedto determinethe
W massin this channelwith two differentprocedures;a binnedfit usinga reweightingmethod
andanunbinnedfit basedonaparametrizationof thedistributionsof thesensitivevariables.The
resultsobtainedfrom thetwo methodsare:

<>= ?A@CB�DFECBHG B�DJIK@LNM DFOPORQ B�D M I �! #"TS
for thereweightingmethodand

< = ?A@CB�DJIKE>G B�DFO ML B�DFOPURQ B�D M3V �! #"TS
for theunbinnedfit. Thefirst error is statisticalandthesecondsystematic.Both measurements
areconsistentwith eachotherandwith theworld averageof

<>=
.





Zusammenfassung

Die MassedesW Bosonswird im rein leptonischenKanal, W�X-WZY/[1\3]5^6\8_9] ^;` , bestimmt.
HierzuwerdenDatendesOPAL DetektorsamLEPBeschleuniger, diebeiSchwerpunktsenergien
von 183bis 202 a!b#c aufgezeichnetwurdenundeinerintegriertenLuminosiẗat von 457.1 dfe Y*g
entsprechen,verwendet.Zwei auf die MassedesW Bosonssensitive Variablenwerdenunter-
sucht: die Pseudomasse,die auseinerapproximativen Rekonstruktionder Ereignissegewon-
nenwird, unddie leptonischeEnergie. Zur BestimmungderW Massewerdenzwei Verfahren
angewendet. Ein direkter Vergleich der Variablenspektramit Monte Carlo Simulationen,die
durcheineUmgewichtungsmethodegewonnenwerden,sowie ein UngebinnterLikelihoodFit
dieaufeineranalytischenParametrisierungdersensitivenVariablenbasiert.Für dieUmgewich-
tungsmethodeergibt sichdie W Massezu

h>i jAkCl�mFnClHo l�mJpKkqNr mFsPsRt l�m r p a!b#cTu
undausdemanalytischenFit erḧalt man

h>i jAkCl�mJpKn>o l�mFs rq l�mFsPv t l�m r3w a!b#c m

Der ersteFehlerentsprichtder statistischenund der zweite der systematischenUnsicherheit
derMessung.Die mit denzwei MethodenbestimmtenMassensind in guterÜbereinstimmung
miteinanderundmit demWeltmittelwert derW Masse.
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Chapter 1

Intr oduction and Overview

The currenttheorydescribingthe matterandits interactions,the StandardModel, consistsof
the quantumfield theoriesof the strongand the electroweak interactionsand it is basedon
the ���������6�������6 5�¢¡£�/������¤���¥ gaugegroup. In this theory, all matteris madeof two typesof
fundamentalspin ¦§ -particles;leptonswith integerchargeandquarkswith fractionalcharge.The
interactionsbetweenthesefundamentalparticlesaredescribedby spin1-particlescalledbosons,
whicharethemediatorsof theforces:theelectromagnetic,theweakandthestrongforces.

In 1967 Weinberg [1], Salam[2] and Glashow [3] proposeda model, which treatedthe
electromagneticandweakforcesasdifferentaspectsof a singleelectroweak interaction. In a
formulationsimilar to the QED model, they defineda unified gaugetheorybasedon a SU(2)
groupof weakisospinanda U(1) groupof weakhyper-charge. The interactionsbetweenthe
particleswould take placeby theexchangeof four bosons;amasslessphotonandthreemassive
particles, ¨ , ©�ª¬«�P®f¯°©Z± . At the beginning of the seventies,the theory was proven to be
renormalizableby ’t Hooft [4] andVeltman[5].

Theactualtheoryof thestronginteractionshadits origin in thesixtieswhennew evidence
for quarksstartedto comefrom differentexperiments.Amongall theproposedtheoriesof the
stronginteractionthequantumchromodynamics,theQCD,claimedto betheonly fundamental
theoryof this force [6]. The QCD is a theorybasedon the ��������� � color gaugegroupandit
explainsthestronginteractionby theexchangeof eightmasslessparticlescalledgluons.

Theprogressin particleacceleratorsandthedevelopmentof new detectiontechniqueshave
beendecisive for thestudyandexperimentalverificationof theStandardModel. An important
milestonewasachievedin 1983by theexperimentUA1 in theproton-protonring SPSatCERN,
when the first experimentalevidencesof the ¨ , ©~ª and ©Z± bosonswere observed [7]. In
orderto continuewith thestudyof thesebosonsandto performconsistency testsof theStandard
Model, theelectron-positronring LEPatCERNwasconstructedandbeganto takedatain 1989.

In thefirst phaseof theaccelerator, calledLEP1programme[8], collisionsbetweenelectrons
andpositronswereperformedat a center-of-massenergy aroundthe resonancepeakof the ¨
bosonat91 ²!³#´ . Theapproximately4 millions ¨ decaysperexperimentrecordedin thisphase
providedveryprecisemeasurementsof thepropertiesof thisbosonandshowedgoodagreement
with theStandardModelpredictions.

From1996onwards,thecenter-of-massenergy wasincreasedabove theW pairsproduction
thresholdof 161 ²!³#´ . Theenergy wasfurther increasedin stepsup to 208 ²!³#´ at theendof
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6 CHAPTER1. INTRODUCTIONAND OVERVIEW

2000.In thisphaseof theaccelerator, calledLEP2programme[9], thestudyof thepropertiesof
theW bosonis oneof themajorgoalsof theexperiment,in particularthemassof theW boson.
This measurementprovidesstringenttestsof theStandardModel andwhencombinedwith the
massof the µ bosonandotherelectroweakprecisionmeasurements,theW masscanbeusedto
constraintherangeof themassof thenotyetobservedHiggsboson[10]. Thisparticle,predicted
by thetheory, givesriseof themassesof thedifferentparticlesby the interactionof thesewith
theHiggsboson.

This thesispresentsa measurementof themassof theW bosonin the fully leptonicdecay
channelusingthe dataof the OPAL detectorat LEP andit is structuredasfollows: After this
introduction,chapter2 describesthe ¶5·z¶C¸ colliderLEP, theOPAL detectorandthedataacquisi-
tion systemtogetherwith theMonteCarlosimulation.Chapter3 providesabrief explanationof
theStandardModel, chapter4 concentrateson the ¹~·z¹�¸ productionat LEP2. Theselection
of theleptoniceventsandthegeneraldescriptionof theMonteCarlogeneratorsusedin theanal-
ysisareexplainedin chapter5. Chapter6 presentsthetwo sensitive variablesto beusedin the
analysis.A first methodto measureº>» usinga reweightingmethodis explainedin chapter7,
whereasin chapter8 themeasurementis basedon anunbinnedmethod.In chapter9 theresults
from bothmethodsarecomparedandcombinedwith other º>» measurementsfrom OPAL and
from LEP. Finally theconclusionsof thethesisarepresentedin chapter10.



Chapter 2

LEP and OPAL

2.1 The ¼¾½R¼À¿ Collider LEP at CERN

TheLargeElectronPositroncolliderLEPattheEuropeanLaboratoryfor ParticlePhysicsCERN
nearGeneva is thelargestparticleacceleratorin theworld. Aroundits 27 km of circumference,
bunchesof electronsandpositronscollide 100 m below the surfacein four interactionpoints,
wherefour detectorsareplaced. LEP hasthe shapeof an octagonandconsistsof eight arcs
joinedby eight straightsectors[11]. Figure2.1 shows an aerialview of LEP. The interaction
regions,P2,P4,P6andP8correspondto thefour largeundergroundLEP experiments,L3 [12]
atP2,ALEPH [13] atP4,OPAL [14] atP6andDELPHI [15] atP8.

At thesefour symmetricpointsaroundthering thebunchesof particlesarefocusedandare
collidedin thecenterof theexperiments.Eachbunchcontainsmorethan Á#ÂÄÃÅÃ particles,but only
onein about40000collisionsbetweenthebunchesproducesthedesiredeffectof frontalcollision
betweenan electronanda positron. For this reasonthe bunchescirculatefor hours,eachone
travelingmorethan10000timesasecondaroundthering. To focusthebunches,quadrupoleand
sextupolemagnetsareplacedin thearcstogetherwith dipolesto bendthebunches.Thestraight
sectorshave radio-frequency cavities to acceleratetheparticlesandcompensatetheenergy loss
of theelectronsandpositronsin thearcsof thecircumferencedueto thesynchrotronradiation.
Thisenergy lossW canbewrittenas

ÆÈÇAÉZÊ�ËÍÌÏÎÑÐÓÒ#ÔÖÕØ×�ÙÚ Î ÛÝÜÞÕ Ð!Ò#Ôàß(Ò#ázâäãfáæå (2.1)

for electronsat sufficiently high energy ( çéèAê ). A is a numericalconstantwhosevalue isëÄìFëPí Ê Á#ÂÄî&ï for theLEP accelerator, E is theenergy of theelectronsandpositronsand Ú is the
radiusof curvature.For abeamenergy of 100 Ð!Ò#Ô theenergy lossof electronsandpositronsin
theLEPring is about2 GeVperturn.

Figure2.2shows theLEP injectionsystem.A high-intensityelectrongunsupplieselectrons
to thefirst LEP injectionlinac 1 (LIL) [11]. Theelectronsemerging from this first LIL have an
energy of 200 ð Ò#Ô andthey strike atungstenconvertertargetto producepositrons.An electron
gun locatedneartheconverterprovidestheelectronsto beusedin LEP. After theconverter, a

1Linearaccelerator.
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SPS

CERN North Area

CERN West Area
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DELPHI
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OPAL

Figure 2.1: Aerial view of the ñ5òzñCó collider LEP at the EuropeanLaboratoryfor particles
physicsCERNnearGeneva.

secondLIL is locatedto accelerateboth electronsandpositronsto 600 ô>ñ#õ in 12 ns pulses.
Theelectron-positronaccumulatorring (EPA) after the two LILs is a racetrackshapedstorage
ring with aperimeterof 126m, whichaccumulatesparticlesin eightbunchesat600 ôHñ#õ before
they areinjectedinto theProtonSynchrotron(PS).Here,in a ring with a circumferenceof 630
m, theleptonsareacceleratedto 3.5 ö!ñ#õ , with which they areintroducedinto theSuperProton
Synchrotron(SPS).The SPSring hasa circumferenceof 6.9 km andit consistsof 32 copper
single-cavities and two super-conductingcavities, which increasethe lepton beamenergy to
22 ö!ñ#õ . Finally the beamsare introducedinto the LEP collider whoseaccelerationsystem
increasesthe beamenergy from 22 ö!ñ#õ to the operatingenergy andreplacesthe energy loss
dueto thesynchrotronradiation.

LEPstartedto operatein summer1989.Sincethatyearanduntil 1995theacceleratorworked
at a center-of-massenergiesaroundthe ÷ resonancepeakat 91 ö!ñ#õ . For suchanenergy, 128
coppercavitieswereenoughto compensatetheenergy loss[16]. Since1996anduntil November
2000,LEPoperatedatcenter-of-massenergiesaroundandabove the ø~ò�øZó thresholdproduc-
tion; from ù ú = 161 ö!ñ#õ up to ù ú = 208 ö!ñ#õ . Additional super-conductingcavities were
addedto thesystemto compensatelossesdueto themuchhigher-synchrotronradiation.

Anotherimportantparameterof all acceleratorsis theluminosity[17], û , which determines
therateof events ü pertimeasa functionof theinteractioncross-sectionýfþ ÿ � :� ü����� û�ýfþ ÿ � (2.2)
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Figure2.2: LEP injectionsystem.

If therearetwo bunchescontaining��� and � � particlescolliding with a frequency ! , then
theluminosityis givenby:

"$# !&% � % �')(+* ,)*.- (2.3)

where
*0/

and
*01

characterizethehorizontalandverticaldimensionsat theinteractionspoints.
During LEP1, thefour experimentsrecordedmorethan16 millions of 2 decays.Thesedata
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have provided an extremely accurateknowledgeof the 3 bosonparameters;its massand its
partialandtotal decaywidths[16]. In thesecondphaseof LEP, a total luminosityof 600 4 5�6+7
wasrecordedby eachof thefour experiments[18]. In thisera,thestudyof thepropertiesof the
W bosontogetherwith thesearchof new particleswerethemajorgoals[9].

The2ndof November2000wastheindicateddatefor theendof LEP. After thatday, thefour
experimentsweredismantledto make spacefor a new researchexperiment,the Large Hadron
Collider (LHC). Thenew acceleratorwill beplacedin theold LEP tunnelandit will have two
main experiments:ATLAS [19] andCMS [20]. The beginning of datataking at the LHC is
expectedin 2005–2006.

2.2 The OPAL Detectorat LEP

TheOPAL (Omni PurposeApparatusat LEP) detectoris designedto provide precisemeasure-
mentsof chargedparticlesandof electromagneticenergy overthefull solidangle.Thebasicidea
behindits designhasbeenthedetectionof all typesof interactionsoccurringin 8	9:8 6 collisions
with efficient andaccuratereconstructionandthe unambiguousclassificationof the events. A
generaldescriptionof OPAL detectorcanbefoundin [14,21,22].

In its cylindrical form of 12 m lengthand 10 m diameter, the different sub-detectorsare
placedaroundthebeampipe.Themainelementsof thisdetectorareacentraltrackingsystem,a
solenoidalmagnetcoil, anelectromagneticcalorimeter, ahadroncalorimeterandfinally amuon
detector. In addition,apairof forwarddetectorsis usedto measuretheluminosityandto identify
particlesemittedat smallangleswith respectto thebeampipe.Two views of theOPAL detector
areshown in figures2.3 and2.4. Figure2.3 shows a threedimensionalschematicview of the
OPAL detectorandfigure2.4 two crosssectionviews of theOPAL detector, onein ther- ; plane
andtheotheronealongthebeam-line.

To describethedatarecordedwith theOPAL detector, acartesiancoordinatesystemis used.
The z axis is definedby the electronbeamdirectionandthe x-y axisesdefinethe transversal
plane,wherex pointstowardsthecenterof theLEPcolliderandy is theperpendiculardirection.
Themeasuredtrackscanalsobedefinedin a polarcoordinatesystem;thepolarangle ; andthe
azimut < .

The OPAL collaborationis a teamof physicistsandengineerswho designed,built andrun
theOPAL detector, andwho analyzethecollecteddata. Thecollaborationconsistsof over 300
peoplefrom thirty-four institutesaroundtheworld.

Themostimportantelementsof thedetectoraredescribedbriefly in thenext subsections.

2.2.1 The Central Tracking System

Thesystemof centraltrackingchambersis containedin a solenoidwhich providesa magnetic
field of 0.435T alongthez-axis.It is designedto measurechargedparticleswhich travel across
thedetector.

Thefirst elementof thetrackingsystemfoundafterthebeampipeis theSilicon microvertex
detector. This element(introducedin OPAL in 1992)is designedto provide a precisemeasure-
mentof thevertex positionandconsistsof siliconmicrostripscounters[23].
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Figure2.3: OPAL detectorat LEP.

Thevertex detector is a 1 meterlong, 470mm diameter, cylindrical drift chamberlocated
betweentheSilicon microvertex andtheJetchamber. It is usedto locatedecayverticesof short
livedparticlesandto improve themomentumresolution.Thechamberconsistsof aninnerlayer
of 36 cells with axial wires andan outer layer of 36 small anglestereocells. The axial cells
provide a precisemeasurementof the trackspositionin the =?>A@ plane,while thestereocells
give anaccuratez measurementfor chargedparticlescloseto theinteractionregion.

TheJet chamber is designedto measuredthemomentumof thechargedparticlescombining
goodspaceanddoubletrack resolution,fundamentalfor the efficient recordingof jet events.
TheJetchamberoperationis basedon theionizationof atomsby chargedparticles,which pass
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throughthegasthatfills thedetector. Theelectronsliberatedin this processdrift in anelectric
field towardsanodewires.Theamountof ionizationthatachargedparticlecausesperunit length
asit flies throughthe Jetchamberdependson the charge andmomentumof the particle. The
specificenergy loss B CEDFBHG is animportanttool for particlesidentification.

Thesensitivevolumeof thejet chamberis acylinderwith alengthof about4 m, surrounding
the beampipe and vertex detector. The chamberis subdivided in 24 identical sectors,each
containingaplanewith 159sensewires,parallelto thebeamdirection.

Thelastelementof thecentraltrackingsystemarethez-chambers. They areusedto obtain
aprecisemeasurementof thez coordinateof thetracksasthey leave theJetchamberandthusto
improveboththepolarangleandtheinvariantmassresolutions.Thez-chambersarearrangedto
form a barrellayeraroundtheJetchambercoveringthepolarangle IKJHLNM�OQPSRUT)V.WXPYJHLNM�O and
94%of theazimuthalangle.

Thecentraltrackingsystemhasamomentumresolutionof [14]:Z�[]\^ _&`ba c JHLdJ)O)egfEh c JHLdJiJ0j]k ^ _ cmlonqp eregf�s (2.4)

wherê _ is thetransversemomentum,measuredin thexy-plane.Theaverageangularresolution
is 0.3mradin t and1 mradin W .

Thenext elementis theTime-of-Flight detector(TOF). This systemgeneratestrigger sig-
nalsand,by measuringthe time of flight from the interactionregion, allows chargedparticle
identificationin the range0.6-2.5 lonqp . It alsoaidsin the rejectionof cosmicrays. The TOF
systemcoversthebarrelregion ugRUT)VvWwuxPYJHLzyiO . It consistsof 160scintillation counters(6.8 m
long and45 mm thick) forming a barrelof meanradius2.36m, which is positionedoutsideand
coaxialwith thealuminummagnetcoil.

Chargedparticlespassingthesescintillationcounters[24], excite theatomsof thematerial
which causesthe emissionof photons.The light is collectedat both endsof eachcountervia
300mm conicalandcylindrical light guidesglueddirectly to thephotomultipliers.Theoutput
of thesephotomultipliersis proportionalto thenumberof incidentphotons.

2.2.2 The ElectromagneticCalorimeter

The electromagneticcalorimeter(ECAL) detectsand measuresthe energies and positionsof
electrons,positronsandphotonsrangingfrom tensof { nqp to 100 l|nqp . It is designedasa total
absorptiondetectormountedbetweenthecoil andtheiron returnyokeof themagnet.TheECAL
is madeof lead-glassblocks,which cover nearlyall anglesfrom thebeamdirection.Thebarrel
andendcapleadglasssystemstogethercover98%of thesolidangle.Leadglasswaschosenfor
theelectromagneticcalorimeterbecauseof its excellentintrinsic energy resolution[14]. Since
therearetwo radiationlengthsof materialin front of the leadglass,duemostly to themagnet
coil andpresurrevessel,mostelectromagneticshowersareinitiatedbeforetheECAL itself. The
presamplingdevicesarethereforeinstalledin boththebarrelandendcapregionsimmediately
in front of theleadglassto provide measurementsof thepositionandenergy of electromagnetic
showerswhichstartin front on theleadglass.

Thebarrel lead glasscalorimeter consistsof a cylindrical arrayof 9440leadglassblock
of 24.6radiationlengths.It is locatedata radiusof 2455mm,outsidethemagnetcoil, covering
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theazimuthalangleof }g~U�)�.�w}��Y�H�z�i� . Theenergy resolutionin thebarrelis givenby [14]:�w�� � �H�z�)���b� �z�)�� ��� (2.5)

whereE is theelectromagneticenergy in �o�q� . Theendcapelectromagneticcalorimeter con-
sistsof two dome-shapedarrays,eachof 1132 lead glassblocks. It is locatedbetweenthe
pressurebell of thecentraltrackingsystemandthehadroncalorimeterandcoverstheazimuthal
angleof �H�z�H����}g~U�)�w�w}��Y�H�z�i� . Theenergy resolutionin theendcapsis [14]:� �� ��� �� � (2.6)

2.2.3 The Hadron Calorimeter

Thehadroncalorimetermeasurestheenergy of hadronsandhelpsin theidentificationof muons.
The iron of the returnyoke providesfour or moreinteractionlengthsof absorberover a solid
angleof 97%of �)� . Theyoke is segmentedinto layers,with planesof detectorsbetweeneach
layer, andformsacylindrical samplingcalorimeterabout1 meterthick. To achieve thecoverage
in solidangle,thehadroncalorimeteris constructedin threeparts;barrel, endcapsandthepole
tips. Togetherthey extenddown to }g~U�)�.�w}��$�H�z�i� .

Thehadroncalorimeterachievesa resolutionof [14]:� �� � �]������ � (2.7)

2.2.4 The Muon detector

This detectoris designedto identify muons. It is constructedasa barrelandtwo endcapsand
covers93%of thefull solidangle.While muonspenetratein themuondetectorandleaveasingle
cleantrack,mosthadronsareabsorbedin themagnetreturnyoke. Thebarrel muon detector
consistsof 110 large-areadrift chambers,eachwith 1.2 m wide and99 mm deep.It coversan
azimuthalangle }g~U�)�w�w}��Y�H� � � for four layersand }g~U�)�v�w}x�Y�H�N �� for oneor morelayers. The
muon endcapscover theangularrange�H� �  X��}g~U�)�.�w}��S�H�z�i� � . At eachendof thedetectoran
areaof about150squaremetersis coveredwith four layersperpendicularto thebeamaxis.The
directionof themuontracksis determinedfrom thehit coordinatesin theseindividual layers.

2.2.5 The Luminosity Measurement

TheLuminosityof thecolliding beamsis determinedby theobservationof smallangleBhabha
events, �	¡¢��£¥¤&�	¡:��£ . The crosssectionof theseeventscanbe calculatedin the framework
of quantumelectrodynamicsQED, with a precisionmuchbetterthan1% [16]. Moreover, the
signatureof theseeventsis very clear. Thus the Bhabhaprocessesare ideal to measurethe
luminosity.

Thesystemto measurethis parameterconsistsof two forward detectorsandsince1993of
a Silicon TungstenCalorimeter. The forward detectors measurethe luminosity of LEP by
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detectingsmall-angleBhabhascattering,andalsotagelectronsfrom ¦.¦ interactions.TheSiW
Calorimeter wasproposedin 1991asa improvementfor OPAL andinstalledin thedetectorin
1993. The calorimeterwasbuilt to obtaina goodenergy-positionresolution.A goodposition
resolutionis fundamentalfor aprecisemeasurementof theacceptanceonthecalorimeter. A high
energy resolutionis importantto separaterealBhabhaeventsfrom thebackgroundprocesses.
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Figure2.4: Crosssectionviews of theOPAL detector. (a) in ther- ± plane.(b) alongthebeam-
pipe;z-axis.
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2.3 The Data Acquisition and the Trigger System

The first classificationof the eventscomingfrom the ²	³´²�µ collisionsis performedduring the
on-line reconstruction.The detectorconsistsof a trigger systemto separatecandidateevents,
accordingto thephysicsprocessesunderconsideration,from thebackground.Thesoobtained
eventsarerecordedandsubjectedto furtheranalysisto performadditionaleventsclassifications
duringtheoff–line phase.

Thetrigger systemis designedto providehighefficiency for thedifferentphysicsprocesses
and good rejectionof backgroundscoming from cosmicrays, from interactionsof the beam
particleswith thegasinsidethebeampipeor thewall of thebeampipe,andfrom electronicnoise
in thedetector. At LEP, a bunchcrossingoccurstypically every 22.2 ¶ s. Thedataacquisition
systemcannothandlesuchan amountof dataandthe trigger systemreducesthereforethe 45
kHz bunchcrossingrateto aneventrateof 3-10Hz.

The whole solid anglecoveredby the detectoris divided in 144 overlappingbins, 6 in ·
and24 in ¸ . The subdetectorsdeliver trigger signalsaccordingto this binning. In addition,
“stand-alone”signalsarederivedfrom totalenergy sumsor trackcounting.

All thetriggersignalsarecombinedin thecentraltriggerlogic to decidewhetheraneventis
acceptedor rejected.If the trigger logic acceptsan event, thecorrespondinginformationfrom
thesubdetectorsis readout andprocessedby thedataacquisitionsystem.After this, theevent
buildermergesall theinformationcomingfrom thesubdetectorsandpassestheeventto thefilter,
which monitorsthequality of thedataandclassifieseventsaccordingto their topology. Theso
obtaineddataarecompressedandwritten to the filter disk, togetherwith the event headersof
all the eventswhich reachthe filter. All this informationis passedto the ROPE farm, a group
of workstationswhich performthe reconstructionof theevents,taking into accountthe whole
informationemerging from the subdetectors.The reconstructedeventsaresentto the SHIFT

farm in the centralcomputingfacility at CERN andrecordedon magnetictapes.Thesetapes
arecalledDSTs(DataSummaryTapes)andcontainthe neccesaryinformationto performthe
off-line analysiswhich is explainedin chapter5.

2.4 The Monte Carlo Simulation

Thesimulationof thephysicsprocessesby theMonteCarlopackageis animportanttool for the
dataanalysis.MonteCarlosimulationworksin two stepsdescribedasfollows:¹ Production of events.

ThedifferentMonteCarlogeneratorsproducethefour-momentaof theparticlesaccording
to thepropertiesof theprocessthat is generated.This socalledtree–or generator–level
includesall thecharacteristicsof theeventwhich comesfrom ²	³¢²�µ collisions,astheW
mass,º¼» , andthe W width, ½+» . Chapter5 givesa descriptionof thedifferentMonte
Carlogeneratorsusedfor this analysis.¹ Interactions with the detector.

ThesoftwarepackageGOPAL [25] describeseachcomponentof theOPAL detectorgeo-
metricallyandtheGEANT [26] packagesimulatestheresponseof thedetector, describing
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theinteractionsbetweentheparticlesandthedetectormaterial.Theoutputfrom GEANT is
recordedin thesameformatasthedata,to allow in thereconstructionpackageROPE [27]
asimilar treatmentof dataandsimulatedevents.



Chapter 3

The Standard Model

TheStandardModeldescribesthefundamentalconstituentsof matterandtheir interactions.This
modelis a gauge-invariant field theorybasedon the gaugegroup ¾H¿ÁÀÃÂ)ÄÆÅÇ¾H¿ÈÀÃÉ)ÄÊÅ¼¿ÈÀÌË	Ä and
describesthestrong,theelectromagneticandtheweakforces.

Theelectromagneticforceis successfullyexplainedby thequantumelectrodynamics(QED)
[28]. This is a gaugetheorybasedon the ¿ÁÀÌË	ÄÎÍÐÏ local gaugetransformationsgroup,which
leadsto the conservation of the electriccharge asa quantumnumber. The QED explains the
interactionbetweenchargedparticlesastheexchangeof amasslessneutralparticle,thephoton.

The electromagneticandweak interactionshave beenunified by the Glashow, Salamand
Weinberg [1–3] modelproposedin the late 1960sanddescribedbelow. This theory is based
on the ¾H¿ÁÀÃÉ)ÄÆÅ¼¿ÁÀÌË	Ä local gaugetransformationsgroup,theSU(2)groupis relatedto theweak
isospintransformations(I) andtheU(1) groupto theweakhypercharge(Y). Thetheorywaslater
provento berenormalizableby t’ Hooft andVeltman[4,5].

Thequantumchromodynamics(QCD) is a theorybasedon theSU(3)groupof local trans-
formations,which explainsthestrongcolor interactionbetweenquarks[29–31]. Thecolor is a
quantumnumberwith threepossiblevalues,sayred,blueandgreen.Thebosonswhichmediate
thestronginteractionbetweenquarksarethegluons,eachis carryinga color andananticolor.
In QCD, thereare six typesof charge (color andanticolour)andeight color charged media-
tor bosons.Quarkshave beennever observed as isolatedparticlesandthey canexist only in
colorlesscombinations(a phenomenoncalledconfinement)of coloredobjects,in thefollowing
configurations:Ñ Ñ (mesons)and Ñ�Ñ�Ñ (baryons).

The gravitation is the fourth interactionobserved in natureand it is not includedin the
Standardmodel. Its unification with the other interactionsis still oneof the remainingopen
questions,whichcanleadto moregeneraltheoriesbeyondthismodel.

Thegeneralcharacteristicsof theStandardModel canbesummarizedasfollows:

Ò Thematteris madeout of spin1/2 particlescalledfermions:six leptonsandsix quarks.
The leptonscarry integercharge andthesearetheelectron(e), themuon( Ó ) andthe tau
( Ô ). Themuonandthetauareheavy versionsof theelectron.Eachchargedleptonhasthe
correspondingneutralleptoncalledneutrino.Thequarkscarryfractionalcharges ÕÖÉ)×�Â Ø ÙxØ
or ÚÖË	×�Â Ø ÙxØ , where Ø ÙxØ is thevalueof theelectricalchargeof theelectron.Thequarkflavors

17
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aredenotedby u, d, s,c, b andt.1Û Leptonsandquarksfall into threefamiliesclassifiedaccordingto their hyperchargesand
thethird componentof theweakisospin.All thematteris built from particlesof thefirst
family. Table3.1summarizesthethreefamiliesfor theleptonsandquarks.

In caseof leptons,thereis no cross-generationcoupling,but in the caseof quarks,the
situationis not sosimple. Althoughthegenerationstructureis similar, theweakinterac-
tion donot strictly respecttheir separateidentities,allowing crossgenerationalcouplings,
describedby theCabbibo-Kobayashi-Maskawa matrix.Û Theweakhyperchargeis relatedto theweakisospinby theGell-Mann-Nishjimarelation:Ü�ÝßÞqà?áãâ

(3.1)

whereQ is theelectriccharge.Û TheDiracfield operatorfor eachparticlecanbesplit into aleft-handedandaright-handed
operator. For the neutrinoshowever only the left-handedpart cancouple. Considering
the symmetrygroup äHåÈæÃç)èÎé?ê¼åÈæÌë	èÐì for the electroweak interaction,the fermionsare
groupedin left-handeddoubletsandright-handedsingletsaccordingto theweakisospin
I of theSU(2)groupandtheweakhypercharge of theU(1) group.Table3.2summarizes
theclassificationof leptonsandquarkstogetherwith their fundamentalquantumnumbers.

Whered’, s’ andb’ aretheweakeigen–stateswhicharerelatedto thephysicalquarksd, s
andb by theCabbibo-Kowayashi-Maskawa matrix. In termsof this formulation,d’, s’ and
b’ aretheeigen–statesof theweakinteractionwhereasd,sandb arethemasseigen–states
of thematrix.Û Interactionsbetweenelementaryparticlesaredescribedby theexchangeof twelve spin-1
bosons,four bosonsasthe carriersof the electroweak force, í
î:ïßðñî
ïóòôîôõ andeight
masslessgluonsasthecarriersof thestrongforce.Û Themodelinvokesaspontaneoussymmetrybreakingprocessto give riseto themassesofõ and ïöðEî:ïóò . This processrequirestheexistenceof anotherspin-0particlecalledthe
Higgsboson.

Dueto thetopic of thepresentthesis,only theelectroweaksectorwill beexplainedhere.A
detailexplanationof theQCDandQED canbefoundin [28,32].

3.1 The Weak Interaction

A quantumfield theorywhich explainsan interactionshouldhave the propertyof renormalis-
ability, meaningthattheamplitudesfor differentprocessesassociatedwith aninteractionshould
benondivergentat high energiesandto high ordersin thecouplingconstant.Thepossibilityof
performingprecisiontestsof thetheoryis basedon this propertywhich preservesits predictive

1Thesedenotationsarerelatedto thewords,up,down, strange,charm,botton(or beauty)andtop (or truth).
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Fermions Families Q

Leptons ÷ùøFúû�üþý ÷EøFÿ� ü+ý ÷Eø��� ü+ý 0
1

Quarks ÷��� ý ÷��� ý ÷
	� ý +2/3
-1/3

Table3.1: Classificationof theleptonsandquarksfamiliestogetherwith theirelectricalcharges.

power alsofor beyond high ordercalculations[32,33]. A prototypeof a renormalisablefield
theoryis theQED explainedbriefly at thebeginningof this chapter.

Historically, theprototypeof aweakinteractionprocesswasthenuclear� -decay:������ û ü�� ø ú
or in termsof quarks: � � � � û�ü � ø ú

In thismodel,theinteractionbetweenthefour fermionsinvolvedin theprocessis effectively
pointlike andit is describedby a couplingterm ��� which is the Fermi constant.This model
works properlyat low energies, but a high energies ( ��������� û! ), the crosssectionfor such
processesexceedthe so calledunitarity limit 2. The fact that the dimensionof the coupling
constant�"� dependsinverseontheenergy, producessuchdivergences.It is thereforeneccesary
to redefinetheweakinteractionin termsof adimensionlesscouplingconstant[34].

Thetheoriestried then,to explainsuchprocessesby theintroductionof intermediatebosons
in asimilarway to theQEDtheory. Thus,thefollowing featuresshouldhave takeninto account:# If the interactionis explainedas the interchangeof bosons,theseshouldbe charged in

orderto explain the �%$ andthe � ü decays.# Theseintermediatebosonsshouldbemassive,sincethereachof theinteractionis small.

Theintroductionof intermediatechargedvectorbosons(called & $('  � & ü ) doesnotelim-
inatehowever all thedivergencesandthesituationis particulardramaticfor weakandelectro-
magneticprocesses,in which theW bosonproductionin the takesplacein thefinal stateasinø ø � &)$
& ü or û $ û�ü � &*$
& ü events. The cancellationof the divergencesin suchpro-
cessesis reachedby introducinganeutralboson(called + ). It is naturalto assumethatthesame
neutralbosoneliminatesthedivergencesin theweakandtheelectromagneticprocesses.In such
caseit is clear that the weak coupling will have the samemagnitudeas the electromagnetic
coupling.

2This limit is determinedby theconditionthatthescatteredintensitycannotexceedtheincidentintensityof any
partialwave.
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Fermions , ,!- .
Leptons/10�23�46587 /10�9: 46587 /;0�<= 465>7 1/2 1/2 -1/2

1/2 -1/2 -1/23 4? : 4? = 4? 0 0 -1

Quarks/1@A�B 5>7 /DCE B 5>7 /"FGHB 5>7 1/2 1/2 1/6
1/2 -1/2 1/6@ ? C ? F ? 0 0 2/3AIB? E B ? G�B? 0 0 1/3

Table3.2: Classificationof the left andright–handedleptonsandquarksandtheir fundamental
quantumnumbers.

Introducingthis neutralboson,the divergencesdissapearbut thereis still a residualdiver-
genceif the fermion is considereda massive particle. This divergencecanbe canceledby the
introductionof furtherscalarparticles,with aspecialcouplingproportionalto thefermionmass.
ThesearethesocalledHiggsscalars.

3.2 The Electroweak Interaction

TheGlashow, Weinberg andSalammodelunifiestheelectromagneticandtheweakforcesin an
electroweakinteractionbasedon thelocal JLKNMPORQTSVU(KNMXWYQ[Z groupof transformations.

This theorypostulatesfour masslessbosons,arrangedin a triplet anda singletasmembers
of multipletsof theweakisospin(I) andtheweakhypercharge (Y) [33]. Table3.3summarizes
thesemultipletmembers:

I Group Multiplet

1 SU(2) \ 9^])_a`9cb _ed9
b _ -9
0 U(1) f 9

Table3.3: Triplet andsingletmembersof multipletsof the weak isospin(I) andhypercharge
(Y).
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The gaugebosonsareendowed with massesby meansof a spontaneoussymmetrybreak-
ing process,which leavesthe renormalizationof the theoryintactasit is explainedin thenext
section.Themassive bosonsaredenotedby gihjlk gnmjioqp6rts j , andthefourth, thephoton, u j
remainsmassless.

Theinteractionbetweentheleptonsandthequarksto theintermediatebosonscanbewritten
by theLagrangian: vxwzyH{ jN| g j�} y�~�{6�c��� j (3.2)

where � j w�{��j�k {6�j�k {6�j and

{ �j arethe fermioniccurrentsof weakisospinandhypercharge,� j and

� j arethepotentialsassociatedto thebosonfieldsand

y
,

y ~
arethecouplingconstants.

Taking into accountthe Gell-Mann-Nishjimarelationbetweenthe electriccharge, the hy-
percharge andthe third componentof the weakisospin,the weakhypercharge canbe written
as: { �j w�{6�T�j � { �j (3.3)

where

{ �[�j is theelectromagneticcurrent,and

{ �j is thethird componentof theweakisospin.
Thephysicalbosonscanbeexpressedascombinationsof thecomponentof theisotripletof

vectorfields
� j andthesinglet � j . Thesefieldsare:gi�j w �� �V� ga� �T�j �x� ga� ���j�� (3.4)

ga� ���j w y s j } y ~�� j� y � } yq  � � j w � y ~ s j } y � j� y � } yq  � (3.5)

where g � ���j and

� j areorthogonal.
Introducingtheseexpressionsin theLagrangian,equation3.2,with theWeinberg anglede-

finedby: yy ~ wz¡�¢�£>¤Y¥ k (3.6)

theLagrangefunctionfor this interactionbecomes:v¦w y� �V§ { mj g hj } { hj g mjt¨ } y
©«ªR¬ ¤ ¥ § { � ���j � ¬� £ � ¤ ¥ {6�T�j®¨ s j } y ¬� £¯¤ ¥ {6�T�j � j (3.7)

Thelastequationcontainsthreeterms,whichcorrespondto aweakchargedcurrent,aweak
neutralcurrentandan electromagneticneutralcurrent,whosecouplingconstantshouldbe the
electromagneticcouplinge: ° w±y ¬� £²¤³¥ (3.8)
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At low energiestheFermimodelof theweakinteractionis reproducedandthecouplingof
the ´iµ bosonsis relatedto theFermiconstant¶"· as:¶�·¸ ¹»º ¼q½¾�¿ ½À (3.9)

Introducingnow therelation3.8 it follows that:¿ À>Á ºnÂ ÃÄ½ ¸ ¹¾ ¶ÆÅ�ÇÉÈ ½ËÊYÌ"ÍÏÎTÐ ½ º ÑRÒqÓÕÔÅ�ÇÖÈ Ê³Ì"×ÙØ!Ú Ó (3.10)

ThepredictedÛ massis obtainedfrom
¿ À by therelation:Ü«Ý Å ÊYÌ º ¿ À¿xÞ (3.11)

3.3 The HiggsMechanism

Thereis still a remainingquestionin themodelconcerningthemechanismwhich givesrise to
thegaugebosonsandfermionmasses.Thesimplestideacouldbe to addmasstermsfor these
bosonsto the Lagrangedensity. This procedure,however, violatesthe local gaugeinvariance
andleadsto anonrenormalizabletheory[32].

SalamandWeinberg presentedamethodbasedonaspontaneoussymmetrybreakingto gen-
eratethemassesfor the ´ißDàË´aá and Û bosons.Thisphenomenonoccurswhenthefundamental
equationsof a systemhave a symmetry, which is not visible in thegroundstate.Thesuggested
mechanismrequiresadditionalscalarfields,calledHiggsfields. In theminimal Standardmodel
it is enoughto introducetwo complex scalarfields,whichform adoubletundertheweakisospin
groupSU(2): â Â�ã Í ºåä

â
Î Â�ã Í
â
½ Â�ã Í

æ
(3.12)

Thenext stepis to look for aLagrangedensity, ç1è whichcontainsthecouplingof thisscalar
doubletfield to the gaugefield and is invariant underthe SU(2) transformations.With these
requirementstheLagrangedensityhasthefollowing form:ç;è ºnÂêé^ë âíì Í Âêé^ë

â
Í�î»ï Â

â
Í à (3.13)

whereé ë is thecovariantderivatedefinedas:é ë º)ð ë îòñ ¼�ó�ô!õ ´ õë îòñ ¼ ¹Ëö ë (3.14)

¼ and ¼ ó arethegaugecouplingsfor SU(2)andU(1) and ï Â
â
Í is theHiggsfield self-interaction

definedby:

ï Â
â
Í º±÷ ½

âíìøâNùûú
Ô%ü Â

âýìÏâ
Í ½
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where þ and ÿ arefreeparameters.Thefirst termof theLagrangianis assumedto bepositive
defined. The minimum of the energy correspondsthereforeto the minimum of the potential
whichoccursat: � ����� � þ��ÿ (3.15)� is thevacuumexpectationvalueof thescalarbosonfield

�
and 	�
 v� �� þ������qÿ , sothat 	 is

anon-zeroconstantin thegroundstate.
Consideringaperturbationexpansionin lowestorderaroundthevacuumminimum � for this

scalarfield, it is possibleto obtainfrom theLagrangedensity, themassassociatedto this scalar
particle: ��� ��� � ÿ � � � � � þ (3.16)

Thekinematictermof thegauge-invariantHiggsLagrangiangivesriseto masstermsfor the
vectorbosons,whichdependon thegaugecoupling � and ��� andtheHiggsvacuumterm � :��� �! (3.17)

"$# � � ���&% � � �(' �)�+*,��-.�
Finally, the fermion massesareobtainedfrom theYukawa couplingof the Higgsbosonto

thefermions,which introducesadditionaltermsin thetotal Lagrangefunction.





Chapter 4

The W Physicsat LEP2

This chapterpresentsa generaloverview of the W bosonphysicsperformedat LEP2. The
first sectionintroducesthefundamentalmeasurementsandthenext sectionexplainstheW pair
productioncrosssectionandother four fermion processeswhich contribute to the total cross
section.Finally, thedeterminationof thewidth, /�0 andthemass,120 of theW areexplained
at theendof thechapter.

4.1 Intr oduction

The LEP 3�45376 collider at CERN is an ideal environmentto studythe propertiesof the gauge
bosonsof theStandardModel in theelectroweaksector.

Therecordeddataduringthesecondphaseof theacceleratorprogram,LEP2, have improved
ourknowledgeof theStandardModel from two fundamentalmeasurements[9]:8 Dir ect measurementof the W masswhichwaspossiblebeforeonly in hadroncolliders.

Sincethe W massis relateddirectly to the fundamentalparametersof the electroweak
sector, a high precisionmeasurementof thismassprovidesstringenttestsof theStandard
Model. Whenit is combinedwith themassof the 9 obtainedfrom LEP1, theW masscan
beusedto constrainthemassof theHiggsboson[35,36].8 The structure of the trilinear gaugecouplings of the W to Z and : bosons. In the
StandardModel,couplingshavetheYang-Mills form,whichleadsto aproperhigh-energy
behavior of the W pair crosssection. Sincethesecouplingsappearin the non-abelian
structureof theStandardModel, their measurementis essentialfor its directconfirmation
[37].

Couplingswhicharedifferentto theYang-Millsformarecalledanomalousornon-standard.
They leadto highenergy crosssectionandaviolationof theunitarity. Thecenter–of–mass
energy atLEPis too low to seeadeviatingenergy behaviour, however it is still possibleto
estabilishlimits on theanomaloustriple gaugecouplingsby studingboththetotal W pair
crosssectionasa function of the center–of–massenergy andthe angulardistribution of
theW bosonsandtheirdecays.In particular, theangulardistribution of theW production
is sensitive to non-standardcouplings.

25
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4.2 The W Pair Production

TheW pairproductionfrom ;�<=;7> collisionsis describedin thelowestorderof theperturbation
theoryby threedifferentcontributionsshown in figure 4.1. The first diagram(left) shows the
interchangeof a neutrinoin t-channel(abeliandiagram). The secondand the third diagrams
(right) show theproductionof avirtual ? / @ in s-channel(non-abeliandiagram1).
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Figure4.1: Feynmandiagramsfor theW pair production.Abeliandiagram(left). Non-abelian
diagrams(right).

In a first step,thecalculationof thecrosssectioncanbeperformedat thesocalledon-shell
Born-level [9]. At this ordertheW bosonsarestableandthecrosssectionhasanedgelike rise
at a b = 2c2d , asshown in figure4.2. This is, however, only anapproximationsinceit neglects
thewidth of theW boson.

Takingthiswidth into account,thetotal crosssectionis givenby:e�fhgig >kjmlinpoqosrut7vRw�x jy{z tK|}x{~.� j�> � j��m���y z t��(�+��r c d�����d�� t�|�v��(��r c d�����d�� t���v e y rut � t�| � t��iv
(4.1)

where b | and b � arethe invariantmassesand �+� representsthe relativistic Breit-Wigner for
eachW boson: �+��r c$d ��� d � t7vRw��� � dc$d trut�� c$d � v �(� t � � d �c2d � � (4.2)

e y is heretheBornlevel contribution,whichcanbewrittenasthequadraticsumof theindividual
amplitudesof theFeynmandiagramsshown before.

Moreover, it is neccesaryto includeradiative correctionsdueto initial andfinal stateradia-
tions2 (ISRandFSR)[8,9]. ISRis particularlyimportantbecauseit decreasesthecenter-of-mass
energy of thesystem.Thiscorrectionhasanimportanteffect in thedeterminationof theW mass
by areconstructionmethod(seesection4.4.1),becausethemethodusesthetotalcenter-of-mass

1Becauseof thecouplingof thethreegaugebosons(eitherWWZ or WW � ).
2Emissionof oneor morephotonson theinitial or thefinal states.
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Figure4.2: Cross-sectionfor ���=�7�$�����5��� eventsin variousapproximations:(1) Born (on-
shell) cross-section(dottedline). (2) Born(off-shell) cross-section(dotteddashedline). (3) First
orderCoulombcorrections(dashedline). (4) Initial stateradiation(solid line).

energy informationto improve themassresolution.Theexactknowledgeof theenergy distribu-
tion of ISRphotonsis thereforeneccesary.

A secondimportantcorrectionat thresholdis the so called CoulombSingularity, which
leadsto an interchangeof low energetic photonsbetweenthe W bosons. The exchangeof a
soft photondistortsthelineshapeof the ���5��� production.In thecaseof theresonantW pair
cross-section,thesocalledCC03diagrams3, theCoulombsingularitygivesriseto acorrection
factorwhich reachesits maximalvalueof �� C¡£¢�¤ at thenominalthresholdanddropssmoothly
abovethethreshold,amountingto 2.4%at ¥ ¦ = 176 §¨�ª© andonly 1.8%at190 §¨�ª© . Figure4.3
showstheW-pairproductioncrosssectionasafunctionof thecenter-of-massenergiesmeasured
atLEP[38]. Theresultsobtainedareconsistentwith theStandardModelexpectation[10,38,39].

3ThesearethethreeresonantW pairdiagramsshown in figure4.1.
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Figure 4.3: Measurementsof the W-pair productioncrosssectioncomparedto the predic-
tions of RACOONWW [40], andYFSWW3 [41] andGENTLE [42]. The shadedarearepresents
a ¯±°G²´³¶µ·°G²£¸�¹ ( ¯±°G²£¸�¹ ) uncertaintyon the predictionsfor º » ¼¾½�¸T°·¿¨ÀªÁ ( º » ÂÃ½�¸T°¿¨ÀªÁ ) [38].

4.2.1 Four-Fermion Processes

TheresonantCC03W pair productiondiagrams,À�Ä=À7Å�ÆÈÇ�Ä�Ç�Å·Æ 4f, shown in figure4.1,
belongto thegeneralgroupof four–fermionprocessesin which four fermionsareobserved in
thefinal state,À�Ä5À7Å�Æ X Æ 4f, with thesameinitial andfinal statebut differentintermediate
statesandall thesediagramasgive sizeablecontributions.

Figure4.4 shows all thesecontributionsfor thecrosssectionclassifiedin abelianandnon-
abelian.Thediagrams(a)and(f) contributeto theCC03diagrams.TheresonantCC03diagrams
caninterferewith theotherfour-fermionprocessesandtheseinterferencesshouldbetaken into
accountin the determinationof the total cross-sectionand further analysisof the W boson.
Nevertheless,theusageof theCC03diagramsonly in theW analysisinsteadof the full setof
four–fermiondiagramsis agoodapproximationsincethecontributionsof theotherdiagramsare
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smalldueto thefact thatmostof the four–fermioncontributionsaresituatedin differentphase
spaceregionsthantheW–pairevents.Oneexampleof theseinterferencesis givenby the É�Ê5É7ËÌ qq’eÍ processwhich is compatiblewith the diagram(e) in figure 4.4. In this processtwo
quarks(in thecasethat ÎÐÏ�Ñ�Ò5Ó�Ô ) or a chargedleptonandthecorrespondingneutrino(in the
casethat ÎÐÏÕÑ�Ö ) appearin thefinal state.Thisprocessis compatiblewith diagrams(a)and(f)
asfinal statesareidenticalandthereforethey interfereandcontribute to thecrosssectionof the
W pair production.Thedominantnon–CC03contribution to this processcomesfrom diagram
(e).
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Figure 4.4: Four fermion Feynman diagrams. (a), (b), (c) and (d) correspondsto the
abelian classes. (e) and (f) are the non-abelianclasses. B’s denote the following:Î Ñ�Ò5Ó�Ô=ÓæÎ/.ªÓ5Î107ÓÜÎ Ï¨Ñ�Ò5Ó÷Ô=ÓhÖ�Ê5Ö�Ë32547698:8<;>=7?A@CBEDE; .
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The fundamentalFeynmandiagramsfor themostimportantfour-fermion backgroundpro-
cessesareshown on figure4.5:F Z( G )-pair production (ZZ)(Z G ) ( GHG )

This processis shown in figure 4.5(a). Below a center-of-massenergy I J = 2KML , this
processhasonly a small crosssectionlessthan0.4 pb. Since1997,whenthecenter-of-
massenergy of LEPincreasesover180 N7O�P , thischannelis dominatedby theproduction
of two real Q bosons,reachinga crosssectionof about1 pb. This Q�Q productionis an
importantbackgroundsourcefor thehadronicandleptonicchannels.F SingleZ production ( Q ee)
In thiscasetheintermediatephotonis quasi-realandnormalyonly one OCR is detected(see
figure 4.5(b)). The processhasa high crosssectionandis an importantbackgroundfor
thesemileptonicandleptonicchannels.F SingleW production ( STO�U )
Thequasi-realG in the intermediatestatecausesthescatteringangleof the OCR ( O�V ) to be
generallyvery low (seefigure4.5(c)),in mostcasesit goesalongthebeampipeandis not
detected.If it is, however, observedin thedetector, it leadsto anindistinguiblebackground
event,for final stateswith O R - UXW pair.F Multi-peripheral events(Two photon production)
This process,shown in figure4.5(d)hasa very high crosssection,but sincethe fermion
pairshave in generala low massits contribution to thephasespacerelevant to themea-
surementof W propertiesis relative small. Becauseof the small anglescatteringof O R
and O�V theseparticlesgonormallyalongthebeampipeandarenotdetected.Theseevents
areanimportantsourceof backgroundin caseof thefully leptonicchannel.

Figure4.6shows thecrosssectionof themostimportantprocessesasfunctionof thecenter-
of-massenergiesatLEP2.

4.2.2 Two-Fermion Processes

Another importantsourceof backgroundeventscomesfrom two fermion processes,in which
an intermediateQ / G decaysinto a pair of fermion-antifermion.Figure4.7 shows theFeynman
diagramsfor suchaprocess.

In suchprocessesthe initial stateradiationcorrectionsarevery important. In caseof Y Y
eventstypically 75%of themhave hardISRsuchthat I J�Z[K\L (calledradiative returnevents).
Thecrosssectionfor theseprocessesis high, if theenergy of thephotonis:

] G_^ J>`aK\Lcbd I J e (4.3)

However, theseprocessesareeasyto reject,by adeterminationof theeffective I J .
For thefully hadronicS V S R channel,thenon-radiative processesareanimportantback-

ground,sincetheprimaryquarkscanemitenergeticgluons,giving riseto eventswith morethan
two jetsin thefinal state.
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Figure4.5: Backgroundprocessesfor theWW pairproduction.

4.3 The Width of the W Boson

As discussedin the last section,the width of the W is a crucial ingredientfor the (off-shell)
W pair productioncrosssection,especiallyin the thresholdregion. ��� is determinedby the
couplingof thefermionsandis relatedto � � in theStandardModel.

In caseof W decaysto leptons( �������X� , �������X� , ����� �X¡ ), thereis no mixture be-
tweenthe individual generations.In hadronicdecays,the W bosoncouplesto u-d quarksand
themixturebetweenthegenerationsis determinedby theCabibbo-Kobayashi-Maskawa (CKM)
Matrix ¢7£ ¤ . The total width is now obtainedas a sum of the individual contributions. In a
first step,atBorn-level (without radiativecorrections),andneglectingfermionmasseswhichare
smallcomparedto �¥� , thepartialwidth for adecayof aW bosonto apairof fermions ¦X§ ¦©¨ § is
givenby:

���¥ª�«�¬®©¯°¦X§�± ¦ ¨ §°²>³ ´µ�¶¸·º¹¼»¾½C¿ �¥� À µ
for leptons,ÁÃÂÅÄÇÆ §ÉÈ Ä Ê for quarks,

(4.4)

where
½C¿

is the Weinberg angle, ´ the finestructureconstant,
ÁÃÂ ³ Ë to take into account

the differentcolor chargesof the quarksand
ÄÇÆ §ÉÈ Ä Ê arethe elementsof the CKW matrix. The

decayof theW bosonin a topquarkis forbiddensincethemassof thisquarkis abouttwo times
larger thantheW mass.Fromtheremaindersix hadronicdecays,only two modesgive sizeable
contributions to the W width; the ����Ì Í and ���ÏÎ · decays. Togetherwith the leptonic
decays���Ï���X� , �������X� and ���Ï� �X¡ andneglectingothercontributions,the total width
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Figure4.6: Crosssectionsfor sometypical standardmodelprocesses.

canbewritten in afirst approximationas:

Ð�ÑÓÒ3Ô°Õ×Ö$ØÚÙ\Õ<Û Ü�Ý ÑÞ Ø¸ßºà¼á â�ãCä�å Õ Üæ>ßºà¼áEâ©ãCä Ý Ñ (4.5)

Electroweakcorrectionscanbemoreeasilytaken into account,definingthelowestorderofÐ Ñ
in termsof thesocalled ç7è scheme( ç7è is theFermiconstant), which usesÝ Ñ , ç7è andÝMé insteadof

ßAà¼á¾ã Ñ
and Ü . Thesecorrectionsremainbelow 0.5%of thetotalwidth.

FurtherQCDradiativecorrectionsfor thehadronicdecaymodesarepracticallyconstantand
equalto

Ø Ü�ê Ô°ë âä ÛíìCÕCî [9]. Takinginto accountthesecorrections,thetotalW width cannow be
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Figure4.7: Feynmandiagramsfor two fermionevents.

writtenas:

���������
	 ����� ��������
���� � 	 ������ �

(4.6)

Theexperimentaldeterminationof
���

hasnotachievedahighprecision.ThedetectorsCDF
andD0 atTEVATRONatFermilabhavedetermined

� �
by anindirectmeasurement,comparing

thewell known width of theZ in leptonicdecayswith thecorresponding
� �

. Theresultof this
indirectmeasurementis [43]:

���"! 
#%$�&('�)*$+#%$�,�.-�/102#
A secondgroupof measurementsperformedin CDF andD0 determine

���
by a directmethod

basedon thetransverseleptonicmass[43]:

� � ! 
# ��� )*$+#3'�4-�/102#
Measurementsperformedby thefour LEPexperimentsyield avalueof [44]:

���"! 
# � �)*$+# ��� -�/102#
Theresultsof thefour LEPexperimentsareshown in Figure4.8.

4.4 The Massof the W Boson

At LEP1, the W masscanbe determinedindirectly from the relation between	 � , 	65 and
theFermiconstant

- � , which is known with high accuracy from thedecayof themuon. This
relationis givenby:

�7� !
�8�

� �9 �: ���<; 9 �:>= 9 �? � �
�@;BADC (4.7)

where ADE parameterizesthe radiative correctionswhich dependon the massof the top quark,FDG , andthemassof theHiggsboson,FIH . Figure4.9shows thefirst ordercorrectionsto theW
propagator.
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Figure4.9: Firstordercorrectionsto theW propagator.
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A direct measurementof Q�R togetherwith a measurementof S2T allows an estimationofSIU . A precisedeterminationof Q R canthereforebeusedto constrainfurthertherangeof SIU .
Figure4.10showstheworldaverageQ R measurementplottedversusS T obtainedfromtheCDF
andD0 experiments.Thesolidcontourdenotesindirectlimits derivedfrom electroweakdatafor
LEP1, SLD andneutrinoexperiments.Thedashedline correspondsto thedirectmeasurements
for LEP2 and TEVATRON. The intersectionwith the bandscorrespondsto the limits of the
Higgsboson.

Thecombinationof directmeasurementsof Q R from LEP2andfrom hadroncolliderscur-
rently gives[45]:

QVR�WYX�Z+[]\(^�_7`*Z+[%Z�^�a4b�c1d .

The direct measurementis consistentwith the indirect valueobtainedfrom lower energy data
measurementsat e fhgYQji [45]:

Q R WYX�Z+[3^�X�_7`*Z+[%Z�k�l.b�c1d .

It is expectedthat theultimateLEP precisionon Q R will beapproximately30 Q>c1d when
all dataareincludedandcombiningtheresultsof thefour experiments.

4.4.1 GeneralMethods to Determine m R at LEP2

Thetwo mainmethodsto measureQ R from npo�nrq decaysarenow described.Thesemeth-
odsarebasedon the sensitivity of Q R to the crosssectionshapeof the n o n q production
closeto thethreshold( e fsWutv_+t<b�c1d ) andonakinematicreconstructionof thedecayproducts
( e f<wxtv_+tyb7c1d ). For leptonicdecays,a full reconstructionof theevent is not possibledueto
thetwo neutrinosin thefinal state.

Thr esholdCross-SectionMeasurement

This methodexploits the fact that the n o n q productioncrosssectionincreasesrapidly ate f = 2Q R . The thresholdmethodis basedon the comparisonof the absolutecrosssection
measurementwith a theoreticalcalculationwhich has Q R asthe free parameter. The theory
predictsthe crosssectionwith high accuracy andradiative correctionsarewell undercontrol.
Table4.1 shows the resultsobtainedby the four experimentswith the thresholdcrosssection
method[46].

Experiment Q R (threshold)/b�c1d
ALEPH [47] X�Z+[zt{\4`*Z+[3^�l
DELPHI [48] X�Z+[]\�Z7`*Z+[]\(l

L3 [49] X�Z+[3X�Z | o~}�� ���q�}�� ���
�

OPAL [50] X�Z+[]\�Z | o~}�� ���q�}�� ���
�

Table4.1: W massmeasurementsfrom the n o n q thresholdcrosssectionat e f = 161 b�c1d .
Theerrorsincludestatisticalandsystematiccontributions.
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Figure4.10: The solid line representsthe indirect measurementsfrom electroweak data. The
dashedline correspondsto thedirectmeasurementsform LEP2andTEVATRON.

TheW bosonmassmeasuredatLEPfrom thedatarecordedat thresholdfor W pairproduc-
tion yieldsto [46]�V�����������v�������z�����p���+�]���7 ¡�+�3¢����£�¤��¥��1�¦�§ *�+�%�(¨+�£��©
�¤�1�¦�� *�+�%��ª��

LEP
�§«��1¬2�

Dir ect Reconstructionof  �
The determinationof

�V�
via a direct reconstructionis performedin two stages.Firstly, the

invariant massesof the W decayproductsare reconstructedon an event-by-event basis. The
precisionof thereconstructedmassis degradeddueto thelimited detectorresolution.Kinematic
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fits 4 arethereforeusedto improve themassresolutionandto rejectthebackground.Fits to the
resultingmassspectrato obtain ®�¯ areperformedin OPAL usingthreedifferenttechniques:

° A MonteCarloreweightingtechniquewhichcomparesfully simulated5 massdistributions
to observedmassspectra[51].

° Theconvolution methodusestheconvolution of thesingleeventerrorinformationwith a
semianalyticalfunction in anunbinnedmaximumlikelihoodfit [51–53]. Theunderlying
likelihoodparentdistribution takesinto accounttheeffectsof ISRonthemassreconstruc-
tion.

° An analyticfit to themeasuredmassspectrumusingan unbinnedlikelihoodfunction to
determine®�¯ . ThemethodemploysaparameterizationbasedonaBreit-Wignerfunction
[54].

Thedirect reconstructioncanbeusedonly for hadronicandsemileptonicevents.Table4.2
shows theresultsobtainedby thefour experimentsof LEP with a direct reconstruction.Figure
4.11shows thecomparisonsbetweentheseresults.

Experiment ±B² ±´³¶µ¸·�¹ ·�º¤»½¼{¾ ±B²~±´³¶µ¸·�¹ ·¿º½·�À ·¿Á Combined

ALEPH [55,56] ÂÄÃ�Å ÆÄÇ¿È�É>Ã�Å Ã�ÊÄÇËÉ>Ã�Å ÃvÆ¿Â ÂÄÃ�Å ÆÄÊ�Ì8É>Ã�Å Ã�Ê�ÆËÉ>Ã�Å ÃÄÈ¿Ì ÂÄÃ�Å Æ�ÆÄÍËÉ>Ã�Å ÃvÆ¿ÈËÉ>Ã�Å ÃvÆ�Ì
DELPHI [57,58] ÂÄÃ�Å Ç�Â(Î�É>Ã�Å Ã�ÂÄÂËÉ>Ã�Å ÃvÆ¿Â ÂÄÃ�Å Ç¿Ì�Ï�É>Ã�Å Ã�Ê�ÆËÉ>Ã�Å Ã�ÊÄÇ ÂÄÃ�Å Ç�Â�ÃËÉ>Ã�Å ÃÄÈvÇÐÉ>Ã�Å ÃvÆ�Ì

L3 [59,60] ÂÄÃ�Å]ÏÄÌvÇ§É>Ã�Å Ã�ÂÄÍËÉ>Ã�Å ÃvÆ¿Ê ÂÄÃ�Å ÆÄÊ(Î�É>Ã�Å Ã¿ÌÄÌ8É>Ã�Å Ã�ÊÄÍ ÂÄÃ�Å Ç�ÊÄÏ§É>Ã�Å ÃÄÈvÂÐÉ>Ã�Å ÃÄÈÄÏ
OPAL [61,62] ÂÄÃ�Å]È�Î�Ã§É>Ã�Å Ã�Ê�Ì�É>Ã�Å Ã�Ç(Î ÂÄÃ�Å ÆÄÃÄÂ§É>Ã�Å Ã�ÊÄÊ§É>Ã�ÅÑÎ½ÃÄÃ ÂÄÃ�Å ÆÄÂ�ÊËÉ>Ã�Å ÃÄÈvÇÐÉ>Ã�Å Ã�ÇÄÍ

Table4.2: W massmeasurementsfrom directreconstruction( Ò Ó = 172-202Ô�Õ1Ö ). Resultsare
givenfor thesemi-leptonic,hadronicchannelsandthecombinedvalue.Theerrorsarestatistical
andsystematic,respectively. Thecombinedvaluesof ® ¯ from eachcollaborationtake into ac-
countthecorrelatedsystematicuncertaintiesbetweenthetwo channelsandbetweenthedifferent
yearsof datataking.The ×pØ�×ÚÙ6ÛÝÜ�Þ Üàß�ávâ�ã resultsfrom theALEPH andOPAL collaborations
includemassinformationfrom the × Ø × Ù Ûäá1â�ã�á{åæâ�ãèç channel.

TheW bosonmassmeasuredat LEPusingadirectreconstructionmethodyields[44]:

®V¯�é£ê�ëíì�Õvî{ïðìñÕvî{ò�ó�Ó1ô¦õ÷öùø�ú+ô]û(ü�ø7ý*ú+ô3þ�ú�é£Ó¤ï�ÿ�ï1ô¦õ§ý*ú+ô%ú�þ���é£Ó��
Ó¤ï1ô¦õ÷Ô�Õ1Ö2ô
Whenthisiscombinedwith theresultobtainedfromthethresholdcrosssectionmeasurement

oneobtainsaW massmeasurementof [44]:

®�¯"öYø�ú+ô]û(ü���ý*ú+ô%ú�û��.Ô�Õ1Ö2ô
4Thekinematicfit is definedemploying energy andmomentumconservationbasedon thepreciseknowledgeof

thebeamenergy of anddirectionasconstraints.
5Takinginto accountall thedetectoreffects.
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W-Boson Mass  [GeV]

mW
�   [GeV]

χ� 2/DoF: 0.1 / 1
	

80 80.2 80.4 80.6

pp
−
-colliders 80.452 ± 0.062

LEP2 80.427 ± 0.046

Average 80.436 ± 0.037

NuTeV/CCFR 80.25 ± 0.11

LEP1/SLD 80.374 ± 0.034

Figure4.11:W massvaluesby direct, 
 
 / LEP2,andindirect,NuTeV/ LEP1measurements.

4.5 � �� � Decays

W pair eventscan be classifiedby the decayproductsin threedifferent channels:hadronic������������� ������� �� 
, semileptonic

�����������!� ���#"%$'&
andleptonic

���(�����)"%$'&*",+-$'&/.
. The

final statein thesechannelsischaracterizedby fourquarksin thehadronicchannel,(
���0��� � � �

,� � ����� �  
), by two quarksone charged leptonand the correspondingneutrinoin the case

of semileptonicdecays,(
�1�0�2� � ���43(�����5"%$'&

) andby two chargedleptonsandthecorre-
spondingneutrinosin leptonicdecays,(

� � �5"�$'&�3�� � ��" + $ & .
).

6 Fully hadronic channel.
The typical topology of a hadronicevent consistsof four or more energetic jets in the
final state. Figure4.12 shows an exampleof

� � � � ����� � � ��� �  
candidaterecorded

at 7 8 =192 9;:�< by OPAL. This channelhasa high multiplicity andvisible energy and
its branchingratio is the biggestof the threepossibleW pair decays(46%). The main
backgroundto this four-jet topologycomesfrom : � : ����� �

events.

In thecaseof adirectreconstructionmethodto obtainthemass,ajet finderis usedto force
the selectedeventsto containfour or five jets [63]. Thesejets areusuallyreconstructed
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usingbothtracksandcalorimeterinformationcombinedto give thebestresolution. =?>
maybereconstructedby forming theinvariantmassof pair of jets.

A conceptualdifficulty of this channelis the combinatorialbackground,sincethe four
jets can be combinedin threeways to form the two W bosonscandidates.A further
problemarethefinal stateinteractioneffects,suchasBose-Einsteincorrelationsor color
reconnection[64,65] whichcaninfluencethereconstructedeventmassandtherefore= > .

Y

X
@

Z

Figure4.12: A�B�A�C�D�E�F E�G�E�H E�I candidaterecordedby OPAL at J K =192 LNM�O . Thetracksin
thecentercorrespondto thefour jets reconstructedin thecentraldetector. Theblocksafter the
centraldetectoraretheelectromagneticandthehadronicclustersof energy in thecalorimeters.
Thearrow pointingout thehadroncalorimeterdescribesthemuonescapingtowardsthemuon
detector.

P Semileptonicchannel
This channelis characterizedby the presenceof two or morehadronicjets, an isolated
energetic lepton(or a narrow jet in caseof hadronic Q decays)andmissingenergy and
momentumdueto theundetectedneutrino(seefigure4.13for a A�B(A�C�D2E F E�GSR%T'U can-
didaterecordedat J K = 192 LNM�O by OPAL). Thebranchingratio of this channelis 44%.
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Thebackgroundis verylow andonly in thecaseof V4VXW�Y , Z'[(ZX\�]�V V processescontribute
to thebackground[66].

Themassof theW bosoncanbeestimatedby forming theinvariantmassof thehadronic
system,usingthefull informationof theeventin akinematicfit. In thiscase,thehadronic
systemis forcedinto two jets,whicharereconstructedasin thefully hadronicchannel.

Y
^

X
@

Z
_

Figure4.13: ` [ ` \ ]�a�b a�c#d�Y'e candidaterecordedby OPAL at f g =192 hNZ�i . Thetwo quarks
arerepresentedby thetwo jetsin thecentraldetector. Thecorrespondingchargedleptonis a ZX\
whichfliestowardstheelectromagneticcalorimeter. Thedottedarrow is themissingmomentum
dueto thenotobservedneutrino.

j Fully leptonic channel

Purelyleptonicdecaymodesof a W pair, althoughsmall in rate(thesedecayscomprise
10%of thetotal `�[�`�\ crosssection),give thecleanestsignalof theW pair production
processesin Z'[�ZX\ collisions. This channelis characterizedby two acoplanarcharged
leptonsandalargemissingenergy dueto at leasttwo unobservedparticlesin thefinal state
[9]. Figure4.14shows a `�[�`k\�])d�Y'eld#mnY'epo candidatewith two muonsin thefinal state
recordedat f g =196 hNZ�i by OPAL. Althoughafull reconstructionof leptoniceventsis not
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possibledueto the two neutrinosin thefinal state,theabsenceof final stateinteractions
andhadronisationuncertaintiesmake this channelparticularlyattractive. The dominant
backgroundsourcesare qsr't , ZZ anddileptonevents.

Y

XZ
_

Figure4.14: q�u(q�v�w)x%t'y*x,z{t'yp| candidaterecordedby OPAL at } ~ =196 �Nr�� . Thetwo charged
leptonsarerepresentedby thetwo tracksin thecentraldetector. Thetwo arrows escapingfrom
thelastblocks(whicharethehadroncalorimeter)correspondto thetwomuonswhichfly towards
themuondetector.





Chapter 5

The Selectionof Fully Leptonic Events

This chapterdescribestheselectionof �����k���)���'�l�#�n�'�p� eventsusedfor thedeterminationof���
. TheMonteCarlogeneratorsusedto simulatethesignalandbackgroundprocessesareas

well describedat theendof thechapter.
During the on-line reconstruction,the eventspassa first classificationbasedon a set of

conditionsimposedby thefilter system(seechapter2). The acceptedeventsarerecordedand
subjectedto arefinedoff-line reconstruction.Thepresent

�?�
analysismakesuseof theWW113

softwarepackage[67], a setof FORTRAN programsdesignedto standardizethe jet andtracks
selection,momentaandenergy determination,errorparameterization,kinematicfitting andsys-
tematicstudyof � � � � productionat OPAL. The WW113 packageconsistsof independent
subroutineswhichcanbeusedvery flexible in eachindividual study.

Thesignatureof the � � � � �5���'��� � � �p� channelis anacoplanarleptonpair. Di-leptonde-
caysof W pairsleadto six differentclasses,��� , ��� , ��� , ��� , �%� and ��� in ratios1 : 1 : 1 : 2 : 2
: 2. Experimentallythesedi-leptonclassesleadto threequitedifferentsignaturesdependingon
thenumberof � ’s in thefinal state.Fourninthof theeventshave two long livedchargedleptons
(e, � ) in thefinal stateoriginateddirectly from W decays,four ninth have onesuchleptonand
in oneninth bothW bosonsdecayinto tauleptons.Two thirdsof thecross-sectioncorresponds
to eventsin which theleptonsareof differentflavor [68].

The main backgroundare leptonic decaysin ���N����� , ���N������� and ���N���s�'� events.
Thesesourcescomprise30%,40%and15%respectively of thetotalselectedbackgroundcross-
sectionfor the � � � � �5�%�'��� � �'� � events[68]. Other backgroundsourcessuchas ���N�)��� ,
���N�)��� and ���;�2��� andtwo photonproductionof di-leptons,contribute aswell at a small
level.

5.1 The Selectionof Fully Leptonic Events

The tracksand electromagneticclustersof all possibleevent candidatespassthrougha first
commonsetof quality cuts. The aim of thesecuts is to avoid fake signalscomingnormally
from electronicnoisein thedifferentpartsof thedetector. Themostimportantquality cutscan
besummarizedasfollows [69]:
’Good tracks’in centraldetector:

43
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� A minimumtransversemomentum:���s���%�X���¡ �¢
� A maximumtotalmomentumto avoid wrongmeasurements:�¡£¤�¦¥-�¨§s����©(ª«ª¬N �¢
� Minimum numberof hits in thejet chamber:®°¯²±X�
� Minimal radialdistancefrom theinteractionpoint: ³ ´�µ�³�£¤±�¥¶�;·�¸
� Minimal distancefrom theinteractionpoint in thebeamdirection: ³ ¹%µ�³�£º±��»·�¸

’Goodcluster’in theelectromagneticcalorimeter:

� In thebarrelregion at least1 block is requiredandanenergy largerthan100 �¡ �¢ .

� In theendcapregionat least2 blocksarerequiredandanenergy largerthan250 �¡ �¢ .

Furtherenergy cutsaredefinedfor clustersin theforwarddetector(FD), in thegammacatcher1

(GC) and in the silicon–tungstenluminometer(SW) to completethe set of conditionswhich
definethequality cuts[69]: ¼¾½�¿À�¤�;¬N �¢ , ¼Á�Â0�¤�N¬; �¢ and ¼ÃÅÄÆ�¤±;¬N �¢ .

5.1.1 The Preselection

An event is selectedasa Ç © Ç�È�É5Ê%Ë'ÌlÊ#ÍnË ÌpÎ candidateif it passesa seriesof cutsdefinedto
isolatethesignaleventsandto rejectthedominantbackgrounds.
In thefirst stephighmultiplicity eventsarerejecteddefiningthefollowing conditions:

� Thechargedtrackmultiplicity is between1 and8.

� Thenumberof chargedtrackspluselectromagneticclustersdoesnotexceed15.

In the next stepjets arereconstructedusinga conealgorithm [70]. In this algorithm,a jet is
definedasa setof particleswhosemomentumvectorslie within a coneof half–angleÏ , such
thattheaxisof theconecoincideswith themomentumsumof theparticlescontained.Thetotal
energy of thesetof particlesis requiredto begreaterthansomecutoff Ð . Thustheresultsof the
jet findingdependontwo parameters,Ï and Ð . Thevalueschosenfor theseparameterswhenthe
conealgorithmis appliedto observedtracksandcalorimeterclustersarethefollowing:

� A half-openingangle Ï of 20 degreesis defined.

� A jet energy Ð , largerthan2.5 ¬N �¢ is required.

Only thoseeventswith 1–3identifiedjetsareconsideredfurtherin thegeneralselection.The
preselectionefficiency for thesignal,Ç © Ç�È�É5Ê%Ë'Ì�Ê,Í{Ë ÌpÎ is estimatedto bearoundÑ�Ò�¥¶�»ÓÔ�¦¥-�'Õ .
Thejet multiplicitiesareexpectedto bein theratio0.059: 0.905: 0.036for mono-jet,di-jet and
tri-jet respectively afterthepreselection[71].

1Thespacebetweentheforwardcalorimeterandtheendcapleadglasscausesagapin thecalorimeteracceptance
in thepolaranglebetween142and200mrad.Thisgapis coveredby thegammacatcher.
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5.1.2 The Two-Jet Selection

The generalselectionfor di-leptoneventsrequiresa pair of leptonsanda significantmissing
energy andmomentumdueto thenon-observedneutrinosin thefinal state.Theprincipalcutsof
this selectionare[72]:

Ö A minimumacolinearityangle,×ÙØÅÚpÛlÜ�Ý¤Þ Û is required.Thisangleis definedas ß%àXáXâ minus
theangleã betweenthetwo chargedleptons.Figure5.1shows thegeometricaldefinition
of theacolinearityangle.Figure5.2shows theacolinearityanglecut.

θ

θacol= 180 - θo

l

l

1

2

Figure5.1: Geometricaldefinitionof theacolinearityangle.

Ö A minimumscaledtransversemomentum,ä!å : ä!å�æèç�å�é4ê»ë/ì*ØÅí�Ý¤Þ�î , is requiredwhere
ç å is the momentumcomponentperpendicularto the beamaxis and ê»ë/ì*ØÅí is the beam
energy. Figure5.3shows the ä å cut.

Ö A numberof StandardModel processescan lead to high energy particleswhich travel
alongthebeampipeandarenotdetected.They give riseto missingmomentumalongthe
beamaxis. The selectedcandidateshouldthereforehave a significantmissingmomen-
tum in the planeperpendicularto the beamaxis, ç íðï-ñ*ñå anda total missingmomentum
vector which doesnot point along the beampipe to avoid suchbackgroundevents. A
conventionalcuton thedirectionof themissingmomentumis made: ò�ó,ô�õöã íðï-ñ�ñ÷%ø ò�ù²á¦úüû�Þ .

Ö Other StandardModel events containingneutrinos,specially thosewhich come fromý'þ�ýXÿ������ events,or poorly measuredparticlesrepresenta potentialbackground. In
theseeventsthevalueof ç íðï-ñ�ñå canbelargeandthemissingmomentumvectormayhavea
big anglewith respectto thebeamaxis.However, mostof theStandardModeleventstend
to beapproximatelyback-to-back in theplaneperpendicularto thebeamaxis(coplanar).
In thesecoplanarevents,thecomponentof ç íïnñ�ñå whichis perpendicularto theeventthrust
axis2 in the transverseplane, � íðï-ñ�ñå , is muchlesssensitive than ç íïnñ�ñå to thepresenceof
neutrinoswhich comefrom taudecaysor poorly measuredparticles.A cut on � íï-ñ*ñå is a

2Thethrustaxisn is definedasthedirectionwhichmaximizes���
	 � � �� 	 � ������ 	 � � � �
wherei runsover all momentaof chargedtracksandclusters.
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Figure5.2: Acolinearity cut for di-leptoneventsat a center-of-massenergy of 189 ����� . All
othercutswhich definethe selectionarealreadyapplied. Eventsto the right handsideof the
arrow areaccepted.Thehatchedregioncorrespondsto thebackgroundevents.

moreeffectivewayto removethisbackgroundthanacutontheacoplanarityangle.Figure
5.4showsthegeometricaldefinitionof ��������� . Thecut is: ��������� !#"%$'&)( �+*-,/.0,2131 [73]. Fig-
ure5.5shows the � �4���)� !#"5$'&�( � cut distribution for a center-of-massenergy of 189 ����� .

In additionto thecutsdescribedabove furtherrequirementsareimposedasbackgroundvetoes:

6 A potentialbackgroundarisesfrom leptonpairsof two-photonprocessesin which one
of the initial electronsis scatteredunderlarge angleto the beamdirection. Cuts in the
forwardregion (SW, FD andGC)suppresssuchevents:

– Eventswith a total energy in theFD andtheSW in eitherz-hemisphereexceeding
80%of thebeamenergy arerejected.

– GC clusterswith energy exceeding5 ����� arerejected.



5.1. THE SELECTIONOF FULLY LEPTONIC EVENTS 47

0
2.5
7 5
7.5
10

12.5
15

17.5
20
722.5
7 25
7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 Minimum scaled transverse momentum x_T

 Minimum scaled transverse momentum x_T

10
-2

10
-1

1

10

10 2

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Figure5.3: 8:9 cut for di-leptoneventsat a center-of-massenergy of 189 ;�<�= . All othercuts
which definethe selectionarealreadyapplied. Eventsto the right handsideof the arrow are
accepted.Thehatchedregion correspondsto thebackgroundevents.

> An additionalcut is introducedusing the MIP plug detector. This detectorconsistsof
four layersof scintillatingtiles installedat eachendof theOPAL detector. Theaim of the
MIP plug is to provide a hermeticcoveragefor muonsfor ?A@CB3D mrad. If the angular
region is notcovered,muonscanescapedetectionandthiscanleadto abackgroundfrom
<FEG<�HJIKELIMH eventsin which oneelectronandonemuonwereobserved in the detector.
UsingtheMIP plugdetector, candidateeventsarevetoedif they containcoincidenthits in
two or morescintillatorlayersin theMIP plugat thesameN andat thesameendof OPAL.
Theefficiency to detectamuonwith thesecutsis measuredto be O�P%QSR�T .

Theanalysispresentedin thisthesismakesusedof leptoniceventswith exactlytwo identified
leptonsonly. A total of 761 eventsat the center-of-massconsideredin the analysis,from 183
to 202 ;�<�= , areobserved in the data. Table5.1 summarizesthe observed numberof events
for eachcenter-of-massenergy togetherwith thecorrespondingluminosities.Figure5.6shows
distributions of the reconstructedvisible energy fraction for the six different di-lepton event



48 CHAPTER5. THE SELECTIONOF FULLY LEPTONIC EVENTS

Beam Axis

Thrust axis

l

-l

p
t

miss

a
t

miss

Figure5.4: Geometricaldefinitionof the U�V�W�X�XY variable.

classes.

ECM ( Z�[�\ ) ] ( ^`_JaJb ) cedLc+agfihkjFl)hnmoj l'p
183 57 71
189 183 278
192 29 52
196 77 144
200 74 134
202 37 82

Table5.1: Integratedluminositiesandnumberof c d c a fihkjFl)h m jFl p eventsfor thedatafrom
183to 202GeV.

5.2 The Di-Lepton Classification

Theleptonclassificationis basedon theleptonidentificationdescribedin thefollowing subsec-
tion aswell as the observed track multiplicity in eachjet. It is further refinedby momentum
cutsdependentupontheacolinearityangle.Themainpurposeof this refinementis to re-classify
identifiede and q with low momentawhich aremore likely to originatefrom r decaysas r
candidates[74].

5.2.1 The Lepton Identification

The leptonflavor identificationis performedby different routinesimplementedin theWW113
package.
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Figure5.5: t�u�v�w�wx cut for di-leptoneventsatacenter-of-massenergy of 189 y�z�{ . All othercuts
which definethe selectionarealreadyapplied. Eventsto the right handsideof the arrow are
accepted.Thehatchedregion correspondsto thebackgroundevents.

The electron identification, employs the ratio of the energy depositin the electromagnetic
calorimeterto the track momentum,E/p. This identificationtries to usethe smallestpossible
numberof subdetectors(only the jet chamberandbarrelandendcapelectromagneticcalorime-
terareused)in orderto haveahighefficiency. An importantbackgroundsourcefor theelectron
identificationaretracksfrom | -conversioninto an zF}Gz�~ pair. If oneof the trackshaslow mo-
mentumsuchthat theotheronepassesthe isolationcut or if the tracksarecloseenoughto be
reconstructedasa singleone,thetrackcanpassasan isolatedelectron[75]. A standardOPAL

finding routineIDGCON 3 [76] is usedto remove suchtracks. This packageusesthe dE/dx
measurementsto remove background.Converted | ’s in which the tracksaretoo closedto be
distinguishedtendto give dE/dx measurementshigherthanthoseexpectedfor electrons.The
dE/dx valueof the electroncandidateis requiredto be within threestandarddeviationsof the
expectedvaluefor anelectron.

The muonidentificationrequiresa minimum numberof associatedhits in eitherthe muon

3This routinechecksif a trackis compatiblewith anelectronor a positronoriginatingfrom agammaconversion.
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Figure5.6: Distributionsof visible energy scaledto thecenter-of-massenergy, ������� , for thesix
di-leptonclassesselectedas ���L���g�����F�����o�F��� events. Thedataareshown asthepointsand
the error barsdenotethe statisticalerrors. The total Monte Carlo expectationis shown asthe
histogramwith thenon-�k�L�
�K�`�/� backgroundcontribution shown by thehatchedhistogram.

chamberor the hadroncalorimeter. Furthermore,the energy depositin the electromagnetic
calorimetermust be small. Thus if a muon track hasan associatedelectromagneticcluster,
its energy mustbelessthan3 ����� in thebarrelandendcapsregionsof thedetectoror lessthan
5 ����� in theoverlapregion �/�����+ �¡n¢2£:¤¥ ¦�-�/�¨§3© .
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5.2.2 The Momentum Variation with Acolinearity

Theenergy andmomentumof a leptonwhich comesfrom a W decaycanbedeterminedfrom
energy andmomentumconservation in theW restframe.

Themomentumdependson thedecayangleª¬« of theleptonwith respectto theW direction
in theW restframe(seefigure5.7):

�®�¯ �°
±³²µ´4¶S·¹¸nº2» ª «n¼ with · ¯¾½ °�° (5.1)

½ ° is themomentumof theW bosonand
%°

is its energy.

θ ∗

W direction

l

Figure5.7: Leptonicdecayof aW boson.ª¬« is theanglebetweentheinitial W directionandthe
leptonin theW restframe.

If the leptonis producedin thesamedirectionthanits parentW, it will have the maximal
energy andif it is emittedin theoppositedirectionto theinitial W bosonit will have theminimal
energy.

In anevent,thetwo W bosonsproducedfrom an ¿FÀK¿�Á collision areemittedback-to-back4.
If the leptonic decaysfrom both W bosonstake placein the samedirection than its parents,
the ª « anglewill be almostzeroandthey will tendto have high momenta(seefigure 5.1). In
this casethe two charged leptonswill be emittedalmostback–to–backandthe event haslow
acolinearity. In thecasethatbothleptonsareemittedin almostthesamedirection,theeventhas
ahighacolinearity.

Thescaledmomentafor thehighermomentumlepton ÂÄÃ 5 andthelower momentumlepton
ÂÆÅ arestudiedwith Monte Carlo events. Figures5.8 and5.9 shows thesedistributionsat low
andhighacolinearityfor thedifferentleptoneventclassesidentifiedfrom MonteCarlotreelevel
information.

In bothcases,at low andat high acolinearity, differencesareobserved betweenÇÈÇ 6 and Ç�É
events.In Ç�É events,thevisibleparticlescomingfrom a É will have lessenergy thantheelectron
or muonwhichareoriginateddirectly from theW bosondueto theextraneutrinoin the É decay.

A comparisonbetweenlow and high acolinearityplots shows a larger numberof events
alongthe ÂÆÅ axisin thecaseof high acolinearity. This is in agreementwith thehypothesisthat
oneparticle is emittedforwardswith respectto its parentsW andthe otherparticle is emitted
backwards.

4Neglectingeffectsof initial stateradiation.
5 ÊGË�ÌÎÍ�Ë¨ÏÈÐ:ÑÓÒÕÔ'Ö whereÍ#Ë denotesthemomentumof theleptoni.
6Here × meansØÈÙ or Ú .
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Figure5.8: Di-jet eventsmeasuredat189 Û�Ü�Ý with low acolinearity( Þ�ßáà-â3ãnä2å�æ�ç�Ükâ�èÈæoéëêìà�íkî#ß ).
Themeasuredmomentumdistributionsarescaledby thebeamenergy. The left handplot con-
tains ïÈï events( ï is anelectronor amuon)andtheright handonecontainsï�ð events.Thelepton
classidentificationis determinedin bothcasesfrom MonteCarlotreelevel information.

Figure 5.9: Di-jet events measured at 189 Û�Ü�Ý with high acolinearity
( í�Þ2î#ßÄà-â3ãnä2åñæ�ç�Ükâ�èòæoé)êìà�íkó�Þ�ß ). The measuredmomentumdistributions are scaled by the
beamenergy. The left handplot containsï�ï ( ï is an electronor a muon)eventsandthe right
handonecontainsï�ð events. The leptonclassidentificationis determinedin both casesfrom
MonteCarlotreelevel information.

Theseobserved differencesat low andhigh acolinearityfor the ïÈï and ï�ð eventsmotivate
the developmentof acoplanardependentcuts on thesevariables, ôÄõ and ôÆö to optimize the
efficiency matrix. In thismatrix,eachelementrepresentsthefractionnumberof eventsselected
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andclassifiedin aparticularchanneldividedby thetotalnumberof MonteCarlotreelevel events
for thatchannel.Thesumof eachcolumngivesthetotal efficiency � for eachclasstaking into
accountall theotherdi-leptonevents.Theclassificationpurity

�
, is definedas:

����� � � � ���	�
 � 
 � � 
 (5.2)

where� is a weight factorwhosevalueis 2 in caseof �� , ��� and �� eventssincetherearetwo
possibilitiesto obtaineachcombinationand1 in caseof ��� , ��� and � eventsand � � 
 arethe
differentmatrix elements.

Therelative performanceof agroupof cutscanbedeterminedby thecalculationof a factor
’D’ which is definedasthesumof thediagonalelementsof theefficiency matrix dividedby the
total sumof all elements:

��������� � � 
��	 ��� 
 � � 
 (5.3)

If eachselectedeventwascorrectlyclassified,’D’ wouldbe100%.Beforetheacolinearitycuts
definitionthis parameterhada valueof � �"!$#�%�&'!)("* . After theinclusionof thesecuts,its value
is improvedto + ,-!/.0%1&'!/,2* . A completedescriptionof themethodandthenumericalcutsused
in theanalysiscanbefoundin [74].

Theefficiency matrix for all 2 jetseventsafterthesenew acolinearitydependentmomentum
cutshavebeenappliedis shown in table5.2.Figure5.10shows theselecteddi-leptontypesafter
thedescriptedselection.

MC Truth �3� �� ��� � �� ��� Purity

S
E �3� 72.4 0.3 6.6 0.0 0.0 1.0 83.0
L �� 1.3 71.1 5.4 0.6 7.2 1.6 83.2
E ��� 7.1 3.5 58.3 0.0 1.1 10.7 81.2
C � 0.0 0.7 0.0 70.7 4.5 0.2 87.0
T �� 0.0 2.7 0.3 5.2 56.0 6.9 86.1
E ��� 0.4 0.3 3.5 0.2 3.2 41.8 74.1
D

Table5.2: Efficiency Matrix for two jets eventsat a center-of-massenergy of 189 405�6 after
acolinearitydependentmomentumcutshave beenapplied.

5.3 Background Sourcesfor 7 897 :<; =?>A@B=DCE>F@�G Events

Backgroundsto the H ø H ù ûiü�þ3Iµü ÿ þ3IKJ event selectioncan be groupedinto three different
classes[69].

L The first classconsistsof backgroundprocesseswhich do not containtwo leptonsand
two neutrinosin the final state. The � -pair, two-photonand MN5�5 eventsbelongpredom-
inantly to this type of background.This classcontributesan expected, +O%P# #�QSR to the
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Figure5.10: Selecteddi-leptontypeafter theselectiondescribedin section5.2.2. Thehatched
region correspondsto backgroundevents.

total selectedWYXZW\[^]`_�a3bc_ed�a3bKf crosssection.Figures4.5(b)and4.5(d)show thecorre-
spondingFeynmandiagramsfor theseevents.

g Thesecondclassconsistsof anirreduciblebackgroundfrom _ X _ [ a3bKf a"bKf final stateswhich
canonly beproducedby neutralcurrentdiagramsastheneutrinoshave a differentlepton
flavor thanthechargedleptons.Leptonicdecaysfrom h�h andZ i processescontribute to
thisclass.Figure4.5(a)showstheFeynmandiagramfor thisbackgroundsource.Sincethe
neutrinosareunobserved,thesefinal statesareindistinguishablefrom thesignaleventsin
termsof theeventtopology. This classcontributesanadditionaljlk�m1n�o�p of background
to theinclusive WYXZW\[^]`_�a3bE_edqa3b f selection.

g Thefinal classof backgroundis thedifferencebetweenthecompletefour-fermion cross
sectionandthe theoreticallypredictedratefrom CC03diagramsfor WYXZWr[^]s_�a3bc_tdqa3bKf
final states. This includesneutral-currentprocessesin the final stateswhere the two
charged leptonsareof the sametype ( _�XDa-_B[�a ). Only u3u , v�v and w�w eventshave con-
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tributionsfrom suchdiagrams.Four-fermionprocesseswith an xzy in thefinal state( x3{-|�{ )
contribute aswell to this classof background.Leptonicdecaysfrom }~x3{ eventsbelong
to this background.Figure4.5(c)shows thecorrespondingFeynmandiagram.This non
CC03productionandtheinterferencebetweentheCC03andthenonCC03diagramscon-
tributesa largecrosssectionof � �F�P���0��� which is treatedasa backgroundin theCC03
selectionandis alsolargely irreduciblewithin thedetectoracceptance.

The errorson the acceptedbackgroundcrosssectionsincludeall systematicuncertainties
andtheeffectsof limited MonteCarlostatistics.A summaryof theacceptedbackgroundcross-
sectionsis givenin Table5.3. Thedominantsystematicerrorassociatedwith theleptonicback-
groundestimateis dueto the four-fermion correction.The acceptedfour-fermion background
rateis estimatedfrom thedifferenceobservedin KORALW four-fermionandCC03sampleswith
equivalentEXCALIBUR samplesproviding across-check.

Source Cross-section(fb)

|��D{3�c|t��y�{'�� � � �F������ � |��D{3� ������ �"� � —|���|�y�{3� � {l� � �l� �1�� � { { ������ � x3�Zxzy ������ � | � | y —x � x y � � �����{ {-�D�S��� �����|���|By �z�0� �
� � —���2� ���$��x�� ���z�0�P� �

Table5.3: Acceptedbackgroundcrosssectionsfor the189 �0x� r}Y�Z}ry^¡s|�{3�c|t�q{3� � selection
in fb. All errorsincludebothstatisticalandsystematicuncertainties.

5.4 The General Monte Carlo GeneratorsDescription

ThedifferentMonteCarlogeneratorsusedin thepresentanalysisfor thesimulationof }��¢}\y
signalandthecorrespondingbackgroundeventsarenow briefly described[77,78]:

£ Signal Generator:

– KORALW [79]

This is the standardgeneratorto perform }Y�Z}\y studiesin OPAL. This program
includestheleptonicdecaysof W bosonsandsecondarydecays,i.e in thetaulepton
decays.Effectsof initial andfinal stateradiationsareimplementedtoo. Hadroniza-
tion of quarksis performedusingtheprogramJETSET [80]. KORALW includesan
interfaceto theGRACE [81] library to calculatemulti-diagrammatrixelements.
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¤ Background Generators:

– BHWIDE [82]

TheprogramevaluatestheBhabhacrosssectionsat LEP1andLEP2energies. It is
usedin thisanalysisto generateBhabhafinal statesfor backgroundprocesses.

– KORALZ [83]

This programsimulatesthe processof fermion pair production,wherethe fermion
canbea leptonor aquark.KORALZ is usedto generate¥�¥ and ¦�¦ di-leptonsback-
groundprocesses.

– PYTHIA [80]

This generatoris thestandardpackageto produceZZ andZeeprocessesfor back-
groundevents. For applicationsat LEP2, theJETSET [80] packageis implemented
togetherwith PYTHIA, providing togethera wealthof differenthadronicandalso
non-hadronicprocesses.

– RADCOR [84]

Thisgeneratoris usedin theanalysisto simulatefour-fermionprocessesfor §3¨Z§z©¢ª«¬« events.

– VERMASEREN [85]

This programperformscalculationsof § ¨ § © ª§ ¨ § ©¢® ® eventsvia «N« collisions.In
thisanalysisit is usedfor thetwo-photonbackground.

¤ Generatorsfor further SystematicChecks:

– EXCALIBUR [86]

TheprogramEXCALIBUR evaluatescrosssectionsfor § ¨ § © scatteringinto all pos-
sible four-fermionfinal states.EXCALIBUR hastherestrictionthat thefermionsare
massless.TheOPAL analysisemploysanadditionalinterfacewith JETSET to include
themassof thefermions.EXCALIBUR is usedin theanalysisto checkMonteCarlo
systematicuncertaintiesdue to the differencesbetweensampleswhich includeall
possiblefour-fermionfinal statesandthosewhich includeCC03diagramsonly.

– GRC4F [87]

This programis basedon GRACE and allows the full set of four-fermions in the
final state,including the interferencesbetweenthem,to be used. Final stateinter-
actioneffectsalsoareimplemented.In thepresentanalysis,it is usedtogetherwith
EXCALIBUR to performMonteCarlosystematicuncertaintieschecks.

5.5 The CrossSectionfor ¯ °±¯ ²<³ ´?µF¶�´¸·¹µF¶�º Events

The fully leptonicevent selectionhasa very small backgroundandis thereforewell suitedto
measurethe four-fermion crosssectionsfor thesix chargeddi-leptonfinal states.Thesestates
havecontributionsfrom WW, ZZ, »~§3¼B½ , ¾N§ ¨ § © and ¾�¼ ¼ diagramsandtheir respective interfer-
ences.
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The four-fermion crosssectionsare definedtaking into accountthe following kinematic
acceptancecuts[72]:

Ê At leastoneof thechargedleptonsis producedwith ËEÌeÍ2Î¬ÏNËlÐÒÑ'Ó/ÔzÑ .

Ê Both chargedleptonsareproducedwith ËEÌeÍ2Î�ÏNË-Ð�Ñ'Ó/Ô Ô .

Ê Theinvariantmassof thesystemmustbegreaterthan10 Õ×Ö�Ø andthetransversemomen-
tummusthave Ù�Ú¢ÛBÜ?Ý�Þàßcá�âÒã2ä .

The correspondingvaluesfor the six individual crosssectionareshown in table5.4. The
resultsobtainedarein goodagreementwith theStandardModel rates.

Ö3À¢ÖzÁåÃ Measuredcrosssection(fb) Expectedvalue(fb)

Ö3À¢ÖzÁ¢É É æ ÔzÑ�ç ÀéèëêÁ�ètì
í�îPï ï

262ð À ð Á�É É ï Ô ã ç ÀNñëñÁ�ñóò
í î Ñ2ô 221õ À õ Á É É æ ÔzÑ ç À�öc÷Á�êëê
í îPï�ø

207ù3ú¢ð�ú É É ø ôBû ç ÀéêëòÁ�èëè
í îPï ï

387ù3ú õ ú É É æ æ ã�ç ÀéêcñÁ�èëü
í�îPï Ñ 388ð úZõ�ú É É ø ûlô�ç ÀéêëýÁ�êë÷
í�îPï ï
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Table 5.4: Four fermion Å À Å Á É É individual crosssectionsat 189 Õ0Ö�Ø . The errorsare the
statisticalandthesystematicuncertaintiesrespectively. Theexpectedcrosssectionvalueswithin
theStandardModelarecalculatedusingtheKORALW four fermionMonteCarlogenerator.

The selectionefficiency is estimatedto be ( ôBû�Ó/þ î Ñ'Ó ø )%, wherethe error is the statistic
uncertainty. This efficiency is obtainedfor a center-of-massenergy of 189 Õ0Ö�Ø andtakesinto
accountall leptonic ÿ À ÿ Á decays.Efficienciesfor eachindividual di-leptonpair areshown
in table5.5 [69]. Sincethe efficienciesshown in this tablecorrespondto thoseobtainedafter
the whole selection,the valuesdiffer from thoseshown in table5.2 which shows efficiencies
after acolinearitymomentumcutshave beenapplied. Similar valuesareobtainedat the other
center-of-massenergiesof 183,192,196,200and202 Õ0Ö�Ø .

Ö3ÀZÉ Þ ÖzÁ É Þ ð ÀDÉ�� ð Á É�� õ ÀDÉ�� õ Á É�� Ö ú É Þ ð�ú É�� Ö ú É Þ õ ú É�� ð�ú É�� õ ú É��
Ö À É Þ Ö Á É Þ 75.5 0.0 1.0 0.1 6.2 0.0ð ÀZÉ�� ð Á É�� 0.0 80.4 0.6 1.2 0.1 6.1õ À É�� õ Á É�� 0.5 0.4 46.4 0.4 4.1 5.0Ö ú É Þ ð�ú É�� 2.5 0.4 1.2 77.8 6.2 7.2Ö ú É Þ õ�ú É�� 8.5 0.0 11.1 3.9 63.0 1.1ð�ú É�� õ ú É�� 0.1 6.6 8.3 3.9 0.8 60.6

Table 5.5: Individual efficienciesfor the selectionof eachdi-lepton event classmeasuredat
a center-of-massenergy of 189 Õ0Ö�Ø . Theseefficienciesareevaluatedwith KORALW CC03
MonteCarlosamples.





Chapter 6

Variablessensitive to � for Fully
Leptonic Events

As explainedin section4.5, therearenot enoughconstrainsto reconstructfully leptonicevents
with akinematicfit, thusthedeterminationof �	� from leptonicdecaysmustemploy alternative
methods.

6.1 The Leptonic Energy

The end-pointsof the leptonicenergy spectrain 
��
���������������� ��� eventsdependon the W
mass. Neglecting the massof the charged leptonsand the finite width of the W boson,the
energy of thechargedleptons,��� , canbewritten in termsof � � as[88]:! �#"%$ &')(+*�, &.-0/�

1 &2�3	465879' (6.1)

wheresis thesquareof thecenter-of-massenergy and- /� is theanglebetweentheleptondirection
measuredin theW restframeandthedirectionof theW in the laboratoryframe. The latter is
not known, so the measuredenergy is integratedover *�, &.- /� , resultingin a distribution which
endpointsdependingon theW mass.

In practice,however, the end-pointsof the distribution areconsiderablysmearedby finite
width effects,by Initial StateRadiationandby thedetectorresolution.Theseeffectsweakenthe
sensitivity of this variable.

Figure6.1 shows this dependenceof �:� on � � without taking into accountadditionalde-
tector effects. When � � increases,the ��� distribution becomesnarrower, whereasif � �
decreases,the leptonenergy distribution becomesbroader. The presentanalysismakesuseof
theinformationfrom theenergy of bothchargedleptonsin anevent.

6.2 The Pseudomass

In orderto includethe informationfrom theanglebetweenthe two leptonsandthecorrelation
betweentheir energies a secondkinematicvariable,the so–calledpseudomass,is usedin the
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Figure 6.1: Leptonic energy in @BAC@�D�E�F�G�H�F�I�G H�J eventsproducedat 189 KMLON for P	Q =
80.33 KMLON (solid line), P Q = 78.33 KRLON (dashedline) and P Q = 82.33 KMLON (dottedline).
Thespectraaregeneratedwith MonteCarlowithout additionaldetectoreffects.

analysis. The calculationof this variableis basedon an approximative reconstructionof the
event. The total reconstructionof theeventconsistsof thedeterminationof the four–momenta
for bothchargedleptonsandthetwo neutrinos,16 quantitiesin total. Thefour-momentaof the
two chargedleptonsaremeasured.The total reconstructionthereforedependson thedetermi-
nationof the two momentaof the neutrinos[89]. Assumingmasslessneutrinosandusingthe
standardconstraintsof akinematicfit, thefour–momentumconservationandassumingthatboth
W bosonshave equalmass,seven morequantitiescanbe obtained. A generaldescriptionof
the methodcanbe found in AppendixA. In orderto get the missingconstraint,an additional
arbitraryconstraintis defined. If oneassumesthatboth neutrinosarein thesameplaneasthe
chargedleptons(thiscorrespondsto settingthecoefficient c shown in AppendixA to zero),it is
possibleto reconstructtheeventandto calculatetheW massasafunctionof themomentaof the
chargedleptons,their massesandthebeamenergy. Sincethisassumptionis in generalnot true,
this reconstructedmassis calledthepseudomass. Dueto a twofold ambiguity, two solutionsare
foundfor this variable:PTSUWV XY F[Z\F�] S#^ Y`_ FbadceF�] Y F[Z\F�]gfBh Y FRi F�] Skj Y F[Z\F�] S Y`lnm�oqpsr a l Ht] S a Y`_ Zucv] Sxwzy (6.2)

where _ V l#m�oqpsr{l Hna l SH Z}|X�~ SHk� c�V�a lnm�oqpsr{l H a F���F#Z}|Xg~ SHlnm�oqpsr
is thebeamenergy,

l H � l H aretheenergiesof thetwo chargedleptons,~ H � ~ H aretheir
massesand F � F aretheir three–momenta.In the presentanalysisthechargedleptonsarecon-
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sideredto bemasslessparticlesbecausethevaluesof thesemassesareverysmallin comparison
with thebeamenergy.

Thesensitivity of bothsolutionswasstudiedwith MonteCarlo,whichshowedthatonly the
larger solution, �T� , is sensitive to � � . The dependenceof the pseudomasson � � for this
solutionis illustratedin Figure6.2. Sincetheconditionto definethelastconstraintwhichsolves
thesystemis arbitrary, a smallconstantangle,betweentheplaneof theneutrinosandtheplane
of thechargedleptonscouldalsobeused.Thesensitivity of themeasurementis independentof
thechosenangle.
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Figure 6.2: The pseudomassin � � �8�����O���s�x������� eventsproducedat 189 �M�O� for �	� =
80.33 �M�O� (solid line), � � = 78.33 �M�O� (dashedline) and � � = 82.33 �M�O� (dottedline). No
additionaldetectoreffectsaretakeninto account.

6.3 Classificationof Events

In thepresentanalysis,identifiedtausarerejectedsincethey dilute thesensitivity in theleptonic
energy andthepseudomass.

The resolutionsobtainedfor electronsandmuonsdiffer significantlyat high energies. For
45 �M�O� electrons,the electromagneticcalorimeterenergy hasa resolutionof approximately
3%, whereasfor � at the sameenergy, the charged track momentummeasuredusingthe cen-
tral tracker deliversa resolutionof approximately8% [14]. To maximizethesensitivity of the
measurement,electronandmuonmeasurementsareconsideredseparatelyin the �	� analysis
definingdifferentclassesof eventsfor boththepseudomassandtheleptonicenergy analyses.

In the caseof the leptonic energy the information of both charged leptonsis usedinde-
pendently. For this variabletwo different classesaredefined;the first classcontainsleptons
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identifiedaselectronsandthe secondclasscontainsleptonsidentifiedasmuons. To increase
thenumberof leptonsusedin theanalysisalsoeventsidentifiedaselectron–tauandmuon–tau
areincluded.In theseevents,only themostenergetic lepton(if it is identifiedasanelectronor
a muon) is used,becausethe lessenergetic oneis most likely to have originatedfrom the tau
decays.

ECM ( �M�O� ) LeptonicEnergy Pseudomass

183 67 32
189 250 140
192 44 21
196 125 65
200 120 59
202 77 33

Table6.1: Numberof observed eventsfor the leptonicenergy andthepseudomass,for center-
of-massenergiesfrom 183to 202 �M�O� .

Figure6.3 shows ��� for Monte Carlo eventsgeneratedat � � = 80.33 �M�O� . This figure
showsbothclassesfor theleptonicenergy at �   = 189 �M�O� between10and80 �R�O� , theregion
consideredin the fit at this energy. The worseresolutionof the muonmomentacomparedto
theelectronenergy is visible. As shown in figure6.1, theregion sensitive to � � is aroundthe
maximalandtheminimal valuesfor �:� . Theseregionshave sharperedgesfor electronenergies
(seefigure6.3(a)),thanfor muonmomenta(seefigure6.3(b)).
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Figure6.3: MonteCarloleptonicenergy distributionsin the ¦B§C¦8¨�©�ªO«��sªx¬�«��� channelinclud-
ing detectoreffects.Thehistogramsdo not includebackgroundevents.(a) First classof events
containingelectronsusingtheelectromagneticcalorimeterenergy information.(b) Secondclass
of eventscontainingmuonsusingthecentraltrackmomentuminformation.

For thepseudomassthreeclassesof eventsincludingdifferentidentifiedchargedleptonsare
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definedasfollows:

1. Eventsincludingtwo leptonsidentifiedase.

2. Eventsincludingtwo leptonsidentifiedas ® .

3. Eventsincludingtwo leptonsidentifiedasaneanda ® .

Figure6.4 shows the pseudomassdistribution for Monte Carlo eventsgeneratedat ¯	° =
80.33 ±M²O³ at a center-of-massenergy of 189 ±M²O³ . The threeclassesof eventsare shown
separately. The greatersensitivity to ¯ ° of e relative to ® can be observed by comparing
figures6.4(a)(including e) and6.4(b) (including ® ) in the region sensitive to ¯ ° around80±M²O³ . Thethird figure6.4(c)shows thethird class,themixede-® events.Theobservednumber
of eventsfor thepseudomassandthe leptonicenergy after theselectionin differentclassesare
summarizedin table6.1. In thisfigurethevariableis plottedbetween70and90 ±R²O³ . This is the
regionchosento fit thepseudomassin theanalysis.Theupperlimit for thepseudomassis given
by thebeamenergy andit changesthereforefor eachcenter–of–massenergy. Nevertheless,the
sensitive region is aroundthe generatedW mass(the spectrashow a sharpedgearound ¯ ° )
andtheregion to performthefit canbetakenbetween70and90 ±M²O³ for everycenter–of–mass
energy. The apparentdependenceof the peakheight in figure 6.2 on ¯ ° is an artefact. The
threespectraarenormalizedto thenumberof eventsandachangeon thepositionof their sharp
edgeswill induceachangeon theheightof thedistributions.
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Figure6.4: MonteCarlopseudomassdistributionsin the ¾B¿C¾�À�Á�Â�Ã�Ä�Â�ÅÆÃ�Ä�Ç channelincluding
detectoreffects. The histogramsdo not includebackgroundevents. (a) First classof events
containingelectrons-electroneventsusingtheelectromagneticcalorimeterenergy information.
(b) Secondclassof eventscontainingmuon-muoneventsusing the central track momentum
information.(c) Third classof eventscontainingelectron-muoneventsusingtheelectromagnetic
calorimeterenergy andthecentraltrackmomentuminformation.



Chapter 7

Determination of È using a
ReweightingMethod

This chapterpresentsa determinationof the W bosonmass,É	Ê , by comparingthe leptonic
energy and the pseudomassdistributions obtainedfrom the datato the correspondingMonte
Carlodistributionsgeneratedwith avarietyof É	Ê . Usingareweightingtechnique,MonteCarlo
spectrafor arbitrary É	Ê canbe obtained.A binnedlikelihoodfit is thenusedto extract É	Ê
andits errorby determiningwhich MonteCarlospectrumbestdescribesthedata.Themethod
doesnot needfurther correctionfor detectoreffects, Initial StateRadiationor acceptance,as
theseeffectsaremodeledby thesimulation.In thefollowing sectionsthemethodis explainedin
detail.

7.1 The Monte Carlo ReweightingTechnique

The reweighting methodis usedto emulatea fully1 simulatedMonte Carlo spectrumwhich
correspondsto someW massvalue, ÉÌËxÍ�ÎÊ , from a singleMonte Carlo samplegeneratedat a
given valueof the W mass,ÉTÏeÐÊ . For eacheventa reweightingfactoris calculatedto weight
theentriesin thespectraof fully simulatedobservables,in thecaseof this analysis,theleptonic
energy andthepseudomass.This factor, Ñ , is definedastheprobabilitythatthegeneratedevent
would beproducedat É Ë�Í�ÎÊ divided by theprobability that this sameeventarosesfrom ÉÌÏeÐÊ .
Thisprobabilityis givenby [90]ÒÔÓ É ÊÖÕØ×gÊÖÕÚÙÖÛ�ÕÚÙ Ü�Ý:Þàß.á Ó ÙÖÛ�ÕÚÙ ÜâÕÚÙTÝbã	ä[å Ó É Ê�ÕØ×�Ê�ÕÚÙÖÛxÝ{ã	ä#å Ó É	ÊÖÕØ×gÊÖÕÚÙ ÜâÕæÝ (7.1)

where ß.á is theBorn level crosssectionfor the çBèCç�é pair productionwhich dependson êëÛ
and êìÜ , thetwo generatedtree-level W massesand ä#å is theBreit-Wignerfunction,

ä[å Ó É	ÊíÕØ×�Ê�ÕÚÙTÝ:Þïîð ×�ÊÉ Ê Ù ÜÓ Ù Ü{ñ É Ê Ü Ý Ü#ò Ù	ó ×gÊëôÉ	Ê ô Õ (7.2)

1Full MonteCarlosimulationmeanstheinclusionof all thedetectoreffectsin thespectrum.
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Theevent–eventreweightingfactorcanbewrittenas:÷ øúù#ûýü õ6þâÿ��ö � � þ�ÿ��ö ���	� 
 ù[û ü õ6þâÿ��ö � � þ�ÿ��ö ����� 
ù#û}ü õ���ö � � ��ö ���	� 
 ù[û ü õ���ö � � ��ö ����� 
 (7.3)

In thisanalysis,only ��� is takenasthefreeparameterand
� � is constrainedto its Standard

Model value(seeequation4.5)which relatesbothquantities.Figure7.1 illustratestheequation
(7.3). It shows thereweightingfactor

÷
, asa functionof thegeneratedmasses�	� and ��� in the

casewherea spectrumof �������� = 79 ����� is emulatedfrom a Monte Carlo samplegenerated
at �! #"� = 80 �$��� . For generatedmassaround80 �$��� thereweightingfactor

÷
is below one.

Eventswith generatedmassesaround79 ����� , have themaximalweights.
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Figure 7.1: The reweighting factor distribution for � �.�/�� = 79 ����� , which is the massto
reweightto and �  #"� = 80 ����� which is thegeneratedMonteCarlomass.

In order to obtain the fully simulatedspectraof a certainobservable after the simulation,
the entriesin the correspondingsignalspectraareweightedaccordingto equation(7.3). The
backgrounddistributionsfor thespectraaregeneratedandnormalizedto theexpectednumberof
backgroundevents.Thereweightedsignalspectraarethennormalizedsuchthatthetotalnumber
of signalplusbackgroundeventscorrespondsto theobserved numberof eventsin thedata. A
likelihoodfit is usedto extract ��� by determiningwhichMonteCarlospectrumbestdescribes
thedata.Thelikelihoodfunctionis constructedusingPoissonprobabilities,

0uø21436587:9;=< > þ 5<�?A@CB 5D <�E (7.4)
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Theproductextendsoverthetotalnumberof bins FHGJILKAM , N I is thenumberof eventsperbin found
in thedataand O I is theexpectednumberof eventsdeterminedfrom MonteCarlo (containing
bothsignalandbackgroundevents).TheW massis obtainedastheminimumof the( P�QSRATVU )
curve andits errorfrom theregionwhere( P�QSRATVU ) is smallerthan0.5.

7.1.1 Intr oduction of Further Monte Carlo Samples

Statisticalfluctuationsdue to limited Monte Carlo statisticsmay producereweighting factors
muchbiggerthanonefor eventswith massesW	X and W�Y near Z�[.\/]^ . It is possibleto reduce
suchfluctuationsusing further Monte Carlo samplesgeneratedat different Z�_#`^ . F Monte

Carlo samplesgeneratedat massesZba8ced^ , where fhgjilk�mSmSmSknF , aremergedinto onereweighted
spectrumfor Z [.\/]^ by taking the weightedaveragebin–by–bin. The contentof bin o of the
reweightedspectrumfrom samplef is givenby [91]:

p Irq g iF I K=s tuv w X x I
v

(7.5)

wherey c z is thenumberof eventsfor eacho th bin of the f th sample,F I is anormalizationfactor,
introducedto normalizedeachindividual MonteCarlosamplebeforemerging all in onesample
and

x Iv is thecorrespondingreweightingfactorfor eachevent. F I is definedsuchthat:{4| se}.~u q p Irq g�i (7.6)

Thetotalerrorassociatedto eachbin is givenby:

� p Irq g iF I
���� Kls tuv w X.� x I

vA� Y�� � p YI (7.7)

Thefirst termcorrespondsto thestatisticalerrorassociatedto thenumberof eventsinsideeach
bin andthesecondterm is an averageerror addedin quadratureto limit fluctuationsfrom low
statistic-bins:

� p YI g iF I iFHGJI�KlM
���� u q

K=s tuv w X x I Y
v

(7.8)

Thecombinedbin contentin bin o is theweightedsumoverall samplesf :
p q g�� {I w X G�s ta�� G�s t d6�� {I w X Xa�� G�s t d � (7.9)

MonteCarlosampleswith ageneratedW massZba8ced^ closerto Z�[.\/]^ will haveamoresignificant
impactthantheothersamples.
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7.2 Monte Carlo Generatorsusedin the Analysis

Samplesof WW eventsaregeneratedwith the KORALW version1.42 event generatorwith a
referenceW massof 80.33 ����� . The analysisusesboth sampleswhich includeCC03events
only andsampleswith all four–fermionprocesses.Additional samplesgeneratedfor different
W massesto build the fully simulatedMonte Carlo reweightedspectrumarealsoused. The
following Monte Carlo programswere usedto generatebackgroundsamplesat all centerof
massenergies: PYTHIA was usedto produce�����l���������A����� ��� eventsand KORALW for¡ ��¢ events.Multi-photonfinal statesweresimulatedwith theRADCOR generator. Two-photon
final statesweregeneratedwith VERMASEREN. Finally, KORALZ andBHWIDE wereusedto
generatedileptonfinal states.Table7.1summarizesall MonteCarlosamplesusedin theanalysis.

Process Generator £ ¤ ( �$��� ) ¥ ( ¦¨§4�4© ) ª�« ( ����� )¡ � ¡ ���j¬¢�®¯¬�°S¢ ®�± KORALW 183 36.0 80.33¡ � ¡ ���j¬¢�®¯¬�°S¢ ®�± KORALW 189 34.1 80.33¡ � ¡ � � all KORALW 189 10.9 80.33¡ � ¡ ��� all KORALW 192 10.8 80.33¡ � ¡ � � all KORALW 196 10.8 80.33¡ � ¡ ��� all KORALW 200 10.8 80.33¡ � ¡ ��� all KORALW 202 10.8 80.33¡ � ¡ ��� all KORALW 183to 202 2.7 79.33¡ � ¡ � � all KORALW 183to 202 2.7 79.83¡ � ¡ ��� all KORALW 183to 202 2.7 80.83¡ � ¡ ��� all KORALW 183to 202 2.7 81.33¡ � ¡ ��� all KORALW 192to 202 5.3 80.08¡ � ¡ � � all KORALW 192to 202 5.3 80.58¡ � ¡ ���j¬¢�®¯¬�°S¢ ®�± KORALW 189 5.8 78.33¡ � ¡ � �j¬¢�®¯¬ ° ¢�® ± KORALW 189 5.6 82.33� � � � BHWIDE all 3.0 -² � ² � KORALZ all 45.1 -³ � ³ � KORALZ all 49.9 -�´� PYTHIA 183and189 34.5 -�µ��� PYTHIA 183and189 4.6 -¡ ��¢ KORALW all 162.2 -¢�¢ KORALZ all 95.0 -¶C¶ RADCOR all 7.0 -
Two-photon VERMASEREN all 24.1 -

Table7.1: MonteCarlosamplesusedin theanalysis.
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7.3 Extraction of the W Mass: Monte Carlo Studies

The reweightingmethodwasstudiedwith MonteCarlo datageneratedat a center-of-massen-
ergy of 189 ·�¸�¹ . Theanalysiswasperformedfor the leptonicenergy andfor thepseudomass
separately. For theleptonicenergy a bin width of 2 ·�¸�¹ wasusedin anenergy region between
10 and80 ·$¸�¹ . For thepseudomassthefit wasperformedwith a bin width of 1 ·�¸�¹ between
70 and90 ·�¸�¹ . In both cases,theseregionsaremostsensitive to º¼» . The total likelihood
function for the pseudomass,½�¾ , andfor the leptonenergy, ½V¿ , aredefinedasthe productof
the individual, ½VÀ , likelihood functionsdefinedfor eachclass Á of events; threefunctionsare
thereforedefinedfor thepseudomassandtwo for theleptonicenergy.½VÂÄÃÆÅÈÇ2É=Êb½ Ê (7.10)

Theexpectedstatisticalerroron º�» for eachvariableis estimatedvia anensembletestwith
1000Monte Carlo subsamples.Eachsubsamplecontainssignalandbackgroundeventsin the
expectedproportionfor an integratedluminosity of 183 Ë�ÌµÍ4Î . The signaleventsareobtained
from a Monte Carlo samplegeneratedat a W massof 80.33 ·$¸�¹ (consideredas the “data”
sample)andthebackgroundeventsfrom thecorrespondingsamplesshown in Table7.1. Signal
andbackgroundeventsof eachsubsamplearechosenrandomlyfrom thecorrespondingMonte
Carlo samples.First a numberof backgroundeventsis selected,thenthesampleis filled with
signaleventsuntil thetotalnumberof eventsin eachsubsampleis equalto theobservednumber
in the data. Due to the finite Monte Carlo statisticseachevent canappearin more thanone
subsamplefor anensembleof 1000subsamples.It wasshown in [92] thatthemultiple inclusion
of eventsin the subsamplesshouldnot introducea bias in the expectedstatisticalerror if the
numberof subsamplesis lessthan Ï�ÐÒÑ=ÓÄÔ¯Õ , wheren is thenumberof eventspersubsampleandÐ is thetotalpool of eventsincludedin thelargeMonteCarlosampletakenasthe“data”.

The reweightingfit is repeatedfor eachsubsampleandthecorrespondingW massandthe
errorareobtainedby the theminimizationpackageMINUIT [93]. Thefit statisticalerrorsare
takento betheMeanvalueof thecorrespondingdistributionsshown in Figure7.2. Most of the
sampleshave fit errorscloseto the meanvalueof the distribution but a considerablenumber
of subsampleshave fit errorsmuch larger thanthe meanvalue. Furthertestsshowed that the
likelihoodfunctionsof thesesubsampleshaveanon–parabolicshapeandpoorlydefinedminima
leading to the large fit errors. This effect is due to the low statisticsavaible per sampleto
performthefit. Thenumberof eventsfoundin theregionsensitive to º¼» is verysmallandthis
low numberof eventscanproducestatisticalfluctuations. Additional Monte Carlo testswere
performedvaryingthenumberof eventspersubsample.Thefractionof subsampleswith poorly
definedminimastronglydecreaseswhenincreasingthenumberof eventspersubsample.

To minimize the statisticalfluctuationsin the fit, the leptonicenergy and the pseudomass
werecombinedin onesimultaneousfit including ÖÒ×�Ö Í�ØjÙÚ�ÛÆÙ.ÜSÚ�Û/Ý eventsrecordedatcenter-
of-massenergiesof ÞVßáà = 183,189,192,196,200and202 ·�¸�¹ . In this simultaneousfit the
total likelihoodfunctionis definedas:

½�â�Ç ãÉä�å Î ÏçæÉÊ å Î ½
äÂéè ÕÉÊ å Î ½

äÅ Ô (7.11)
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Figure7.2: Fit asymmetricerrordistributionsat189 ï�ð�ñ for thesensitivevariables.(a)Positive
error distribution for the pseudomass.(b) Negative error distribution for the pseudomass.(c)
Positiveerrordistribution for theleptonicenergy. (d) Negativeerrordistribution for theleptonic
energy.

whereò denoteseachcenter-of-massenergy and óõôö thelikelihoodfunctionfor thepseudomass
and ó ô÷ for theleptonicenergy.

For theadditionalenergies,thefit is againperformedbetween70 and90 ï�ð�ñ for thepseu-
domasswith a bin width of 1 ï$ð�ñ . For the leptonicenergy the energy region is adjustedfor
eachcenter-of-massenergy, in ordernot to losesensitivity at theupperendof thespectrum.The
differentenergy regionsfor eachcenter-of-massenergy aresummarizedin table7.2.

Figure7.3shows thefit errordistributionsafterthesimultaneousfit for thepseudomassand
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ø ù
( ú�û�ü ) 183 189 192 196 200 202

Low ( ú�û�ü ) 10 10 10 10 10 10
Up ( ú�û�ü ) 80 80 84 90 90 92

Table7.2: Energy regionsconsideredin thefit for theleptonicenergy variabledependingon the
center-of-massenergy.

theleptonicenergy includingall center-of-massenergies.Theeffectof thestatisticalfluctuations
is notablyreduced.
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Figure7.3: Fit error distributionsfor the simultaneousfit to all center-of-massenergiesto the
pseudomasstogetherwith the leptonicenergy distribution. (a) Positive error distribution. (b)
Negative errordistribution. Both distributionsarerescaledby a factor1.13to take into account
thecorrelationbetweenthepseudomassandtheleptonicenergy.

However, one problem remains;positive and negative errorscan differ substantially, as
shown in figure 7.4. This makes it difficult to combinethe resultswith other measurements
of ��� .

In orderto demonstratethat themethodis biasfreeandtheextractederrorsarecorrect,the
fitted massandthepull distributionsareanalysed.Thepull is definedas:

���
	�	������������ � ���������� �!�"�#�$ (7.12)

where �&%('*)�+� is the fitted �,� for eachsubsample,�,-/.102'� is the generatedmassof the large
sampletaken asthe “data” and  %('�)�+3 is the fitted error for the correspondingsubsample[91].
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Figure 7.4: Comparisonbetweenthe fit positive and negative errorsfor the simultaneousfit
consideringatall center-of-massenergies.

Thedeterminationof thefittedmassandits erroris unbiased,if thepull distribution is consistent
with a Gaussianwith a meanof zeroanda with of one. To take into accountthe asymmetric
errors,thepulls aredefinedfor thisanalysisasfollows:

8:9<;1;= >?A@CBEDGF/HJIK L BEMONQPRFKS DGF1HJI�TU if 4WV!X"Y#Z\[]4�^�_�`�XB DGF/HJIK L B MONQPRFKS DGF1H�I�aU if 4 V!X"Y#Z\b 4 ^�_�`�X
wherecGd(e*f�gihkj L
l arethepositive (negative) error.

Figure7.5(a)shows thefitted massdistribution and7.5(b)thecorrespondingpull. A Gaus-
sianfit wasperformed.In thecaseof themassdistribution, thewidth of thisGaussianis takenas
theexpectederror for theanalysis.This valueis in goodagreementwith themeanvalueof the
fit errordistributions(Figure7.3). Thesimultaneousfit however doesnot considerthepossible
correlationbetweenthe leptonic energy and the pseudomasswhich leadsto an underestima-
tion of thefit error. This correlationis computedusingindependent2 MonteCarlosubsamples
at center-of-massenergies from 183 to 202 monqp andrepeatingthe reweightingprocedurefor
thepseudomassandfor the leptonicenergy separately. Theobtainedcorrelationfactoris 13%,
which canbeaccountedfor rescalingthefit errorby a factor1.13. After that thepull width is

2Therandomsamplingto collecteventsfor eachsubsampleis notusedfor thisstudy. Eachsignaleventis usedin
only onesampleonceto avoid additionalcorrelationsbetweenthesubsamples.



7.3. EXTRACTION OF THE W MASS: MONTE CARLO STUDIES 73

0
r10

20

30
s40
t50
u60
v70
w

77 78 79 80
x

81
x

82
x

83
x

84
x

Fitted mass distribution (GeV)

E
ve

nt
s

Pull distribution

E
ve

nt
s

0
r5u

10

15

20

25

30
s35
s40

45

-3 -2 -1 0
r

1
y

2
z

3
s

Figure7.5: (a) Fittedmassdistributionsfrom MonteCarloat all center-of-massenergiesfor the
simultaneousfit of thepseudomassandthe leptonicenergy. The testsamplesaregeneratedat{,|

= 80.33 }o~q� . (b) Pull distribution. Thecorrespondingerrorsarerescaledby a factor1.13
to take into accountthecorrelationbetweenthepseudomassandtheleptonicenergy.

consistentwith unity. AppendixB givesa brief descriptionhow thecorrelationfactoris deter-
mined.This factoris alreadyincludedin thefit errordistributionsshown in figure7.3andin the
pull distribution definition. The relationbetweenthe

{,|
valuesderived from thesevariables

canbeseenin figure7.6.Thesmallcorrelationbetweentheleptonicenergy andthepseudomass
arisesfrom two factors:
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� For the leptonic energy, events �E��� and ����� areused. This leadsto an additional
informationfor theleptonicenergy.� Thefactthatthecommoninformationfor theleptonicenergy andthepseudomassis used
in differentways(in thecaseof the leptonicenergy both chargedleptonsareusedinde-
pendently, in thecaseof thepseudomassthecorrelationbetweenthe leptonenergiesand
their anglesaretakeninto account)decreasesthecorrelationfactor.
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Figure7.6: Fittedmassdistribution atall center-of-massenergiesfor thepseudomassin compar-
isonwith theonefor the leptonicenergy. 112independentMonteCarlosubsampleswereused
in theanalysis.

7.4 Resultsof the ReweightingMethod

Thecenter-of-massenergy valuesbetweenthedataandMonteCarlodiffer at183and189 �o�q� .
Thecorrespondingcenter–of–massenergiesin thedataare182.68and188.64�o�q� respectively.
Thereforeit is necessaryto introducea correctionin the fit to the data. The momentaof the
chargedleptonsin MonteCarloarerescaledby factors�/�1�Q� , �/�1�Q�(��� �����J��� �������1� �¡ ¢� �J£ � � � . These
factorsareusedto rescalethegeneratedW massandthefittedW massin thereweightingfactor.
Sucha correctionis not usedfor energiesbetween192and202 �o�q� becausethey agreewith
thevaluesin thedata.
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The simultaneousfit for the pseudomassandthe leptonicenergy combiningall center-of-
massenergiesgivesthefollowing result:¤�¥§¦©¨«ª¬¯®«ª°G±�² ³�´

µ·¶ ² ¸J¸º¹o»q¼
Thequotederrorsarethestatisticalerrorsderivedfrom thefit to thedata.

Theerroris ratherasymmetricwhichis causedby thedoublepeakstructureof thelikelihood
curve shown in Figure7.7. The curve on the low sideof the minimum only increasesby 0.3
beforereachinga local minimumwhich causesa large asymmetricerror. Suchaneffect is not
unusualasMonteCarlostudiesshow [62].
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Figure 7.7: ½,¾�¿¢À!Á curve obtainedfrom the fit to the real data. The fitted W massand the
asymmetricerrorsareshown with arrows.

Figure7.8 shows the two classesdefinedfor the leptonicenergy dependingon the lepton
flavor for the datain comparisonwith theMonte Carlo distribution for thebestfit to the data,
includingaswell theeventsfor thebackground.Figure7.9shows thesamedistributionsfor the
threeclassesdefinedfor thepseudomass.ThegoodagreementbetweendataandMonteCarlo
canbeseenin all theseplots.Similar resultsareobtainedat all center-of-massenergies.

7.5 SystematicChecksand Uncertainties

Thedeterminationof thesystematicuncertaintiesof

¤�¥
measurementisperformedby repeating

thesimultaneousfit to thepseudomassandthe leptonicenergy spectrawith shiftedor smeared
parameters.Thedeviation in thenew fit resultis taken assystematicerror. Thestudyof these
uncertaintiesaresummarizedin table7.3. Initial stateradiationandfour-fermion effectswere
studiedat acenter-of-massenergy of 189

¹o»q¼
. Theothersourceshave beenstudiedsimultane-

ouslyfor all center-of-massenergies.
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Systematicerrors Error ( Ä&ÅqÆ )

Beamenergy 12
Spreadin thebeamenergy 10

ISR ÇWÈqÉ
Four-fermion 42
ECAL scale 101

ECAL resolution 83
CT scale 14

CT resolution 18
Background 12

Total 140

Table 7.3: Summaryof systematicuncertaintieson Ä,Ê measurementusing a reweighting
method.

7.5.1 BeamEnergy

Theerrorof theLEP beamenergy is Ë�ÌÈ�Ä&ÅqÆ [94]. This correspondsto a relative uncertainty
of 0.02%. The effect of this uncertaintyon the measuredÄ,Ê is determinedby refitting the
MonteCarlotestsampleswith thethree-momentafor boththeelectromagneticcalorimeterand
the centraltrack detectorscaledby 1.0002. Sucha changecorrespondsto a samplegenerated
with both Í Î replacedby È«ÏÐÉ¢É¢ÉÑÌÓÒÔÍ Î and Ä,Ê replacedby È«ÏÐÉ¢É¢ÉÑÌÓÒÔÄ�Ê . Sincehereoneis
only interestedin the Í Î change,thesystematicerror is estimatedby comparingthefitted Ä Ê
with the W massfrom the original fit scaledby 1.0002. The meanshift in the fitted massis
12 Ä,ÅqÆ andis taken astheassociatedsystematicuncertainty. Thesystematicerrordueto the
spreadin the LEP beamenergy wasmeasuredby smearingthe energy of the charged leptons
with aGaussiandistribution,with awidth of 240 Ä&ÅqÆ , thespreadin theLEPbeamenergy [94].
Thecorrespondingsystematicerroris 10 Ä&ÅqÆ .

7.5.2 Initial StateRadiation

Thesystematicerrorassociatedwith uncertaintiesin themodellingof Initial StateRadiationis
estimatedby comparingKORALW Monte Carlo Õ�Ö×ÕÙØ eventsreweightedusinga ÚÜÛiÝßÞ andÚÜÛiÝkà�Þ treatmentof initial stateradiationto thestandardÕ Ö Õ Ø samplewhich includesÚÜÛiÝká¡Þ
treatment. In the caseof the ÚÜÛiÝßÞ correctiona meandifferenceof 6 Ä,ÅqÆ is obtainedand4Ä&ÅqÆ in thecaseof ÚÓÛiÝ à Þ . Thelargeris takenassystematicerror.

7.5.3 Four-Fermion Effects

The generatedreferencesamplesat 183 and189 âoÅqÆ do not includea completesetof four-
fermion diagramsandneglect interferenceeffectsbetweenÕ�Ö×ÕÙØ diagramsandother four-
fermionprocesses.In orderto checkthesystematicerrordueto theseeffects,thefit resultsof a
samplegeneratedincludingthefull setof interferingfour-fermiondiagrams(GRACE generator
[87]) arecomparedto the sameevents,but reweightedto the CC03 Õ�ÖãÕÙØ diagramsalone,
which resultsin a differenceof 42 Ä,ÅqÆ . Thisdifferenceis takenasthesystematicuncertainty.
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7.5.4 Detectorand ResolutionEffects

The effects of the detectorcalibrationsand the uncertaintiesin the Monte Carlo simulation
of the detectorresponseare investigatedby varying the observed lepton energy scalesin the
electromagneticcalorimeter(for the electrons)and in the centraldetector(for the muons)byä

0.3% [51]. The systematicerror due to this sourceis 101 å&æqç for the electromagnetic
calorimeterand14 å,æqç for thecentraltrackdetector. Thestudywasperformedindependently
for both.

For the resolutioneffect, the differencebetweenthe measured,èêé(ë*ì�í and the generated
energy, èêîJë*ï , waschangedasfollows:

èðï2ëiñóòôèðîJëQïöõ6÷1ø�ù�èêé(ë�ì�í×úûèêîJë*ïÑü
where èêï2ëiñ is thenew energy and ÷/ø is the resolutionfactor, ÷/ø(òþý«ÿ���� for theelectromagnetic
calorimeterand ÷1øãòþý«ÿ���� for thecentraltrackdetector. Thesystematicerrordueto this source
is 83 å&æqç and18 å&æqç respectively. Thestudywasalsoperformedindependently.

Thequotedsystematicerrordueto energy scaleandresolutioneffect arefor thecombined
result of the electronsand muons. Electronshave a rauchlarger weight in the combination
thereforetheeffectof theelectromagneticcalorimeterenergy scalevariationis muchlarger.

7.5.5 Background Treatment

Thebackgroundnormalizationis variedby
ä

25%,whichcontainsboththecorrespondingerror
in thecrosssectionmeasurementfor theleptonicchannel(5%) andtheuncertaintyof theactual
numberof backgroundeventsin thedatadueto statisticalfluctuations.Theresultingchangein
thefitted å�� is 12 å,æqç .

7.6 Testof the ReweightingMethod

7.6.1 Bin Width

Oneof the principal intrinsic parametersof the reweightingmethodis the width of the bins.
A small bin size will improve the resolutionof the sensitive variablesas long as the Monte
Carlostatisticsarelargeenoughto allow smoothreweightedspectrafor thepseudomassandthe
leptonicenergy. On theotherhand,abin sizetoosmallwill increasethefluctuationsin thefinal
result. The bin width is variedsimultaneouslyfor the leptonicenergy andthe pseudomassin
a rangeof 1.0-1.75 � æqç for the former and2.0-2.75 �oæqç for the latter. Themaximalchange
in thefitted massis 24 å&æqç , which is well within theexpectedstatisticalscatter. Theposition
of thebin centersis alsovariedby up to 0.5 �oæqç . Themaximalshift of 14 å&æqç is againnot
significant.No systematicerrorwasassignedbecauseof theseeffects.

7.6.2 Linearity of the ReweightingProcedure

An importantcheckof any fit methodis to testfor a possiblebiasandthe linearity of thepro-
cedure.In principle,thereweightingmethodshouldbelinearandbias-freeby construction.In
orderto testit, MonteCarlosamplesgeneratedatcenter-of-massenergiesof 79.33,79.83,80.33
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80.83and81.33 ���� areused.Thesearetheavailablesamplesfor all center-of-massenergies
from 183 to 202 ���� . The relationbetweenthe generatedandthe fitted massis found to be
linearfor thecombinationin aregionof � 0.5 ���� , with aslopeof 0.98� 0.16(seefigure7.10).
Thereis no evidenceof non-linearbehavior in therangeof several500 ����� aroundthecentral
valueandour measuredvaluelies safelywithin this region. On theotherhandthefigureshows
no biaseffectsin this range.Thereforeno additionalerroris assignedfor thiseffect.
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Figure7.10:Linearity of thereweightingmethodprocedure.Thecentralvalueof 80.33 ���� is
subtractedfrom all themasses.
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Figure 7.9: Pseudomassdistributions in the :#;$:=<(>@?�A-B.?DCEA-B3F channelat a center-of-mass
energy of 189 GH�I for data(pointswith errorbars),backgroundMonteCarlo(shadedarea)and
signal+backgroundMonte Carlo for the bestfit to the data(solid histogram).Detectoreffects
areincluded.(a) First classof eventscontainingelectron-electroneventsusingelectromagnetic
calorimeterenergy information.(b) Secondclassof eventscontainingmuon-muoneventsusing
centraltrackmomentuminformation.(c) Third classof eventscontainingelectron-muonevents
usingtheelectromagneticcalorimeterandthecentraltrackdetectorinformations.



Chapter 8

Determination of J using an
Unbinned Maximum Lik elihoodFit

Thischapterdescribesanalternative methodto determineKML from NPO$N=Q(R@SUT-VWSDXYT-V3Z events
basedonanunbinnedlikelihoodfit. Thereweightingmethod,discussedin thepreviouschapter,
suffersfrom statisticalfluctuationsdueto thelimited sizeof theavailableMonteCarlosamples
whichareusedto derive thereferencespectra.Thisgivesriseto:[ Asymmetricerrors.[ Occasionalsubsampleswith very largeerrors(figure7.3).

In particular, theasymmetryof thestatisticalerrormakesit difficult to combinetheresultwith
otherOPAL andLEP K L measurementsfrom N#O$N=Q(R]\_^ \a`�\cb \ed and N#OfN=Q(R]\g^ \c`hS�T-V
events. In order to overcometheseproblemsan alternative methodto determineKML in the
leptonicchannelwasdeveloped.Thebasicideais theparameterizationof thesimulatedpseu-
domassandthe leptonicenergy spectra(including thebackground)by analyticalfunctions. A
linear dependenceof the parameterswhich are includedin the analyticalfunctionson the W
massis assumed.TheW massandits erroris thenobtainedin anunbinnedlikelihoodfit which
determinesfor which W masstheanalyticfunctiondescribesbetterthespectraof thesensitive
variables.

8.1 General Description of the Method

Thepseudomassandtheleptonicenergy distributionsobtainedfrom theMonteCarlosimulation
(includingall backgroundsources)areparametrizedby appropriateanalyticalfunctions,f :iMjPilknm ^�o�p�p�pfo m$q osrut (8.1)

whichdependon v parameters,
mfw

, and r , thevaluesof theleptonicenergy or thepseudomass.
For eachparametera lineardependenceon KML is assumed:

mfwxjPy0zw|{ y ^w~} K L (8.2)

81
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The coefficients �0�� and �-�� areobtainedby fitting the pseudomassandleptonicenergy spectra
generatedfor differentW masseswith the analyticalfunction. The linear dependenceof each
parameteron �M� is studiedseparately. Only in thecase�-�� is signicantlydifferentfrom zeroa
dependenceon �M� is assumed;otherwisetheparameteris fixedby theconstantterm � �� . This
parameterizationis performedindependentlyfor eachclassof events(seechapter6) definedfor
thesensitive variables.Detailsof themethodarediscussedin thefollowing sections.

In the end,the W massis determinedfrom the databy an unbinnedmaximumlikelihood
basedon thesefunctions:

���#���P�l�n� � � �����h�s� � � (8.3)

where� denotestheeventsfor thepseudomassandtheleptonicenergy. Thedifferentcenter-of-
massenergiesbetween183 and202 ���� aretaken into accountin a simultaneousfit to both
sensitive variables.The generallikelihoodfunction is identicalto the onedefinedin equation
(7.11).

8.1.1 Parameterization of the Leptonic Energy

The leptonicenergy spectrumis fitted with a function
���

, which is the productof two Fermi
functionsanda linear function. � � �#� ��� ��� � ��� (8.4)

with � � � ��u c¡�¢0 ¤£-¥W¦£D§ ¨ � �
���©�ª�$« ¨ �$¬ � �x� ���� �� ¢0 ¤£0®£0¯ ¨ � (8.5)

° �²±¤³g´ ° � correspondto the middle points of the two Fermi functions,
° � ±¤³_´ °¶µ to their

widths,
° «

is theconstanttermof thelinearfunctionand
° ¬

is its slope.
Thefit dependsthereforeonsix parameters.Theoverall normalizationof thespectracanbe

usedto determine
° «

. Figure6.1 illustratesthat theedgesof the leptonicenergy spectrumare
theregionssensitive to �M� . In termsof theparameterizationtheseedgescorrespondto

° � and° �
. Thesearetheonly parameterswhich areexpectedto changefor differentW masseswhile

theotherparameters,
° �

,
°¶µ

and
° ¬

aremoresensitive to theW width anddetectorresolution
effects. Figure 8.1 shows an exampleof a function

���
fitting a leptonic energy distribution.

Thespectrumis generatedwith from a MonteCarlosamplewith a W massof 80.33 ���� at a
center–of–massenergy of 189 �·��� . Thefit is performedwith five freeparameters.

A simultaneousfit of theparameters
° � , ° � , ° � , °¸µ and

° ¬
with all MonteCarlosamples

wasperformed.
° �

,
°¶µ

and
° ¬

areassumedto beindependentof �M� ; thereforeoneglobalvalue
wasdeterminedfor each.

° � and
° �

describethe � � dependenceandanindependentvaluewas
determinedfor eachMonteCarlo �M� . Figure8.2 shows thefitted

° � and
° �

parametersand
the lineardependenceon ��� in thecaseof electrons.Thesefits areperformedindependently
for eachclassof eventsandeachcenter–of–massenergy.
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Figure8.1: Fit to theleptonicenergy distribution generatedwith a W massof 80.33 »¼�½ at ¾ ¿
= 189 »¼�½ . TheMonteCarlodatabelongsto thefirst classdefinedfor theleptonicenergy, i.e, it
containselectronsonly. Thecrossescorrespondto theMonteCarlodata.Theindicatederrorare
theonesusedin theaveragingalgorithm(seesection7.3). Thefit is performedwith two Fermi
functionsanda linearfunctionwith five freeparametersasdefinedin equation(8.5).

The likelihoodfit which determinesÀMÁ is performedthereforewith two free parameters,Â�Ã
and

Â¶Ä
, leaving

Â¶Å
,
Â¶Æ

and
Â¶Ç

fixed. The constantvalueschosenfor theseparametersto
performthe likelihoodfit arethoseshown by the coefficients È0É of their correspondinglinear
fits. The determinationof the parameterswas repeatedindependentlyfor eachclassdefined
for the leptonicenergy andfor eachcenter-of-massenergy from 183to 202 »¼�½ . In all cases
the resultsconfirmed

Â�Ã
and

Â|Ä
asthemostsensitive parameters.Thenumericalvaluesof all

parametersfor center-of-massenergiesfrom 183to 202 »¼�½ andfor eachclassis summarized
in tablesC.1andC.2in AppendixC.

Thesensitivity of thefunction Ê�Ë with fivefreeparametersto À�Á is illustratedin figure8.3.

8.1.2 Parameterization of the Pseudomass

Theanalyticalfunctionchosento fit thepseudomassspectrais thesumof a Fermi functionand
aconstantfunction,with four freeparameters:

ÊMÌ Í ÃÎÐÏaÑ�Ò0Ï�Ó0Ô.ÕÓ0Ö ×ªØ × Í
Æ

(8.6)

where
Â Ã

is theheightof thecurve,
Â Å

correspondsto themiddlepoint of theslope,
Â Ä

is the
width and

Â¸Æ
is chosenasaconstantterm.As for theleptonicenergy, oneparameteris fixedby

theoverall normalizationof thespectra.This procedureis usedto eliminatetheparameter
ÂÃ

.
Figure6.2 shows a sharpedgeon thevalueof thepseudomasscorrespondingto thegenerated
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to â�ã at a center-of-massenergy of 189 ä·å�æ . The centralvalueof 80.33 äå�æ is subtracted
from all generatedW masses.The eventschosento perform this fit belongto the first class
definedfor the leptonicenergy, which containselectronsonly. Similar studieswereperformed
for thesecondclassat all center-of-massenergies.
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Figure8.3: Comparisonof ï�ð functionsfor threedifferentgeneratedmasses:78.33 ñ·ò�ó (dotted
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Figure8.4: Fit to thepseudomassdistribution generatedat 80.33 øù�ú at û ü = 189 øù�ú . The
crossescorrespondto theMonteCarlodata. The indicatederroraretheonesusedin theaver-
agingalgorithm,(seesection7.3). The fit is performedwith a Fermi function with threefree
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W mass.In termsof theabove parameterization,this edgecorrespondsto ý¶þ . This is theonly
parameterwhich is expectedto show a cleardependenceon ÿ�� . Figure8.4shows anexample
of the functionfitting a pseudomassdistribution. Similar fits wereperformedfor eachclassof
eventsat all center-of-massenergiesconsideredin theanalysis.

The individual linear dependenceof eachparameteron ÿ � is studiedas for the leptonic
energy. A simultaneousfit of the parametersý¶þ , ý�� and ý�� with all Monte Carlo samples
wasperformed. ý�� and ý�� areassumedto be independentof ÿ � ; thereforeoneglobal value
was determinedfor each. ý þ describesthe ÿ�� dependenceand an independentvalue was
determinedfor eachMonteCarlo ÿ � . Figure8.5shows thefitted ý¶þ parameterandthelinear
dependenceon ÿ � in thecaseof e-eevents. Thesefits areperformedindependentlyfor each
classof eventsandeachcenter–of–massenergy. The numericalvaluesof the parametersare
summarizedin tablesC.3,C.4andC.5 in AppendixC.

The sensitivity of the Fermi functionswhich fit the pseudomassspectrais illustratedin a
similar way to the leptonic energy. Figure 8.6 shows the dependenceon ÿ�� for the three
classesof eventsdefinedfor thepseudomassatacenter-of-massenergy of 189 øù�ú .

8.2 Extraction of the W Mass: Monte Carlo Studies

The extractionof the W massis performed,asfor the reweightingmethod,by a simultaneous
maximumlikelihoodfit to thepseudomassandtheleptonicenergy includingtheinformationof
center-of-massenergiesfrom 183to 202 øù�ú . In this simultaneousfit thelikelihoodis defined
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Figure8.5: Linear fit of the coefficient 
�� (middle point of the Fermi function) to �� at a
center–of–massenergy of 189 ����� . The centralvalue of 80.33 ����� is subtractedfrom all
generatedW masses.Similar studieswereperformedfor the secondandthe third classat all
center-of-massenergies.

asin equation7.11.
The sameMonte Carlo datasamplesusedin the reweightingmethodgeneratedat  � =

80.33 ����� for eachcenter-of-massenergy are now consideredto estimatethe expectedsta-
tistical error on  � . The correlationbetweenthe pseudomassand the leptonic energy was
calculatedto rescalethefit errorsandit wasfound to be13%; in agreementwith the resultfor
the reweightingmethod(AppendixB). The relationbetweenthefitted massesfor thepseudo-
massandtheleptonicenergy is shown in figure8.7.Themethodis checkedwith 500subsamples
whoseeventsarechosenin therandomlyasexplainedin chapter7. Figure8.9shows thedistri-
bution of thefit errorsafterthesimultaneousfit. Thedistributionsarenicely symmetricandthe
statisticalfluctuationswhich wereobserved in the reweightingmethodareeliminated. The fit
errorsshown in figure8.9arerescaledby a factor1.13accountfor this correlation.

Thesecondproblemfoundin thereweightingprocedure,theasymmetricfit uncertainties,is
alsomuchreduced.Figure8.10shows thehigh correlationbetweenbotherrors. Figure8.8(a)
shows themassdistribution fitted with a Gaussianfunction. Themeanvalueshows no biasand
thewidth is in perfectagreementwith thefit errordistributionsasshown by thepull distributions
in figure8.8(b).

8.3 Resultsof the Unbinned Method

The simultaneousfit for the pseudomassand the leptonic energy, combiningcenter-of-mass
energiesfrom 183to 202 ����� , givesthefollowing result:
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Thequotederrorsarederived from thefit to thedatasample.Theerrorsarerescaledby a

factor1.13to take into accountthecorrelationbetweenthepseudomassandtheleptonicenergy.
Thefigure8.11shows the A�BDCFE6GIHKJDL ? BMJONPCQC/RTS curve for this unbinnedfit. Figure8.12andtable
8.1summarizetheresultsfor theW massfrom U 4 U ;WVYX[Z]\^X`_DZ \ba decaysfor eachyearusing
anunbinnedmaximumlikelihoodmethod.

Figure8.13shows thecomparisonbetweenthefit functionandthedatafor thethreeclasses
of eventsdefinedfor thepseudomassatacenter-of-massenergy of 189 >�?�@ . Figure8.14shows
analogousresultsfor thetwo classesdefinedfor theleptonicenergy at 189 >�?�@ .

8.4 SystematicChecksand Uncertainties

The systematicuncertaintiesdiscussedfor the reweightingfit (seesection7.5) alsoaffect the
unbinnedmethodandthey areevaluatedin thesamemanner, yielding similar errors.Thestudy
of all theuncertaintiesaresummarizedin table8.2. A new systematicsource,which doesnot
exist in thereweightingfit, is now presentdueto theparameterizationof thepseudomassandthe
leptonicenergy spectra.This sourceis explainedin thenext section.
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binnedmethod.Thelimits aretakenasin thereweightingmethodto comparebothdistributions.

Year CM energy ( e�f�g ) W mass( e�f�g ) Error ( e�f�g )

1997 183 81.73 hjilk=m1konp k=m1kjq r
1998 189 80.16 h i6s8m t=tp s8m u8k r
1999 192–202 80.13 h i6s8m vwsp s8m x=u r

Combination 183–202 80.43 h i6s8m y8kp s8m y=n r

Table8.1: Summaryof the z�{ resultsfrom 1997until 1999andcombinedfor the leptonic
channelusinganunbinnedmaximumlikelihoodmethod.Thecorrespondingerrorsarestatisti-
cal.
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Figure8.11: ���D�F�T�I��� curve obtainedfrom thefit to therealdata.Thefitted W massis shown
with arrors.

8.4.1 Parameterization of the SensitiveVariables

A total of 114parametersareobtainedfor thepseudomassandtheleptonicenergy considering
center-of-massenergiesfrom 183to 202 ����� for all thedefinedclassesandbothsensitive vari-
ables.Fromthese,42 parametersdependon themassof theW boson.To checkthesystematic
errorassociatedto theparameterizationof thepseudomassandtheleptonicenergy distributions
eachparameteris variedby ��� independentfrom therest.This is repeatedfor all center-of-mass
energiesandall classesof events.Thesystematicerrordueto thissourcein theparameterswhich
dependon ��� is 28 ����� ; for theparametersindependentof ��� , thecorrespondingerror is
20 ����� . Adding theresultingchangesin quadratureyieldsatotalsystematicuncertaintydueto
theparameterizationof 34 ����� .

8.4.2 Linearity of the Unbinned Method

The possiblebiasandthe linearity of the unbinnedprocedureis checked in this section. The
samesamplesas for the reweightingprocedureareusedin this case(seesection7.6.2). The
relationbetweenthegeneratedandthefitted massis foundto belinearfor thecombinationin a
region of � 1 ����� , with a slopeof 0.984� 0.065. Thereis no evidenceof non–linearbehavior
in the rangeof 1 ����� aroundthecentralvalueandour measuredvaluelies safelywithin this
region. Thereforeno additionalerror is assignedfor this effect. The value of the bias is -
0.005� 0.036,compatiblewith zeroandwhich statisticalerror is in goodagreementwith the
systematicerrorassociatedto theparameterizationsource(seesection8.4.1).Figure8.15shows
this linearbehavior andthebiasfor theparameterizationprocedure.
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Figure8.12: Resultsof ��� measurementsin thefully leptonicchannelusingall datarecorded
in theyears1997–1999atcenter–of–massenergiesin therangefrom 183 ����� to 202 ����� .

Systematicerrors Error ( ����� )

Beamenergy �����
Spreadin thebeamenergy 14

ISR �����
Four-fermion 24
ECAL scale 129

ECAL resolution 87
CT scale �����

CT resolution �����
Background 16

Parameterization 34
Total 162

Table 8.2: Summaryof systematicuncertaintieson ��� measurementusing the unbinned
method.



8.4. SYSTEMATIC CHECKSAND UNCERTAINTIES 95

0
�

0.02
�
0.04
�
0.06
�
0.08
�
0.1

10 20 30 40 50
�

60
�

70 80
~

E
�

l (GeV). Electrons

f T
 fu

nc
tio

n

E
�

l (GeV). Muons

f T
 fu

nc
tio

n

0
�

0.02
�
0.04
�
0.06
�
0.08
�
0.1

10 20 30 40 50
�

60
�

70 80
~

Figure 8.13: Comparisonbetweenthe dataand the � � function for the leptonic energy at a
center–of–massenergy of 189 ¡�¢�£ . (a)electronevents.(b) muonevents.



96 CHAPTER8. ¤�¥ DETERMINATION USING AN UNBINNED METHOD

0
�

0.05
�
0.1

0.15
�
0.2

70 72
}

74
}

76 78 80
~

82
~

84 86 88
~

90
�

0
�

0.1

0.2

70 72 74 76 78 80
~

82
~

84 86 88
~

90
�

Pseudomass (GeV). Electron-Electron events

F
er

m
i f

un
ct

io
n

Pseudomass (GeV). Muon-Muon events

F
er

m
i f

un
ct

io
n

Pseudomass (GeV). Electron-Muon events
�

F
er

m
i f

un
ct

io
n

0
�

0.05
�
0.1

0.15
�
0.2

70 72
}

74
}

76 78 80
~

82
~

84 86 88
~

90
�

Figure8.14: Comparisonbetweenthedataandthefit function for thepseudomassat a center–
of–massenergy of 189 ¦�§�¨ . (a)electron–electronevents.(b) muon–muonevents.(c) electron–
muonevents.



8.4. SYSTEMATIC CHECKSAND UNCERTAINTIES 97

Bias = -0.005 
©

± 0.036

Slope =  0.984 
ª

±
«

 0.065

Generated mass-80.33 (GeV)

F
itt

ed
 m

as
s-

80
.3

3 
(G

eV
)

-2

-1.5

-1

-0.5

0
�0.5
� 1
¬1.5

2


-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Figure8.15: Linearity of the unbinnedmethodprocedure.The centralvalueof 80.33 ®�¯�° is
subtractedfrom all themasses.





Chapter 9

Comparisonof the Methodsand
Combination with the± ² ³ ´ µ ´·¶¸´·¹ ´»º

and± ² ³ ´ µ ´ ¶½¼¿¾ÁÀ
Channels

The reweightingtechnique is one of the standardmethodsby all four LEP collaborationsto
determineÂ�Ã . In thepresentthesisit is thereforeusedto studythemassof theW bosonfromÄ+ÅÆÄÈÇWÉËÊ�Ì]ÍwÊ`ÎÏÌ]ÍjÐ

decays.It waswell known thatoneof thebiggestproblemsof this channel
is thesmall branchingratio andthereforethesmall numberof eventsin thedatasample.Due
to this feature,the first studieswereperformedat center-of-massenergy of 189 Ñ�Ò�Ó . At this
energy, thenumberof eventswereenoughto obtainafirst estimateof Â Ã . As chapter7 shows,
theresultsobtainedwith this methodpresentbig fluctuationsdueto thesmallstatisticsin data.
The limited Monte Carlo statisticsfor the productionof the reweightedhistogramcontribute
aswell to thesefluctuations.Thesolutionis clearfor this method,it is necessaryto addmore
statistics.Additionaldatafrom center-of-massenergiesof 183,192,196,200and202 Ñ�Ò�Ó were
thereforeincludedin themethodbut althoughthefluctuationsdecreaseby includingmoredata,
they arenot eliminatedcompletely(section7.3). As a consequencethe methodto determineÂ Ã canbe subjectedto the influenceof thesefluctuations. If this is the case(andit is!), the
resultsfor thedataareveryassymetricandthecombinationwith other Â�Ã measurementsfromÄ+ÅÆÄÈÇWÉÕÔ×Ö ÔÙØ�ÔQÚ ÔQÛ

and
Ä+ÅÆÄÈÇWÉÕÔ×Ö ÔÙØÜÊ�Ì]Í

decaysbecomesdifficult.
This is themotivationwhich leadsto theunbinnedmethodto determineÂ Ã . Thefluctua-

tionsdueto thesmall statisticsnow decrease,theexpectederrordistribution is symmetricand
thepositive andthenegativeerrorvaluesarein goodagreement.Now it is easierto combinethe
resultobtainedwith othermeasurements.

In spiteof thefluctuationspresentin thereweightingtechnique,bothmethodsshow a good
agreementbetweentheir results;theidealexpectederrorshave thesamevaluesandtheobtained
correlationsfor the leptonicenergy andthepseudomassarecompatible.Thesystematicerrors
aresimilaraswell. Thesystematicuncertaintyfor theunbinnedmethodis around50 Â�Ò�Ó larger
thanfor the reweightingfit, dueto thesystematicsourceassociatedto the parameterizationof

99
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theleptonicenergy andthepseudomassspectra.

9.1 Combination with Hadronic andSemileptonicChannelsResults

Resultsfrom center-of-massenergies192 to 202 Ý�Þ�ß which have beenobtainedusinga fit to
thedistribution of thereconstructedW massesin decaysof thetype à+áÆàãâWäæå×ç åÙè�åQé åQê andà á à â äÕå ç åÙè8ë�ì]í , have beencombinedwith previousOPAL measurementsat center-of-mass
energiesfrom 161until 189 Ý�Þ�ß . Theresultsaresummarizedasfollows:

îðï ñ = 161to 189 Ý�Þ�ß with à á à â äÕå×ç åÙè`åQé åQê and à á à â äÕåòç åÙè8ë[ì]í events[51]:

ó�ô¿õ÷ö-ø/ù1ú3ûFü�ýþø/ùÿø�����ý�ø/ùÿø-ú�� Ý�Þ�ß
îðï ñ = 192to 202 Ý�Þ�ß with à á à â äÕå ç åÙè`å é åQê and à á à â äÕå ç åÙè8ë[ì]í events[95]:

ó�ô õ÷ö-ø/ù��FüFû�ýËø/ùÿø��-û�ý ø/ùÿø-ú3ü Ý�Þ�ß ù
Thepresentmeasurementshavebeencombinedwith eachotherandwith theresultpresented

in this thesisobtainedfor
ó�ô

from thereweightingmethod[45,95]:ó ô õ÷ö-ø/ù1ú3ö���ýþø/ùÿø��Fü�ý ø/ùÿø û�� Ý�Þ�ß ù
Theimpactof the à á à â äËë[ì]í ë	�Dì í�
 channelto thegeneralresultis around1%. Analogous

resultsareobtainedby combiningwith
ó ô

obtainedfrom à á à â äËë[ì]í ë	�Dì í�
 decaysusingthe
unbinnedmethod.

9.2
� 

fr om � ��� ��� ��������������� Decaysby theLEP Experiments

In parallelto OPAL, theother3 experimentsof LEP(ALEPH, DELPHI andL3) performedstudies
of
ó�ô

in this channel.Themethodsandresultsaresummarizedasfollows:

î ALEPH andL3 employ the kinematicpropertiesof the leptonsto estimatethe W mass.
Thevariablesusedto measure

ó�ô
aretheenergy of themostenergeticlepton, �! #"%$í , and

theenergy of thesecondmostenergetic lepton, �  �&('í . Themissingenergy, �  �&()*) , of the
events,definedas ï ñ - ��+,&() where ��+,&() is the reconstructedvisible energy of the events,
is usedin the ALEPH analysisaswell. The techniqueusedto obtain

ó ô
and its error

is a reweightingmethod. Individual likelihoodsfunctionsfor eachvariablearedefined
consideringthe leptonflavors togetherin eachlikelihood. TheOPAL analysispresented
doestheopposite;thetotal likelihoodconsidersindividualcontributionsfrom thevariables
anddifferentleptonflavoursclasses.Thebetterresolutionin themeasurementsof muons
by ALEPH andL3 allows the leptonflavors to be consideredtogether. Figure9.1 shows
the sensitive variablesto

ó�ô
usedin the analysisby ALEPH. The analysishasbeen

performedat a center-of-massenergy of 189 Ý�Þ�ß by L3 and 183 combinedwith 189Ý�Þ�ß by ALEPH. Theresultsobtainedare[88]:
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ALEPH >@?�A�BDCE?�A�FDGIH:JLKNMDOQP RSA;?UT�A;?WVYX;T�Z�[�VYX;T�\UX]GIH:J
wherethefirst erroris statisticalandthesecondoneis systematic.

At presentL3 only quotestheexpectedstatisticalerrorof theirmeasurementsat189 GIH:J
[96]:
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p DELPHI hasworked on a methodwhich canusethe full informationof the event. The
basicideais thatgiven the two chargedthree-momentaof eacheventandassumingthat
they comefrom differentandindependentbodies,only certainboostvaluesandcertain
directionsarepossiblefor theW bosons.Usingthestandardconstrainsof a kinematicfit,
it is possibleto definea probabilitydensityfunction(p.d.f) which dependson theboost,q

andthedirectionsrts�u . An unbinnedlikelihoodwhichcontainsthedetectoreffectscan
bethereforedefinedto obtain vQw :

xIy v wdz#{ |2}�~���~�� y*q s�rts�u z��Q� y*q s�r�s�u��Uv w6z
where � is a function of thepurity andthesignalandbackgroundexpectations.An in-
dividual likelihood function is definedfor eachleptonic channeland the generalfit is
performedwith ap.d.f obtainedastheweightedsumof eachleptonicchannelto take into
accountthecrosscontaminationbetweenthechannels;for exampleaselected�m�t�m� event
hasa certainprobability to bea �m����� or a ���;�m� or evena ���t��� event. Theweightswith
which thep.d.f aresummed,areextractedfrom MonteCarlostudiesanddependuponthe
momentumof the consideredlepton1. The eventscontaining � leptonsaretreatedsepa-
ratelyfrom theotherchannels.Theresultobtainedby DELPHI atacenter-of-massenergy
of 189 �I�:� , combiningall leptonicchannelsis [97]:

DELPHI
y@����� �I�:� z���� vQw {�� ~��U� �I�:� ~

No valuefor vQw is currentlypublished.A goodagreementbetweenthefour experiments
is foundfor anexpectederrorof 0.75 �I�:� atacenter-of-massenergy of 189 �I�:� . Table
9.1shows thecomparisonbetweentheresultsfor thefour experiments.

Experiment � � ( �I�:� ) � v w ( ���:� )

ALEPH 183-189 0.67
DELPHI 189 0.73

L3 189 0.95
OPAL 183-189 0.69
OPAL 183-202 0.51

Table9.1: Comparisonbetweentheresultsin �����¡ £¢8¤��m¥@¤,¦=�m¥o§ channelfor the four experi-
ment.Theerrorsgivenarestatistical.

1An electronof 20 ¨ª©%« hasacertainprobabilityto comefrom taudecays,while anelectronof 70 ¨ª©%« is almost
certainlycomingfrom theW decay. This is thereasonof theweightfactorsdefinition.



Chapter 10

Summary

This thesishaspresentedthefirst determinationof themassof theW bosonin thefully leptonic
channelusingthedataof theOPAL detectoratLEP. Two differentmethods,usingthesamesen-
sitive variableswereemployedto extracttheW massfrom thedatasamplerecorderedbetween
1997and1999at center-of-massenergiesof 183,189,192,196,200and202 ¬I:® . All these
dataamountto anintegratedluminosityof 457.1 ¯�°²±²³ .

Theprecisemeasurementof theW masshasbeenoneof themajorgoalsof theLEP2pro-
gram.Thismasscombinedwith otherelectroweakmeasurements,providesstringenttestsof the
currenttheorywhich explainsthematterandits interactions,theStandardModel,andit canbe
usedto constrainthemassof theHiggsboson.Previousanalysisperformedby OPAL werebased
on thefully hadronicandsemi-leptonić�µª´ ± decaymodes.

The ´Sµª´ ±£¶8·�¸m¹@·,º=¸ ¹o» eventscomprisethe10%of thetotal ´�µª´ ± crosssection.They
arecharacterizedby two acoplanarcharged leptonsanda large missingenergy dueto at least
two non-observed neutrinosin the final state. The standardmethodto determine¼Q½ from´�µª´ ±£¶¿¾ ³ ¾ÁÀ:¾ÃÂ ¾ÃÄ and ´�µª´ ±£¶Å¾ ³ ¾ÁÀ,·:¸m¹ eventswhich is basedona full kinematicrecon-
structionof theevent,is herethereforenotpossiblebecausethesystemis notenoughconstrained
to defineakinematicfit which leadsto thereconstructionof theleptonicevent.Additionalmea-
surementmethodshave to beusedto obtain ¼ ½ in this channel.Thesemethodsarebasedon
the sensitivity that somevariablespresentto ¼Q½ . The presentanalysisemploys assensitive
variablesthedirectly measuredenergy of the chargedleptonstogetherwith anotherkinematic
variablecalledpseudomass.This lattervariableis obtainedfrom anapproximative reconstruc-
tion of the event which is achieved definingthestandardconstraintsof a kinematicfit plus an
additionalarbitraryconstraintwhich is theassumptionthatbothneutrinosarein thesameplane
asthechargedleptons.Underthis circumstance,the leptoniceventcanbereconstructedanda
sensitive variableto ¼ ½ , calledthe pseudomass,is obtained.This assumptioncanbe gener-
alizedassumingfixed anglesbetweenthe planeof the neutrinosandthe planeof the charged
leptons.An increaseof thesensitivity is however not found.

Due to thedifferentmomentumresolutionsobtainedin OPAL for electronsandfor muons,
separateclasseshave beendefinedfor the leptonicenergy andfor the pseudomassdepending
uponthe different leptonflavors. This separationof the leptonswhich aremeasuredwith the
electromagneticcalorimeterenergy in thecaseof identifiedelectronsandthechargedmomentum
in thecaseof identifiedmuons,maximizesthesensitivity of themeasurement.
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ThefirstmeasurementwhichhasbeenpresenteddeterminesÆQÇ fromareweightingmethod.
In this method,the W massis measuredby directly comparingthe pseudomassand the lep-
tonic energy spectrain the datato fully simulatedMonte Carlo spectrageneratedat different
W masses.TheseMonteCarlospectraareobtainedby reweightingeacheventof MonteCarlo
sampleswith a factorwhich dependson the generatedW massesandthe desiredÆ Ç . A si-
multaneouslikelihoodfit for thepseudomassandtheleptonicenergy combiningcenter-of-mass
energiesfrom 183to 202 ÈIÉ:Ê leadsto Æ Ç togetherwith its error. Theresultobtainedwith the
reweightingtechniqueis:

Æ Ç ËSÌUÍ;Î�ÏUÍQÐÒÑ,Ó Ô�ÕÖ²× Ó ØÙØÛÚ Í;ÎÝÜ	Þ È�É:Êàß
wherethefirst erroris statisticalandthesecondonesystematic.

Theasymmetryobtainedin theerrorcomesfromstatisticalfluctuationsdueto thesmallnum-
berof eventscontainedin thedataandthelimited MonteCarlostatisticto build thereweighted
samplewhich fit thedata. PreviousMonteCarlostudiesof the reweightingmethodconfirmed
theexistenceof theseasymmetriesin thestatiticalerror. This factmakesa combinationof this
resultswith Æ Ç measurementsfrom á Ð á Ö£âÅã × ãÁä	ãÃå ã Ô and á Ð á Ö£â¿ã × ãÃä�æ�çmè eventsdif-
ficult.

The possibleasymmetryof the errorsobtainedwith the reweightingmethodmotivatesthe
studyof asecondÆ Ç measurementtechniquebasedonanunbinnedlikelihoodmethod. Theba-
sic ideaof thismethodis theparameterizationof thepseudomassandtheleptonicenergy spectra
by known analyticalfunctions. Assuminga lineardependenceof thecoefficientswhich define
theparameterizationwith theW mass,anunbinnedlikelihoodfunctionwhich dependsnow onÆ Ç andthevaluesof thesensitive variablesis definedto obtaintheW mass.A simultaneousfit
for thepseudomassandtheleptonicenergy leadsto this resultusingthesamedatasampleasfor
thereweightingtechnique.Theresultobtainedapplyingtheunbinnedmethodto thedatais:

Æ Ç ËSÌUÍ;Î(Þ�Ï ÐÒÑ,Ó Ø ×Ö Ñ,Ó Ø ä Ú Í;ÎÝÜ�é È�É:Ê Î
The correlationbetweenthe pseudomassandthe leptonicenergy have beenstudiedsepa-

rately for bothmethods.In bothcasestheobtainedvaluefor thecorrelationfactoris 13%. The
slightly differenteventsamplesusedin thecasesof theleptonicenergy andthepseudomassand
thefactthatthepseudomassemploys theangulardistribution informationbetweenbothcharged
leptons,which is not includedin theleptonicenergy, leadsto this smallcorrelation.In spiteof
thefluctuationsobtainedwith thereweightingtechnique,bothmethodspresentgoodagreement
in theMonteCarlostudiesperformedto obtainthefittedmassdistributionandtheexpectederror
whosevalueis: ê

Æ Ç Ë�Í;Î�ë;Ü ÈIÉ:Ê Î
Theprevious ÆQÇ measurementsobtainedby OPAL in thehadronic,á Ð á Ö£â¿ã × ãÃä	ã å ã Ôandthesemi-leptonicchannel,á Ð á Ö â¿ã × ã ä æ:çmè channelscanbenow easilycombinedwith

thecorrespondingoneof the á Ð á Ö£â8æ�çmè@æ,ì=çmèoí
channelobtainedfrom theunbinnedmethod.

The combinationof the threechannelsusingdatarecordedbetween161 and202 ÈIÉ:Ê (in
thecaseof thesemileptonicandhadronicevents)leadsto aW massof:
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îQïñðSòUó;ô(õ�ò�öI÷8ó;ô�ó�ö;øù÷Yó;ô�ó�ú�òDûIü:ý�ô
For thefully leptonicdecays,themethodsusedby thefour LEPexperimentsshow asimilar

statisticalsensitivity to
îdï

. Theexpectederrorobtainedatcenter–of–massenergiesof 183and
189

ûIü:ý
is around0.75

îQü:ý
.

The resultsobtainedin the fully leptonicchannelcannotcompetein accuracy with those
obtainedfrom þ�ÿªþ�� ����� ���	��
 ��� and þ�ÿªþ�� ����� �������� eventsbut thiswasnot thegoalof
this thesis.Nevertheless,thestatisticalgainobtainedincludingthefully leptonicchannelin the
resultof

îQï
takinginto accounthadronicandsemileptoniceventsshouldnot beneglected.In

termsof statistic,animprovementof 1%in thegeneralresultmeansagainof 2%in theluminos-
ity andtheeffort madeto gainanadditional2%is hugein comparisonwith thepresentanalysis.
However, this is notthemostimportantmotivationandtwo differentaspectsshouldbetakeninto
account.First, themethodheredevelopedandpresentedis completlycomplementaryto those
usedin theothertwo channels.Theeffort madeby thecollaborationsto performcross-checks
for the

î ï
result is tremendousin comparisonto thepresentanalysis.Second,any improve-

mentson
îdï

in thenearfuturewill comefrom hadroncolliders(TevatronatFermilabandLHC
atCERN)andthey areonly sensitive to leptonicW decays.A comparisonof

î ï
measurements

from differentdecaychannelscanonly beperformedat
ü ÿ ü � collidersandthereforefor LEP, it

is mandatoryto includethiscomparisonin their analysis.
Theyear2000closestheLEP2era.All thedatarecordedby thefour experimentsbetween

1996 and 2000 at center-of-massenergies from 161 to 210
û�ü:ý

will confirm the LEP
îdï

measurementaswhatit is already:themostpreciseresultof theW bosonmass.





Appendix A

Kinematic Reconstructionof Fully
Leptonic Events

Thekinematicsof the ����������������� �!���#" processis determinedby six angles,two for thescat-
tering,andtwo for eachW decays.The two three-momentaof thechargedleptonsareknown
andthis shouldbeenoughto fix thewholesystem.A twofold ambiguityoccurs,however, be-
causethe solution involves a quadraticequation. Both solutionsof the equationareperfectly
compatiblewith the systembut not distingableexperimetally. A solution for the two nonob-
served neutrinomomenta$�% and $ % " arenow presentedasa function of the observed lepton
momenta� and ��� . Theanalysisis performedin the &���&'� centerof massframeandassumingthe
neutrinosto bemassless.Thesystemwill besolvedfor $ % " , because$ % is givenby momentum
conservation.

1. Assumingthatthe ��� energy is equalto thebeamenergy (*) :+-,% "/. (*)102� , (A.1)

or: +-3% " .54 (*)102� ,�6 3 (A.2)

where+ ,% " .87 + % 7 is theenergy of theneutrinoand � , is thechargedleptonenergy.

A similarequationcomesfrom theother � � boson:+93% .54 (*)10:� �, 6 3 (A.3)

2. Usingthemomentumconservation for themomentaof thechargedleptons, theequation
(A.2) canberewritten in termsof + %;" :4 �=<>� � 6@? + %�" . (A) 4 � , <>� �, 6 0:� 3, 02� ? � � < BC 4ED 3� < D 3�#" 6 (A.4)

whereD 3� and D 3�F" arethemassesof thechargedleptons.
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3. Thethird constraintcomesfrom theconditionthatthelepton–antineutrino systemshould
have themassof theW boson: R LTSVU-WX;Y[Z�\*]_^`\a (A.5)

whichgivesfrom (A.2): LcbdU X�Y ]feAghL Wji L \W i kl ^ \ a S kl ^ \m (A.6)

Usingtherelationobtainedin (A.4) and(A.5):L O bnU X�Y ] i eAg�L OW i Lcb	L O S kl ^ \ a S kl ^ \m Y (A.7)

Theconditionsof equations(A.4), (A.6) and(A.7) provide a solutionfor U X;Y . Theright–
handsidesof theseequationscanberewritten:U \X�Y ]fo (A.8)LcbdU \X�Yp]�q (A.9)L O bdU9\X�Yp]fr (A.10)

It is assumedthe most generalcasein which the two three-momentaL and L O are not
parallel.Expandings \X;Y in termsof L and L O :U X Y ]ftuLTSwv@L O SyxTL{z|L O (A.11)

Usingthis lastrelationin (A.9) and(A.10), they give:t{L \=S}v~Ljb L O ]�q�� (A.12)t{Lcb L Y Swv~L Y \ ]�rK�
whichcanbeexplicitly solved:� t v�� ] kL \ L Y \ i R Ljb L Y Z \ � L Y \ i Lcb L Yi L�b L Y L \ � � q rw�
Thelastvariable x is determinedusing(A.8):x \ ] k� L{z|L O � \ R o i t \ L \ i v \ L Y \ i l t�v~L�b�L O Z (A.13)

Experimentallythesignof x cannotbedetermined.This shows thetwofold discreteam-
biguity mentionedat thebiginningof presentappendix.Geometricallytheambiguityin
theneutrinomomentacorrespondsto two specularvectors,oneover, theotherunderthe
planeformedby thetwo chargedleptons.



Appendix B

Corr elation betweenMeasurementsof
a SinglePhysicalQuantity

Thecorrelationbetween� differentestimatesof a physicalquantityis obtainedfrom theerror
matrixdefinedas[98]:

����������
�/�� � ��� � � �	�	� � ��� �h������ � � �/�� ...
...

...
. ..

...� ��� ��� �	�	� �	�	� � ��
�	����� (B.1)

where �/�� 1 arethe variancefor eachinvididual measurementand � ���'��� is the covariancebe-
tweenmeasurements� and � andit is definedas:� ��� ��� � � � � �A ���� (B.2)

where   ��� is thecorrelationfactorbetween� and � estimates.Thus,if themeasurementsare
uncorrelatedtheerrormatrix is diagonalwhereaselementsoutsideof theprincipaldiagonalgive
anideaof thelineal relation(this is thecorrelation)betweenthemeasurements.

The full error matrix is estimatedby Monte Carlo simulation. A total numberof � inde-
pendentsubsamplesaretakenandthey aresubjectedto thesameselectioncriteriaaswereused
in therealdata.In this way � setsof estimations¡ ¢P£ areobtained,where ¤ denotestheMonte
Carlosubsamplenumberand ¥ refersto themethodusesto determine¡ , i.e. thevariable.

Theelementsof theerrormatrixaredefinedas:

¦ ¢¨§ � ©� �ª ¢¬« �® ¡ ¢P£A¯ ¡ ¢#°  ¡±§;£A¯ ¡ §�° (B.3)

1Thevariance ²�³ is definedas ´jµP¶·³d¸º¹¼»�³ , where ´ is theexpectedvalue, ¶ is theperformedmeasurementof
a physicalquantityand » is its meanvalue. Thevarianceis a measureof how widely themeasurement¶ is spread
aboutits meanvalue » . Thesquarerootof thevariance² is calledthestandard deviation of x [99].
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where½ ¾ is theMonteCarloaveragefor the ¿ variable:½ ¾ÁÀ ÂÃ ÄÅÆ Ç�È ½ ¾ Æ (B.4)

Thecorrelationfactor É�Ê�Ë betweenthevariablesÌ and Í is determinedthereforefrom the
correspondingerrormatrixelementÎ�Ï�Ð'Ê�Ë , usingtheequation(B.2).



Appendix C

Coefficientsfor the Unbinned
Maximum Lik elihoodFit

Thedifferentscoefficientsobtainedfrom the lineardependencestudiesto Ñ`Ò for the leptonic
energy andthepseudomassfor all their classesaresummarizedin thefollowing tables:

First classfor theleptonicenergyÓ~Ô ÓÖÕ ÓÖ× ÓÖØ ÓÖÙÚ Û
( Ü�ÝßÞ ) à·á à Ô à·á à®á à Ô à®á à·á
183 23.58â 0.10 0.88â 0.19 2.44â 0.07 65.81â 0.06 -0.90â 0.12 2.15â 0.04 0.07â 0.01
189 22.76â 0.08 0.47â 0.07 2.14â 0.07 70.27â 0.05 -0.86â 0.04 2.08â 0.05 0.08â 0.01
192 23.26â 0.11 0.31â 0.22 2.35â 0.10 71.73â 0.06 -1.01â 0.12 2.15â 0.04 0.07â 0.01
196 23.60â 0.11 0.35â 0.14 2.70â 0.08 74.68â 0.07 -0.61â 0.18 2.25â 0.05 0.05â 0.01
200 23.03â 0.12 0.30â 0.21 2.41â 0.09 76.82â 0.07 -0.67â 0.13 2.28â 0.05 0.11â 0.02
202 23.53â 0.12 0.52â 0.23 2.62â 0.09 78.72â 0.07 -0.87â 0.13 2.21â 0.04 0.07â 0.01

TableC.1: Numericalvaluesof the coefficients for the first classof definedfor the leptonic
energy at all center–of–massenergies.

Secondclassfor theleptonicenergyÓ~Ô ÓÖÕ ÓÖ× ÓÖØ ÓÖÙÚ Û
( Ü�ÝßÞ ) à·á à Ô à·á à®á à Ô à®á à·á
183 23.91â 0.17 1.18â 0.30 3.84â 0.12 64.67â 0.09 -0.73â 0.18 4.03â 0.05 1.41â 0.01
189 23.04â 0.13 0.61â 0.11 3.73â 0.11 68.71â 0.08 -0.65â 0.07 4.46â 0.07 1.36â 0.01
192 23.02â 0.14 0.58â 0.27 3.59â 0.15 70.03â 0.10 -0.69â 0.19 4.48â 0.08 1.96â 0.15
196 22.36â 0.15 0.49â 0.27 3.27â 0.16 72.73â 0.11 -0.30â 0.20 5.12â 0.07 1.45â 0.09
200 24.09â 0.17 0.42â 0.28 5.11â 0.21 74.71â 0.12 -1.35â 0.22 5.61â 0.09 0.45â 0.11
202 23.44â 0.19 0.50â 0.26 4.45â 0.18 76.00â 0.12 -0.97â 0.24 5.67â 0.09 1.16â 0.15

TableC.2: Numericalvaluesof thecoefficientsfor thesecondclassof definedfor the leptonic
energy at all centerof massenergies.
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First classfor thepseudomassã�ä ãÖå ãÁæç è
( é�ê;ë ) ì·í ìQî ì·í ì·í
183 78.99ï 0.07 0.45ï 0.16 1.61ï 0.07 0.058ï 0.006
189 79.25ï 0.06 0.66ï 0.06 1.49ï 0.05 0.080ï 0.005
192 79.59ï 0.07 1.74ï 0.15 1.55ï 0.06 0.069ï 0.005
196 79.86ï 0.07 0.62ï 0.12 1.27ï 0.05 0.115ï 0.006
200 80.54ï 0.09 0.74ï 0.17 1.73ï 0.05 0.096ï 0.003
202 81.44ï 0.09 0.50ï 0.23 1.84ï 0.10 0.058ï 0.006

TableC.3: Numericalvaluesof thecoefficientsfor thefirst classof eventsdefinedfor thepseu-
domassat all centerof massenergies.

Secondclassfor thepseudomassã ä ã å ã æç è
( é�ê;ë ) ì í ì î ì í ì í
183 80.29ï 0.09 1.27ï 0.20 2.91ï 0.10 0.053ï 0.008
189 80.45ï 0.08 0.53ï 0.07 3.18ï 0.09 0.041ï 0.006
192 80.10ï 0.06 0.56ï 0.14 1.90ï 0.06 0.135ï 0.006
196 80.81ï 0.09 0.74ï 0.15 2.24ï 0.08 0.151ï 0.007
200 81.85ï 0.10 0.41ï 0.17 2.55ï 0.09 0.156ï 0.008
202 83.47ï 0.12 1.20ï 0.34 3.42ï 0.11 0.081ï 0.006

TableC.4: Numericalvaluesof the coefficients for the secondclassof eventsdefinedfor the
pseudomassatall centerof massenergies.

Third classfor thepseudomassã�ä ãÖå ãÁæç è
( é�ê;ë ) ì·í ìQî ì·í ì·í
183 79.53ï 0.05 1.14ï 0.13 1.85ï 0.05 0.097ï 0.005
189 79.53ï 0.05 0.87ï 0.05 2.13ï 0.05 0.082ï 0.004
192 79.90ï 0.05 0.53ï 0.11 1.71ï 0.05 0.114ï 0.005
196 80.64ï 0.07 0.85ï 0.15 1.14ï 0.02 0.042ï 0.006
200 80.80ï 0.06 0.62ï 0.12 2.22ï 0.06 0.104ï 0.005
202 81.67ï 0.07 1.14ï 0.16 2.56ï 0.07 0.094ï 0.005

Table C.5: Numericalvaluesof the coefficients for the third classof eventsdefinedfor the
pseudomassatall centerof massenergies.
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