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Summary

Usingdatacollectedat centerof-massenegiesfrom 183to 202 GeV with the OpAL detec-
tor at LEP, which amountto an integratedluminosity of 457.1pb~!, the massof the W boson
is measuredn thefully leptonicdecaychannel W W~ — fv,f'vy. An approximatie recon-
structionof theeventsandthedirectly measure@negiesof theleptonsareusedto determinehe
W massin this channelwith two differentproceduresa binnedfit usinga reweightingmethod
andanunbinnedit basedn a parametrizatiof thedistributionsof the sensitve variables.The
resultsobtainedfrom thetwo methodsare:

+0.48
= 80. + 0.
Mw = 80.30 _1E5 0.14 GeV,
for thereweightingmethodand
+0.51
Mw = 80.4 +0.1
w = 80.43 052 0.16 GeV,

for theunbinnedfit. Thefirst erroris statisticalandthe secondsystematicBoth measurements
areconsistentvith eachotherandwith theworld averageof Myy.






Zusammenfassung

Die MassedesW Bosonswird im rein leptonischerKanal, Wt W~ — fv,¢'vp, bestimmt.
HierzuwerdenDatendesOpPAL DetektorsamLEP Beschleunigeidie bei Schwerpunktsengien
von 183bis 202 GeV aufgezeichnetvurdenund einerintegriertenLuminosiétvon 457.1pb —*
entsprecherverwendet.Zwei auf die MassedesW Bosonssensitve Variablenwerdenunter
sucht: die Pseudomasselie auseiner approximatren Rekonstruktionder Ereignissegenon-
nenwird, unddie leptonischeEnegie. Zur Bestimmungder W Massewerdenzwei Verfahren
angevendet. Ein direkter Vemgleich der Variablenspektranit Monte Carlo Simulationen,die
durch eine Umgavichtungsmethodgenvonnenwerden,sowie ein Ungebinnter_ik elihood Fit
die aufeineranalytischerParametrisierunglersensitven Variablenbasiert.Fur die Umgewich-
tungsmethodemibt sichdie W Massezu

+0.48
My = 80. +0.14
W 8030_1.55 0.14 GeV,
undausdemanalytischerFit ertalt man
+0.51

My = 80.4 +0.16 GeV.
w =8043 © o 016 GeV

Der ersteFehlerentsprichtder statistischerund der zweite der systematischetunsicherheit
derMessung.Die mit denzwei MethodenbestimmterMassersindin guterUbereinstimmung
miteinandemund mit demWeltmittelwert derW Masse.
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Chapter 1

Intr oduction and Overview

The currenttheory describingthe matterandits interactions the Standardviodel, consistsof
the quantumfield theoriesof the strongand the electraveak interactionsand it is basedon
theSU(3)¢ x U(1)y x SU(2)1 gaugegroup. In this theory all matteris madeof two typesof
fundamentagpin %—particles;leptonswith integerchageandquarkswith fractionalchage. The
interactiondetweerthesefundamentaparticlesaredescribedy spinl-particlescalledbosons
which arethemediatorof the forces:the electromagnetidhe weakandthe strongforces.

In 1967 Weinbeg [1], Salam[2] and Glashav [3] proposeda model, which treatedthe
electromagneti@and weakforcesasdifferentaspectf a single electraveak interaction. In a
formulation similar to the QED model, they defineda unified gaugetheorybasedon a SU(2)
group of weakisospinanda U(1) group of weakhyperchage. The interactionsbetweenthe
particleswould take placeby the exchangeof four bosonsa masslesphotonandthreemassie
particles,Z, WT, and W~. At the beginning of the seventies,the theory was proven to be
renormalizabldéy 't Hooft [4] andVeltman[5].

The actualtheoryof the stronginteractionshadits origin in the sixtieswhennew evidence
for quarksstartedto comefrom differentexperiments.Amongall the proposedheoriesof the
stronginteractionthe quantumchromodynamicsthe QCD, claimedto be the only fundamental
theory of this force [6]. The QCD is a theorybasedon the SU(3)¢ color gaugegroupandit
explainsthe stronginteractionby the exchangeof eightmasslesgparticlescalledgluons

Theprogressn particleacceleratoraindthe developmentof new detectiontechniqueave
beendecisve for the studyandexperimentalverificationof the StandardModel. An important
milestonewasachievedin 1983by theexperimentUAL in theproton-protorring SPSat CERN,
whenthe first experimentalevidencesof the Z, W and W~ bosonswere obsered [7]. In
orderto continuewith the studyof thesebosonsandto performconsisteng testsof the Standard
Model, theelectron-positroming LEP at CERNwasconstructecdindbeganto take datain 1989.

In thefirst phaseof theacceleratgrcalledLEP1 programmd8], collisionsbetweerelectrons
and positronswere performedat a centerof-massenegy aroundthe resonanceeakof the Z
bosonat 91 GeV. Theapproximatelyt millions Z decayerexperimentrecordedn this phase
providedvery precisemeasurementsf the propertieof this bosonandshaved goodagreement
with the Standardviodel predictions.

From1996onwards,the centerof-massenegy wasincreasedbore the W pairsproduction
thresholdof 161 GeV. The enegy wasfurtherincreasedn stepsup to 208 GeV at the endof

5
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2000.In this phaseof theacceleratqrcalledLEP2 programmd?9], the studyof the propertiesof

the W bosonis oneof the major goalsof the experiment,in particularthe massof the W boson.
This measurementrovidesstringenttestsof the StandardModel andwhencombinedwith the
massof the Z bosonandotherelectraveak precisionmeasurementshe W masscanbe usedto

constrainherangeof themassf thenotyetobsenedHiggsboson[10]. This particle,predicted
by thetheory givesrise of the masse®f the differentparticlesby the interactionof thesewith

theHiggsboson.

This thesispresentsa measuremenf the massof the W bosonin the fully leptonicdecay
channelusingthe dataof the OpaL detectorat LEP andit is structuredasfollows: After this
introduction,chapter2 describesheete collider LEP, theOraL detectorandthe dataacquisi-
tion systemtogethemith the Monte Carlosimulation.Chapter3 providesa brief explanationof
the StandardModel, chapter4 concentratesn the WTW— productionat LEP2 The selection
of theleptoniceventsandthe generadescriptiorof theMonte Carlogeneratorsisedin theanal-
ysisareexplainedin chapters. Chapter6 presentghe two sensitve variablesto be usedin the
analysis.A first methodto measuréMly usinga reweightingmethodis explainedin chapter7,
whereasn chapter8 the measuremens basedon anunbinnedmethod.In chapter9 theresults
from both methodsare comparedcandcombinedwith otherMyw measurementsom OrPAL and
from LEP. Finally the conclusion®f thethesisarepresentedn chapterl0.



Chapter 2

LEP and OPAL

2.1 Theete~ Collider LEP at CERN

TheLargeElectronPositroncollider LEP atthe Europeariaboratoryfor ParticlePhysicSCERN
nearGeneais thelargestparticleacceleratom theworld. Aroundits 27 km of circumference,
bunchesof electronsand positronscollide 100 m belov the surfacein four interactionpoints,
wherefour detectorsare placed. LEP hasthe shapeof an octagonand consistsof eight arcs
joined by eightstraightsectorg11]. Figure2.1shavs anaerialview of LEP. Theinteraction
regions,P2,P4,P6andP8correspondo the four large undegroundLEP experiments].3 [12]
atP2,ALEPH [13] atP4,0pPAL [14] atP6andDELPHI [15] atP8.

At thesefour symmetricpointsaroundthering the bunchesof particlesarefocusedandare
collidedin thecenterof theexperiments Eachbunchcontainsmorethan10! particles but only
onein about40000collisionsbetweerthebunchegproduceshedesiredeffect of frontal collision
betweenan electronanda positron. For this reasorthe bunchescirculatefor hours,eachone
traveling morethan10000timesasecondaroundthering. To focusthebunchesgquadrupoleand
sextupolemagnetsareplacedin the arcstogethewith dipolesto bendthe bunches.Thestraight
sectorshave radio-frequeng cavities to accelerateéhe particlesandcompensatéhe enegy loss
of theelectronsandpositronsin the arcsof the circumferencelueto the synchrotrorradiation.
This enegy lossW canbewritten as

(E[GeV])*

W =A x
p[Km]

GeV per turn (2.1)
for electronsat sufiiciently high enegy (v = c¢). A is a numericalconstantwhosevalue is
8.85 x 1078 for the LEP acceleratqrE is the enegy of the electronsandpositronsandp is the
radiusof cunature.For abeamenegy of 100GeV theenepgy lossof electronsandpositronsn
theLEPring is about2 GeV perturn.

Figure2.2shavsthe LEP injectionsystem.A high-intensityelectrongunsupplieselectrons
to thefirst LEP injectionlinac® (LIL) [11]. Theelectronsemeging from thisfirst LIL have an
enegy of 200MeV andthey strike atungstercorvertertagetto producepositrons.An electron
gunlocatednearthe corverterprovidesthe electrongto be usedin LEP. After the converter a

ILinearaccelerator
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GERN Noriff Afea

Figure 2.1: Aerial view of the ete™ collider LEP at the EuropeanLaboratoryfor particles
physicsCERNnearGenea.

secondLIL is locatedto acceleratédoth electronsand positronsto 600 MeV in 12 ns pulses.
The electron-positrormaccumulatoring (EPA) afterthetwo LILs is aracetrackshapedstorage
ring with aperimeterof 126 m, whichaccumulateparticlesin eightbunchesat600MeV before
they areinjectedinto the ProtonSynchrotronPS).Here,in aring with a circumferenceof 630
m, theleptonsareacceleratedo 3.5 GeV, with whichthey areintroducednto the SuperProton
Synchrotron(SPS).The SPSring hasa circumferenceof 6.9 km andit consistsof 32 copper
single-caities and two superconductingcavities, which increasethe lepton beamenegy to
22 GeV. Finally the beamsare introducedinto the LEP collider whoseacceleratiorsystem
increaseshe beamenegy from 22 GeV to the operatingenegy andreplaceshe enegy loss
dueto the synchrotrorradiation.

LEPstartedo operatan summerl989. Sincethatyearanduntil 1995theacceleratoworked
at a centerof-massenegiesaroundthe Z resonancgeakat 91 GeV. For suchanenepgy, 128
coppercavitieswereenougho compensatetheenegy loss[16]. Sincel996anduntil November
2000,LEP operatedat centerof-massenegiesaroundandabove the W W thresholdproduc-
tion; from /s = 161 GeV upto 4/s = 208 GeV. Additional superconductingcavities were
addedto the systemto compensatéosseddueto the muchhighersynchrotrorradiation.

Anotherimportantparametenf all acceleratorss theluminosity[17], £, which determines
therateof events NV pertime asafunctionof theinteractioncross-sectiow;,,;:

dN

dt = Lo (2.2)
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Figure2.2: LEP injectionsystem.

If therearetwo bunchescontainingn; andny particlescolliding with a frequeng f, then
theluminosityis givenby:

E_f nin9

Amogoy

(2.3)

whereo, andoy, characterizéhe horizontalandverticaldimensionsattheinteractiongoints.
During LEP1, thefour experimentsecordednorethan16 millions of Z decays.Thesedata



10 CHAPTERZ2. LEPAND ORAL

have provided an extremely accurateknowledge of the Z bosonparametersijts massand its
partialandtotal decaywidths[16]. In the secondohaseof LEP, a total luminosity of 600pb !
wasrecordeddy eachof thefour experimentg18]. In this era,the studyof the propertiesof the
W bosontogethemwith the searchof new particleswerethe majorgoals[9].

The2ndof November2000wastheindicateddatefor theendof LEP. After thatday, thefour
experimentsweredismantledto make spacefor a new researchexperiment,the Large Hadron
Collider (LHC). The new acceleratowill be placedin the old LEP tunnelandit will have two
main experiments: ATLAS [19] and CMS [20]. The beginning of datataking at the LHC is
expectedn 2005—-2006.

2.2 The OPAL Detectorat LEP

The OrpaL (Omni PurposeApparatusat LEP) detectoris designedo provide precisemeasure-
mentsof chagedparticlesandof electromagnetienegy overthefull solidangle. Thebasicidea
behindits designhasbeenthe detectionof all typesof interactionsoccurringin e e~ collisions
with efficient and accuratereconstructiorandthe unambiguouslassificationof the events. A
generaldescriptionof OrAL detectorcanbefoundin [14,21,22].

In its cylindrical form of 12 m lengthand 10 m diametey the different sub-detectorsire
placedaroundthe beampipe. The mainelement®f this detectorarea centraltrackingsystema
solenoidaimagnetcoil, anelectromagneticalorimetera hadroncalorimeterandfinally amuon
detector In addition,apair of forwarddetectorss usedto measur¢heluminosityandto identify
particlesemittedat smallangleswith respecto the beampipe. Two views of the OPAL detector
areshawvn in figures2.3 and2.4. Figure 2.3 shaws a threedimensionalschematioview of the
OrPaL detectorandfigure 2.4 two crosssectionviews of the OpaL detectoronein ther-6 plane
andtheotheronealongthe beam-line.

To describehe datarecordedwith the OPAL detectoracartesiarcoordinatesystemis used.
The z axisis definedby the electronbeamdirectionandthe x-y axisesdefinethe transwersal
plane ,wherex pointstowardsthe centerof the LEP colliderandy is the perpendiculadirection.
Themeasuredrackscanalsobe definedin a polarcoordinatesystem;the polaranglef andthe
azimutg.

The OpAL collaborationis a teamof physicistsandengineersvho designedbuilt andrun
the OpaL detector andwho analyzethe collecteddata. The collaborationconsistsof over 300
peoplefrom thirty-four institutesaroundthe world.

Themostimportantelementf the detectoraredescribedriefly in the next subsections.

2.2.1 The Central Tracking System

The systemof centraltrackingchamberss containedn a solenoidwhich pravidesa magnetic
field of 0.435T alongthe z-axis.It is designedo measurehagedparticleswhich travel across
thedetector

Thefirst elemenbf thetrackingsystenfoundafterthebeampipeis the Silicon microvertex
detector. This element(introducedn OpPAL in 1992)is designedo provide a precisemeasure-
mentof thevertex positionandconsistf silicon microstripscounterd23].
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Figure2.3: OpaL detectorat LEP.

The vertex detector is a 1 meterlong, 470 mm diametey cylindrical drift chambeilocated
betweerthe Silicon microvertex andthe Jetchamberlt is usedto locatedecayverticesof short
livedparticlesandto improve themomentunresolution.Thechamberconsistf aninnerlayer
of 36 cells with axial wires and an outerlayer of 36 small anglestereocells. The axial cells
provide a precisemeasuremenf the trackspositionin ther — ¢ plane,while the stereocells
give anaccurate measuremerfor chagedparticlescloseto theinteractionregion.

TheJetchamberis designedo measurethe momentunof thechagedparticlescombining
good spaceand doubletrack resolution,fundamentafor the efficient recordingof jet events.
The Jetchamberoperationis basedon theionizationof atomsby chaged particles,which pass
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throughthe gasthatfills the detector The electrondiberatedin this procesdrift in anelectric
field towardsanodewires. Theamountf ionizationthatachagedparticlecausegerunitlength
asit flies throughthe Jetchamberdependson the chage and momentumof the particle. The
specificenegy lossdE/dx is animportanttool for particlesidentification.

Thesensitve volumeof thejet chambels a cylinderwith alengthof about4 m, surrounding
the beampipe and vertex detector The chamberis subdvided in 24 identical sectors,each
containinga planewith 159sensawires, parallelto the beamdirection.

Thelastelemenibf the centraltrackingsystemarethe z-chambers They areusedto obtain
aprecisemeasuremerntf thez coordinateof thetracksasthey leave the Jetchambemndthusto
improve boththe polarangleandtheinvariantmassresolutions.Thez-chambersirearrangedo
form a barrellayeraroundthe Jetchambercoveringthe polarangle—0.72 < cos# < 0.72 and
94% of theazimuthalangle.

Thecentraltrackingsystemhasa momentunresolutionof [14]:

‘;L; = /(0.02)2 + (0.0015 pr(GeV))2, (2.4)
wherepr is thetransersemomentummeasuredh thexy-plane. Theaverageangularesolution
is 0.3mradin ¢ and1 mradin 6.

The next elementis the Time-of-Flight detector( TOF). This systemgeneratesrigger sig-
nalsand, by measuringhe time of flight from the interactionregion, allows chaged particle
identificationin therange0.6-2.5GeV. It alsoaidsin therejectionof cosmicrays. The TOF
systemcoversthe barrelregion | cos 8| < 0.82. It consistsof 160 scintillation counterg(6.8 m
long and45 mm thick) forming a barrelof meanradius2.36m, which s positionedoutsideand
coaxialwith thealuminummagnetcoil.

Chagedpatrticlespassingthesescintillation counterg24], excite the atomsof the material
which causeghe emissionof photons. Thelight is collectedat both endsof eachcountervia
300 mm conicalandcylindrical light guidesglueddirectly to the photomultipliers. The output
of thesephotomultipliersis proportionalto the numberof incidentphotons.

2.2.2 The ElectromagneticCalorimeter

The electromagneticalorimeter(ECAL) detectsand measureshe enegies and positionsof
electronspositronsandphotonsrangingfrom tensof MeV to 100GeV. It is designedasatotal
absorptiordetectormountedbetweerthecoil andtheiron returnyoke of themagnet.The ECAL
is madeof lead-glasdlocks,which cover nearlyall anglesfrom the beamdirection. The barrel
andendcapeadglasssystemgogethercover 98% of thesolid angle.Leadglasswaschoserfor
the electromagneticalorimeterbecausef its excellentintrinsic enegy resolution[14]. Since
therearetwo radiationlengthsof materialin front of the leadglass,duemostly to the magnet
coil andpresurrevesselmostelectromagnetishaversareinitiatedbeforethe ECAL itself. The
presamplingdevicesarethereforeinstalledin boththe barrelandendcapregionsimmediately
in front of theleadglassto provide measurementsf the positionandenegy of electromagnetic
shaverswhich startin front ontheleadglass.

The barrel lead glasscalorimeter consistsof a cylindrical arrayof 9440leadglassblock
of 24.6radiationlengths.It is locatedat a radiusof 2455mm, outsidethe magnetcoil, covering
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theazimuthalangleof | cos 8| < 0.82. Theenegy resolutionin thebarrelis givenby [14]:

OE 6.3%

— =02 — 25

= =0 % + ik (2.5)
whereE is theelectromagnetienegy in GeV. Theendcapelectromagneticcalorimeter con-
sistsof two dome-shapedrrays,eachof 1132 lead glassblocks. It is locatedbetweenthe
pressurdell of the centraltrackingsystemandthe hadroncalorimeterandcoverstheazimuthal
angleof 0.81 < |cos 8| < 0.98. Theenegy resolutionin theendcapss [14]:

o5 _ 5% (2.6)

Sl

2.2.3 The Hadron Calorimeter

Thehadroncalorimetemeasureghe enegy of hadronsandhelpsin theidentificationof muons.
Theiron of the returnyoke providesfour or moreinteractionlengthsof absorberover a solid
angleof 97%of 4w. Theyoke is sggmentednto layers,with planesof detectorshetweenreach
layer, andformsacylindrical samplingcalorimeteraboutl meterthick. To achieve thecoverage
in solid angle the hadroncalorimetetis constructedn threeparts;barr el, endcapsandthepole
tips. Togetherthey extenddown to | cos 6| < 0.99.
Thehadroncalorimeterachievesaresolutionof [14]:

OE 120%
— 2.7
5~ VB @1

2.2.4 The Muon detector

This detectoris designedo identify muons. It is constructedasa barrelandtwo endcapsand
covers93%of thefull solidangle.While muonspenetratén themuondetectorandleave asingle
cleantrack, mosthadronsareabsorbedn the magnetreturnyoke. The barrel muon detector
consistsof 110large-areadrift chambersegachwith 1.2 m wide and99 mm deep. It coversan
azimuthalangle| cos 8| < 0.68 for four layersand| cos 8| < 0.72 for oneor morelayers. The
muon endcapscover theangularrange0.67 < | cos 8| < 0.985. At eachendof the detectoran
areaof about150squaremeterss coveredwith four layersperpendiculato thebeamaxis. The
directionof the muontracksis determinedrom the hit coordinatesn theseindividual layers.

2.2.5 The Luminosity Measurement

The Luminosity of the colliding beamss determinedy the obseration of smallangleBhabha
events,eTe” — eTe™. The crosssectionof theseeventscanbe calculatedin the framavork
of quantumelectrodynamic®ED, with a precisionmuch betterthan1% [16]. Moreover, the
signatureof theseeventsis very clear Thusthe Bhabhaprocessesire ideal to measurehe
luminosity

The systemto measuredhis parameterconsistsof two forward detectorsand since 1993 of
a Silicon TungstenCalorimeter The forward detectors measurethe luminosity of LEP by
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detectingsmall-angleBhabhascatteringandalsotag electronsrom ~-y interactions.The SiwW
Calorimeter wasproposedn 1991asaimprovementfor OpaL andinstalledin the detectorin
1993. The calorimeterwashbuilt to obtaina good enepgy-positionresolution. A good position
resolutionis fundamentafor apreciseneasuremerdf theacceptancenthecalorimeter A high
enegy resolutionis importantto separateeal Bhabhaeventsfrom the backgroungrocesses.

(" Muon detector - @@

@ Hadron calorimeter and return yoke ———
&)
a) Electromagnetic calorimeter \
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Figure2.4: Crosssectionviews of the OpaL detector (a) in ther-@ plane. (b) alongthe beam-
pipe;z-axis.
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2.3 The Data Acquisition and the Trigger System

Thefirst classificationof the eventscomingfrom thee*e™ collisionsis performedduring the
on-line reconstruction.The detectorconsistsof a trigger systemto separatecandidatesvents,
accordingto the physicsprocessesinderconsiderationfrom the background.The so obtained
eventsarerecordedandsubjectedo furtheranalysisto performadditionaleventsclassifications
duringthe off-line phase.

Thetrigger systemis designedo provide high efficiencgy for thedifferentphysicsprocesses
and good rejectionof backgroundsoming from cosmicrays, from interactionsof the beam
particleswith thegasinsidethebeampipeor thewall of thebeampipe,andfrom electronicnoise
in the detector At LEP, abunchcrossingoccurstypically every 22.2 us. The dataacquisition
systemcannothandlesuchan amountof dataandthe trigger systemreduceshereforethe 45
kHz bunchcrossingrateto aneventrateof 3-10Hz.

The whole solid anglecoveredby the detectoris divided in 144 overlappingbins, 6 in 8
and24 in ¢. The subdetectorsleliver trigger signalsaccordingto this binning. In addition,
“stand-alone’signalsarederivedfrom total enegy sumsor trackcounting.

All thetriggersignalsarecombinedn thecentraltriggerlogic to decidewhetheraneventis
acceptedr rejected.If thetriggerlogic acceptsan event, the correspondingnformationfrom
the subdetectorss readout and processedby the dataacquisitionsystem.After this, the event
builder memgesall theinformationcomingfrom thesubdetectorandpassesheeventto thefilter,
which monitorsthe quality of the dataandclassifieseventsaccordingto theirtopology Theso
obtaineddataare compresse@ndwritten to the filter disk, togetherwith the event headersof
all the eventswhich reachthefilter. All this informationis passedo the RoPe farm, a group
of workstationswhich performthe reconstructiorof the events,taking into accountthe whole
information emeping from the subdetectors.The reconstructedventsare sentto the SHIFT
farmin the centralcomputingfacility at CERN and recordedon magnetictapes. Thesetapes
arecalled DSTs(DataSummaryTapes)and containthe neccesarynformationto performthe
off-line analysiswhichis explainedin chapters.

2.4 The Monte Carlo Simulation

Thesimulationof the physicsprocesseby the Monte Carlo packages animportanttool for the
dataanalysis.Monte Carlosimulationworksin two stepsdescribedasfollows:

e Production of events.

ThedifferentMonte Carlogeneratorproducethefour-momentaof theparticlesaccording
to the propertiesof the procesghatis generated.This so calledtree—or generatcrlevel

includesall the characteristic®f the eventwhich comesfrom e*e™ collisions,asthe W

mass My, andthe W width, I'yy. Chapter5 givesa descriptionof the differentMonte
Carlogeneratorsisedfor this analysis.

e Interactions with the detector.

The software packageGoraL [25] describesachcomponenbf the OPAL detectorgeo-
metricallyandthe GEANT [26] packagesimulategheresponsef the detectordescribing
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theinteractiondbetweertheparticlesandthedetectomaterial. Theoutputfrom GEANT is
recordedn thesameformatasthedata,to allow in thereconstructiorpackageRoPE [27]
asimilar treatmenbf dataandsimulatedevents.



Chapter 3

The Standard Model

TheStandardvodel describeshefundamentatonstituent®f matterandtheirinteractionsThis
modelis a gauge-inariantfield theory basedon the gaugegroupSU(3) x SU(2) x U(1) and
describeghestrong,theelectromagnetiandtheweakforces.

Theelectromagnetiforceis successfullyexplainedby the quantumelectrodynamic$QED)
[28]. This is a gaugetheory basedon the U(1)., local gaugetransformationgyroup, which
leadsto the conseration of the electricchage asa quantumnumber The QED explainsthe
interactionbetweerchagedparticlesasthe exchangeof amasslesseutralparticle,the photon.

The electromagneti@and weakinteractionshave beenunified by the Glashav, Salamand
Weinbeg [1-3] modelproposedn the late 1960sand describedbelov. This theoryis based
ontheSU(2) x U(1) local gaugetransformationgroup,the SU(2) groupis relatedto the weak
isospintransformationgl) andtheU(1) groupto theweakhyperchage(Y). Thetheorywaslater
provento berenormalizabldy t' Hooft andVeltman[4, 5].

The quantumchromodynamic$QCD) is a theorybasedon the SU(3) groupof local trans-
formations,which explainsthe strongcolor interactionbetweenguarks[29-31]. Thecoloris a
guantumnumberwith threepossiblevalues,sayred, blueandgreen.The bosonsvhich mediate
the stronginteractionbetweenguarksarethe gluons,eachis carryinga color andan anticolor
In QCD, thereare six typesof chage (color and anticolour)and eight color chaged media-
tor bosons. Quarkshave beennever obsered asisolatedparticlesandthey canexist only in
colorlesscombinationga phenomenoralledconfinementpf coloredobjects,in thefollowing
configurationsigq (mesonshndqqq (baryons).

The gravitation is the fourth interactionobsered in natureand it is not includedin the
Standardmodel. Its unificationwith the otherinteractionsis still one of the remainingopen
guestionswhich canleadto moregeneratheoriesbeyondthis model.

Thegenerakharacteristicef the StandardModel canbe summarizeasfollows:

e The matteris madeout of spin 1/2 particlescalledfermions: six leptonsandsix quarks.
The leptonscarry integer chage andthesearethe electron(e), the muon(u) andthe tau
(7). Themuonandthetauareheay versionsof theelectron.Eachchagedleptonhasthe
correspondingeutralleptoncalledneutrino.Thequarkscarryfractionalchages+2/3|e]
or —1/3|e|, wherele| is thevalueof theelectricalchage of theelectron.Thequarkflavors

17
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aredenotedby u, d, s, ¢, b andt.!

¢ Leptonsandquarksfall into threefamiliesclassifiedaccordingto their hyperchagesand
the third componenof the weakisospin. All the matteris built from particlesof thefirst
family. Table3.1 summarizeshethreefamiliesfor theleptonsandquarks.

In caseof leptons,thereis no cross-generationoupling, but in the caseof quarks,the
situationis not sosimple. Althoughthe generatiorstructureis similar, the weakinterac-
tion do not strictly respectheir separatédentities,allowing crossgenerationatouplings,
describedy the Cabbibo-Kobayashi-Maskaa matrix.

e Theweakhyperchageis relatedto theweakisospinby the Gell-Mann-Nishjimarelation:
R=I+Y (3.2)
whereQ is theelectricchage.

e TheDiracfield operatorfor eachparticlecanbesplitinto aleft-handedandaright-handed
operator For the neutrinoshowever only the left-handedpart can couple. Considering
the symmetrygroup SU(2); x U(1)y for the electraveak interaction,the fermionsare
groupedin left-handeddoubletsandright-handedsingletsaccordingto the weakisospin
| of the SU(2) groupandtheweakhyperchage of the U(1) group. Table3.2 summarizes
theclassificatiorof leptonsandquarkstogethemith theirfundamentajuantumnumbers.

Whered’, s’ andb’ aretheweakeigen—statewhich arerelatedto the physicalquarksd, s
andb by the Cabbibo-Kowayashi-Maskaa matrix. In termsof thisformulation,d’, s’ and
b’ aretheeigen—statesf theweakinteractionwhereasl, sandb arethemasseigen—states
of thematrix.

¢ Interactiondbetweerelementanparticlesaredescribedyy the exchangeof twelve spin-1
bosons four bosonsasthe carriersof the electraveak force,v, W+, W—, Z andeight
masslesgluonsasthe carriersof the strongforce.

e Themodelinvokesa spontaneousymmetrybreakingprocesgo give riseto themassesf
Z andW™, W~. This procesgequiresthe existenceof anotherspin-Oparticlecalledthe
Higgsboson.

Dueto thetopic of the presenthesis,only the electraveaksectorwill beexplainedhere.A
detailexplanationof the QCD andQED canbefoundin [28,32].

3.1 The Weak Interaction

A quantumfield theorywhich explainsan interactionshouldhave the propertyof renormalis-
ability, meaninghattheamplitudedor differentprocesseassociatedvith aninteractionshould
benondivementat high enegiesandto high ordersin the couplingconstant.The possibility of
performingprecisiontestsof the theoryis basedon this propertywhich preseresits predictive

Thesedenotationsarerelatedto thewords,up, down, strangecharm,botton(or beauty)andtop (or truth).
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| Fermions| Families | Q |
Leptons Ve vy vy 0
e o T 1

Quarks u t +2/3
d b -1/3

Table3.1: Classificatiorof theleptonsandquarksfamiliestogethemwith their electricalchages.

power alsofor beyond high order calculations[32,33] A prototypeof a renormalisabldield
theoryis the QED explainedbriefly atthe beginning of this chapter
Historically, the prototypeof a weakinteractionprocessvasthe nuclearg-decay:

n—pt+e +v,
orin termsof quarks:
d—u+e +7,

In this model,theinteractionbetweerthefour fermionsinvolvedin the processs effectively
pointlike andit is describedoy a couplingterm Gy which is the Fermi constant. This model
works properly at low enegies, but a high enegies (> 300 GeV), the crosssectionfor such
processesxceedthe so called unitarity limit 2. The fact that the dimensionof the coupling
constanGr dependsnverseontheenegy, producesuchdivergenceslt is thereforeneccesary
to redefinetheweakinteractionin termsof adimensionlessouplingconstan{34].

Thetheoriedried then,to explain suchprocesseby theintroductionof intermediatédbosons
in asimilarway to the QED theory Thus,thefollowing featureshouldhave takeninto account:

o If theinteractionis explainedasthe interchangeof bosonstheseshouldbe chagedin
orderto explainthe 8+ andthe 3~ decays.

e Thesentermediatdbosonsshouldbe massie, sincethereachof theinteractionis small.

Theintroductionof intermediatehagedvectorbosongcalledW and W~) doesnotelim-
inate however all the divergencesandthe situationis particulardramaticfor weakandelectro-
magneticprocessedn which the W bosonproductionin the takesplacein the final stateasin
v — WHTW~ orete” — WHW~ events. The cancellationof the divergencesin suchpro-
cessess reachedvy introducinga neutralboson(calledZ). It is naturalto assumehatthe same
neutralbosoneliminateghedivergencesn theweakandthe electromagnetiprocessedn such
caseit is clearthat the weak coupling will have the samemagnitudeas the electromagnetic
coupling.

2This limit is determinecby the conditionthatthe scatteredntensitycannotexceedthe incidentintensity of ary
partialwave.
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\ Fermions | I | L |Y |
Leptons
(Ve> (Vu> (1/7—> 1/2 | 1/2 | -1/2
e ), v) ™), | U2 | -1/2| -1/2
ep JIp TR 0 0 -1
Quarks
(u) (c) (t ) 1/2| 12 | 1/6
), \&), W), |12]-12] e
up CR tr 0 0 2/3
dy sp b, 0 0 | 1/3

Table3.2: Classificatiorof the left andright—-handedeptonsandquarksandtheir fundamental
guantumnumbers.

Introducingthis neutralboson,the divegencesdissapeabut thereis still a residualdiver
genceif the fermionis considereda massie particle. This divergencecanbe canceledoy the
introductionof furtherscalarmarticles with a specialcouplingproportionalto thefermionmass.
ThesearethesocalledHiggsscalars.

3.2 The Electroweak Interaction

TheGlashav, Weinbeg andSalammodelunifiesthe electromagnetiandthe weakforcesin an
electraveakinteractionbasedn thelocal SU(2); x U(1)y groupof transformations.

This theorypostulatedour massles®osonsarrangedn atriplet anda singletasmembers
of multipletsof theweakisospin(l) andthe weakhyperchage (Y) [33]. Table3.3 summarizes
thesemultipletmembers:

| 1 | Group | Multiplet \

1| SU@) | W, = WL, W2 W3

0| U@ B,

Table 3.3: Triplet and singletmembersof multiplets of the weakisospin(l) and hyperchage

(Y).
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The gaugebosonsare endaved with massesy meansof a spontaneousymmetrybreak-
ing processwhich leavesthe renormalizatiorof the theoryintactasit is explainedin the next
section. The massie bosonsaredenotedby Wf[, W, and Z,, andthe fourth, the photon, A,
remainsmassless.

Theinteractionbetweertheleptonsandthe quarksto theintermediatdoosonsanbewritten
by theLagrangian:

L=gJt-W,+4JY"B, (3.2)

whereJ, = J}, J2, J% andJ) arethe fermionic currentsof weakisospinand hyperchage,
W, andB,, arethepotentialsassociatedo thebosonfieldsandg, g’ arethe couplingconstants.

Taking into accountthe Gell-Mann-Nishjimarelation betweenthe electric chage, the hy-
perchage andthe third componenbf the weakisospin,the weak hyperchage canbe written
as:

Y =Jm— T (3.3)

whereJi™ is theelectromagneticurrent,ande; is thethird componenbf theweakisospin.
The physicalbosonscanbe expressediscombinationf the componenof theisotripletof
vectorfields W, andthesingletB,,. Thesefieldsare:

1 .
wi= E[Wlﬂl) +iW )] (3.4)
w® = 92t 9A g 9%t 94 (3.5)

WhereWE?) andB, areorthogonal.
Introducingtheseexpressionsn the Lagrangiangquation3.2, with the Weinbeg anglede-
finedby:

5 — tan 6, (3.6)

the Lagrangdunctionfor this interactionbecomes:

9 (- - g . .
L= Wi + W) + (J$¥ — sin? 0, J5™) Z, + gsin 0, TS A, (3.7)

Thelastequationcontainghreeterms,which correspondo aweakchagedcurrent,aweak
neutralcurrentand an electromagneticeutralcurrent,whosecoupling constantshouldbe the
electromagneticouplinge:

e = gsinb,, (3.8)
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At low enepgiesthe Fermimodelof the weakinteractionis reproducedndthe couplingof
the W= bosonds relatedto the FermiconstantG as:

GF g
L 3.9
V2 8M3E, (39
Introducingnow therelation3.8it follows that:
V2 37.4
My, = (— 22 )2 = 22" GeV. 3.10
W T A 8Gsin2 6, sinfy, (3.10)
ThepredictedZ masss obtainedirom My, by therelation:
M
cos 8, = M—VZ (3.11)

3.3 The Higgs Mechanism

Thereis still a remainingquestionin the modelconcerninghe mechanisnwhich givesriseto
the gaugebosonsandfermion massesThe simplestideacould be to addmasstermsfor these

bosonsto the Lagrangedensity This procedurehowever, violatesthe local gaugeinvariance
andleadsto anonrenormalizableheory[32].

SalamandWeinbeg presenteé methodbasednaspontaneousymmetrybreakingto gen-
eratethemasse$or theW*, W~ andZ bosonsThisphenomenonccursvhenthefundamental
equationsof a systemhave a symmetry which is notvisible in the groundstate.The suggested
mechanisnmrequiresadditionalscalarfields, calledHiggsfields. In the minimal Standardnodel
it is enoughto introducetwo comple scalarfields,whichform adoubletundertheweakisospin

groupSuU(2):
_ (¢1(=)
¢(z) = ( ¢2(x)> (3.12)

Thenext stepis to look for a Lagrangedensity £, which containghe couplingof this scalar
doubletfield to the gaugefield andis invariantunderthe SU(2) transformations.With these
requirementshe Lagrangedensityhasthe following form:

Ly = (Du")(Dug) = V(9), (3.13)
whereD,, is the covariantderivatedefinedas:

D, =6, —ig LW - i%BM (3.14)

g andg’ arethe gaugecouplingsfor SU(2)andU(1) andV(¢) is the Higgsfield self-interaction
definedby:

V(g) = wd 6+ A6l
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wherey and ) arefree parametersThe first term of the Lagrangians assumedo be positve
defined. The minimum of the enegy correspondshereforeto the minimum of the potential
which occursat:

p=v= K- (3.15)

v is the vacuumexpectatiornvalue of the scalarbosonfield ¢ andV(v) = —u*/4), sothatV is
anon-zeroconstanin thegroundstate.

Consideringa perturbatiorexpansionn lowestorderaroundthe vacuumminimumo for this
scalarfield, it is possibleto obtainfrom the Lagrangedensity the massassociatedo this scalar
particle:

My = V2 ? =V2pu (3.16)

Thekinematictermof thegauge-imariantHiggsLagrangiargivesriseto massermsfor the
vectorbosonswhich dependbn the gaugecouplingg andg’ andthe Higgsvacuumterm:

My =0 (3.17)
g’U
My = =
W=

Mz = 2\/92‘|'9'2

2

Finally, the fermion massesre obtainedfrom the Yukawva coupling of the Higgs bosonto
thefermions,which introducesadditionaltermsin thetotal Lagrangefunction.






Chapter 4

The W Physicsat LEP2

This chapterpresentsa generalovervienv of the W bosonphysicsperformedat LEP2 The
first sectionintroduceghe fundamentameasurementgndthe next sectionexplainsthe W pair
productioncrosssectionand other four fermion processesvhich contritute to the total cross
section.Finally, the determinatiorof the width, T'yy andthe mass My, of theW areexplained
attheendof thechapter

4.1 Intr oduction

TheLEP eTe™ collider at CERNis anideal ervironmentto studythe propertiesof the gauge
bosonsf the Standardviodel in the electraveaksector

Therecordeddataduringtheseconchhaseof theacceleratoprogram LEP2, haveimproved
our knowvledgeof the StandardVodel from two fundamentameasurement$]:

e Directmeasuiementof the W masswhich waspossiblebeforeonly in hadroncolliders.
Sincethe W massis relateddirectly to the fundamentaparameter®f the electraveak
sector a high precisionmeasuremeruf this massprovidesstringenttestsof the Standard
Model. Whenit is combinedwith the massof theZ obtainedrom LEP1, theW masscan
beusedto constrainthe massof the Higgsboson[35, 36].

e The structure of the trilinear gaugecouplings of the W to Z and+y bosons. In the
StandardVodel, couplingshave the Yang-Millsform, whichleadsto a properhigh-enegy
behaior of the W pair crosssection. Sincethesecouplingsappearin the non-abelian
structureof the Standardviodel, their measuremeris essentiafor its directconfirmation
[37].

Couplingswvhicharedifferentto the Yang-Millsform arecalledanomalou®r non-standard.
They leadto highenegy crosssectionandaviolation of theunitarity. Thecenterof-mass
enegy atLEP is toolow to seea deviating enegy behaiour, howeverit is still possibleto
estabilishlimits on theanomaloudriple gaugecouplingsby studingboththetotal W pair
crosssectionasa function of the centerof-massenegy andthe angulardistribution of
theW bosonsandtheirdecaysin particular the angulardistribution of the W production
is sensitve to non-standard@ouplings.

25
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4.2 The W Pair Production

TheW pair productionfrom e™Te™~ collisionsis describedn thelowestorderof the perturbation
theory by threedifferentcontributions showvn in figure 4.1. Thefirst diagram(left) shows the
interchangeof a neutrinoin t-channel(abeliandiagram). The secondand the third diagrams
(right) shaw the productionof avirtual - / Z in s-channe(non-abeliardiagram?).

et f1
wr f

7/Z W— f3

e fa

Figure4.1: Feynmandiagramdor the W pair production.Abeliandiagram(left). Non-abelian
diagramgright).

In afirst step,the calculationof the crosssectioncanbe performedat the so calledon-shell
Born-level [9]. At this orderthe W bosonsarestableandthe crosssectionhasanedgelike rise
aty/s = 2Mw, asshowvn in figure4.2. Thisis, however, only anapproximatiorsinceit neglects
thewidth of the W boson.

Takingthiswidth into accountthetotal crosssectionis givenby:

sy
gl I =shell() :/ dSl/ dsz BW(Mw, T'w, s1) BW(Mw, I'w, 52) 00(s, 51, 52)
0 0
4.1)

wheres; ands, arethe invariantmassesand BW representshe relatwvistic Breit-Wigner for
eachW boson:

1r
BW(Mw,Tw, s) = — 1 . (4.2)
W(s — Mw?)2 + SQ—ZMVV\;

o9 is heretheBornlevel contrikution, which canbewritten asthe quadraticsumof theindividual
amplitudesof the Feynmandiagramsshavn before.

Moreover, it is neccesaryo includeradiatve correctionsdueto initial andfinal stateradia-
tions? (ISRandFSR)[8,9]. ISRis particularlyimportantbecausé decreasethecenterof-mass
enegy of thesystem.This correctionhasanimportanteffectin thedeterminatiorof theW mass
by areconstructionmethod(seesectiord.4.1),becauseéhe methoduseghetotal centerof-mass

!Becausef the couplingof thethreegaugebosongeitherWWZ or WW-).
2Emissionof oneor morephotonson theinitial or thefinal states.
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Figure4.2: Cross-sectiofior ete™ — W W™ eventsin variousapproximations(1) Born (on-
shel) cross-sectiofidottedline). (2) Born (off-shel) cross-sectioidotteddashedine). (3) First
orderCoulombcorrectiongdashedine). (4) Initial stateradiation(solid line).

enegy informationto improve themassresolution.The exactknowvledgeof theenegy distribu-
tion of ISR photonss thereforeneccesary

A secondimportantcorrectionat thresholdis the so called CoulombSingularity which
leadsto aninterchangeof low enegetic photonsbetweenthe W bosons. The exchangeof a
soft photondistortsthe lineshapeof the W W~ production.In the caseof the resonantV pair
cross-sectiorthe socalledCC03diagrams’, the Coulombsingularitygivesriseto a correction
factorwhich reachests maximalvalueof ~ 5.7% atthe nominalthresholdanddropssmoothly
above thethresholdamountingo 2.4%at+/s = 176 GeV andonly 1.8%at190GeV. Figure4.3
shaws the W-pair productioncrosssectionasafunctionof thecenterof-massenegiesmeasured
atLEP[38]. Theresultsobtainedareconsistentvith the StandardModel expectatiori10,38,39].

3ThesearethethreeresonaniV pairdiagramsshown in figure4.1.
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Figure 4.3: Measurement®f the W-pair productioncross sectioncomparedto the predic-
tions of Racoonww [40], and YFsww3 [41] andGENTLE [42]. The shadedarearepresents
a +0.4 — 0.7% (+0.7%) uncertaintyon the predictionsfor /s > 170 GeV (/s < 170
GeV) [38].

4.2.1 Four-Fermion Processes

The resonanCCO3W pair productiondiagramsete™ — WHW— — 4f, shawvn in figure 4.1,
belongto the generalgroup of four—fermion processe# which four fermionsare obsered in
thefinal state,eTe™ — X — 4f, with the sameinitial andfinal statebut differentintermediate
statesandall thesediagramagyive sizeablecontrikutions.

Figure4.4 shaws all thesecontrikutionsfor the crosssectionclassifiedin abelianandnon-
abelian.Thediagramga) and(f) contrituteto the CC03diagramsTheresonanCC03diagrams
caninterferewith the otherfour-fermion processeandtheseinterferenceshouldbetakeninto
accountin the determinationof the total cross-sectiorand further analysisof the W boson.
Neverthelessthe usageof the CC0O3diagramsonly in the W analysisinsteadof the full setof
four—fermiondiagramsgs agoodapproximatiorsincethecontritutionsof theotherdiagramsare
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smalldueto the factthat mostof the four—fermioncontrilkutions aresituatedin differentphase
spaceregionsthanthe W—pair events. Oneexampleof theseinterferencess givenby thee™e™
— qq’ev processwhich is compatiblewith the diagram(e) in figure 4.4. In this processwo
quarks(in the casethatB3 = Z, «) or a chagedleptonandthe correspondingneutrino(in the
casethatBs = W) appeaiin thefinal state.This processs compatiblewith diagramga) and(f)
asfinal statesareidenticalandthereforethey interfereandcontritute to the crosssectionof the
W pair production. The dominantnon—CCO03contrikution to this processcomesfrom diagram

(e).

(@) (b)
et fi et f
1
B B2 f2 B f3
e B _
! f3 fa
e fa e fo
(©) (d)
et et e ot e, ve
— - -
B,
I3 f3
B, 2
fa fa
B,
- -
e e ,Vle e e , Ve
(e) )
6+ €, Ve €+ le
— -
B, f W+ £
B _
Bl ’ f4 B W-— f3
€ ,Ve
e e 1

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:
B =17, 7, B1, By, B3 =7,7v, WrW~ + Higgs Graphs.
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The fundamentaFeynmandiagramsfor the mostimportantfour-fermion backgroundoro-
cessesireshavn onfigure4.5:

e Z(7)-pair production (ZZ)(Z~) (v )
This processs shawvn in figure 4.5(a). Below a centerof-massenegy /s = 2My, this
processhasonly a small crosssectionlessthan0.4 pb. Sincel1997,whenthe centerof-
massenegy of LEP increasesver 180GeV, thischannels dominatedy the production
of two real Z bosonsreachinga crosssectionof aboutl pb This ZZ productionis an
importantbackgroundourcefor the hadronicandleptonicchannels.

e SingleZ production (Zee)
In this casetheintermediatghotonis quasi-reabhndnormalyonly onee™ is detectedqsee
figure 4.5(b)). The processhasa high crosssectionandis animportantbackgroundor
the semileptoniandleptonicchannels.

e SingleW production (Wev)
The quasi-realy in the intermediatestatecauseshe scatteringangleof thee™(e™) to be
generallyvery low (seefigure4.5(c)),in mostcasest goesalongthebeampipe andis not
detectedlf it is, however, obseredin thedetectorit leadsto anindistinguiblebackground
event,for final stateswith e~ -, pair.

e Multi-peripheral events(Two photon production)
This processshawvn in figure 4.5(d) hasa very high crosssection,but sincethe fermion
pairshave in generala low massits contritution to the phasespacerelevant to the mea-
suremenbf W propertiesis relative small. Becauseof the small anglescatteringof e~
ande* theseparticlesgo normallyalongthe beampipeandarenot detected Theseevents
areanimportantsourceof backgroundn caseof thefully leptonicchannel.

Figure4.6 shavs the crosssectionof the mostimportantprocesseasfunctionof thecenter
of-massenepgiesatLEP2

4.2.2 Two-Fermion Processes

Anotherimportantsourceof backgroundaventscomesfrom two fermion processesin which
anintermediateZ/y decaysinto a pair of fermion-antifermion.Figure4.7 shavs the Feynman
diagramdor suchaprocess.

In suchprocesseshe initial stateradiationcorrectionsare very important. In caseof qq
eventstypically 75%of themhave hardISR suchthat+/s ~ My (calledradiatve returnevents).
Thecrosssectionfor theseprocessess high, if theenegy of the photonis:

_S—l\/IZ2

2V/s

However, theseprocesseareeasyto reject,by a determinatiorof the effective 1/s.

For thefully hadronicW™W— channelthe non-radiatie processeareanimportantback-
ground,sincethe primary quarkscanemitenegeticgluons,giving riseto eventswith morethan
two jetsin thefinal state.

By (4.3)
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Figure4.5: Backgroundprocesseor the WW pair production.

4.3 The Width of the W Boson

As discussedn the last section,the width of the W is a crucial ingredientfor the (off-shell)
W pair productioncrosssection,especiallyin the thresholdregion. I'yy is determinedby the
couplingof thefermionsandis relatedto Myy in the StandardModel.

In caseof W decaysto leptons(W — eve, W — vy, W — 7v;), thereis no mixture be-
tweenthe individual generationsIn hadronicdecaysthe W bosoncouplesto u-d quarksand
themixture betweerthe generationss determinedy the Cabibbo-kKobayashi-Maskaa (CKM)
Matrix Vj;. The total width is now obtainedas a sumof the individual contritutions. In a
first step,at Born-level (withoutradiatve corrections)andnegglectingfermionmassesvhichare

smallcomparedo Myy, the partialwidth for adecayof aW bosonto a pair of fermionsf; f/; is
givenby:

Borngr F\ o 1 for leptons,
Pw ™ (fi f13) = 12sin6WMW{ N¢|Vij|? for quarks, (4.4)
wherefy is the Weinbeg angle,« the finestructureconstant,No = 3 to take into account
the differentcolor chagesof the quarksand |V;;|? arethe elementsof the CKW matrix. The
decayof theW bosonin atop quarkis forbiddensincethe massof this quarkis abouttwo times
largerthanthe W mass.Fromtheremaindeisix hadronicdecayspnly two modesgive sizeable
contritutions to the W width; the W — ud and W — cs decays. Togetherwith the leptonic
decaysW — eve, W — uv, andW — 7v,; andneglectingothercontritutions, the total width
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Figure4.6: Crosssectiondor sometypical standardnodelprocesses.

canbewrittenin afirst approximatioras:

aMy 3a

Tw~(3+2x3 =
w3+ )12sin2 Oy  4sin® Oy

Mw (4.5)

Electraveakcorrectionscanbe moreeasilytakeninto accountdefiningthe lowestorderof
I'w in termsof thesocalledG,, schemgG,, is the Fermiconstant), which usesMw, G, and
My insteadof sin 6y anda. Thesecorrectiongemainbelonv 0.5%of thetotal width.

FurtherQCD radiatie correctiondor thehadronicdecaymodesarepracticallyconstanand
equalto 2a,(M32,) /3~ [9]. Takinginto accounthesecorrectionsthetotal W width cannow be
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Figure4.7: Feynmandiagramdor two fermionevents.

written as:

G, Mw? 205 (M2
22 ™

Theexperimentableterminatiorof T'yy hasnotachievedahighprecision.ThedetectorsCDF
andDO0 at TEVATRON at Fermilabhave determined’w by anindirectmeasurementomparing
thewell knovn width of the Z in leptonicdecayswith the corresponding’y . Theresultof this
indirectmeasuremerns [43]:

) (4.6)

Tw = 2.043 £ 0.092 GeV.

A secondyroupof measurementgerformedin CDF andDO determinel’y, by a directmethod
basednthetranswerseleptonicmasg43]:

I'w =2.11 £0.32 GeV.
Measurementperformedby thefour LEP experimentsyield a valueof [44]:
I'w =2.12 £0.11 GeV.

Theresultsof thefour LEP experimentsareshavn in Figure4.8.

4.4 The Massof the W Boson

At LEP1, the W masscan be determinedndirectly from the relation betweenMy,, Mz and
the FermiconstantG,,, which is known with high accurag from the decayof the muon. This
relationis givenby:

a — am 1
VeME, (1 - M2, /M2)1 - Ar

4.7

where Ar parameterizethe radiative correctionswhich dependon the massof the top quark,
my, andthe massof the Higgsboson,my. Figure4.9 shavs thefirst ordercorrectiongo the W
propagatar
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Figure 4.8: Combinedresultsfor the measurementsf the W width comparedto the results
obtainedby thefour LEP collaborationg44].
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Figure4.9: Firstordercorrectiongo the W propagatar
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A direct measuremendf My togetherwith a measurememf m; allows an estimationof
my. A precisedeterminatiorof My canthereforebeusedto constrainfurthertherangeof my.
Figure4.10shavstheworld averageMw measuremerglottedversuan, obtainedromthe CDF
andDO experiments.Thesolid contourdenotesndirectlimits dervedfrom electraveakdatafor
LEP1, SLD andneutrinoexperiments.The dashedine corresponds$o the directmeasurements
for LEP2 and TEVATRON. The intersectionwith the bandscorrespondsgo the limits of the
Higgsboson.

The combinationof directmeasurementsf My, from LEP2andfrom hadroncolliderscur
rently gives[45]:

Mw = 80.436 £ 0.037 GeV.

The direct measuremernis consistenwith the indirect value obtainedfrom lower enegy data
measurementat /s ~ My, [45]:

My = 80.386 £+ 0.025 GeV.

It is expectedthatthe ultimate LEP precisionon My will be approximately30 MeV when
all dataareincludedandcombiningtheresultsof the four experiments.

4.4.1 GeneralMethodsto Determine My at LEP2

Thetwo main methodsto measuréMyy from WTW~— decaysarenow described. Thesemeth-
ods are basedon the sensitvity of Myy to the crosssectionshapeof the W W™ production
closeto thethresholdy/s = 161 GeV) andonakinematicreconstructiorof thedecayproducts
(/s > 161 GeV). For leptonicdecaysa full reconstructiorof the eventis not possibledueto
thetwo neutrinosin thefinal state.

Thr esholdCross-SectiorMleasurement

This methodexploits the fact that the WW~ productioncrosssectionincreasegapidly at
Vs = 2Mw. The thresholdmethodis basedon the comparisorof the absolutecrosssection
measuremeniith a theoreticalcalculationwhich hasMy, asthe free parameter The theory
predictsthe crosssectionwith high accurag andradiative correctionsare well undercontrol.
Table 4.1 shavs the resultsobtainedby the four experimentswith the thresholdcrosssection
method[46].

| Experiment | My (threshold)GeV |

ALEPH [47] 80.14 £0.35

DELPHI [48] 80.40 £ 0.45
0.48

L3 [49] 80.80(18_ ii%)
OPAL [50] 80.40("74a)

Table4.1: W massmeasurementsom the W+ W thresholdcrosssectionat /s = 161 GeV.
Theerrorsincludestatisticalandsystematicontritutions.



36

CHAPTER4. THE W PHYSICSAT LEP2

806 ! ! ! | J T T | T T T T T T
: — LEP1, SLD, vN Data
80.54 68%CL
>
O
©, 80.4- |
Z |
E -
80.3 - _
|m, [GeV 1
80.2 4— 113 I300 '1(')010 G Plreli'mi'na'ry
130 150 170 190 210

m, [GeV]

Figure4.10: The solid line representshe indirect measurementsom electraveak data. The
dashedine corresponds$o the directmeasurement®rm LEP2andTEVATRON.

TheW bosonmassmeasureét LEP from the datarecordedat thresholdfor W pair produc-

tion yieldsto [46]

Myy (threshold) = 80.40 % 0.20(stat.) & 0.07(syst.) = 0.03(LEP) GeV.

Dir ect Reconstruction of M

The determinationof My via a direct reconstructionis performedin two stages.Firstly, the
invariantmasse®f the W decayproductsare reconstructedn an event-by-&ent basis. The
precisionof thereconstructednasss degradeddueto thelimited detectoresolution Kinematic
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fits 4 arethereforeusedto improve the massresolutionandto rejectthe backgroundFits to the
resultingmassspectrato obtainMy areperformedn OpPAL usingthreedifferenttechniques:

¢ A MonteCarloreweightingtechniquevhichcomparegully simulatec® masdistributions
to obsered massspectrg51].

e Theconvolution methodusesthe corvolution of the singleeventerrorinformationwith a
semianalyticafunctionin anunbinnedmaximumlikelihoodfit [51-53]. The underlying
likelihoodparentdistribution takesinto accountheeffectsof ISR onthemasseconstruc-
tion.

¢ An analyticfit to the measurednassspectrumusingan unbinnedlikelihoodfunctionto
determinéMy, . Themethodemplo/s aparameterizatiobasednaBreit-Wignerfunction
[54].

Thedirectreconstructiorcanbe usedonly for hadronicandsemileptonicevents. Table4.2
shaws theresultsobtainedby the four experimentsof LEP with a directreconstructionFigure
4.11shavs thecomparisondetweertheseresults.

| Experiment |

WTW™ = qi@Qylve

| WIW~ 5 q1T,q5dy |

Combined

ALEPH [55,56]
DELPHI [57,58]
L3 [59,60]

80.435 1+ 0.063 £ 0.048
80.381 4 0.088 £ 0.048
80.273 = 0.089 £ 0.046
80.510 + 0.067 £ 0.031

80.467 & 0.064 + 0.057
80.372 & 0.064 + 0.063
80.461 & 0.077 £ 0.069
80.408 £ 0.066 + 0.100

80.449 4 0.045 £ 0.047
80.380 4 0.053 £ 0.047
80.362 £ 0.058 & 0.052
80.486 £+ 0.053 £ 0.039

OPAL [61,62]

Table4.2: W massmeasurementsom directreconstructior(y/s = 172-202GeV). Resultsare
givenfor the semi-leptonichadronicchannelsandthecombinedvalue. The errorsarestatistical
andsystematicrespectiely. Thecombinedvaluesof My from eachcollaborationtake into ac-
countthecorrelatedsystematiaincertaintiepetweerthetwo channelandbetweerthedifferent
yearsof datataking. TheWT W~ — q;q,41, resultsfrom the ALEPH andOPAL collaborations
includemassinformationfrom the W+W— — £v,¢'vp channel.

TheW bosonmassmeasureat LEP usingadirectreconstructionmethodyields[44]:

Myy (direct recons.) = 80.428 + 0.30(stat.) £ 0.036(syst.) GeV.

Whenthisis combinedwith theresultobtainedrom thethresholctrosssectiormeasurement
oneobtainsaW massmeasurementdf [44]:

Mw = 80.427 + 0.046 GeV.

“The kinematicfit is definedempla/ing enegy and momentumconseration basedon the preciseknovledgeof
thebeamenegy of anddirectionasconstraints.
STakinginto accounall the detectoreffects.



38 CHAPTER4. THE W PHYSICSAT LEP2

W-Boson Mass [GeV]

pp-colliders —e— 80.452 + 0.062

Average —0- 80.436 £ 0.037

X?/DoF: 0.1/1

LEP1/SLD —A- 80.374 £ 0.034
80 802 804 806
m,, [GeV]

Figure4.11: W massvaluesby direct,pp/ LEP2,andindirect,NuTeV/ LEP1 measurements.

45 WTW™ Decays

W pair events can be classifiedby the decayproductsin three different channels: hadronic
WHW™ — q102937,, semileptonicWtW— — q;q,4v, andleptonicWTW— — Lvl'vy. The
final statein thesechannelss characterizetdy four quarksin thehadronicchannel(W* — q1qs,
W~ — q3q4), by two quarksone chaged lepton and the correspondingheutrinoin the case
of semileptoniodecays(W™* — qiqy,, W~ — fvy) andby two chaged leptonsandthe corre-
spondingneutrinosin leptonicdecays(W+ — £y, W™ — £up).

¢ Fully hadronic channel
The typical topology of a hadronicevent consistsof four or more enegetic jets in the
final state. Figure 4.12 shavs an exampleof WtW~ — q1q,q3q, candidaterecorded
at/s=192GeV by OraL. This channelhasa high multiplicity andvisible enegy and
its branchingratio is the biggestof the threepossibleW pair decays(46%). The main
backgroundo this four-jet topologycomesfromete~ — qq events.

In thecaseof adirectreconstructioomethodto obtainthemassajet finderis usedto force
the selectedeventsto containfour or five jets [63]. Thesejets areusuallyreconstructed
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usingbothtracksandcalorimeterinformationcombinedto give the bestresolution. My
may bereconstructedy forming theinvariantmassof pair of jets.

A conceptuaMifficulty of this channelis the combinatorialbackgroundsincethe four
jets can be combinedin threewaysto form the two W bosonscandidates.A further
problemarethefinal stateinteractioneffects,suchasBose-Einsteircorrelationsor color
reconnectiori64,65] which caninfluencethereconstructedventmassandthereforeMyy.

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

Figure4.12: WtW~ — q1q,q3q, candidateecordedoy OPAL at+/s=192GeV. Thetracksin
the centercorrespondo the four jetsreconstructedh the centraldetector The blocksafterthe
centraldetectorarethe electromagnetiandthe hadronicclustersof enegy in the calorimeters.

The arrowv pointing out the hadroncalorimeterdescribeghe muonescapingowardsthe muon
detector

e Semileptonicchannel
This channelis characterizedy the presenceof two or more hadronicjets, an isolated
enegetic lepton (or a narraw jet in caseof hadronicr decays)and missingenegy and
momentundueto theundetectedeutrino(seefigure4.13for aWtW— — q;q,4v, can-
didaterecordedat /s = 192GeV by OpaL). Thebranchingratio of this channeiis 44%.
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Thebackgrounds verylow andonlyin thecaseof gq7v, ete™ — gg processesontritute
to the background66].

Themassof theW bosoncanbe estimatedy forming the invariantmassof the hadronic
systemyusingthefull informationof theeventin akinematicfit. In this casethehadronic
systemis forcedinto two jets,which arereconstructeasin the fully hadronicchannel.

Run:event11109: 86053 Ctrk(N= 53 Sump= 84.8) Ecal(N= 53 SumE= 76.1)
Ebeam 95.716 Vtx ( -.06, .05, 1.23) Hcal(N=15 SumE= 14.7) Muon(N= 0)

Figure4.13: WTW~ — q1q,¢v, candidateecordedby OPAL at,/s=192GeV. Thetwo quarks
arerepresentedly thetwo jetsin the centraldetector The correspondinghagedleptonis ae™
which fliestowardsthe electromagneticalorimeter Thedottedarrow is the missingmomentum
dueto the not obsered neutrino.

e Fully leptonic channel

Purelyleptonicdecaymodesof a W pair, althoughsmallin rate (thesedecayscomprise
10%of thetotal W W~ crosssection),give the cleanessignalof the W pair production
processesn ete~ collisions. This channelis characterizedy two acoplanarchaged
leptonsandalargemissingenegy dueto atleasttwo unobsered particlesin thefinal state
[9]. Figure4.14shavsaW™W~ — fv,/'vp candidatewith two muonsin the final state
recordedat,/s=196GeV by OpaL. Althoughafull reconstructiormf leptoniceventsis not
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possibledueto the two neutrinosin the final statethe absencef final stateinteractions
and hadronisatioruncertaintiesnake this channelparticularly attractve. The dominant
backgroundsourcesaareWer, ZZ anddileptonevents.

Run:event11289: 74764 Ctrk(N= 2 Sump= 75.5) Ecal(N= 9 SumE= 1.8)
Ebeam 97.778 Vtx ( -.03, .06, .45) Hcal(N= 5 SumE= 10.1) Muon(N= 4)

Figure4.14:WtW— — lvyl'vpy candidateecordedy OPAL at,/s=196GeV. Thetwo chaged
leptonsarerepresentedyy thetwo tracksin the centraldetector The two arrons escapingrom
thelastblocks(whicharethehadroncalorimeterorrespondo thetwo muonswhichfly towards

themuondetector






Chapter 5

The Selectionof Fully Leptonic Events

This chapterdescribeghe selectionof WHW— — 4uv,¢'v, eventsusedfor the determinatiorof
Mw. TheMonte Carlogeneratorsisedto simulatethe signalandbackgroundorocesseareas
well describedat the endof the chapter

During the on-line reconstructionthe events passa first classificationbasedon a set of
conditionsimposedby the filter system(seechapter2). The acceptedeventsarerecordedand
subjectedo arefinedoff-line reconstructionThe presenMy; analysismakesuseof theW\ 13
software packagd67], a setof FORTRAN programsdesignedo standardizehe jet andtracks
selectionmomentaandenegy determinationerror parameterizatiorkinematicfitting andsys-
tematicstudy of WTW~ productionat OraL. The WM 13 packageconsistsof independent
subroutinesvhich canbe usedvery flexible in eachindividual study

The signatureof the WtW— — Zuf'vp channelis anacoplanateptonpair. Di-lepton de-
caysof W pairsleadto six differentclassesee, pu, 77, ey, er andyr inratiosl: 1:1:2: 2
. 2. Experimentallythesedi-leptonclassedeadto threequite differentsignatureslependingon
thenumberof 7’sin thefinal state.Four ninth of the eventshave two long lived chagedleptons
(e, 1) in thefinal stateoriginateddirectly from W decaysfour ninth have onesuchleptonand
in oneninth bothW bosonsdecayinto tauleptons.Two thirds of the cross-sectiororresponds
to eventsin which theleptonsareof differentflavor [68].

The main backgroundare leptonic decaysin ee — 77, ee — Zee andee — Wev events.
Thesesourcexomprise30%,40%and15%respectiely of thetotal selectedbackgroundross-
sectionfor the WTW— — fupl'vp events[68]. Other backgroundsourcessuchasee — ee,
ee — up andee — 77 andtwo photonproductionof di-leptons,contritute aswell at a small
level.

5.1 The Selectionof Fully Leptonic Events

The tracks and electromagneticlustersof all possibleevent candidatepassthrougha first
commonsetof quality cuts. The aim of thesecutsis to avoid fake signalscomingnormally
from electronicnoisein the differentpartsof the detector The mostimportantquality cutscan
be summarizedsfollows [69]:

'Goodtracks’in centraldetector:

43
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A minimumtransersemomentumpr > 150 MeV

A maximumtotal momentunto avoid wrongmeasurementss < 0.1 x 107! GeV

Minimum numberof hitsin thejet chamberN > 20

Minimal radialdistancerom theinteractionpoint: |dg| < 2.0 cm

¢ Minimal distancefrom theinteractionpointin thebeamdirection: |zg| < 25 cm
'Good cluster’in theelectromagneticalorimeter:

¢ In thebarrelregion atleastl blockis requiredandanenepy largerthan100MeV.

¢ In theendcapregion atleast2 blocksarerequiredandanenegy largerthan250MeV.

Furtherenegy cutsaredefinedfor clustersin theforward detectoFD), in the gammacatchet
(GC) andin the silicon—tungsterduminometer(SW) to completethe set of conditionswhich
definethe quality cuts[69]: Erp > 5 GeV, Egc > 5 GeV andEgw > 2 GeV.

5.1.1 The Preselection

An eventis selectedasa WHW— — fuf'vpycandidateif it passes seriesof cutsdefinedto
isolatethe signaleventsandto rejectthe dominantbackgrounds.
In thefirst stephigh multiplicity eventsarerejecteddefiningthefollowing conditions:

e Thechagedtrackmultiplicity is betweenl and8.
e Thenumberof chagedtrackspluselectromagneticlustersdoesnot exceedl5.

In the next stepjets arereconstructedisinga conealgorithm [70]. In this algorithm, a jet is
definedasa setof particleswhosemomentumvectorslie within a coneof half-angleR, such
thatthe axis of the conecoincideswith the momenturmsumof the particlescontained.Thetotal
enegy of thesetof particlesis requiredto be greatethansomecutof e. Thustheresultsof the
jetfindingdependntwo parametersk ande. Thevalueschoserfor theseparametersvhenthe
conealgorithmis appliedto obseredtracksandcalorimeterclustersarethefollowing:

¢ A half-openingangleR of 20 degreess defined.
e A jetenegy e, largerthan2.5GeV is required.

Only thoseeventswith 1-3identifiedjetsareconsideredurtherin thegenerakelection.The
preselectiorfficiengy for thesignal W W~ — lv,l'vp is estimatedo bearoundd8.0 & 0.1%.
Thejet multiplicities areexpectedo bein theratio 0.059: 0.905: 0.036for mono-jet,di-jet and
tri-jet respectiely afterthe preselectiorf71].

1The spacebetweertheforward calorimeterandthe endcageadglasscauses gapin the calorimeteracceptance
in the polaranglebetweenl42and200mrad. This gapis coveredby thegammacatcher
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5.1.2 The Two-Jet Selection

The generalselectionfor di-leptoneventsrequiresa pair of leptonsand a significantmissing
enegy andmomentundueto thenon-obsergd neutrinosn thefinal state. Theprincipal cutsof
this selectionare[72]:

e A minimumacolinearityangleg,.,; > 5° is required.Thisangleis definedas180° minus
theanglef betweernthetwo chagedleptons.Figure5.1 shavs the geometricablefinition
of theacolinearityangle.Figure5.2 shawvs the acolinearityanglecut.

Iy

Figure5.1: Geometricadefinitionof theacolinearityangle.

e A minimumscaledranssersemomentumgr: 7 = pr/Epeam > 5%, is requiredwhere
pr is the momentumcomponenperpendiculato the beamaxis and Eyeqy, is the beam
enegy. Figure5.3shavsthezy cut.

¢ A numberof StandardModel processesanleadto high enegy particleswhich travel
alongthe beampipe andarenotdetectedThey give riseto missingmomentumalongthe
beamaxis. The selectedcandidateshouldthereforehave a significantmissingmomen-
tum in the planeperpendiculato the beamaxis, p** and a total missingmomentum
vectorwhich doesnot point along the beampipe to avoid suchbackgroundevents. A
corventionalcut on the directionof the missingmomentunis made:| cos HI’,”T“S| < 0.95.

e Other StandardModel events containing neutrinos, specially those which come from
ete™ — 77 events,or poorly measuredparticlesrepresent potentialbackground. In
theseeventsthevalueof pi**s canbelargeandthe missingmomentunvectormayhave a
big anglewith respecto thebeamaxis. However, mostof the Standardviodel eventstend
to be approximatelybadk-to-badk in the planeperpendiculato the beamaxis (coplanar).
In thesecoplanarvents thecomponenof p?i“ whichis perpendiculato the eventthrust
axig in the transwerseplane,a$¢, is muchlesssensitve thanp* to the presencef
neutrinoswhich comefrom tau decaysor poorly measuregbarticles.A cuton a7 is a

2Thethrustaxisn is definedasthe directionwhich maximizes

X7l

wherei runsover all momenteaof chagedtracksandclusters.
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Figure5.2: Acolinearity cut for di-leptoneventsat a centerof-massenegy of 189 GeV. All
othercutswhich definethe selectionare alreadyapplied. Eventsto the right handside of the
arrov areacceptedThehatchedegion correspond$o the backgroundevents.

moreeffective way to remove this backgroundhanacutontheacoplanarityangle.Figure
5.4shavsthegeometricabiefinitionof a7**¢. Thecutis: a**** / Eyeqm > 0.022 [73]. Fig-
ure5.5shavs the a?i” / Eveam cutdistribution for a centerof-massenegy of 189 GeV.

In additionto the cutsdescribedabove furtherrequirementareimposedasbackgroundretoes:

e A potentialbackgroundarisesfrom lepton pairs of two-photonprocessesn which one
of theinitial electronsis scatterecunderlarge angleto the beamdirection. Cutsin the
forwardregion (SW, FD andGC) suppressuchevents:

— Eventswith atotal enegy in the FD andthe SWin eitherz-hemispherexceeding
80% of the beamenegy arerejected.

— GCclusterswith enegy exceedings GeV arerejected.
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Figure5.3: z¢ cut for di-leptoneventsat a centerof-massenegy of 189 GeV. All othercuts
which definethe selectionare alreadyapplied. Eventsto the right handside of the arrov are
acceptedThehatchedegion correspondso the backgroundevents.

e An additionalcut is introducedusing the MIP plug detector This detectorconsistsof
four layersof scintillatingtiles installedat eachendof the OpaL detector The aim of the
MIP plug is to provide a hermeticcoveragefor muonsfor 8 > 25 mrad. If the angular
region is not covered,muonscanescapealetectionandthis canleadto a backgroundrom
ete~putu~ eventsin which one electronand one muonwere obsered in the detector
Usingthe MIP plug detectorcandidatesventsarevetoedif they containcoincidenthitsin
two or morescintillatorlayersin the MIP plugatthe samep andatthesameendof OPAL.
Theefficiengy to detecta muonwith thesecutsis measuredo be 80 + 4%.

Theanalysigresentedh thisthesisnakesusedof leptoniceventswith exactly two identified
leptonsonly. A total of 761 eventsat the centerof-massconsideredn the analysis,from 183
to 202 GeV, areobsered in the data. Table5.1 summarizeshe obsered numberof events
for eachcenterof-massenegy togetherwith the correspondinguminosities.Figure 5.6 shavs
distributions of the reconstructediisible enegy fraction for the six different di-lepton event
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classes.

| ECM(GeV) | Lpb™") [ WIW~ — lvpllvy

183 57 71
189 183 278
192 29 52
196 77 144
200 74 134
202 37 82

Table5.1: Integratedluminositiesandnumberof WW~ — ¢u,/'vp eventsfor the datafrom
183t0 202GeV.

5.2 The Di-Lepton Classification

Theleptonclassificatioris basedon the leptonidentificationdescribedn the following subsec-
tion aswell asthe obsered track multiplicity in eachjet. It is further refinedby momentum
cutsdependentipontheacolinearityangle. Themainpurposeof this refinements to re-classify
identified e and . with low momentawhich are more likely to originatefrom r decaysas
candidate$74].

5.2.1 The Lepton Identification

The leptonflavor identificationis performedby differentroutinesimplementedn the WAL13
package.
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Figure5.5: a7 cutfor di-leptoneventsata centerof-massenegy of 189GeV. All othercuts
which definethe selectionare alreadyapplied. Eventsto the right handside of the arrov are
acceptedThehatchedegion correspondso the backgroundevents.

The electon identification emplgys the ratio of the enegy depositin the electromagnetic
calorimeterto the track momentumE/p. This identificationtries to usethe smallestpossible
numberof subdetectorgonly the jet chamberandbarrelandendcapelectromagneticalorime-
terareused)in orderto have a high efficiency. An importantbackgroundsourcefor the electron
identificationaretracksfrom «-corversioninto ane*e~ pair. If oneof the trackshaslow mo-
mentumsuchthat the otherone passesheisolationcut or if the tracksare closeenoughto be
reconstructe@sa singleone,the track canpassasanisolatedelectron[75]. A standardOpAL
finding routine | DGCON 2 [76] is usedto remave suchtracks. This packageusesthe dE/dx
measurement® remove background.Cornvertedy’s in which the tracksaretoo closedto be
distinguishedendto give dE/dx measurementigherthanthoseexpectedfor electrons.The
dE/dx value of the electroncandidates requiredto be within threestandarddeviations of the
expectedvaluefor anelectron.

The muonidentificationrequiresa minimum numberof associatedhits in eitherthe muon

3This routinechecksif atrackis compatiblewith anelectronor a positronoriginatingfrom agammaconversion.
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Figure5.6: Distributionsof visible enegy scaledto the centerof-massenegy, Ryis, for the six
di-leptonclasseselectecas WTW— — fv,l'vpy events. The dataareshavn asthe pointsand
the error barsdenotethe statisticalerrors. The total Monte Carlo expectationis shavn asthe
histogramwith thenon<* ¢~ v/ backgrounctontritution shavn by the hatchechistogram.

chamberor the hadroncalorimeter Furthermore the enegy depositin the electromagnetic
calorimetermustbe small. Thusif a muontrack hasan associateclectromagneticluster
its enegy mustbelessthan3 GeV in thebarrelandendcapsregionsof thedetectoror lessthan
5 GeV in theoverlapregion0.7 < | cos 0| < 0.82.
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5.2.2 The Momentum Variation with Acolinearity

The enegy andmomentumof a leptonwhich comesfrom a W decaycanbe determinedrom
enegy andmomentunconserationin theW restframe.

Themomentundepend®n thedecayangled* of the leptonwith respecto the W direction
in theW restframe(seefigure5.7):

Py

= By

E;=—(14 Bcosb") with g =

: (5.1)

Py isthemomentunof the W bosonand Eyy is its enegy.

> 60
W direction

Figure5.7: Leptonicdecayof aW boson.g* is theanglebetweertheinitial W directionandthe
leptonin the W restframe.

If theleptonis producedn the samedirectionthanits parentW, it will have the maximal
enegy andif it is emittedin theoppositedirectionto theinitial W bosonit will have theminimal
enegy.

In anevent,thetwo W bosonsproducedrom ane*e™ collision areemittedbad-to-bad®.
If the leptonic decaysfrom both W bosonstake placein the samedirectionthanits parents,
the 8* anglewill be almostzeroandthey will tendto have high momenta(seefigure 5.1). In
this casethe two chaged leptonswill be emittedalmostback—to—baclandthe event haslow
acolinearity In the casethatbothleptonsareemittedin almostthe samedirection,theeventhas
ahighacolinearity

The scaledmoment&or the highermomentureptonX;® andthelower momentumiepton
X, arestudiedwith Monte Carlo events. Figures5.8 and5.9 shaws thesedistributions at low
andhigh acolinearityfor thedifferentleptoneventclassesdentifiedfrom Monte Carlotreelevel
information.

In both casesat low andat high acolinearity differencesare obsered between?/® and¢r
events.In £7 events,thevisible particlescomingfrom ar will have lessenegy thantheelectron
or muonwhich areoriginateddirectly from theW bosondueto theextraneutrinoin ther decay

A comparisonbetweenlow and high acolinearityplots shavs a larger numberof events
alongthe X, axisin the caseof high acolinearity Thisis in agreementvith the hypothesighat
oneparticleis emittedforwardswith respecto its parentsW andthe otherparticleis emitted
backwards.

“Neglectingeffectsof initial stateradiation.
5X; = Pi/Ebeam Wherep; denotegshe momentunof theleptoni.
®Heref means:~ or p.
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tains¢/ events( is anelectronor amuon)andtheright handonecontains/r events.Thelepton
classidentificationis determinedn bothcasesrom Monte Carlotreelevel information.
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Figure 5.9: Di-jet events measured at 189 GeV with high acolinearity
(105° < acolinearity < 180°). The measuredmomentumdistributions are scaled by the
beamenegy. Theleft handplot containsé/ (¢ is an electronor a muon) eventsandthe right
handone contains/T events. The leptonclassidentificationis determinedn both casesrom
Monte Carlotreelevel information.

Theseobsered differencesat low andhigh acolinearityfor the £/ and /7 eventsmotivate
the developmentof acoplanardependentuts on thesevariables,X; and X5 to optimize the
efficiengy matrix. In this matrix, eachelementepresentshe fractionnumberof eventsselected
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andclassifiedn aparticularchanneHdividedby thetotal numberof MonteCarlotreelevel events
for thatchannel. The sumof eachcolumngivesthe total efficiency e for eachclasstaking into
accountall the otherdi-leptonevents.Theclassificatiorpurity P, is definedas:

W€
225 Wicij

wherew is aweightfactorwhosevalueis 2 in caseof eu, er andur eventssincetherearetwo
possibilitiesto obtaineachcombinationandl in caseof ee, 77 and . eventsande;; arethe
differentmatrix elements.

Therelative performancef agroupof cutscanbe determinedy the calculationof a factor
'D’ whichis definedasthe sumof the diagonalelementsf the efficiency matrix dividedby the
totalsumof all elements:

P; (5.2)

p = Lrie) (5.3)
Zi,j €ij
If eachselectedeventwascorrectlyclassified,D’ would be 100%. Beforethe acolinearitycuts
definitionthis parametehadavalueof 77.1 + 0.4%. After theinclusionof thesecuts,its value
is improvedto 83.2 + 0.3%. A completedescriptionof the methodandthe numericalcutsused
in theanalysiscanbefoundin [74].
Theefficiengy matrix for all 2 jets eventsafterthesenew acolinearitydependenmomentum
cutshave beenappliedis shavn in table5.2. Figure5.10shovs the selectedli-leptontypesafter
thedescriptedselection.

‘ MC Truth\ ee ew et up  puT TT ‘ Purity\

ee | 724 03 6.6 00 00 1.0 | 83.0
el 13 711 54 06 72 16| 832
erT 71 35 583 00 1.1 10.7| 81.2
i 00 07 00 70.7 45 02| 87.0
Ut 00 27 03 52 56.0 69| 86.1
TT 04 03 35 02 32 418| 741

om—-omrmn

Table 5.2: Efficiengy Matrix for two jets eventsat a centerof-massenegy of 189 GeV after
acolinearitydependentomentunmcutshave beenapplied.

5.3 Background Sourcesfor WTW— — v, £'vy Events

Backgroundsto the WHW~ — fv,¢'vy event selectioncan be groupedinto three different
classe$69].

e Thefirst classconsistsof backgroundprocessesvhich do not containtwo leptonsand
two neutrinosin the final state. The 7-pair, two-photonand Zee eventsbelongpredom-
inantly to this type of background.This classcontritutesan expected38 + 11 fb to the
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Figure5.10: Selectedli-leptontype afterthe selectiondescribedn section5.2.2. The hatched
region corresponds$o backgroundevents.

total selectedV W~ — lv,¢'vp crosssection.Figures4.5(b)and4.5(d)shav thecorre-
spondingFeynmandiagramdor theseevents.

e Theseconclassconsistof anirreduciblebackgroundrom £+ ¢~ v, vy final stateswhich
canonly be producedby neutralcurrentdiagramsasthe neutrinoshave a differentlepton
flavor thanthe chagedleptons.Leptonicdecaydrom ZZ andZy processesontrilute to
thisclass.Figure4.5(a)shavs theFeynmandiagramfor thisbackgroundource . Sincethe
neutrinosareunobsered, thesefinal statesareindistinguishabldrom the signaleventsin
termsof theeventtopology This classcontritutesanadditional45 + 2 fb of background
to theinclusve WTW— — fuf'vy selection.

e Thefinal classof backgrounds the differencebetweernthe completefour-fermion cross
sectionandthe theoreticallypredictedratefrom CC03diagramsfor WW— — £upl'vp
final states. This includesneutral-currentprocessesn the final stateswhere the two
chaged leptonsare of the sametype (¢ v£~v). Only ee, uu andr7 eventshave con-
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tributionsfrom suchdiagrams Four-fermionprocessewith ane™ in thefinal state(er/v)
contritute aswell to this classof background.Leptonicdecaysrom Wer eventsbelong
to this background.Figure 4.5(c) shaws the corresponding-eynmandiagram. This non
CCO03productionandtheinterferencéetweerthe CC03andthenonCC03diagramscon-
tributesa large crosssectionof 77 &+ 10 fb which s treatedasa backgroundn the CC03
selectionandis alsolargely irreduciblewithin the detectoracceptance.

The errorson the acceptedbackgroundcrosssectionsinclude all systematiauncertainties
andthe effectsof limited Monte Carlo statistics.A summaryof theacceptedackgroundross-
sectionds givenin Table5.3. Thedominantsystematierrorassociatedvith the leptonicback-
groundestimateis dueto the four-fermion correction. The acceptedour-fermion background
rateis estimatedrom thedifferenceobseredin KorRALW four-fermionandCC03samplesvith
equvalentExXcALIBUR samplegproviding a cross-check.

| Source | Cross-sectioffb) |

el v, 77T+ 10
qgl* v, 3+1
qqaqq —
e+€_l/glﬁgr 45+ 2
qquv 3+1
qgeTe” 1+1

qqltes —
eteff 949
voy(7y) 2+1
AN/ 20+4
qq —
Combined 160 + 14

Table5.3: Acceptedbackgrounccrosssectionsfor the 189 GeV WHW— — fv,l'vy selection
in fb. All errorsincludebothstatisticalandsystematiaincertainties.

5.4 The GeneralMonte Carlo GeneratorsDescription

ThedifferentMonte Carlogeneratorsisedin the presentanalysisfor the simulationof W+ W=
signalandthe correspondindpackgroundeventsarenow briefly described77,78]:

e Signal Generator:

— KORALW [79]
This is the standardgeneratotto perform W+ W™ studiesin OraL. This program
includestheleptonicdecayf W bosonsandsecondaryecaysj.e in thetaulepton
decays.Effectsof initial andfinal stateradiationsareimplementedoo. Hadroniza-
tion of quarksis performedusingthe programJeTSET [80]. KORALW includesan
interfaceto the GRACE [81] library to calculatemulti-diagrammatrix elements.
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e Background Generators:

— BHWIDE [82]
The programevaluateghe Bhabhacrosssectionsat LEP1 andLEP2 enegies. It is
usedin this analysisto generatdBhabhafinal statedor backgroundprocesses.

— KORALZ [83]
This programsimulatesthe processof fermion pair production,wherethe fermion
canbealeptonor aquark.KORALZ is usedto generatgu, andrr di-leptonsback-
groundprocesses.

— PYTHIA [80]
This generatoiis the standardpackageto produceZZ andZee processe$or back-
groundevents. For applicationsat LEP2, the JETSET [80] packagds implemented
togetherwith PYTHIA, providing togethera wealth of differenthadronicand also
non-hadronigrocesses.

— RADCOR [84]
This generatois usedin theanalysiso simulatefour-fermionprocessefor ete™—
vy events.

— VERMASEREN [85]
This programperformscalculationsof ete~— ete™ f f eventsvia vy collisions.In
this analysisit is usedfor the two-photonbackground.

e Generatorsfor further SystematicChecks:

— EXCALIBUR [86]
The programEXCALIBUR evaluatescrosssectionsfor eTe™ scatteringnto all pos-
siblefour-fermionfinal states. EXCALIBUR hastherestrictionthatthe fermionsare
masslessThe OraL analysisemplo/s anadditionalinterfacewith JETSET toinclude
themassof thefermions.EXCALIBUR is usedin the analysisto checkMonte Carlo
systematiauncertaintiedue to the differencesbetweensampleswhich includeall
possiblefour-fermionfinal statesandthosewhich include CC03diagramsonly.

— GRC4F [87]
This programis basedon GRACE and allows the full setof four-fermionsin the
final state,including the interference$etweenthem, to be used. Final stateinter-
actioneffectsalsoareimplemented.n the present@analysis,t is usedtogethemwith
EXCALIBUR to performMonte Carlosystematiancertaintiexhecks.

5.5 The CrossSectionfor WTW~ — £v,0'vy Events

The fully leptonicevent selectionhasa very small backgroundandis thereforewell suitedto
measurdhe four-fermion crosssectionsfor the six chageddi-leptonfinal states.Thesestates
have contritutionsfrom WW, ZZ, Wev,, Zete andZvv diagramsandtheirrespectie interfer
ences.
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The four-fermion crosssectionsare definedtaking into accountthe following kinematic
acceptanceuts[72]:

¢ At leastoneof the chagedleptonsis producedwith | cos 6| < 0.90.
¢ Both chagedleptonsareproducedwith | cos 8| < 0.99.

e Theinvariantmassof thesystenmustbegreatetthan10 GeV andthetransersemomen-
tum musthave pr/Epeam > 5%.

The corresponding/aluesfor the six individual crosssectionare shavn in table5.4. The
resultsobtainedarein goodagreementith the StandardVodel rates.

ete” — | Measurectrosssection(fb) | Expectedvalue(fb) |

ete v 290(72%) £ 11 262
ptu vo 195(*50) £ 08 221
a7 290(1'22) +13 207
i,ﬁ 384(T20) £11 387
ety 225(755) £ 10 388
pErty 348(*T50) £11 376

Table 5.4: Four fermion 7/~ v¥ individual crosssectionsat 189 GeV. The errorsare the
statisticalandthe systematiaincertaintiesespecirely. Theexpectedcrosssectionvalueswithin
the StandardModel arecalculatedusingthe KORALW four fermion Monte Carlogeneratar

The selectionefficiengy is estimatedio be (84.6 + 0.3)%, wherethe error is the statistic
uncertainty This efficiencgy is obtainedfor a centerof-massenegy of 189 GeV andtakesinto
accountall leptonicW W~ decays.Efficienciesfor eachindividual di-leptonpair are shavn
in table5.5[69]. Sincethe efficienciesshavn in this table correspondo thoseobtainedafter
the whole selection,the valuesdiffer from thoseshawvn in table 5.2 which shaws efficiencies
after acolinearitymomentumcuts have beenapplied. Similar valuesare obtainedat the other
centerof-massenegiesof 183,192,196,200and202GeV..

‘ ‘ e+1/ee*ﬁe ‘ /ﬁ'l/ulu’?lt ‘ T+1/T7'*ﬁ7 ‘ eil/e,uiz/“ ‘ eil/eT:tVT ‘ /LiVMTiVT ‘
eTv.e U, 75.5 0.0 1.0 0.1 6.2 0.0
ptv,p o, 0.0 80.4 0.6 1.2 0.1 6.1
T, 0.5 0.4 46.4 0.4 4.1 5.0
eFrepty, 25 0.4 1.2 77.8 6.2 7.2
etveT T, 8.5 0.0 11.1 3.9 63.0 1.1
pru, Ty, 0.1 6.6 8.3 3.9 0.8 60.6

Table 5.5: Individual efficienciesfor the selectionof eachdi-lepton event classmeasuredat
a centerof-massenegy of 189 GeV. Theseefficienciesare evaluatedwith KoraLW CCO03
Monte Carlosamples.






Chapter 6

Variables sensitve to Myy for Fully
Leptonic Events

As explainedin section4.5, therearenot enoughconstraingo reconstrucfully leptonicevents
with akinematicfit, thusthedeterminatiorof My from leptonicdecaysmustemploy alternatve
methods.

6.1 The Leptonic Energy

The end-pointsof the leptonicenegy spectrain WTW~ — £vl'vy eventsdependon the W
mass. Neglecting the massof the chaged leptonsand the finite width of the W boson,the
enegy of thechagedleptons E,, canbewritten in termsof My as[88]:
M2
E, = ?—I—cosﬁ}f 18—6—TW
wheresis thesquareof thecenterof-massenegy andd; is theanglebetweertheleptondirection
measuredn the W restframeandthe directionof the W in the laboratoryframe. The latteris
not known, so the measuredeneny is integratedover cos ¢, resultingin a distribution which
endpointsdependingnthe W mass.

In practice,however, the end-pointsof the distribution are considerablysmearedy finite
width effects,by Initial StateRadiationandby the detectoresolution.Theseeffectswealenthe
sensitvity of thisvariable.

Figure 6.1 shaws this dependencef E, on My without takinginto accountadditionalde-
tector effects. When My increasesthe E, distribution becomesarraver, whereasif My
decreaseghe leptonenegy distribution becomesroader The presentanalysismakes useof
theinformationfrom theenegy of bothchagedleptonsin anevent.

(6.1)

6.2 The Pseudomass

In orderto includetheinformationfrom the anglebetweenthe two leptonsandthe correlation
betweentheir enegies a secondkinematicvariable, the so—calledpseudomasss usedin the

59
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Figure 6.1: Leptonicenegy in WTW~ — lvl'vp eventsproducedat 189 GeV for My =
80.33GeV (solid line), My = 78.33GeV (dashedine) andMyw = 82.33GeV (dottedline).
Thespectraaregenerateavith Monte Carlowithout additionaldetectoreffects.

analysis. The calculationof this variableis basedon an approximatie reconstructiorof the
event. Thetotal reconstructiorof the event consistsof the determinatiorof the fou—momenta
for bothchagedleptonsandthetwo neutrinos,16 quantitiesin total. The four-momenteof the
two chagedleptonsare measured.The total reconstructiorthereforedependson the determi-
nationof the two momentaof the neutrinos[89]. Assumingmasslessieutrinosand usingthe
standarctonstraint®f akinematicfit, thefour-momentunctonserationandassuminghatboth
W bosonshave equalmass,seven more quantitiescan be obtained. A generaldescriptionof
the methodcanbe foundin AppendixA. In orderto getthe missingconstraint,an additional
arbitrary constraintis defined. If oneassumeshat both neutrinosarein the sameplaneasthe
chagedleptons(this correspondso settingthe coeficient c shavn in AppendixA to zero),it is
possibleto reconstructhe eventandto calculatethe W massasafunctionof themomenteof the
chagedleptons their massesndthe beamenegy. Sincethis assumptioris in generahottrue,
thisreconstructednassis calledthe pseudomas®ueto atwofold ambiguity two solutionsare
foundfor this variable:

2 2 Y Y N2[(P 2 2 2
M= (P2-N@+0)+ V(€ X 2] + 0 (Byeam — Ee)? — (P +N) ) ©6.2)

where
2 1 2 7 1 2
P = EpeamEe¢ — Ee + Emb N= _EbeamEZ — L4+ ﬁmg
Ebeam is thebeameneny, E,, E; arethe enegiesof thetwo chagedleptons,m,, mj aretheir
massesind/, ¢ aretheir three—momentaln the presentanalysisthe chagedleptonsare con-
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sideredo be masslesparticlesbecause¢he valuesof thesemassesrevery smallin comparison
with thebeamenegy.

Thesensitvity of bothsolutionswasstudiedwith Monte Carlo,which shavedthatonly the
larger solution, M, is sensitve to My . The dependencef the pseudomasen My for this
solutionis illustratedin Figure6.2. Sincethe conditionto definethelastconstraintwhich solves
the systemis arbitrary a smallconstan&angle,betweerthe planeof the neutrinosandthe plane
of thechagedleptonscouldalsobeused.The sensitvity of the measuremeris independenof
thechoserangle.
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Figure 6.2: The pseudomassh WTW— — lv,l'vp eventsproducedat 189 GeV for My =
80.33GeV (solidline), My = 78.33GeV (dashedine) andMyw = 82.33GeV (dottedline). No
additionaldetectoreffectsaretakeninto account.

6.3 Classificationof Events

In thepresentanalysisjdentifiedtausarerejectedsincethey dilute the sensitvity in theleptonic
enegy andthe pseudomass.

Theresolutionsobtainedfor electronsand muonsdiffer significantly at high enegies. For
45 GeV electrons,the electromagneticalorimeterenegy hasa resolutionof approximately
3%, whereador y at the sameenegy, the chagedtrack momentummeasuredisingthe cen-
tral tracler deliversaresolutionof approximately8% [14]. To maximizethe sensitvity of the
measuremenglectronand muon measurementare consideredseparatelyn the My analysis
definingdifferentclasse®f eventsfor boththe pseudomasandtheleptonicenegy analyses.

In the caseof the leptonic enegy the information of both chaged leptonsis usedinde-
pendently For this variabletwo different classesare defined;the first classcontainsleptons
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identified as electronsand the secondclasscontainsleptonsidentified as muons. To increase
the numberof leptonsusedin the analysisalsoeventsidentifiedaselectron—taland muon—tau
areincluded. In theseevents,only the mostenegetic lepton(if it is identifiedasan electronor
amuon)is used,becausehe lessenegetic oneis mostlikely to have originatedfrom the tau
decays.

| ECM (GeV ) | LeptonicEnegy | Pseudomass

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

Table6.1: Numberof obsered eventsfor the leptonicenegy andthe pseudomasdpr center
of-massenegiesfrom 183to0 202GeV.

Figure 6.3 shavs E, for Monte Carlo eventsgeneratecat My = 80.33GeV. This figure
shavs bothclassegor theleptonicenegy at+/s = 189GeV betweernl0and80 GeV, theregion
consideredn thefit at this enegy. The worseresolutionof the muon momentacomparedo
the electronenegy is visible. As shavn in figure 6.1, theregion sensitve to My is aroundthe
maximalandthe minimal valuesfor E,. Theseregionshave sharperedgedor electronenegies
(seefigure6.3(a)),thanfor muonmomenta(seefigure 6.3(b)).

1500 " | -

Events
Events

1004 100d
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0
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Leptonic energy (GeV). Electrons. Leptonic energy (GeV). Muons.

0

Figure6.3: Monte Carloleptonicenegy distributionsin the W+ W~ — fv,¢'vy channeinclud-
ing detectoreffects. The histogramsdo not includebackgroundevents. () First classof events
containingelectronausingtheelectromagneticalorimeterenegy information. (b) Secondtlass
of eventscontainingmuonsusingthe centraltrack momentuninformation.

For the pseudomasthreeclasse®f eventsincludingdifferentidentifiedchagedleptonsare
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definedasfollows:
1. Eventsincludingtwo leptonsidentifiedase.
2. Eventsincludingtwo leptonsidentifiedas .
3. Eventsincludingtwo leptonsidentifiedasane anda y.

Figure 6.4 shawvs the pseudomassdistribution for Monte Carlo eventsgeneratedat My =
80.33 GeV at a centerof-massenegy of 189 GeV. The threeclassesof eventsare shawvn
separately The greatersensitvity to My of e relatve to x can be obsered by comparing
figures6.4(a) (including e) and 6.4(b) (including i) in the region sensitve to My around80
GeV. Thethird figure 6.4(c)shawvs thethird classthe mixed e events. The obsered number
of eventsfor the pseudomasandthe leptonicenegy after the selectionin differentclassesre
summarizedn table6.1. In thisfigurethevariableis plottedbetweer70and90 GeV. Thisisthe
region choserto fit the pseudomasis the analysis.Theupperlimit for the pseudomasis given
by the beamenegy andit changeshereforefor eachcenterof-massenegy. Neverthelessthe
sensitve region is aroundthe generatedV mass(the spectrashav a sharpedgearoundMyy)
andtheregion to performthefit canbetakenbetweer70and90 GeV for every centerof-mass
enegy. The apparentdependencef the peakheightin figure 6.2 on M is anartefact. The
threespectraarenormalizedo the numberof eventsanda changeon the positionof their sharp
edgeswill inducea changeon the heightof thedistributions.
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Figure6.4: Monte Carlo pseudomasdistributionsin the WtW— — 4v,/'vp channeincluding
detectoreffects. The histogramsdo not include backgroundevents. (a) First classof events
containingelectrons-electrorventsusingthe electromagneticalorimeterenegy information.
(b) Secondclassof eventscontainingmuon-muonevents using the centraltrack momentum
information.(c) Third classof eventscontainingelectron-muormventsusingtheelectromagnetic
calorimeterenegy andthe centraltrack momentuminformation.



Chapter 7

Determination of Myy using a
Reweighting Method

This chapterpresentsa determinationof the W bosonmass, My, by comparingthe leptonic
enegy andthe pseudomasslistributions obtainedfrom the datato the correspondingVionte
Carlodistributionsgenerateavith avarietyof My . UsingareweightingtechniqgueMonteCarlo
spectrafor arbitraryMyy canbe obtained. A binnedlikelihoodfit is thenusedto extract Myy

andits error by determiningwhich Monte Carlo spectrumbestdescribeghe data. The method
doesnot needfurther correctionfor detectoreffects, Initial StateRadiationor acceptanceas
theseeffectsaremodeledby the simulation.In thefollowing sectionghe methodis explainedin

detail.

7.1 The Monte Carlo Reweighting Technique

The reweighting methodis usedto emulatea fully! simulatedMonte Carlo spectrumwhich
correspondso someW massvalue, Mi", from a single Monte Carlo samplegeneratedat a
givenvalueof the W mass,MMC. For eacheventa reweightingfactoris calculatecto weight
theentriesin the spectreaof fully simulatedobserables,in the caseof this analysistheleptonic
enegy andthe pseudomassThisfactor f, is definedasthe probabilitythatthe generatedvent
would be producedat M{5" divided by the probability thatthis sameevent arosesrom M{\;’[VC.
This probabilityis givenby [90]

P(Mw,rw,ml,mg) = Uo(ml,mg,m) X BW(Mw,Pw,ml) X BW(MW,FW,mQ,) (71)

whereaoy is the Born level crosssectionfor the W+ W~ pair productionwhich dependsn m;
andmsy, thetwo generatedree-level W massesnd B is the Breit-Wignerfunction,

_IFW m2

Mw,T = — . 7.2
BW( W, Wam) WMW (m2 - MW2)2 N i sz ) ( )

Mw?

Full Monte Carlosimulationmeansheinclusionof all thedetectoreffectsin the spectrum.

65
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Theevent—aentreweightingfactorcanbewritten as:

BW(MEEY, Trews my) BW(Mpe®, Th; mo)

7.3
BW(MMC, TMC: m ) BW(MMC, TMC: my) (7.3)

f=

In thisanalysispnly Myy is takenasthefreeparameteandI'yy is constrainedo its Standard
Model value (seeequatiord.5) which relatesboth quantities.Figure7.lillustratesthe equation
(7.3). It shavs thereweightingfactor f, asafunctionof thegenerateanassesn; andms in the
casewherea spectrumof MW = 79 GeV is emulatedfrom a Monte Carlo samplegenerated
at MY = 80 GeV. For generatednassaround80 GeVthe reweightingfactor f is belov one.
Eventswith generateanassesround79 GeV, have the maximalweights.

N
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Figure 7.1: The reweighting factor distribution for M{g" = 79 GeV, which is the massto
reweightto andM{‘;’{,C = 80 GeVwhichis thegeneratedMonte Carlomass.

In orderto obtainthe fully simulatedspectraof a certainobserable after the simulation,
the entriesin the correspondingignal spectraare weightedaccordingto equation(7.3). The
backgroundlistributionsfor the spectraaregenerateédindnormalizedo the expectechumberof
backgroundavents.Thereweightedsignalspectrarethennormalizedsuchthatthetotalnumber
of signalplus backgroundeventscorrespondso the obsered numberof eventsin the data. A
likelihoodfit is usedto extractMwy by determiningwhich Monte Carlospectrunbestdescribes
thedata.Thelikelihoodfunctionis constructedisingPoissorprobabilities,

Nyins )\’I’Ll -
_ i ©
c= 11

i

(7.4)
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Theproductextendsoverthetotalnumberof bins Ny, s, n; is thenumberof eventsperbin found
in the dataand }; is the expectednumberof eventsdeterminedrom Monte Carlo (containing
both signalandbackgroundevents). The W massis obtainedasthe minimum of the (— log £)

curwe andits errorfrom theregion where(— log £) is smallerthan0.5.

7.1.1 Intr oduction of Further Monte Carlo Samples

Statisticalfluctuationsdue to limited Monte Carlo statisticsmay producereweighting factors
muchbiggerthanonefor eventswith massesn; andmy nearMyy"”. It is possibleto reduce
suchfluctuationsusing further Monte Carlo samplesgeneratecht different M\h,’[vc. N Monte
Carlo samplegyeneratedat masseQ\/I&;, wherei = 1,..., N, aremegedinto onereweighted

spectrumfor M{g" by taking the weightedaveragebin—by-bin. The contentof bin j of the
reweightedspectrunfrom samplei is givenby [91]:

1 7
bij = N ; fi (7.5)

wheren;; is thenumberof eventsfor eachjth bin of theith sample V; is anormalizatiorfactoy
introducedto normalizedeachindividual Monte Carlo samplebeforemeging all in onesample
andf,ﬁ is the correspondingeweightingfactorfor eachevent. V; is definedsuchthat:

Nbins
> by =1 (7.6)
J
Thetotal errorassociatedo eachbin is givenby:
o =
Abij =+ D ()2 + AB? (7.7)
'\ k=1

Thefirst termcorrespondso the statisticalerrorassociatedo the numberof eventsinsideeach
bin andthe secondtermis an averageerror addedin quadraturdo limit fluctuationsfrom low
statistic-bins:

(7.8)

Thecombinedbin contentin bin j is theweightedsumover all samples:

ZN bi;
i=1 (Ab;;)?

by = = Bbu)
Dimt b

(7.9)

Monte Carlosampleswith ageneratedV massMs\; closerto My" will have amoresignificant
impactthanthe othersamples.
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7.2 Monte Carlo Generatorsusedin the Analysis

Samplesof WW eventsare generatedvith the KORALW versionl1.42 event generatowith a
reference/V massof 80.33GeV. The analysisusesboth samplesvhich include CC03events
only andsampleswith all four—fermion processesAdditional samplesggeneratedor different
W massedo build the fully simulatedMonte Carlo reweightedspectrumare alsoused. The
following Monte Carlo programswere usedto generatebackgroundsamplesat all centerof
massenepies: PYTHIA wasusedto producee™e™ — ZZ and Zee eventsand KORALW for
Wev events.Multi-photonfinal statesveresimulatedwith theRADCOR generatarTwo-photon
final stateswere generatedvith VERMASEREN. Finally, KORALZ andBHWIDE wereusedto
generatelileptonfinal states Table7.1summarizegll MonteCarlosamplesisedn theanalysis.

\ Process | Generator | /5(GeV) | L(tb™!) [ My (GeV) |
WTW™ — wpllvp KORrRALW 183 36.0 80.33
WHTW™ — wpllvp KORALW 189 34.1 80.33

WHW-— all KORrRALW 189 10.9 80.33
WTW~— all KOoRrRALW 192 10.8 80.33
WHW-— all KORrRALW 196 10.8 80.33
WTW~— all KORALW 200 10.8 80.33
WTW~— all KORrRALW 202 10.8 80.33
WTW—— all KORrRALW 183to 202 2.7 79.33
WHW—— all KorRALW 183t0 202 2.7 79.83
WTW—— all KORrRALW 183to 202 2.7 80.83
WHW—— all KorRALW 183to0 202 2.7 81.33
WHTW—— all KorRALW 192to 202 5.3 80.08
WHW-— all KORrRALW 192to0 202 53 80.58
WHTW™ — wpl'vp KORrRALW 189 5.8 78.33
WTW— — wpllvp KorRALW 189 5.6 82.33

ete” BHWIDE all 3.0 -

ptp— KORALZ all 45.1 -

T~ KORALZ all 49,9 -

77 PYTHIA 183and189 34.5 -

Zee PYTHIA 183and189 4.6 -

Wev KORALW all 162.2 -

v KORALZ all 95.0 -

¥y RADCOR all 7.0 -

Two-photon VERMASEREN all 24.1 -

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

The reweightingmethodwas studiedwith Monte Carlo datageneratedt a centerof-massen-
emgy of 189 GeV. Theanalysiswasperformedfor the leptonicenegy andfor the pseudomass
separatelyFor theleptonicenegy abin width of 2 GeV wasusedin anenegy region between
10and80 GeV. For the pseudomasthefit wasperformedwith a bin width of 1 GeV between
70and90 GeV. In both casestheseregionsare mostsensitve to My . The total likelihood
function for the pseudomassp, andfor the leptonenegy, Lg, aredefinedasthe productof
the individual, £;, likelihoodfunctionsdefinedfor eachclassi of events;threefunctionsare
thereforedefinedfor the pseudomasandtwo for theleptonicenegy.

Lpp =[] £ (7.10)

Theexpectedstatisticalerroron Myy for eachvariableis estimatedria anensembleestwith
1000 Monte Carlo subsamplesEachsubsamplecontainssignaland backgroundeventsin the
expectedproportionfor anintegratedluminosity of 183 pb~!. The signaleventsare obtained
from a Monte Carlo samplegeneratedat a W massof 80.33GeV (consideredas the “data”
sample)andthe backgroundeventsfrom the correspondingampleshavn in Table7.1. Signal
andbackgroundeventsof eachsubsamplerechoserrandomlyfrom the correspondindgvonte
Carlo samples.First a numberof backgroundeventsis selectedthenthe sampleis filled with
signaleventsuntil thetotal numberof eventsin eachsubsamplés equalto theobsered number
in the data. Due to the finite Monte Carlo statisticseachevent canappearnn more thanone
subsampldéor anensemblef 1000subsampledt wasshavn in [92] thatthemultiple inclusion
of eventsin the subsampleshouldnot introducea biasin the expectedstatisticalerrorif the
numberof subsampless lessthan(A//n)?, wheren is the numberof eventspersubsamplend
N is thetotal pool of eventsincludedin thelarge Monte Carlosampletaken asthe “data”.

Thereweightingfit is repeatedor eachsubsamplendthe correspondingV massandthe
error are obtainedby the the minimizationpackageM NUI T [93]. Thefit statisticalerrorsare
takento bethe Meanvalueof the correspondinglistributionsshavn in Figure7.2. Most of the
sampleshave fit errorscloseto the meanvalue of the distribution but a considerablenumber
of subsamplefave fit errorsmuchlarger thanthe meanvalue. Furthertestsshoved thatthe
likelihoodfunctionsof thesesubsamplebave a non—parabolishapeandpoorly definedminima
leadingto the large fit errors. This effect is due to the low statisticsavaible per sampleto
performthefit. Thenumberof eventsfoundin theregion sensitve to My is very smallandthis
low numberof eventscan producestatisticalfluctuations. Additional Monte Carlo testswere
performedvaryingthe numberof eventspersubsampleThefractionof subsamplewith poorly
definedminimastronglydecreasewhenincreasinghe numberof eventspersubsample.

To minimize the statisticalfluctuationsin the fit, the leptonicenegy andthe pseudomass
werecombinedin onesimultaneousit includingW+ W= — /v,'vy eventsrecordedat center
of-massenegiesof Ecy = 183,189,192,196,200and202 GeV. In this simultaneoudit the
totallikelihoodfunctionis definedas:

6 3 2
Lo =[] £k =[] £k (7.11)
=1

k=1 i=1
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Figure7.2: Fit asymmetricerrordistributionsat 189 GeV for thesensitve variables.(a) Positve
error distribution for the pseudomass(b) Negative error distribution for the pseudomass(c)
Positive errordistribution for theleptonicenegy. (d) Negative errordistribution for theleptonic
enegy.

wherek denotesachcenterof-massenegy and L%, thelikelihoodfunctionfor the pseudomass
andﬁ’,ij for theleptoniceneny.

For theadditionalenengies,thefit is againperformedbetweens/0and90 GeV for the pseu-
domasawith a bin width of 1 GeV. For the leptonicenegy the enegy region is adjustedfor
eachcenterof-massenenpy, in ordernotto losesensitvity attheupperendof thespectrumThe
differentenegy regionsfor eachcenterof-massenegy aresummarizedn table7.2.

Figure7.3shavs thefit errordistributionsafterthe simultaneousdit for the pseudomasand
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[ 5(GeV) [183]189] 192 196 [ 200 202 |
Low (GeV) | 10 | 10 | 10 | 10 | 10 | 10
Up(GeV) | 80 | 80 | 84 | 90 | 90 | 92

Table7.2: Enegy regionsconsideredn thefit for theleptonicenegy variabledependingnthe
centerof-massenengy.

theleptonicenegy includingall centerof-massenegies. Theeffectof thestatisticalfluctuations
is notablyreduced.
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Figure7.3: Fit error distributionsfor the simultaneoudit to all centerof-massenegiesto the
pseudomassogetherwith the leptonicenegy distribution. (a) Positive error distribution. (b)
Negative errordistribution. Both distributionsarerescaledy afactor1.13to take into account
the correlationbetweernthe pseudomasandtheleptonicenepy.

However, one problemremains;positve and negative errors can differ substantially as
shawn in figure 7.4. This makesit difficult to combinethe resultswith other measurements
of M.

In orderto demonstrat¢hatthe methodis biasfree andthe extractederrorsarecorrect,the
fitted massandthe pull distributionsareanalysedThe pull is definedas:

meas true

meas
g

M

Pull = (7.12)

where M{*® is the fitted My for eachsubsampleMii*¢ is the generatednassof the large
sampletaken asthe “data” ando;°* is the fitted error for the correspondingubsamplg91].
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Figure 7.4: Comparisonbetweenthe fit positve and negative errorsfor the simultaneoudit
consideringatall centerof-massenegies.

Thedeterminatiorof thefitted massandits erroris unbiasedif the pull distribution is consistent
with a Gaussiarwith a meanof zeroanda with of one. To take into accountthe asymmetric
errors,the pulls aredefinedfor this analysisasfollows:

meas true
Mo — My,
meas+

- if Afmeas < Mtrue
P’U/ll = Mmeclz\gthrue . ¢
S if Mmeas > ptrue

M

wheres™¢2s+(—) arethepositive (negative) error

Figure7.5(a)shaws thefitted massdistribution and7.5(b) the correspondingpull. A Gaus-
sianfit wasperformed.In the caseof the masddistribution, thewidth of this Gaussiaris takenas
the expectederrorfor the analysis.This valueis in goodagreementvith the meanvalue of the
fit errordistributions (Figure7.3). The simultaneousit however doesnot considerthe possible
correlationbetweenthe leptonic enegy and the pseudomassvhich leadsto an underestima-
tion of thefit error This correlationis computedusingindependertMonte Carlo subsamples
at centerof-massenegiesfrom 183to 202 GeV andrepeatingthe reweighting procedurefor
the pseudomasandfor the leptonicenegy separately The obtainedcorrelationfactoris 13%,
which canbe accountedor rescalingthe fit error by a factor1.13. After thatthe pull width is

>Therandomsamplingto collecteventsfor eachsubsamplés not usedfor this study Eachsignaleventis usedin
only onesampleonceto avoid additionalcorrelationshetweerthe subsamples.
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Figure7.5: (a) Fitted masddistributionsfrom Monte Carloat all centerof-massenepiesfor the
simultaneoudit of the pseudomasandthe leptonicenegy. Thetestsamplesaregeneratedat
Mw =80.33GeV. (b) Pull distribution. The correspondingrrorsarerescaledy afactor1.13
to take into accounthe correlationbetweerthe pseudomasandthe leptonicenegy.

consistenwvith unity. AppendixB givesa brief descriptionhow the correlationfactoris deter
mined. Thisfactoris alreadyincludedin thefit errordistributionsshovn in figure 7.3andin the
pull distribution definition. The relationbetweenthe My, valuesderived from thesevariables
canbeseenn figure7.6. Thesmallcorrelationbetweertheleptonicenegy andthe pseudomass
arisesfrom two factors:
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e For the leptonicenegy, eventse — 7 andu — 7 areused. This leadsto an additional
informationfor theleptonicenegy.

¢ Thefactthatthe commoninformationfor theleptonicenegy andthe pseudomass used
in differentways(in the caseof the leptonicenegy both chagedleptonsare usedinde-
pendentlyin the caseof the pseudomasthe correlationbetweenhe leptonenepgiesand
their anglesaretakeninto accountdecreasethe correlationfactor
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Figure7.6: Fittedmasddistribution atall centerof-massenepgiesfor thepseudomasis compar
isonwith the onefor the leptonicenegy. 112independenMonte Carlo subsamplesvereused
in theanalysis.

7.4 Resultsof the ReweightingMethod

Thecenterof-massenegy valueshetweerthedataandMonte Carlodiffer at183and189GeV.

Thecorrespondingenterof-massnegiesin thedataare182.68and188.64GeV respectiely.

Thereforeit is necessaryo introducea correctionin the fit to the data. The momentaof the
chagedleptonsin Monte Carloarerescaledy factorsfres, fres = v/SyonteCario/ V/Sdata+ 1NESE
factorsareusedto rescalehe generatedV massandthefitted W massin thereweightingfactor

Sucha correctionis not usedfor enegiesbetweenl92 and 202 GeV becausehey agreewith

thevaluesin thedata.
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The simultaneoudit for the pseudomasandthe leptonicenegy combiningall centerof-
massenegiesgivesthefollowing result:

_ +0.48
My = 80.30 48 Gev

The quotederrorsarethe statisticalerrorsderived from thefit to thedata.

Theerroris ratherasymmetriavhichis causedy thedoublepeakstructureof thelikelihood
curve shavn in Figure7.7. The curve on the low side of the minimum only increasedy 0.3
beforereachinga local minimumwhich causesa large asymmetricerror. Suchan effectis not
unusualsMonte Carlostudiesshaw [62].

+ Error

Fitted W mass
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N
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Figure7.7: —log L curwve obtainedfrom the fit to the real data. The fitted W massandthe
asymmetricerrorsareshavn with arrovs.

Figure 7.8 shavs the two classedlefinedfor the leptonicenegy dependingon the lepton
flavor for the datain comparisorwith the Monte Carlo distribution for the bestfit to the data,
includingaswell the eventsfor thebackgroundFigure7.9 shaws the samedistributionsfor the
threeclasseslefinedfor the pseudomassThe goodagreemenbetweendataand Monte Carlo
canbeseenin all theseplots. Similar resultsareobtainedat all centerof-massenegies.

7.5 SystematicChecksand Uncertainties

Thedeterminatiorof thesystematiaincertaintie®f My measuremeris performecby repeating
the simultaneoudit to the pseudomasandthe leptonicenegy spectrawith shiftedor smeared
parametersThe deviation in the new fit resultis taken assystematicerror. The studyof these
uncertaintiesaresummarizedn table 7.3. Initial stateradiationandfour-fermion effectswere
studiedat a centerof-massenegy of 189 GeV. Theothersourcedave beenstudiedsimultane-
ouslyfor all centerof-massenegies.
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\ Systemati@rrors | Error (MeV) |
Beamenegy 12
Spreadn thebeamenegy 10
ISR <10
Fourfermion 42
ECAL scale 101
ECAL resolution 83
CT scale 14
CT resolution 18
Background 12
Total 140

Table 7.3: Summaryof systematicuncertaintieson My, measurementising a reweighting
method.

7.5.1 BeamEnergy

Theerrorof the LEP beamenegy is +21 MeV [94]. This correspondso arelatve uncertainty
of 0.02%. The effect of this uncertaintyon the measuredMv is determinedby refitting the
Monte Carlotestsampleswith thethree-momenté&or boththe electromagneticalorimeterand
the centraltrack detectorscaledby 1.0002. Sucha changecorrespondso a samplegenerated
with both /s replacedby 1.0002 x /s andMyy replacedby 1.0002 x My . Sincehereoneis
only interestedn the /s changethe systemati@rroris estimatedy comparingthe fitted My
with the W massfrom the original fit scaledby 1.0002. The meanshift in the fitted massis
12 MeV andis taken asthe associatedystematiaincertainty The systematicerrordueto the
spreadin the LEP beamenegy was measuredy smearingthe enegy of the chaged leptons
with a Gaussiardistribution, with awidth of 240MeV, thespreadn the LEP beamenegy [94].
Thecorrespondingystematierroris 10 MeV.

7.5.2 Initial State Radiation

The systematierror associatedvith uncertaintiesn the modellingof Initial StateRadiationis
estimatedby comparingk oORALW Monte Carlo WTW ™ eventsreweightedusinga O(«) and
O(c?) treatmenbf initial stateradiationto thestandardW+W— samplewhichincludesO(a?)
treatment. In the caseof the O(«) correctiona meandifferenceof 6 MeV is obtainedand 4
MeV in thecaseof O(o?). Thelargeris takenassystematierror

7.5.3 Four-Fermion Effects

The generatedeferencesamplesat 183 and 189 GeV do not include a completesetof four-
fermion diagramsand neglect interferenceeffects betweenW W= diagramsand other four-
fermionprocessesin orderto checkthe systematierrordueto theseeffects,thefit resultsof a
samplegeneratedncludingthefull setof interferingfour-fermion diagramgGRACE generator
[87]) are comparedo the sameevents,but reweightedto the CCO3W W~ diagramsalone,
which resultsin a differenceof 42 MeV. This differences taken asthe systematiaincertainty
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7.5.4 Detectorand Resolution Effects

The effects of the detectorcalibrationsand the uncertaintiesn the Monte Carlo simulation
of the detectorresponseare investigatedby varying the obsered lepton enegy scalesin the
electromagneticalorimeter(for the electrons)andin the centraldetector(for the muons)by
+0.3% [51]. The systematicerror due to this sourceis 101 MeV for the electromagnetic
calorimeterand14 MeV for the centraltrack detector The studywasperformedndependently
for both.

For the resolutioneffect, the differencebetweenthe measuredE,,..s andthe generated
enegy, Egen, Wwaschangedasfollows:

Enew = Egen + fr(Emeas - Egen)

whereE,.,, is the new enegy andf; is theresolutionfactor f, = 1.03 for the electromagnetic
calorimeterandf, = 1.08 for the centraltrack detector The systematicerror dueto this source
is83MeV and18 MeV respectrely. Thestudywasalsoperformedndependently

The quotedsystematicerror dueto enegy scaleandresolutioneffect arefor the combined
resultof the electronsand muons. Electronshave a rauchlarger weightin the combination
thereforethe effect of the electromagneticalorimeterenegy scalevariationis muchlarger.

7.5.5 Background Treatment

Thebackgrounchormalizationis variedby +25%,which containsboththe correspondingrror
in the crosssectionmeasuremerfor theleptonicchannel5%) andthe uncertaintyof the actual
numberof backgroundeventsin the datadueto statisticalfluctuations.Theresultingchangen
thefitted Myy is 12 MeV.

7.6 Testof the ReweightingMethod
7.6.1 Bin Width

One of the principal intrinsic parameter®f the reweighting methodis the width of the bins.
A small bin size will improve the resolutionof the sensitve variablesas long as the Monte
Carlostatisticsarelarge enoughto allow smoothreweightedspectraor the pseudomasandthe
leptonicenegy. Onthe otherhand,a bin sizetoo smallwill increasehefluctuationsn thefinal
result. The bin width is varied simultaneouslyfor the leptonicenegy andthe pseudomasm
arangeof 1.0-1.75GeV for the formerand?2.0-2.75GeV for thelatter The maximalchange
in the fitted massis 24 MeV, which is well within the expectedstatisticalscatter The position
of the bin centerds alsovariedby up to 0.5 GeV. The maximalshift of 14 MeV is againnot
significant.No systematierrorwasassignedecaus®f theseeffects.

7.6.2 Linearity of the ReweightingProcedure

An importantcheckof ary fit methodis to testfor a possiblebiasandthe linearity of the pro-
cedure.In principle, the reweightingmethodshouldbe linear andbias-freeby construction.In
orderto testit, Monte Carlosamplegeneratet centerof-massenepiesof 79.33,79.83,80.33
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80.83and81.33GeVareused. Thesearethe available sampledor all centerof-massenegies
from 183to 202 GeV. The relationbetweenthe generatedandthe fitted massis found to be
linearfor thecombinationin aregion of £0.5GeV, with aslopeof 0.98+0.16(seefigure 7.10).
Thereis no evidenceof non-linearbehaior in therangeof several500 MeV aroundthe central
valueandour measuredaluelies safelywithin this region. On the otherhandthe figure shavs
no biaseffectsin this range.Thereforeno additionalerroris assignedor this effect.

N

—— Bias = 0.005t 0.042
Slope = 0.98& 0.159

Fitted mass-80.33 (GeV)
. 9O o =
[ [4;] o (4] [l (6]

=
o

_27\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
-1 -08 -06 -04 -02 0 02 04 06 08 1

Generated mass-80.33 (GeV)

Figure7.10: Linearity of thereweightingmethodprocedure The centralvalueof 80.33GeV is
subtractedrom all themasses.
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Figure7.8: Leptonicenegy distributionsin the W+ W~ — /uy/'vp channelta centerof-mass
enegy of 189 GeV for data(pointswith errorbars),backgroundvionte Carlo(shadedarea)and
signal+background/onte Carlo for the bestfit to the data(solid histogram). Detectoreffects
areincluded.(a) Firstclasscontainingelectronausingelectromagneticalorimeterenegy infor-

mation. (b) Secondclasscontainingmuonseventsusingcentraltrackmomentumninformation.
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enegy of 189 GeV for data(pointswith errorbars),backgroundvionte Carlo(shadedarea)and
signal+background/onte Carlo for the bestfit to the data(solid histogram). Detectoreffects
areincluded. (a) First classof eventscontainingelectron-electromventsusingelectromagnetic
calorimeterenegy information. (b) Secondclassof eventscontainingmuon-muoreventsusing
centraltrackmomentunminformation. (c) Third classof eventscontainingelectron-muorevents
usingthe electromagneticalorimeterandthe centraltrack detectotinformations.



Chapter 8

Determination of My using an
Unbinned Maximum Lik elihood Fit

This chapterdescribesinalternatve methodto determinéMw from WTW— — lv /vy events

basednanunbinnedikelihoodfit. Thereweightingmethod discussedn the previouschapter

suffersfrom statisticalfluctuationsdueto the limited sizeof the availableMonte Carlosamples
which areusedto derive thereferencespectraThis givesriseto:

e Asymmetricerrors.
e Occasionabubsamplewith verylarge errors(figure7.3).

In particular the asymmetryof the statisticalerror makesit difficult to combinethe resultwith

otherOraL andLEP My measurementBom WW~ — q1q,q3q, andW W~ — q1G,4v

events. In orderto overcometheseproblemsan alternatve methodto determineMyy in the
leptonicchannelwasdeveloped. The basicideais the parameterizationf the simulatedpseu-
domassandthe leptonicenegy spectra(including the background)py analyticalfunctions. A

linear dependencef the parametersvhich areincludedin the analyticalfunctionson the W

massis assumedTheW massandits erroris thenobtainedn anunbinnedik elihoodfit which

determinegor which W massthe analyticfunction describedetterthe spectraof the sensitve

variables.

8.1 General Description of the Method

Thepseudomasandtheleptonicenepy distributionsobtainedrom the Monte Carlosimulation
(includingall backgroundsourcespreparametrizedy appropriateanalyticalfunctions,f:

f:f(Pla"'aPNax) (81)

which dependn N parameterspP;, andz, thevaluesof theleptonicenegy or the pseudomass.
For eachparametenlineardependencen My is assumed:

P = 1) + b x Mw (8.2)

81
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The coeficients? andb} are obtainedby fitting the pseudomasandleptonicenegy spectra
generatedor differentW massewith the analyticalfunction. The linear dependencef each
parameteon Myy is studiedseparatelyOnly in the caseb; is signicantlydifferentfrom zeroa
dependencen My is assumedoptherwisethe parameteis fixed by the constantermby. This
parameterizatiois performedndependentlyor eachclassof events(seechapter6) definedfor
the sensitve variables.Detailsof the methodarediscussedh the following sections.

In the end,the W massis determinedrom the databy an unbinnedmaximumlikelihood
basednthesefunctions:

£ =1 r(PMw),z;) (8.3)

J
where; denotegheeventsfor the pseudomasandtheleptonicenepgy. Thedifferentcenterof-
massenepgies betweenl83 and 202 GeV aretaken into accountin a simultaneoudit to both

sensitve variables. The generallikelihoodfunctionis identicalto the one definedin equation
(7.112).

8.1.1 Parameterization of the Leptonic Energy

The leptonic enegy spectrumis fitted with a function fr, which is the productof two Fermi
functionsandalinear function

fr=fixfaxf3 (8.4)
with
1 1

h=—F5y— lh=B+bxz [fi1=—F— (8.5)
e 2 +1 e 1 +1

P, and P3 correspondio the middle points of the two Fermi functions, P, and P4 to their
widths, P; is the constantermof thelinearfunctionandPyg is its slope.

Thefit dependshereforeon six parametersThe overall normalizationof the spectracanbe
usedto determinePs. Figure6.1lillustratesthatthe edgesof the leptonicenegy spectrumare
theregionssensitve to My . In termsof the parameterizatiotheseedgescorrespondo P; and
P3. Thesearethe only parametersvhich areexpectedto changefor differentW massesvhile
the otherparametersP,, P, andPg aremoresensitve to the W width anddetectorresolution
effects. Figure 8.1 shavs an exampleof a function fr fitting a leptonic enegy distribution.
The spectrumis generatedvith from a Monte Carlo samplewith a W massof 80.33GeV ata
centerof-massnepgy of 189GeV. Thefit is performedwith five free parameters.

A simultaneoudit of the parameter®, Ps, P3, P4, andPg with all Monte Carlo samples
wasperformedP,, P, andPg areassumedo beindependendf Myy ; thereforeoneglobalvalue
wasdeterminedor each.P; andP3 describehe My dependencandanindependentaluewas
determinedor eachMonte Carlo My,. Figure8.2 shaws the fitted P; andP3 parametersand
thelineardependencen My in the caseof electrons.Thesefits are performedindependently
for eachclassof eventsandeachcenterof-massnenpy.
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Figure8.1: Fit to theleptonicenegy distribution generatedvith aW massof 80.33GeV at+/s
=189GeV. TheMonteCarlodatabelonggo thefirst classdefinedfor theleptonicenegy, i.e, it
containselectrononly. Thecrossegorrespondo theMonte Carlodata. Theindicatederrorare
the onesusedin the averagingalgorithm(seesection7.3). Thefit is performedwith two Fermi
functionsanda linearfunctionwith five free parameterssdefinedin equation(8.5).

Thelikelihoodfit which determinedMyy is performedthereforewith two free parameters,
P, andPj, leaving Py, P4 andPg fixed. The constantvalueschosenfor theseparameterso
performthe likelihoodfit arethoseshavn by the coeficients® of their correspondindinear
fits. The determinationof the parametersvas repeatedndependentlyfor eachclassdefined
for the leptonicenegy andfor eachcenterof-massenegy from 183to 202 GeV. In all cases
theresultsconfirmedP; andP3 asthe mostsensitve parametersThe numericalvaluesof all
parametersor centerof-massenegiesfrom 183to 202 GeVandfor eachclassis summarized
in tablesC.1andC.2in AppendixC.

Thesensitvity of thefunction fr with five freeparameterso Myy is illustratedin figure8.3.

8.1.2 Parameterization of the Pseudomass

Theanalyticalfunctionchoserto fit the pseudomasspectras the sumof a Fermifunctionand
a constanfunction,with four free parameters:

P
f=——+P (8.6)

e 3 +1

whereP; is the heightof the curve, P» corresponds$o the middle point of the slope,Pj5 is the
width andP, is choserasa constanterm. As for theleptonicenegy, oneparameters fixed by
the overall normalizationof the spectra.This proceduras usedto eliminatethe parameteiP;.
Figure6.2 shavs a sharpedgeon the value of the pseudomassorrespondindo the generated
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Figure8.2: Linearfit of thecoeficientsP; (a)andP3 (b) (middle pointsof the Fermifunctions)
to My at a centerof-massenegy of 189 GeV. The centralvalueof 80.33GeV is subtracted
from all generatedV masses.The eventschosento performthis fit belongto the first class
definedfor the leptonicenegy, which containselectronsonly. Similar studieswere performed
for theseconcclassat all centerof-massenepgies.
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Figure8.3: Comparisorof fr functionsfor threedifferentgeneratednasses78.33GeV (dotted
line), 80.33GeV (solid line) and82.33GeV (dashedine) at a centerof-massenegy of 189
GeV. (a) First classdefinedfor the leptonicenegy which containselectrons.(b) Secondclass

definedfor theleptonicenegy which containsu.
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Figure8.4: Fit to the pseudomasdistribution generatedt 80.33GeV at+/s = 189GeV. The
crossegorrespondo the Monte Carlo data. The indicatederror arethe onesusedin the aver
agingalgorithm, (seesection7.3). Thefit is performedwith a Fermifunctionwith threefree
parameters.

W mass.In termsof the above parameterizatiorthis edgecorrespondso P,. Thisis theonly
parametewhich is expectedto shaw a cleardependencen My . Figure8.4 shavs anexample
of the functionfitting a pseudomasdistribution. Similar fits were performedfor eachclassof
eventsatall centerof-massenegiesconsideredn theanalysis.

The individual linear dependencef eachparameteion My is studiedasfor the leptonic
enegy. A simultaneoudit of the parameter®,, P3 and P4 with all Monte Carlo samples
wasperformed.P3 andP, areassumedo be independentf Myy; thereforeoneglobal value
was determinedfor each. Po describeghe Mw dependencand an independenvalue was
determinedor eachMonte CarloMyy. Figure8.5shaws thefitted P, parameteandthelinear
dependencen My in the caseof e-eevents. Thesefits are performedindependentlyior each
classof eventsand eachcenterof-massenegy. The numericalvaluesof the parametersre
summarizedn tablesC.3,C.4andC.5in AppendixC.

The sensitvity of the Fermifunctionswhich fit the pseudomasspectrais illustratedin a
similar way to the leptonic enegy. Figure 8.6 shavs the dependencen M for the three
classe®f eventsdefinedfor the pseudomasat a centerof-massenegy of 189 GeV.

8.2 Extraction of the W Mass: Monte Carlo Studies

The extractionof the W massis performed,asfor the reweightingmethod,by a simultaneous
maximumlik elihoodfit to the pseudomasandtheleptonicenegy includingtheinformationof
centerof-massenegiesfrom 183to 202 GeV. In this simultaneoudit the likelihoodis defined
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Figure 8.5: Linearfit of the coeficient P; (middle point of the Fermi function) to My at a
centerof-massenegy of 189 GeV. The centralvalue of 80.33GeV is subtractedrom all
generatedV masses.Similar studieswere performedfor the secondandthe third classat all
centerof-massenegies.

asin equation7.11.

The sameMonte Carlo datasamplesusedin the reweighting methodgeneratedat My =
80.33GeV for eachcenterof-massenegy are now consideredo estimatethe expectedsta-
tistical error on My . The correlationbetweenthe pseudomasand the leptonic enegy was
calculatedo rescalethefit errorsandit wasfoundto be 13%;in agreementvith the resultfor
the reweightingmethod(AppendixB). Therelationbetweenthe fitted massedor the pseudo-
massandtheleptonicenegy is shavn in figure8.7. Themethodis checledwith 500subsamples
whoseeventsarechosernin therandomlyasexplainedin chapter7. Figure8.9 shavs the distri-
bution of thefit errorsafterthe simultaneoudit. Thedistributionsarenicely symmetricandthe
statisticalfluctuationswhich wereobsered in the reweighting methodare eliminated. The fit
errorsshavn in figure 8.9 arerescaledy afactorl.13accountfor this correlation.

Thesecondproblemfoundin thereweightingproceduretheasymmetridit uncertaintiesis
alsomuchreduced.Figure8.10shawvs the high correlationbetweerboth errors. Figure 8.8(a)
shavs the massdistribution fitted with a Gaussiarfunction. The meanvalueshavs no biasand
thewidthis in perfectagreementvith thefit errordistributionsasshavn by the pull distributions
in figure 8.8(b).

8.3 Resultsof the Unbinned Method

The simultaneoudit for the pseudomasand the leptonic enegy, combining centerof-mass
enegiesfrom 183to 202 GeV, givesthefollowing result:
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Figure 8.6: Comparisorof Fermifunctionsfor threedifferentgeneratednasses:78.33GeV
(dottedline), 80.33GeV (solid line) and82.33GeV (dashedine) at a centerof-massenegy
of 189GeV. (a) First classof which containse-eevents. (b) Secondclasswhich containsu-u
events.(c) Third classwhich containse-u events.
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Figure 8.9: Fit error distributionsfor the simultaneousdit at all centerof-massenegiesto the
pseudomassogetherwith the leptonicenegy distribution. (a) Positive error distribution. (b)

Negative errordistribution. Both distributionsarerescaledy afactor1.13to take into account
the correlationbetweerthe pseudomasandtheleptonicenegy.

My = 80.43 702 GeV.

The quotederrorsarederived from thefit to the datasample.The errorsarerescaledoy a
factorl.13to take into accounthecorrelationbetweerthe pseudomasandthe leptonicenegy.
Thefigure 8.11shaws the — log(Likelihood) curve for this unbinnedfit. Figure8.12andtable
8.1 summarizethe resultsfor the W massfrom W+W— — Zu,0'vy decaydor eachyearusing
anunbinnedmaximumlikelihoodmethod.

Figure8.13shavs the comparisorbetweerthefit functionandthe datafor thethreeclasses
of eventsdefinedfor the pseudomasat a centerof-massenegy of 189 GeV. Figure8.14shavs
analogousesultsfor thetwo classeslefinedfor theleptonicenegy at189GeV.

8.4 SystematicChecksand Uncertainties

The systematicuncertaintiediscussedor the reweightingfit (seesection7.5) also affect the
unbinnedmethodandthey areevaluatedin the samemanneyyielding similar errors. The study
of all the uncertaintiesare summarizedn table8.2. A newv systematicsource which doesnot
exist in thereweightingfit, is now presentiueto theparameterizationf thepseudomasandthe
leptonicenepgy spectra.This sourceis explainedin thenext section.
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Figure 8.10: Comparisorbetweenthe positve andthe negative error distributions for the un-
binnedmethod.Thelimits aretakenasin thereweightingmethodto comparebothdistributions.

\ Year | CMenegy (GeV) | W masg(GeV) | Error(GeV) |

1997 183 81.73 ()
1998 189 80.16 (o5
1999 192-202 80.13 (Toe9)
Combination 183-202 80.43 (*5:23)

Table 8.1: Summaryof the My resultsfrom 1997 until 1999 and combinedfor the leptonic
channelusingan unbinnedmaximumlik elihoodmethod. The correspondingrrorsarestatisti-
cal.
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with arrors.

8.4.1 Parameterization of the Sensitive Variables

A total of 114 parametersreobtainedfor the pseudomasandtheleptonicenegy considering
centerof-massenegiesfrom 183to 202GeV for all the definedclassesandboth sensitve vari-
ables.Fromthese 42 parameterslependon the massof the W boson.To checkthe systematic
errorassociatedo the parameterizationf the pseudomasandthe leptonicenegy distributions
eachparameters variedby 1o independentrom therest. Thisis repeatedor all centerof-mass
enegiesandall classe®f events. Thesystematierrordueto this sourcen theparametersvhich
dependon Myy is 28 MeV;; for the parameterindependenof Myy , the correspondinggrroris
20MeV. Addingtheresultingchangesn quadrature/ieldsatotal systematiancertaintydueto
the parameterizatioof 34 MeV.

8.4.2 Linearity of the Unbinned Method

The possiblebias and the linearity of the unbinnedprocedureis checled in this section. The
samesamplesasfor the reweighting procedureare usedin this case(seesection7.6.2). The
relationbetweernthe generate@ndthefitted massis foundto belinearfor the combinationin a
region of +1 GeV, with a slopeof 0.984+0.065. Thereis no evidenceof non-linearbehaior
in therangeof 1 GeV aroundthe centralvalueandour measuredsaluelies safelywithin this
region. Thereforeno additionalerror is assignedor this effect. The value of the biasis -
0.005t0.036, compatiblewith zero andwhich statisticalerror is in good agreementvith the
systemati@rrorassociatedb the parameterizatiosource(seesection8.4.1). Figure8.15shavs
thislinearbehaior andthe biasfor the parameterizatioprocedure.



94 CHAPTERS. My, DETERMINATION USING AN UNBINNED METHOD

1997 I

1998 |

1999 —

All Combined 4

78.5 79.0 79.5 80.0 80.5 81.0 81.5 82.0 82.5 83.0
M,, (GeV)

Figure8.12: Comparisorof the My resultsfrom leptonicdecayausinganunbinnedmaximum
likelihoodmethodfor eachyear

\ Systemati@rrors | Error (MeV) |
Beamenegy <10
Spreadn thebeamenegy 14
ISR <10
Fourfermion 24
ECAL scale 129
ECAL resolution 87
CT scale <10
CT resolution <10
Background 16
Parameterization 34
Total 162

Table 8.2: Summaryof systematicuncertaintieson My, measurementising the unbinned
method.
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centerof-massnegy of 189GeV. (a) electronevents.(b) muonevents.
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Chapter 9

Comparison of the Methods and
Combination with the

WTW™ — q1G2934, and
WTW™ — qi1qfv, Channels

The reweightingtedniqueis one of the standardmethodsby all four LEP collaborationsto
determineMyw . In the presenthesisit is thereforeusedto studythe massof theW bosonfrom
WHW— — lvpl'vpy decayslt waswell known thatoneof the biggestproblemsof this channel
is the small branchingratio andthereforethe small numberof eventsin the datasample.Due
to this feature,thefirst studieswere performedat centerof-massenegy of 189 GeV. At this
enegy, thenumberof eventswereenoughto obtainafirst estimateof My . As chapter7 shaws,
the resultsobtainedwith this methodpresentig fluctuationsdueto the small statisticsin data.
The limited Monte Carlo statisticsfor the productionof the reweightedhistogramcontribute
aswell to thesefluctuations. The solutionis clearfor this method,it is necessaryo addmore
statistics. Additional datafrom centerof-massenegiesof 183,192,196,200and202GeV were
thereforeincludedin the methodbut althoughthe fluctuationsdecreaséy includingmoredata,
they arenot eliminatedcompletely(section7.3). As a consequencéhe methodto determine
Mw canbe subjectedo the influenceof thesefluctuations. If this is the case(andit is!), the
resultsfor the dataarevery assymetri@ndthe combinationwith otherMy measurementsom
WHTW~ — q19,q3q, andWTW~ — q;q,¢v, decayshecomedlifficult.

This is the motivation which leadsto the unbinnedmethodto determineMy,. Thefluctua-
tions dueto the small statisticsnow decreasethe expectederror distribution is symmetricand
the positve andthe negative errorvaluesarein goodagreementNow it is easierto combinethe
resultobtainedwith othermeasurements.

In spiteof the fluctuationspresenin the reweightingtechnique poth methodsshav agood
agreemenbetweertheirresultsitheidealexpectederrorshave the samevaluesandtheobtained
correlationgfor the leptonicenegy andthe pseudomasare compatible. The systematicerrors
aresimilaraswell. Thesystematiaincertaintyfor theunbinnednethodis around50 MeV larger
thanfor the reweightingfit, dueto the systematicsourceassociatedo the parameterizatioof
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theleptonicenegy andthe pseudomasspectra.

9.1 Combination with Hadronic and SemileptonicChannelsResults

Resultsfrom centerof-massenepgies 192to 202 GeV which have beenobtainedusinga fit to
the distribution of the reconstructedV massesn decaysof thetype WW— — q1q,q93q, and
WHW~ — q1q,4v, have beencombinedwith previous OrPaL measurementast centerof-mass
enegiesfrom 161 until 189 GeV. Theresultsaresummarizeasfollows:

e /s=161t0189GeV with WTW~ — q1G,q3q, andW* W~ — q1q,¢v, events[51]:
Mw = 80.432 =+ 0.066 £ 0.045 GeV

e /s =192t0202GeV with WTW~ — q1G,q3q, andWT W~ — q1q,¢v, events[95]:
Mw = 80.523 &+ 0.073 +0.042 GeV.

Thepresentneasurementsave beencombinedwith eachotherandwith theresultpresented
in this thesisobtainedfor My from thereweightingmethod[45,95]:

Mw = 80.485 £ 0.052 4= 0.039 GeV.

Theimpactof theWT™ W~ — /v,¢'vy channeto thegeneratesultis aroundl%. Analogous
resultsareobtainedby combiningwith My obtainedrom W+W— — Zv,¢'vpy decaysusingthe
unbinnedmethod.

9.2 Mw fromWTW~— — Llv,l'vy Decayshy the LEP Experiments

In parallelto OPaL, theother3 experimentof LEP (ALEPH, DELPHI andL3) performedstudies
of Mw in thischannel. Themethodsandresultsaresummarizedsfollows:

e ALEPH andL3 emplg the kinematicpropertiesof the leptonsto estimatethe W mass.
Thevariablesusedto measuréMyy aretheenegy of themostenegeticlepton,Ej*®*, and
the enegy of the secondmostenegetic lepton, Ej*'". The missingenegy, E™*, of the
events,definedas+/s-EY® whereE"" is the reconstructedisible enegy of the events,
is usedin the ALEPH analysisaswell. The techniqueusedto obtain My andits error
is a reweighting method. Individual likelihoodsfunctionsfor eachvariableare defined
consideringthe leptonflavors togetherin eachlikelihood. The OrPaL analysispresented
doestheoppositethetotallik elihoodconsidersndividual contritutionsfrom thevariables
anddifferentleptonflavoursclassesThe betterresolutionin the measurementsf muons
by ALEPH andL3 allows the leptonflavors to be consideredogether Figure 9.1 shavs
the sensitve variablesto My, usedin the analysisby ALEPH. The analysishasbeen
performedat a centerof-massenegy of 189 GeV by L3 and 183 combinedwith 189
GeV by ALEPH. Theresultsobtainedare[88]:
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ALEPH (183 — 189 GeV) : Mw = 81.81 £0.67 £ 0.20 GeV

wherethefirst erroris statisticalandthe secondneis systematic.

At present3 only quoteshe expectedstatisticalerrorof their measurementzt 189 GeV

[96]:
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Figure9.1: Distributions of the higherand lower lepton momentaand of the missingenegy
in eachWtW~ — lv,l'vy eventsat 189 GeV, comparingwith the reweightedMonte Carlo
predictiongiving the bestcombinedfit.
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e DELPHI hasworked on a methodwhich canusethe full information of the event. The
basicideais that given the two chagedthree-momentaf eacheventandassuminghat
they comefrom differentandindependenbodies,only certainboostvaluesand certain
directionsarepossiblefor the W bosons Usingthe standardconstrainof a kinematicfit,
it is possibleto definea probability densityfunction (p.d.f) which dependwn the boost,
B andthedirectionsf, ¢. An unbinnedikelihoodwhich containghedetectoreffectscan
bethereforedefinedto obtainMyy:

L£(My) = / p-d.f(5,6,6) x F(B,0,¢/Mw)

where F' is a function of the purity andthe signalandbackgroundexpectations.An in-

dividual likelihood function is definedfor eachleptonic channeland the generalfit is

performedwith ap.d.f obtainedasthe weightedsumof eachleptonicchanneto take into

accountthe crosscontaminatiorbetweerthe channelsfor examplea selectedrer event
hasa certainprobabilityto beaevrv or arver or evenarvrr event. The weightswith

whichthep.d.f aresummedareextractedfrom Monte Carlostudiesanddependuponthe
momentumof the consideredeptort. The eventscontainingr leptonsaretreatedsepa-
rately from the otherchannelsTheresultobtainedby DELPHI ata centerof-massenegy

of 189GeV, combiningall leptonicchannelss [97]:

DELPHI (189 GeV) : AMw = 0.73 GeV.
No valuefor My is currentlypublished A goodagreemenibetweerthefour experiments

is foundfor anexpectederrorof 0.75GeV atacenterof-massenegy of 189GeV. Table
9.1 shawvs the comparisorbetweerthe resultsfor the four experiments.

| Experiment| /5 (GeV) | AMy (GeV) |

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: Comparisorbetweenthe resultsin WTW— — fv,¢'vy channelfor the four experi-
ment. The errorsgivenarestatistical.

*An electronof 20 GeV hasa certainprobabilityto comefrom taudecayswhile anelectronof 70 GeV is almost
certainlycomingfrom theW decay This is thereasorof theweightfactorsdefinition.



Chapter 10

Summary

Thisthesishaspresentedhefirst determinatiorof the massof the W bosonin thefully leptonic
channelsingthedataof the OpaL detectorat LEP. Two differentmethodsusingthe samesen-
sitive variableswereemploedto extractthe W massfrom the datasamplerecorderedetween
1997and1999at centerof-massenegiesof 183,189,192,196,200and202 GeV. All these
dataamountto anintegratediuminosityof 457.1pb—".

The precisemeasurementf the W masshasbeenoneof the major goalsof the LEP2 pro-
gram. This masscombinedwith otherelectraveakmeasurementgrovidesstringenttestsof the
currenttheorywhich explainsthe matterandits interactionsthe Standardviodel, andit canbe
usedto constrainthemassof theHiggsboson.Presiousanalysigperformedoy OpAL werebased
onthefully hadronicandsemi-leptonicW ™ W~ decaymodes.

The WTW™ — lupl'vp eventscomprisethe 10% of thetotal WHW ™~ crosssection. They
are characterizedby two acoplanarcchaged leptonsanda large missingenegy dueto at least
two non-obsergd neutrinosin the final state. The standardmethodto determineMy, from
WHTW~ — q102,q3q, andWTW— — q;q,4v, eventswhichis basednafull kinematicrecon-
structionof theevent,is herethereforenot possiblebecaus¢hesystemis notenoughconstrained
to definea kinematicfit which leadsto thereconstructiorof theleptonicevent. Additional mea-
suremenimethodshave to be usedto obtainMvy in this channel. Thesemethodsarebasedon
the sensitvity that somevariablespresentto My . The presentanalysisemplo/s as sensitve
variablesthe directly measurecnegy of the chaged leptonstogetherwith anotherkinematic
variablecalled pseudomassrThis latter variableis obtainedfrom anapproximatie reconstruc-
tion of the eventwhich is achieved definingthe standardconstraintsof a kinematicfit plusan
additionalarbitraryconstrainwhich is theassumptiorthatboth neutrinosarein the sameplane
asthe chagedleptons. Underthis circumstancethe leptonicevent canbe reconstructeénda
sensitve variableto My, calledthe pseudomasss obtained. This assumptiorcanbe gener
alizedassumingdixed anglesbetweenthe planeof the neutrinosandthe planeof the chaged
leptons.An increaseof the sensitvity is however notfound.

Dueto the differentmomentunresolutionsobtainedin OpaL for electronsandfor muons,
separatelasseshave beendefinedfor the leptonicenegy andfor the pseudomasdepending
uponthe differentleptonflavors. This separatiorof the leptonswhich are measuredvith the
electromagneticalorimeteienepgy in thecaseof identifiedelectronsandthechagedmomentum
in the caseof identifiedmuons maximizesthe sensitvity of themeasurement.
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ThefirstmeasuremenvhichhasbeenpresentedetermineMvw from areweightingmethod
In this method,the W massis measurecdy directly comparingthe pseudomasand the lep-
tonic enegy spectrain the datato fully simulatedMonte Carlo spectrageneratedat different
W massesTheseMonte Carlo spectraare obtainedby reweightingeachevent of Monte Carlo
sampleswith a factorwhich dependsn the generatedV massesandthe desiredMyy. A si-
multaneousdik elihoodfit for the pseudomasandtheleptonicenegy combiningcenterof-mass
enegiesfrom 183to 202 GeV leadsto My togethemwith its error. Theresultobtainedwith the
reweightingtechniques:

My = 80.30 7938 +0.14 GeV,

wherethefirst erroris statisticalandthe secondnesystematic.

Theasymmetrybtainedn theerrorcomedrom statisticafluctuationgdueto thesmallnum-
berof eventscontainedn the dataandthelimited Monte Carlo statisticto build the reweighted
samplewhich fit the data. Previous Monte Carlo studiesof the reweightingmethodconfirmed
the existenceof theseasymmetriesn the statiticalerror This factmakesa combinationof this
resultswith My measurementsom WTW~ — q1G,q3q, andW W~ — q1q,¢v, eventsdif-
ficult.

The possibleasymmetryof the errorsobtainedwith the reweightingmethodmotivatesthe
studyof asecond\lyy measuremeriechniquebasednanunbinnedikelihoodmethod Theba-
sicideaof this methodis the parameterizationf the pseudomasandtheleptonicenegy spectra
by known analyticalfunctions. Assuminga linear dependencef the coeficientswhich define
the parameterizatiowith the W mass,anunbinnedikelihoodfunctionwhich dependsiowv on
My andthevaluesof thesensitve variabless definedto obtainthe W mass.A simultaneousit
for thepseudomasandtheleptonicenegy leadsto this resultusingthe samedatasampleasfor
thereweightingtechnique Theresultobtainedapplyingthe unbinnedmethodto the datais:

My = 80.43 7020 £0.16 GeV.

The correlationbetweenthe pseudomasandthe leptonicenegy have beenstudiedsepa-
rately for bothmethods.In both caseghe obtainedvaluefor the correlationfactoris 13%. The
slightly differenteventsampleasedin the caseof theleptonicenegy andthe pseudomasand
thefactthatthe pseudomassmplo/s theangulaistribution informationbetweerbothchaged
leptons,which is notincludedin theleptonicenepy, leadsto this smallcorrelation.In spiteof
thefluctuationsobtainedwith thereweightingtechniquepothmethodgresengoodagreement
in theMonte Carlostudiesperformedo obtainthefitted massistribution andtheexpectederror
whosevalueis:

AMw = 0.51 GeV.

The previous My, measurementsbtainedby OpaL in the hadronic, WtW~ — q1G,q3q,
andthe semi-leptonicchannel WtW~— — q;G,4v, channelscanbe now easilycombinedwith
the correspondingneof the W™ W~ — Zu,¢'v channebbtainedirom the unbinnedmethod.

The combinationof the threechannelausingdatarecordedbetweenl61 and202 GeV (in
the caseof the semileptoniandhadronicevents)leadsto a W massof:
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Mw = 80.485 = 0.051 £ 0.038 GeV.

For thefully leptonicdecaysthe methodsusedby thefour LEP experimentsshav asimilar
statisticalsensitvity to My . Theexpectederrorobtainedat centerof-massnegiesof 183and
189GeV isaround0.75MeV.

The resultsobtainedin the fully leptonic channelcannotcompetein accurag with those
obtainedfrom W*W~ — q1q,q3q, andW*W ™~ — q1q,¢v, eventsbut thiswasnotthegoalof
this thesis.Neverthelessthe statisticalgain obtainedincluding the fully leptonicchannelin the
resultof My takinginto accounthadronicandsemileptoniceventsshouldnot be ngglected.In
termsof statistic,animprovementof 1%in thegeneralesultmeansagainof 2%in theluminos-
ity andthe effort madeto gainanadditional2% is hugein comparisorwith thepresenganalysis.
However, thisis notthemostimportantmotivationandtwo differentaspectshouldbetakeninto
account.First, the methodheredevelopedand presenteds completly complementaryo those
usedin the othertwo channels.The effort madeby the collaborationgo performcross-checks
for the My resultis tremendousn comparisorto the presentanalysis. Secondary improve-
mentson My in thenearfuturewill comefrom hadroncolliders(Tevatronat FermilabandLHC
atCERN)andthey areonly sensitve to leptonicW decaysA comparisorof My measurements
from differentdecaychannelsanonly beperformedatete™ collidersandthereforefor LEP, it
is mandatornyto includethis comparisorin their analysis.

Theyear2000closesthe LEP2 era. All the datarecordedby thefour experimentsetween
1996 and 2000 at centerof-massenegies from 161 to 210 GeV will confirm the LEP My,
measuremerdaswhatit is already:the mostpreciseresultof the W bosonmass.






Appendix A

Kinematic Reconstructionof Fully
Leptonic Events

Thekinematicsof the WTW— — lv, /vy processs determinedy six anglestwo for thescat-
tering, andtwo for eachW decays.The two three-momentaf the chaged|eptonsare known

andthis shouldbe enoughto fix the whole system.A twofold ambiguity occurs,however, be-
causethe solutioninvolves a quadraticequation. Both solutionsof the equationare perfectly
compatiblewith the systembut not distingableexperimetally A solutionfor the two nonob-
sened neutrinomomentap,, andp,» are now presentedas a function of the obsered lepton
moment& and/’. Theanalysids performedn theeTe™ centerof massframeandassuminghe
neutrinosto be masslessThe systemwill besolvedfor p,, because, is givenby momentum
conseration.

1. Assumingthatthe W~ enegy is equalto thebeamenegy Ej:
Py =By — Lo (A1)
or:
Py = (By — bo)” (A.2)

wherep?, = |p, | is theenegy of theneutrinoand, is the chagedleptonenegy.
A similar equationcomesfrom the otherW* boson:

P2 = (B — £p)* (A.3)

2. Usingthe momentumconseration for the momenteof the chagedleptons, the equation
(A.2) canberewrittenin termsof p,:

1
L+ 2 py=Ey(lo+£y) — 35— £- 0 + 5(mz +m3) (A.4)
wherem? andm? arethe masse®f thechagedleptons.
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3. Thethird constraintcomesfrom the conditionthatthe lepton—antineutrio systemshould

have the massof the W boson:

(£+py)? = miy (A.5)
which givesfrom (A.2):
1 1
0-py = Eyly — 03 — ﬁm‘ﬁ, + Em% (A.6)
Usingtherelationobtainedn (A.4) and(A.5):
1 1
el . pI/' = —Ebef) — e . el ‘l‘ §m%/v + §m§, (A?)

The conditionsof equationgA.4), (A.6) and(A.7) provide a solutionfor p,.. Theright—
handsidesof theseequationsanberewritten:

py =L (A.8)
C-p =M (A.9)
.p? =N (A.10)

It is assumedhe most generalcasein which the two three-momentd and ¢ are not
parallel. Expandingp?, in termsof £ and¢":

pp=al+bl +clx/t (A.11)
Usingthislastrelationin (A.9) and(A.10), they give:
al?+bl-0 =M, (A.12)

al-f +bf%=N,

which canbe explicitly solved:

a) _ 1 02—\ (M
b) T e202—(-0)2\ 40 2 N

Thelastvariablec is determinedising(A.8):

1 ,
2 __ 242 2,2
Experimentallythe sign of ¢ cannotbe determined.This shavs the twofold discreteam-
biguity mentionedat the biginning of presentappendix. Geometricallythe ambiguityin
the neutrinomomentacorresponds$o two speculawvectors,oneover, the otherunderthe
planeformedby thetwo chagedleptons.



Appendix B

Corr elation betweenMeasurementsof
a SinglePhysical Quantity

The correlationbetweenV differentestimatef a physicalquantityis obtainedfrom the error
matrix definedas[98]:

O'% cov12 ... COUIN

COU21 g %

E = (B.1)

COUN1 0'12v

wherea 1 arethe variancefor eachinvididual measuremerdnd cov,,,, is the covariancebe-
tweenmeasuremenhs andm andit is definedas:

COVpm = OnOmTnm (B.2)

wherer,,, is the correlationfactorbetweem andm estimatesThus,if the measurementare
uncorrelatedheerrormatrixis diagonawhereaslementoutsideof the principaldiagonalgive
anideaof thelineal relation(this is the correlation)betweerthe measurements.

Thefull error matrix is estimatedoy Monte Carlo simulation. A total numberof N inde-
pendensubsamplearetakenandthey aresubjectedo the sameselectioncriteriaaswereused
in therealdata. In thisway N setsof estimationsr;;, areobtainedwherek denoteghe Monte
Carlosubsampl@umberand: refersto the methodusesto determiner, i.e. thevariable.

Theelementof theerrormatrix aredefinedas:

’L] N Z Tik — Tjk‘ ) (B'?’)

Thevarianceo? is definedas E(z?) — p?, whereE is the expectedvalue, z is the performedmeasuremeruf
a physicalquantityandy is its meanvalue. The varianceis a measuref how widely the measurement is spread
aboutits meanvaluey. Thesquarerootof thevarianceos is calledthe standad deviation of x [99].
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where7; is the Monte Carloaveragefor thes variable:

LN
T = N;Tik (B.4)

Thecorrelationfactorr,,,, betweerthevariablesn andm is determinedhereforefrom the
correspondingrror matrix elementcov,,.,,, usingthe equation(B.2).



Appendix C

Coefficientsfor the Unbinned
Maximum Lik elihood Fit

The differentscoeficients obtainedfrom the linear dependencstudiesto Myy for the leptonic
enegy andthe pseudomastor all their classesaresummarizedn thefollowing tables:

Firstclassfor theleptonicenegy

P, P, P, P, P
Vs (GeV) bg by bg bg by bg b

183 23.58t0.10 | 0.88+0.19 | 2.44+0.07 | 65.814+0.06 | -0.90+0.12 | 2.15+0.04 | 0.07+0.01
189 22.76£0.08 | 0.47+0.07 | 2.14+0.07 | 70.2740.05 | -0.86+0.04 | 2.08+0.05 | 0.08:0.01
192 23.26t£0.11 | 0.31+0.22 | 2.35+0.10 | 71.73+0.06 | -1.01+0.12 | 2.15+0.04 | 0.07+0.01
196 23.60+£0.11 | 0.35+0.14 | 2.70+0.08 | 74.68+0.07 | -0.61+0.18 | 2.25+0.05 | 0.05+0.01
200 23.03:0.12 | 0.30+0.21 | 2.41+0.09 | 76.82:0.07 | -0.67+0.13 | 2.28+0.05 | 0.11+0.02
202 23.53:0.12 | 0.52+0.23 | 2.62+0.09 | 78.72:0.07 | -0.87+0.13 | 2.214+0.04 | 0.07+0.01

Table C.1: Numericalvaluesof the coeficients for the first classof definedfor the leptonic

enegy atall centerof-massenegies.

Secondctlassfor theleptonicenegy

Py Py P3 Py Pg

Vs (GeV) by by bg by by bg by
183 23.91+0.17 | 1.18+0.30 | 3.84+0.12 | 64.6740.09 | -0.73£0.18 | 4.03+:0.05| 1.41+0.01
189 23.04+0.13 | 0.61+0.11 | 3.73+0.11 | 68.71+0.08 | -0.65+0.07 | 4.46+0.07 | 1.36+0.01
192 23.02£0.14 | 0.58+0.27 | 3.59+0.15| 70.03+0.10 | -0.69+£0.19 | 4.48+0.08 | 1.96+0.15
196 22.36£0.15| 0.49+0.27 | 3.27+0.16 | 72.73+0.11 | -0.30+£0.20 | 5.12+0.07 | 1.45+-0.09
200 24.09£0.17 | 0.42+0.28 | 5.11+0.21 | 74.71+0.12 | -1.35+0.22 | 5.61+0.09 | 0.45+0.11
202 23.44£0.19| 0.50+0.26 | 4.45+-0.18 | 76.00+0.12 | -0.97+0.24 | 5.67+0.09 | 1.16+0.15

TableC.2: Numericalvaluesof the coeficientsfor the secondclassof definedfor the leptonic
enepgy atall centerof massenepies.
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Firstclassfor thepseudomass

P, P P,

Vs (GeV) bg by by b
183 78.99+0.07 | 0.45£0.16 | 1.61+0.07 | 0.058+0.006
189 79.25+£0.06 | 0.66£0.06 | 1.49+0.05| 0.080+0.005
192 79.59+0.07 | 1.74£0.15| 1.55+0.06 | 0.069-0.005
196 79.86:£0.07 | 0.62+£0.12 | 1.27+0.05| 0.115+0.006
200 80.54+0.09 | 0.74+£0.17 | 1.73+0.05| 0.096+0.003
202 81.44+0.09 | 0.50+0.23 | 1.84+0.10| 0.058+0.006

TableC.3: Numericalvaluesof the coeficientsfor thefirst classof eventsdefinedfor the pseu-

domasstall centerof massenepies.

Secondtlassfor thepseudomass

Py Ps Py

Vs (GeV) bg by bg by
183 80.29+0.09 | 1.27+0.20| 2.91+0.10| 0.053+0.008
189 80.45+0.08 | 0.53+0.07 | 3.18+0.09 | 0.0414+0.006
192 80.10+0.06 | 0.56+0.14 | 1.904+0.06 | 0.135+0.006
196 80.81+0.09 | 0.744+0.15| 2.24+0.08 | 0.151+0.007
200 81.85+0.10 | 0.41+0.17 | 2.55+0.09 | 0.156+0.008
202 83.4+0.12 | 1.20+0.34 | 3.42+0.11 | 0.0814+-0.006

Table C.4: Numericalvaluesof the coeficientsfor the secondclassof eventsdefinedfor the

pseudomasatall centerof massenegies.

Third classfor the pseudomass

P, P Py

Vs (GeV) b by bg b
183 79.53£0.05| 1.14+0.13| 1.85+0.05| 0.0940.005
189 79.53£0.05| 0.87+0.05| 2.13+0.05| 0.082+:0.004
192 79.90+£0.05| 0.53+0.11| 1.71+0.05| 0.1144+0.005
196 80.64+0.07 | 0.85£0.15| 1.14+0.02 | 0.042+:0.006
200 80.80+0.06 | 0.62+£0.12 | 2.22+0.06 | 0.104+0.005
202 81.6/40.07| 1.14£0.16 | 2.56+0.07 | 0.094+0.005

Table C.5: Numericalvaluesof the coeficients for the third classof eventsdefinedfor the

pseudomasatall centerof massenegies.
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