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Abstract
A measurementis presentedof inclusive Z ! � +� � andinclusive W ! �� pro-
ductionin pp collisionsat a centre-of-massenergy of

p
s = 1:96 TeV. Thedata

were taken by the DØ detectorat the Tevatronandcorrespondto an integrated
luminosityof 112.6pb� 1. ThemeasuredZ andW productioncrosssectionsare

� (Z) = 271:2 � 3:8 (stat)� 7:5(syst) � 2:7 (pdf) � 17:6 (lumi) pb

and

� (W) = 2781:3 � 8:3 (stat) � 41:4 (syst)� 44:7 (pdf) � 180:9 (lumi) pb:

Theseresultsareusedto �nd thebranchingratioof W into muons,

Br(W ! �� ) = (10:5 � 0:4)%:

Finally, this work is partof a projectto prepareanundergraduatelaboratoryex-
perimentin particlephysics.
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Chapter 1

Intr oduction

The main purposeof this work is to measureW andZ productionin muon �-

nal statesandto preparethe datafor a laboratoryexperimentfor undergraduate

physicsstudents.Thegoalis to give them�rst insightinto theanalyticalmethods

of particlephysicsby studyingW andZ productionin hadroncolliders.This lab-

oratoryexperimentwill bebasedon datatakenby theDØ experiment,oneof the

two generalpurposedetectorsat theFermilab'sTevatron.

Chapter2 introducesthe StandardModel, the currenttheoreticalunderstanding

of thefundamentalparticlesandtheir interactions.It continueswith anintroduc-

tion to W andZ physicsin pp collisions. Chapter3 givesan introductionto the

Tevatron storagering and the DØ detector. The measurementof the inclusive

Z ! � + � � productionaswell asthatof W ! �� productionis describedin chap-

ter4. Thischapteralsodescribestheextractionof theratioof W andZ production

andthebranchingratio Br(W ! �� ). And �nally chapter5 summarisesthework

described.
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Chapter 2

The Standard Model

This sectiongivesa basicoverview of the StandardModel, moredetailscanbe

found in textbookssuchas[1] and[2]. An importantaim in physicsis to �nd a

uni�ed theorythat explainsthe multitudeof observed naturalphonomena.The

StandardModel of particlephysicsdescribesthe currentknowledgeof the fun-

damentalparticlesand the interactionsbetweenthem. It treatsthe interactions

as �elds, and interpretsthe excitationsin the �elds asparticles. Thereare two

generalclassesof particles:

� Thefundamentalfermionswhichhavespin 1
2.

� Thegaugebosonswhichhavespin1.

Fermionsobey thePauli ExclusionPrincipleandthereforethey constitutewhatis

usuallycalledmatter. The twelve fundamentaltypesof fermionsaresubdivided

into two groups,leptonsandquarks.Therearethreegenerationsof leptonsand

quarkseachwhich have similar propertiesbut increasingmass.Eachgeneration

14



of leptonsconsistsof a doubletcontainingonechargedparticle(electron,muon,

tau) and its associatedneutralpartner, the electron-neutrino,the muon-neutrino

or the tau-neutrino.The �rst generationof quarksconsistsof the up anddown

quarkswhich constitutemostof thematteraroundus. Thedoubletof thesecond

generationcontainsthecharmandthestrangequarksandthedoubletof thethird

generationthe bottomandtop quarks. Unlike leptons,quarkscarry a fractional

electric charge, +2=3 for up-typequarksand � 1=3 for down-typequarks. The

fermionshave correspondinganti-fermionswhich have identical propertiesbut

oppositecharge, wherecharge refers to all internal quantumnumberssuchas

electricchargeor �a vour. Table2.1summarisesthefermionproperties.

Thegaugebosonsarethemediatorsof theforcesbetweenthedi� erentparticles.

An interactionbetweentwo particlesis viewedastheexchangeof avirtual gauge

bosonbetweenthesetwo particles. The gaugebosonsof the electoweakandof

thestronginteractionsaresummarizedin Table2.2.

The interactionsbetweenthe fermion and boson�elds are introducedthrough

symmetryarguments,known aslocal gauge invariance[3]. Thegaugesymmetry

groupof the StandardModel is SU(3) 
 SU(2)L 
 U(1)Y, whereSU(3) is the

symmetrygroupof the stronginteractionandSU(2)L 
 U(1)Y is the symmetry

groupof theweakandelectromagneticinteractions(seesections2.1and2.2).

2.1 Electroweak Interaction

Thegaugetheoryof theelectromagneticinteractionis QuantumElectroDynam-

ics (QED). TheQED LagrangianmustremaininvariantundertheU(1) groupof

15



fermion charge

lepton electron(e) -1

electron-neutrino(� e) 0

muon(� ) -1

muon-neutrino(� � ) 0

tau(� ) -1

tau-neutrino(� � ) 0

quark up (u) +2=3

down (d) � 1=3

charm(c) +2=3

strong(s) � 1=3

top (t) +2=3

bottom(b) � 1=3

Table 2.1: The threegenerationsof fermionsin the StandardModel and their

electriccharge.

gaugebosons interaction mass(GeV)


 (photon) electromagnetic 0

Z boson weak 91.188� 0.002

W� boson weak 80.425� 0.038

g (gluon) strong 0

Table2.2: Thegaugebosonsof theStandardModelandtheirmass.

16



transformations.HereU(1) meansa groupof unitaryone-dimensionalmatrices

describingaphaserotationin acomplex plane.Forcingthetheoryto beinvariant

underU(1) leadsto interactionsbetweenthe photonandchargedfermion �elds

andto theconservationof electriccharge[4].

A gaugetheorycombiningelectromagneticandweakinteractionswaspresented

by Glashow [5], Salam[6] andWeinberg [7] (GSW).This theoryis basedon the

symmetrygroupSU(2)L 
 U(1), whereSU(2) designatesthe groupof Special

Unitary 2 � 2 matrices.Here,specialmeansthat thedeterminantof thematrices

mustbe one. The SU(n) groupscontainn2 � 1 matricesknown asgenerators.

Therefore,SU(2) hasthreegenerators.The generatorsof the SU(2)L groupare

the �elds W+, W0 andW� . The correspondingconserved charge is calledweak

isospin, andthefermionsarearrangedinto weakisospindoublets,corresponding

to thepairsof quarksandleptonsin eachgenerationof fermions. Thesubscript

L denotesthat only left-handedparticlesobey this symmetry. Adding the U(1)

groupintroducesanothergauge�eld calledB0. TheW0 andB0 mix to giveriseto

theexperimentallyobservedphoton(
 ) andZ:


 = W0 sin� W + B0 cos� W (2.1)

Z = W0 cos� W � B0 sin� W (2.2)

where� W is calledthe weakmixing angleor Weinberg angle, de�ned asthe ra-

tio of the strengthof the electromagneticinteractionto the strengthof the weak

interaction.

Gaugeinvarianceleadsto masslessparticles,in contrastwith themassiveW� and

Z0 observedin experiment.Therefore,thereis aproblemwith theelectroweakthe-

ory asit stands.This problemis solvedthrougha processknown asspontaneous

17



symmetrybreakingwhich givesparticlesmasswithout breakingtheinvarianceof

the theory. This is achieved throughthe Higgs mechanism[8] in the Standard

Model,which introducesanadditional�eld with anassociatedparticle,theHiggs

boson.TheHiggsboson�eld hasanon-zeroexpectationvalueandotherparticles

canacquiremassthroughinteractionswith this �eld. Thevalueof massdepends

on thestrengthof thecoupling.

2.2 Strong Interaction

The theoryof stronginteractions,QuantumChromodynamics(QCD), is based

uponthe SU(3) symmetrygroupwhich leadsto 32 � 1 = 8 mediatingmassless

gaugebosonscalledgluons. Quarkscarry a new type of charge calledcolour.

Eachquark can carry either red, green,or blue colour charge with anti-quarks

carryinganti-red,anti-greenandanti-blue.Gluonscarrya combinationof colour

andanti-colourcharge.As carriersof thecolourcharge,gluonscancoupleto each

other. Quarksandgluonsarecollectively referredto aspartons. Thestrengthof

thestrongcoupling� s increaseswith decreasingenergy scale.This meansat low

energiestheinteractionsbecometoostrongto betreatedwithin theframework of

perturbationtheory.

Objectscarryingcolour cannever be found as free particlesin nature,they are

con�ned into colour neutralcompositehadrons;this propertyof QCD is called

con�nement. Thequarksthatcombineinto baryonsor mesonsarereferredto as

valancequarks, andthey constantlyinteractwith eachotherby exchangingglu-

ons. Sincegluonscancoupleto eachother, they canemit moregluons. Gluons

canalsofurthersplit into virtual quark-antiquarkpairscalledseaquarks. Experi-

18



mentallyquarksandgluonsareobservedasjetsof colour-neutralhadrons.

2.3 Standard Model Testsat the Tevatron

Oneof the main aimsof particlephysicsexperimentsis to conductfurther tests

of theStandardModel (SM) andto searchfor physicsbeyondtheSM. Although

theSM doesnotpredicttheexactvaluesof certainparameters,suchastheW and

Z mass,it doespredictrelationshipsbetweenthem. Oneyet unknown parameter

of the SM is the massof the Higgs boson. To test the SM and to predict the

massof theHiggsboson,all otherparametersmeasuredin experimentsareused

asinput to the theoreticalcalculationsin orderto predictthe valueof the Higgs

mass. Measurementsare madeto constrainthe theory in this way. They are

Figure 2.1: Correctionto the W massthroughloop diagrams. The sizeof the

correctionis sensitiveto themassesof theparticlesin theloops.

known aselectroweakprecisionmeasurements,sinceany deviation betweenthe

measuredandpredictedvaluesof suchparameterssuggestssignsof new physics.

An importantexampleareindirectmeasurementsof massesof heavy fundamental

particles,suchasthetopquarkandtheHiggsboson,by precisemeasurementsof

electroweakparametersatLEPandat theTevatron.

An exampleis shown in �gure 2.1. TheW bosoncancoupleto massiveparticles

19
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Figure2.2: Massof theW boson,mw, asa functionof themassof thetop quark,

mt. Thedashedellipseshows theW massversusthetop massmeasureddirectly

from reconstructingthe top quark and the W boson,whereasthe solid ellipse

shows thedeterminationof thesemassesfrom electroweakcorrections.Theyel-

low (shaded)bandsshow theexpectedmassof theSM Higgsin themw - mt plane.

suchastheHiggsbosonor massive quarksthroughhigherorderloop processes.

Measuringthe W masswith highestprecisionconstrainsthe massof the Higgs

boson. Figure2.2, which hasbeentaken from [13], shows how the direct mea-

surementof the top quark massoverlapswith the indirect determinationfrom

electroweakcorrections. It alsoshows thepredictedmassof theStandardModel

Higgsmasswith respectto mW andmt.

TheTevatronphysicsprogrammeinvolvesmeasuringtheW bosonandtop quark

20



masswith highprecision.Otherelectroweakprecisionmeasurementsat theTeva-

tron includetheratioof theW andZ bosonproductioncrosssectionandthedeter-

minationof thebranchingfractionof W bosonsdecayinginto muons.Also many

searchesfor new particlesinvolvethedecayof massiveparticlesto leptonswhich

will have signaturessimilar to thoseof W andZ events. By performingprecise

measurementsof W andZ propertiesit will becomeeasierto recognisesignsof

new physics.

2.4 W and Z Production and Decay

In thisthesistheproductof theW andZ productioncross-sectionsandthebranch-

ing ratio for thesubsequentdecayinto muonsis measured.Sinceonly thedecay

productsof the W andZ bosonsareobserved, it is impossibleto make separate

measurementsof the cross-sectionand the branchingratio, whereasthesetwo

quantitiesaredeterminedseparatelyin thetheoreticalcalculations.

The dominantproductionmechanismfor themassive electroweakgaugebosons

(Z andW) in pp collisions is the Drell-Yan process[9], wherea quarkandan

anti-quarkannihilateto form a Z or W bosonwhich subsequentlydecays.In this

casethespectatormodelcanbeused,wherethepartonsnot directly involvedin

theproductionof theW andZ bosonsareignored.

The measuredcross-sectionis inclusive, i.e. it includesall �nal stateswith n =

0; 1; 2:: jets accompanying the W or Z bosons.Sincean inclusive crosssection

measurementdoesnot imposeany requirementson thejetsor transversemomen-

tum of the generatedgaugebosonit is e� ectively integratingover all ordersof
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Figure2.3: LowestorderDrell-Yandiagramsfor W andZ productionaswell as

thenext-to-leadingorderdiagrams,in which theproducedbosonis accompanied

by a quarkor gluon jet from initial stategluonradiationor from QCD Compton

scattering(qg ! W; Z + jet).
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QCDprocesses.ThelowestorderDrell-Yandiagramonly containsthegaugebo-

sonin the�nal state,whereasthenext-to-leadingorderdiagramsincludejetsfrom

intial stategluonradiationor QCD Comptonscattering(qg ! W; Z + jet). Such

productionprocessesareillustratedin �gure 2.3.

2.4.1 Inclusive Z BosonProduction

TheZ bosoncouplesdi� erentlyto up-typeanddown-typequarks;thesubprocess

crosssectionfor Z productionin pp collisionsis [10]:

� (qq̄ ! Z) =
� GF
p

2
(1 � 4

���Qq

��� sin2 � W + 8Q2
q sin4 � W)M2

Z� (ŝ � M2
Z); (2.3)

whereQq is the quarkcharge and is equalto 2=3 for up-typequarksand� 1=3

for down-typequarks.Thevariableŝ = (pq + pq̄)2 is thesquareof thecentreof

massenergy of thequark-antiquarksystem.It hasbeendescribedin section2.2

that baryons(suchasprotons)consistof two classesof quarks: valencequarks

(uud in the caseof the proton)andthe seaquarkswhich arepart of the colour

�eld holdingthevalencequarkstogether. In addition,roughlyhalf of theproton's

momentumis carriedby the gluons in the colour �eld. The quarkscarry the

momentumfractionsx1 and x2 of the proton andanti-protonfour-momentap1

andp2. Thereforeŝ becomes

ŝ = (x1p1 + x2p2)2 � M2
Z � 91GeV: (2.4)

TheinclusiveZ productioncrosssectionis givenby

� (pp ! Z + X) = (2.5)

KZ(� s)
3

Z 1

0
dx1

Z 1

0
dx2

X

q

h
q1(x1; M2

Z)q̄2(x2; M2
Z) + (q $ q̄)

i
� (qq̄ ! Z)
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wherethefactor1=3 averagesover thecolourstates,KZ(� s) is a factorwhich in-

corporateshigherorderQCD corrections,dependingon thestrongcouplingcon-

stant� s, andq1(x1; M2
Z); q̄2(x2; M2

Z) arethequarkdistributionswhich describethe

probabilityof �nding theappropriatequark(or q̄) with momentumfractionx1 (or

x2) in theprotonp or theanti-protonp̄. Note thatat high energiesandtherefore

low x, seaquarksandanti-quarksin theprotonbecomemorevisibleandtherefore

theanti-quarkcancomefrom theproton.

2.4.2 Z BosonDecaysinto Muon Pairs

TheZ bosoncaneitherdecayleptonicallyintoanelectronandanti-electron(positron),

muonandanti-muonor tau andanti-tau,or hadronicallyinto a quark-antiquark

pair; theZ decaymodesaregivenin Table2.3 [11]. ThelowestorderZ ! � + � �

decayprocessis shown in �gure 2.4. Themuonicbranchingratio of theZ boson

is calculatedasfollows:

Br(Z ! � + � � ) =
� (Z ! � + � � )

� (Z)
; (2.6)

where� (Z ! � + � � ) is themuonicdecaywidth and� (Z) is thetotaldecaywidth.

2.4.3 InclusiveW BosonProduction

Thesubprocesscrosssectionfor W+ productionis givenby

� (qq̄
0
! W+) = 2�

���Vqq0

���2
GF
p

2
M2

W� (ŝ � M2
W) (2.7)

whereVqq0 is theCKM matrix elementconnectingthetwo quark�a vours. Here,

q is anup typequarkandq̄0 is a down typeanti-quark.Thecrosssectionfor W�

24



Figure2.4: Z bosondecayto muons

Z DecayModes Branchingfraction� i=�

e+e� (3:363� 0:004)%

� + � � (3:366� 0:007)%

� +� � (3:370� 0:008)%

invisible (20:00� 0:06)%

hadrons (69:91� 0:06)%

Table2.3: Branchingratiosof theZ decaymodes
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productionis the same,exceptq is thena down typequarkandq̄0 is an up type

anti-quark.

In orderto obtainthe inclusive W productioncrosssection,thesubprocesscross

sectionis multipliedwith a factorof two to accountfor W+ andW� production:

� (pp ! W+X) =
2KW(� s)

3

Z 1

0
dx1

Z 1

0
dx2

X

q

q(x1; M2
W)q̄

0
(x2; M2

W)� (qq̄
0
! W+)

(2.8)

2.4.4 W BosonDecaysinto Muon and Neutrino

Thelowestorderof W+ decayto amuonandaneutrinois illustratedin �gure 2.5.

Themuonicbranchingratio of theW bosonis calculatedasfollows:

Br(W ! �� ) =
� (W ! �� )

� (W)
: (2.9)

All the leptonicdecayshave the samedecaywidths. At lowestorder, the decay

width to a quark-antiquarkpair is the sameaswell, with an additionalfactorof

threeto accountfor the threequarkcolors,aswell asthe CKM matrix factorto

accountfor quarkgenerationmixing. The W+ bosondecaymodesaregiven in

Table2.4[11]. TheW bosonwidth canbemeasuredindirectlyby usingtheratio

of theW ! �� andZ ! � + � � productioncrosssections:

R =
� (pp ! W + X) � Br(W ! �� )
� (pp ! Z + X) � Br(Z ! � + � � )

=
� (W)
� (Z)

�
� (Z)

� (Z ! � +� � )
�

� (W ! �� )
� (W)

(2.10)

Both� (W)=� (Z) and� (W ! �� ) canbecalculatedtheoreticallytohighprecision,

andtheratio � (Z)=� (Z ! � + � � ) hasbeenmeasuredpreciselyby experimentsat

LEP [12].
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Figure2.5: W+ bosondecayto muons

W+ DecayModes Branchingfraction(� i=� )

e+� (10:72� 0:12)%

� + � (10:57� 0:22)%

� + � (10:74� 0:27)%

hadrons (67:96� 0:35)%

invisible (1:4 � 2:8)%

Table2.4: Branchingratiosof theW+ decaymodes
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Chapter 3

Experimental Apparatus

3.1 Particle Acceleratorsand Colliders

In particlephysics,it is necessaryto concentrateahugeamountof energy in order

to createmassive particlesandexplore thestructureof hadrons.This is possible

by acceleratingchargedparticles,usingoscillatingelectromagnetic�elds. Accel-

eratorsare divided into linear andcyclic varieties. The former, also known as

linacs,collide particlesthataretraveling in a straightline, whereasthelattercol-

lide particlesthataretraveling arounda ring. In thering accelerators,which are

alsocalledsynchrotrons,thebeamof particlesis constrainedin acircularpathby

an arrayof dipole magnets,andaccelerationis achievedasthe beamrepeatedly

traversesthecavitiesplacedin thering. A beamof particlesis traveling in onedi-

rectionandanotherbeamin theotherdirectionandthenthey collidein interaction

pointsaroundthe ring wherethey arefocusedby quadropoles.Thesecollisions

createmany di� erenttypesof particlesandthe interactionpointsaresurrounded
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by detectorswhoserole is to identify thecreatedparticlesandmeasuretheirprop-

erties.

3.2 The Fermilab Tevatron

Fermilab's Tevatron[14] nearChicago,in which 980 GeV protonscollide with

980GeV anti-protons,is currentlytheworld's highestenergy collider. Two col-

lider detectors,calledCDF andDØ, arelocatedalongtheTevatronring. During

thepreviousrunof 1992-1996,referredto asRunI, theCDFandDØ experiments

producedsigni�cant physicsresult,includingthediscoveryof thetopquark[15].

In 2001theTevatronRun II programmestarted,in which theTevatronhasbeen

upgraded.Themajorupgradesincludetheconstructionof theMain Injectorand

theAnti-protonRecycler within a commontunnel. A schematicview of theup-

gradedTevatronCollider is shown in �gure 3.1.

This partgivesa brief descriptionof theTevatronchainof accelerators,for more

detailssee[16]. The protonbeambegins asH � ions,which arepassedthrough

a Cockroft-Walton acceleratorandthena 500 ft linac, reachingenergiesof 400

MeV. The electronsarethenstrippedo� asthe ions passthrougha carbon�bre

foil, giving a beamof protonswhich is injectedinto theBooster, a synchrotron,

wherethey areacceleratedto 8 GeV. Then,they aretransferredto theMain Injec-

tor, a 2 km diametresynchrotronwhich consistsof 1000magnetsthatbendand

focustheprotons.Protonsin this stagecanbeacceleratedup to 150GeV.

Theanti-protonbeamsarealsoproducedfrom bunchesof protons,which areex-

tractedform theMain Injector. The120GeVprotonsaredirectedatanickel/copper
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target,producinganti-protonswith a wide rangeof momentum.Theanti-protons

arecollectedandmovedto theDebuncherstoragering. They are�nally sentto

anotherstoragering, theAccumulator, wherethey stayuntil thereareenoughof

themto betransferredto theMain Injector, wherethey areacceleratedto150GeV.

Theprotonsandanti-protonsaretransferedto theTevatron,wherethey areaccel-

eratedform 150to 980GeV. Finally, thebeamsarebroughtinto collision in the

Tevatron.

120 GeV  p

_

_

F0

A0

E0 C0_

_

B0

D0

_

P1

A1

P8

P3

P2

NS

W

E

Figure3.1: Tevatronchainof accelerators
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3.3 The DØ Experiment

TheDØ detectoris a multi-purposedetector[17] which combinesawideangular

coveragewith goodidenti�cation of producedparticles.Thelayoutof thedetector

is shown in �gure 3.2. As the beamscollide in the centreof massframe the

detectoris assymmetricaspossiblewith respectto thecollision point. TheDØ

detectorconsistsof aninnerregion for trackingchargedparticlesandidentifying

vertices,a detectorto measureenergy depositsfrom electrons,photonsandjets

andanouterregion for thedetectionof muons.

Figure3.2: Schematicview of theDØ experiment.

The coordinatesystemusedat DØ is centredon the centreof the detector(the
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nominal interactionpoint). The z-axisis alignedalongthe directionof the pro-

ton beam,with thex-axispointingoutward from thecentreof the ring andwith

the y-axis pointingupward. The azimuthalangle,� = tan� 1(y=x), andthepolar

angle,� = tan� 1(r=z), wherer is theperpendiculardistancefrom beamaxis(r =
p

x2 + y2), arealsousedtodenotethepositionof apointin thedetector.“Rapidity”

is de�ned by

y =
1
2

ln
 
E + pz

E � pz

!
(3.1)

which is invariant underboostsin the z direction. The “pseudo-rapidity” , � ,

which is anapproximationto rapidity, is de�ned as

� = � ln tan
� �
2

�
: (3.2)

The polar angleis often replacedby pseudo-rapidity. Therefore,the common

sphericalco-ordinatesystem(r; �; � ) is replacedwith (r; �; � ). Thetransversemo-

mentum,pT , is themomentumcomponenttransverseto thebeamdirection,given

by

pT =
q

p2
x + p2

y; (3.3)

wherepx and py arethe componentsof momentumin x andy respectively. An

overview of theDØ detectoris givenin sections3.3.1to 3.3.5. This is followed

by a descriptionof the event trigger systemsto identify interestingcollisionsin

section3.3.6.

3.3.1 Tracking System

Thepoint wherethebeamscollide is surroundedby trackingdetectorsto record

the tracksof the high energy charged particlesproducedin the collision. The
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trackingsystemconsistsof aninnersiliconmicro-striptracker, SMT, andanouter

scintillating �bre tracker, CFT, which areplacedwithin a 2 Teslasuperconduct-

ing solenoid[18]. The centraltracker providesprecisemeasurementsof lepton

pT , jet transverseenergy ET , andmissingtransverseenergy =ET . Detectionof sec-

ondaryverticesfor heavy �a vor taggingis alsopossiblewith thetrackingsystem.

Figure3.3 illustratesthedi� erentcomponentsof thecentraltracker.

Figure3.3: Cross-sectionof theDØ centraltracker in therz-plane.

Silicon Micr ostrip Tracker (SMT)

TheSMT is locatednext to the interactionpoint andprovidesboth trackingand

vertexing over nearly the full � coverageof the calorimeterandmuonsystems

(j� j < 3). Thedetectoris madeof wafersof n-typesilicon,which is ionisedby the

passageof chargeparticles.The ionisedchargeis collectedandusedto measure
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Figure3.4: Thegeometryof theDØ SMT. Thebarrel,F-DiskandH-Disk regions

areshown.

thepositionof thepassingparticle.

TheSMT is composedof 3 sub-detectors:thecentralbarrel,theF-DisksandH-

Disks. The centralbarrelsconsistof six cylindrical barrels,threeon eitherside

of thenominalinteractionpoint. Thebarrelshavea lengthof 12.4cm andextend

out to radiusof about10 cm. The barrelsconsistof rectangularshapedsilicon

detectors(ladders)mountedon a beryllium supportstructure. The F-Disksare

12 disksof 12 double-sided,wedge-shapeddetectors.Six disksareinterspersed

betweenthe barrels;oneattachedto the endof eachbarrelsegment. The other

six disksform two tripletsof diskslocatedasmalldistancefrom eitherendof the

outermostbarrels. About onemetrefrom the interactionpoint are the H-Disks

(�gure 3.4).
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Central Fibr eTracker (CFT)

The CFT [19] surroundsthe SMT andoccupiesthe radial spacefrom 20 to 52

cm from thecentreof thebeampipe. Thedetectorconsistsof eightcarbon�bre

cylinders holding doublet layersof scintillating �bers, which producephotons

whenachargedparticlepassesthrough.

Eachscintillating �bre hasa radiusof 835 � m and a length of 1:66 m in the

two inner superlayersor 2.52m in the six outersuperlayers.The CFT contains

approximately77,000scintillating�bres andcoverageover therangej� j < 2.

3.3.2 Pre-shower Detectors

Thepre-shower detectorsaid in electronidenti�cation andbackgroundrejection

bothduringtriggeringando� ine reconstruction[20]. They functionascalorime-

tersaswell astrackingdetectors,enhancingthespatialmatchingbetweentracks

andcalorimetershowers.With thehelpof themit is possibleto separateelectro-

magneticobjectsfrom hadrons.

TheDØ pre-showerdetectorsaremadeof threethin layersof scintillatingmaterial

on theinneredgeof thecalorimeter. To induceshowering,thin layersof leadare

placedbeforethescintillators.Thecentralpre-shower detector(CPS)coversthe

region j� j < 1:3 andis locatedbetweensolenoidandcentralcalorimeter. Thetwo

forwardpre-showerdetectors(FPS)[21] cover1:5 < j� j < 2:5 andareattachedto

thefacesof theendcalorimeters.
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3.3.3 Calorimetry

TheCalorimetersaredesignedto provideenergy measurementfor electrons,pho-

tons,andjets,aswell asassistin identi�cation of the particlesandmeasurethe

transverseenergy balancein events. The DØ calorimetersare segmentedinto

cells. Eachcell consistsof layersof absorbingmaterialto induceshower forma-

tion andactive layersof liquid argon,whereatomsareionisedby thepassageof

chargedparticles.Theenergy of a traversingparticleor jet is foundby addingup

thechargecollectedfrom all of thecellsthatit passesthrough.

The calorimeteris divided into centraland forward regionsand threelayersof

electromagnetic,�ne hadronic andhadronic. Thecells in all threelayersarear-

rangedin towersof � and� . Electromagneticcells and�ne hadroniccells both

containuraniumabsorberplates.Thesehaveathicknessof 3-4mmin theelectro-

magneticcellsanda thicknessof 6 mm in the �ne-hadroniccells. Thehadronic

cells in thecentralregion containcopperabsorberplateswhile thehadroniccells

in the forward regionscontainsteelabsorberplates.Both of themhave a thick-

nessof 47 mm. As it canbeseenin �gure 3.5,thecalorimetersprovide excellent

coveragein � .

3.3.4 Muon System

Muonsareunstableparticlesbut they live longenoughto leavethedetector. High

energy muonsarequite rareanda goodsignof interestingcollisions. Themuon

systemin DØ surroundsthecalorimeterandconsistsof threesub-systems:Pro-

portionalDrift Tubes(PDTs),Mini Drift Tubes(MDTs), andscintillationcoun-

ters.Drift tubedetectorsarecontainers�lled with agasthatis ionisedbyatravers-
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Figure3.5: Cross-sectionquarterview of theDØ calorimeter.

ing chargedparticle.An anodewire runsthroughthecentreof thecontainerand

cathodepadslie at its top andbottom. The scintillation counterscollect scintil-

lation light whena chargedparticlepassesthroughthem. A schematicview of

thescintillationcountersof themuonsystemcanbeseenin �gure 3.6.Themuon

systemis comprisedof threelayers:A, B andC, wheretheA-layer is closestto

theinteractionregion. The1.8Tesla,solid iron toroid magnetis locatedbetween

theA andB layers. Thebendof theparticletracksdueto themagnetic�eld al-

lows a momentummeasurement.Themomentumresolutionin themuonsystem

is muchworsethanthemomentumresolutionin thecentraltrackingsystem.The

momentumandchargemeasurementsof themuonsystemarethereforenot used

in thisanalysisafterthemuonhasbeenmatchedto a track.
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Figure3.6: A schematicview of theDØ muonscintillatorplanes.
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3.3.5 The Luminosity Monitor

Luminositymeasurementis anessentialingredientin all DØ cross-sectionmea-

surements.The DØ Luminosity Monitor (LM) [23] is usedto accuratelydeter-

minetheamountof total integratedluminositycollectedduringthedata-taking.It

consistsof two arraysof 24 plasticscintillationcountersarrangeduniformly in �

aroundthebeampipeat z = � 140cm (�gure 3.7). Thecountersare15 cm long

andcoverthepseudorapidityregion2.7< j� j < 4.4.Chargedparticlesin protonor

anti-protonremnantscreatesignalsin thescintillatorswhichareusedto calculate

timing information. Coincidentsignalsfrom botharraysindicateaninelasticpp

collision. By countingpp collisions,theLM determinestheintegratedluminosity

of luminosityblocksin periodsof data-takingof 60 sor less.

3.3.6 The Trigger System

Proton-antiprotoncollisions happeninside the detectormore than two million

timesevery second.Only few eventscanbe storedon computertape. The trig-

ger systemis the systemof fastelectronicsandcomputerswhich hasto decide

whetheraneventis interestingenoughto beworthkeeping.Informationfrom the

detectorsubsystemsis usedin a threelevel triggersystemthatdecreasestherate

from 1.8 MHz to 30-60Hz. Theeventselectionis basedon identifying physics

objects(suchasparticlesor tracks),with eachlevel of thetriggersystemapplying

moredetailedcriteria.

The �rst stage,Level 1 (or L1), comprisesa collectionof hardwaretrigger ele-

mentsthatprovideatriggeracceptrateof about2 kHz. In thesecondstage(Level

2 or L2), hardwareenginesandembeddedmicroprocessorsassociatedwith spe-
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ci�c sub-detectorsprovide informationto aglobalprocessorto constructa trigger

decisionbasedon the correlationof individual objects. The L2 systemreduces

the trigger rateby a factorof abouttwo andhasanacceptrateof approximately

1kHz. CandidatesthatpassedL1 andL2 aresentto a farmof Level 3 (L3) micro-

processors.This systemconsistsof sophisticatedalgorithmsandreducestherate

to about50 Hz. The eventsthat passall the threelevelsarerecordedfor o� ine

reconstruction.

3.3.7 SimulatedData

Simulationof events(alsoknown asMonteCarlo simulation)and the detector

responseto thoseeventsis crucialto any physicsmeasurement.

Thegenerationof simulateddatais carriedout in threestages.First, the pp colli-

sionis simulated,andshortlivedparticlesareallowedto decay. Thisstageis done

by aneventgenerator, suchasPYTHIA [24] or HERWIG [25]. Thenext stageis

to hadroniseany quarksandgluonsproduced.Thiscanbedoneby thesameevent

generator. Alternatively, it is alsopossibleto generatetheeventswith onepackage

andcarryout thehadronisationwith another. Then,theparticlesproducedby the

previous stagearepassedthrougha modelof the DØ detectorandthe response

is simulated.Therearetwo typesof detectorsimulationemployed at DØ: Full

SimulationandFastSimulation.

In theFull Simulation,thefully digitizeddetectoroutputis simulatedby model-

ing theDØ detectorfully with theGEANT package[26] andthensimulatingthe

readoutresponse.Thefull o� ine eventreconstructionis thenappliedto this out-

put to measurephysicsobjects(tracks,electrons/photons,jets,missingtransverse
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energy andmuons).

In FastSimulation,particleandphysicsobjectsaresmearedto matchtheresolu-

tion seenin data.Reconstructione� cienciesaremeasuredin dataandintroduced

into theMonteCarlosimulation.This is performedby theParameterisedMonte

CarloSimulation(PMCS)package[27] andis muchfasterthanthe full detector

simulation.

In this thesis,the stand-alonePYTHIA generatoris usedto �nd the acceptance

for W andfor Z=
 � events,andto determinetheDrell-Yancorrection,whereasall

detectore� cienciesaredeterminedfrom data.
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Chapter 4

Analysis

This chapterdescribesmeasurementsof � (Z), the inclusive crosssectionfor the

processpp ! Z + X ! � +� � + X and � (W), the inclusive crosssectionfor

pp ! W + X ! �� . The analysiswas performedon datarecordedbetween

FebruaryandSeptember2003correspondingto a rangein run numbersbetween

173516and180956. Runswhich have baddataquality accordingto the muon

groupareremoved.

Theeventselectionandthemeasurementsof thetracking,muonidenti�cation and

isolatione� cienciesarebasedon[28] and[29]. In orderto minimizethee� ectof

systematicuncertaintiesin thecalculationof thecrosssectionratioRbetweenthe

W andZ productioncrosssections,thesametrackqualityconditionsandthesame

triggerrequirementsfor bothanalysesareused.Eventsarerequiredto ful�ll the

conditionsof thewideregionsinglemuontrigger, MUWWL2M3TRK10, in all parts

of the analysisexceptwherethe trackinge� ciency is evaluated(section4.4.1).

This triggercoversa pseudorapidityrangej� j < 1:5 andplacesa further limit on

42



theacceptance.Thetriggersaredescribedin AppendixA.

4.1 Luminosity determination

To perform a measurementof the W and Z productioncross-section,the total

integratedluminosityof thedatasampleneedsto bemeasured.TheluminosityL

is determinedby countingtheratedNpp=dt of inelasticpp collisionsrecordedby

theDØ LuminosityMonitor (LM) (section3.3.5):

L =
1

� LM� pp

dNpp

dt
; (4.1)

where� pp is the total inelasticpp crosssectionand� LM is the e� ciency of the

LM, which includesthegeometricacceptanceaswell asthee� ciency of theLM

detector. Thenumberof pp interactions,Npp, is measuredby theLM. Thevalueof

� LM hasbeendeterminedusingacombinationof MonteCarlosimulationandDØ

data[30]. Thecrosssection� pp hasbeenmeasuredby CDF [31] andE811[32]

(see[33] for moredetails).

By integratingtheluminosityovertimetheintegratedluminosityfor theparticular

dataperiodcanbefound.Theunit of time in which theluminosityis storedis the

luminosityblock [34], which is a period of 60 secondsor less. Eachblock is

indexed by the luminosity block number, LBN, which monotonicallyincreases

throughoutRun II. Raw data�les are openedand closedon LBN boundaries.

Theluminositycalculationis madeindependentlyfor eachLBN. By knowing the

luminosity of eachLBN andthe periodof the datataking (run range)the total

integratedluminosity,
R

L dt, canbefound. Theintegratedluminosityof thedata
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usedin thisanalysisis

Z
L dt = 112:6 � 7:3 pb� 1: (4.2)

Thesystematicuncertaintyon theluminosityis 6:5%. It is dominatedby system-

atic uncertaintieson thee� ciencies,� LM, andby thedi� erencebetweentheCDF

andE811measurementsof � pp.

4.2 Selectionof Z=
 � ! � + � � Events

The signatureof a Z=
 � ! � +� � event is two muonswith high transversemo-

mentum(pT). Thehigh pT muonsareidenti�ed by requiringa trackin thecentral

detectorsthat is matchedto a mediumquality track in the muondetectors.The

muonquality is mediumif it is associatedat thesametimewith

� at leasttwo A layerwire hits;

� at leasttwo BC layerwire hits;

� at leastoneBC scintillatorhit,

whereA, B and C are the threelayersof the muon system,describedin sec-

tion 3.3.4. Both of thecentralmuontracksarealsorequiredto have at leastone

associatedSMT hit in orderto have two well measuredtracks.Themuontracks

arerequiredto lie within thenominalgeometricalacceptanceof thecentraltrack

detectors.The region 4:25 < � < 5:15 for j� j < 1:25 needsto be excludeddue

to thesupportstructureof themuondetectorin which thereconstructionof muon

tracksis not possible.Thedistributionof � versus� is shown in �gure 4.1. Some
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Figure4.1: The angle� versusthe pseudorapapidity� for muontracks. In the

muonsystemtheregion4:25 < � < 5:15 for j� j < 1:25 is not instrumenteddueto

thesupportstructure.

centraltracksmatchedto muonsareobserved in theregion of thesupportstruc-

ture becausethe track � and� arecalculatedwith respectto the vertex position

andnotwith respectto thenominalcentreof thedetector.

The invariantmassof the two highestpT muonsafterapplyingtheselectionde-

scribedabove is shown in Figure 4.2. The Z peakobserved after applying all

selections(seebelow) is alsoshown. Furtherselectionsmustbeappliedin order

to reducebackgroundevents.

For every furtherselectionapplied,it is necessaryto studyhow many eventsare

rejectedby everycutindividuallyandwhetherthecutpredominantlyrejectssignal

Z ! � + � � eventsor backgroundevents. Figures4.3 to 4.7 thereforeshow the

following histogramsfor eachselection:
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Figure4.2: Distribution of the invariantmassof two highestpT mediumquality

muonsbeforeany further selectionsareapplied. The shadedareaillustratesthe

�nal signalsample.

� Thedistribution of thecut variableafterall otherselectionshave beenap-

plied.

� Thedistribution of the invariantmassof thedi-muonsystem,M�� , for the

eventsthatfail only thatcut.

Theeventselectioncriteriaare:

1. Theinvariantmassof thedi-muonsystem,M�� , is requiredto bemorethan

55 GeV to reducethe numberof eventscoming from virtual photon(
 � )

exchangeandto minimizethesizeof theDrell-Yancorrection.

2. Both muonsarerequiredto have pT > 15 GeV (Figure4.3a). Due to the

M�� > 55GeVcut,thiscut rejectsonly about1%of theevents.Figure4.3b

showsthateventsrejectedonly by thiscutdonotpeakin theZ massregion.
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Figure4.3: a) Transversemomentum,pT , of themuonsafterall othercutshave

beenapplied,b) di-muoninvariantmassin eventsthatfail only the pT > 15 GeV

cut. 47
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Figure 4.4: a) track isolation I track =
P

tracks;i pi
T and b) calorimeterisolation

Ical =
P

cells;i Ei
T for the muon tracksafter all other event selectionshave been

applied. 48



3. Onepossiblesourceof high pT muonsarebb eventsin which muonsare

producedin semi-leptonicb decays.In this process,theb quarkspredomi-

nantlydecayto c quarksandmuons.Therefore,themuonsfrom bb events

will becontainedinsidejets. To reducethis background,muonsneedto be

isolated. A muonis consideredto be isolatedif it is well separatedfrom

othertracksandcalorimeterclusters.Theisolationconditionsare:
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Figure4.5: Di-muonmassdistribution for eventsthat fail only the isolationcut.

Theseeventscontainbb eventsaswell asZ events.

� Thesumof thetransversemomentaof all tracksotherthanthatof the

muonin anannularring of R = 0:5 aroundthemuontrackis required

to satisfy

Itrack =
X

tracks;i

pi
T < 3:5 GeV; (4.3)

whereR2 = (� � )2 + (� � )2.
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� The sumof the transverseenergiesof the calorimetercells in an an-

nular ring 0:1 < R < 0:4 aroundeachmuondirectionis requiredto

be

Ical =
X

cells;i

Ei
T < 2:5 GeV: (4.4)

Theseisolationconditionsarebasedon DØ calorimeterandtrackinginfor-

mation. The distributionsof the track andcalorimeterisolationvariables

are shown in �gure 4.4. Eventsare requiredto passall the isolation re-

quirements,i.e. both muonsneedto passboth isolationconditions. This

restrictive isolationconditionis chosento be consistentwith theW ! ��

analysis.In additionto backgroundevents,this cut removesabout17%of

theZ candidateevents(�gure 4.5). Most of the removedcandidateevents

containjetswhichareexpectedto beproducedfrom initial stategluonradi-

ation.

4. Anothersourceof backgroundarecosmicraymuons.If acosmicraymuon

traversesthedetector, it canproducetwo muontracks,onefrom travelling

towardsandonefrom travelling away from the centreof the detector. To

reducethis background,a cut is madeon theanglebetweenthetwo muon

tracks,sincea cosmicray muonwill beexactly back-toback. Thepeakat

� � < 0:01 in Figure4.6ais dueto cosmicray eventswhereasthesignalis

foundat � � >> 0:1. Theangularseparationcut is thereforede�ned as

� � = j� � � � + � � j > 0:05: (4.5)

Thedi-muonmassdistributionin Figure4.6bshowsthatnosigni�cant frac-

tion of signaleventsareremovedby this cut.
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Figure4.6: a) Distribution of theangularseparation,� � , of thedi-muonevents

in thebackgroundregionandb) eventsrejectedby the� � > 0:05 requirement.
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Figure4.7: a) Signof thedi-muons.b) Distribution of M�� for theeventsexclu-

sively rejectedby therequirementthatthetwo muonsbeoppositelycharged.
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5. Muonsarerequiredtohaveoppositecharges.Only about0:2%of theevents

arerejectedby this cut (Figure4.7a).Likesigneventsareexpectedto orig-

inate from cosmicray eventsaswell as from bb eventswhereoneof the

B mesonshaschangedits quark �a vour dueto oscillations. For high pT

tracksfrom signaleventscharge misreconstructionis alsopossibledueto

the�nite resolutionof thetrackingchambers.Only eighteventsarerejected

by this cut which meansthat the angularseparationandisolationcutsare

verye� cientin rejectingcosmicandbb eventsandthatthee� ectof charge

misreconstructionis negligible. Thenumberof eventsis toosmallto distin-

guishsignalfrom background.
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Figure4.8: Distributionof M�� for theeventspassingall selections.

Figure4.8 shows the distribution of the eventspassingall the event selections.

Thenumberof Z=
 � candidatesis 5103.Eventdisplaysfor four of thesecandidate

eventsareshown in �gures 4.9-4.10which show ther� (xy) view of thedetector
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andthe rz view, respectively. Detailsof thesefour eventsaregivenin table4.1.

Theeventshown in �gure 4.9bis a raretypeof eventwhich containsthreejetsin

additionto themuonsfrom theZ decay. Themuontracksarestill isolatedascan

beseenfrom therz view of theeventsin �gure 4.10b.

EventNumber pT (GeV) njets � � M�� (GeV)

a) 1038351 (27:7; 15:8) 1 (� 1:1; 0:6) (3:4; 0:9) 57:1

b) 8245865 (40:7; 39:9) 3 (� 0:22; � 1:4) (1:0; 4:1) 94:3

c) 7365898 (31:8; 28:6) 0 (1:4; � 0:5) (3:6; 0:6) 90:3

d) 42727711 (45:4; 39:1) 0 (0:8; � 0:5) (3:4; 0:2) 103:9

Table4.1: Kinematicproperties(pT ; �; � ) of the two muonsin the Z event dis-

plays,numberof jets,njets anddi-muoninvariantmass.

4.3 Selectionof W ! �� Events

The selectionof W ! �� candidatesrequiresthat a high transversemomentum

muonanda neutrinoareproduced.The muonis identi�ed by the presenceof a

track in thecentraldetectorthat is matchedto a trackof at leastmediumquality

in themuondetector. Theneutrinois identi�ed by missingtransverseenergy =ET.

To measure=ET, thevectorsumof themuonmomentumandtheenergy deposited

in thecalorimeteris calculated.Neutrinosescapethedetectorwithout interacting.

Similarly, muonspassthroughthecalorimeterdepositingvery little energy. The

presenceof a high-energy neutrinocanbe inferredfrom an imbalancein trans-

verseenergy or momentumasmeasuredin the calorimeterandmuonsystems.
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(a) (b)

(c) (d)

Figure4.9: FourZ=
 � to muonseventdisplaysin ther� view of thedetector. The

innerpart,with theconcentriccircles,showstheSMT andCFTtrackingdetectors.

Tracksareshown ascurvedlines.Theouterring representstheamountof energy

depositedin the calorimeters.The missingtransverseenergy (not correctedfor

themuonmomenta)is givenasyellow block. Muonsin theA,B andC layersare

shown asred,orangeandgreenbarsoutsidethecalorimeter.
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(a) (b)

(c) (d)

Figure4.10: Four Z=
 � to muonsevent displaysin the rz view of the detector.

The inner part, shows the SMT tracking detector. Tracksare shown as lines.

Theoutersectionrepresentstheamountof energy depositedin thecalorimeters.

Muonsin theA,B andC layersareshown asred,orangeandgreenbarsoutside

thecalorimeter.
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Missingtransverseenergy in thecalorimeter, =Ecal
T , is de�ned as

=Ecal
T =

q
( =Ecal

x )2 + ( =Ecal
y )2 (4.6)

For eventsthatcontainmuons,themomentumcomponentsof themuonaresub-

tractedfrom =Ecal
T to computethetotalmissingET :

=Ex = =Ecal
x �

X

i

p� i
x (4.7)

=Ey = =Ecal
y �

X

i

p� i
y (4.8)

Wherever possibletheselectionswerede�ned identicalto theselectionusedfor

the Z=
 � ! � + � � analysisto reducesystematicuncertaintiesin determiningthe

ratioof thecrosssections.Thesamequalitycutsfor thetrackandmuonselection

areused.Themuonsarerequiredto haveat leastoneassociatedSMT hit andthey

arerequiredto fall within the geometricalacceptanceof the detectorde�ned in

section4.2. Candidateeventsarerequiredto have �red the singlemuontrigger

MUWWL2M3TRK10. Thefollowing eventselectioncutsarethenapplied:

1. Eventsarerequiredto have onemedium quality muonmatchedto a central

detectortrackwith pT > 20GeV. Figure4.11ashowsthepT distributionfor

all W candidateeventswhichpassall theotherselectionsapartfrom the pT

cut. Thetransversemassis de�ned by:

MT =
q

(=ET + pT)2 � (=Ex + px)2 � (=Ey + py)2; (4.9)

wherepx andpy arethex andy componentsof themuonmomentumand=Ex

and=Ey arethex andy componentsof themissingtransverseenergy =ET. Only

transversemassesMT greaterthan40 GeV areconsidered.Figure4.11b

shows the transversemass,MT , for the eventsthat arerejectedby the pT

cut. No enhancementis observedin thesignalregion.
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Figure4.11: a) Transversemomentum,pT , of themuonafterall othereventse-

lectioncutshave beenapplied,b) thetransversemassMT for theeventsrejected

exclusively by the pT cut.
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2. Themuonis requiredto beisolatedin boththecalorimeterandcentralde-

tector. The isolationrequirementis de�ned in section4.2. The eventsre-

jectedby thiscut aremainlybackground(�gure 4.12a).

3. The � 2 per degreeof freedom[35] for the track �t must be smallerthan

3:3. A signi�cant backgroundfor singlemuoneventsarein-�ight decays

wherea kaon (or a pion) producesa muon in the decayK ! �� . The

track of muonscomingfrom in-�ight decaysof kaonshave a kink at the

decaywhich givesthema larger valueof � 2. Thereforetheseeventscan

be removed by the � 2 cut. Figure4.12bshows that the eventswhich are

rejectedaremainlybackground.

4. Themissingtransverseenergy =ET mustbegreaterthan20 GeV. Thedistri-

butionsin �gure 4.13show thatalmostnosignaleventsarerejectedby this

cut.

5. As avetoagainstcosmicraysit is requiredthat

� � = j� � � � + � � j > 0:05; (4.10)

where� � is the anglebetweenthe muon track and any other track with

transversemomentumgreaterthan8 GeV(�gure 4.14).

6. As a vetoagainstZ ! � + � � decays,eventsarerejectedif thereis another

mediumquality muon in the sameevent. Eventswith any other central

trackwith pT > 20 GeV arealsorejected.Figure4.15shows thedi-muon

invariantmassof the eventsrejectedby this cut. A large fraction of the

rejectedeventsareZ ! � + � � events.
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Figure4.12: a)Eventsrejectedby theisolationcut; a)eventsthatarerejectedby

the� 2 cut.
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Figure 4.13: a) Distribution of the missingtransverseenergy =ET after all other

eventselectionshave beenapplied;b) the transversemassMT for theeventsre-

jectedexclusively by the =ET cut.
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Figure4.14:Transversemassdistributionof eventsrejectedexclusivelyby the� �

cut.

 [GeV]mmM
0 20 40 60 80 100 120 140

E
nt

rie
s

0

20

40

60

80

100

120

140

160

180

200

220

Entries  4936

Figure4.15: Invariantmuon-trackmassof eventswith a secondtrackwith pT >

20 GeV.
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Figure4.16:Distributionof transversemass,MT , afterall theeventselectioncuts

havebeenapplied.

The total numberof candidates,Ncand, for W ! �� is found to be 94447. Fig-

ure 4.16 shows the transversemassdistribution after all event selectionswere

applied.Eventdisplaysof four W candidatesaregivenin �gures 4.17and4.18.

Detailsof thesefour eventsaregivenin table4.2.

4.4 Evaluation of the E� ciencies

To measurea productioncrosssection,the e� cienciesfor eachcut needto be

evaluated.It canbeseenfrom �gures 4.3band4.11thatfew Z or W signalevents

fail themuon pT cutsof 15 GeV and20 GeV, respectively. Thesameis true for

the � � cut andcharge cut shown in Figures4.6b,4.7band4.14. Therefore,the

e� cienciesof the pT , � � andchargecutsareassumedto becloseto 100%. The

e� ciencieswhichareexplainedin this sectionare:
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(a) (b)

(c) (d)

Figure 4.17: Four W to muon and neutrinoevent displaysin r� view of the

detector.
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(a) (b)

(c) (d)

Figure 4.18: Four W to muon and neutrinoevent displaysin rz view of the

detector.
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EventNumber pT (GeV) =ET (GeV) njets � � MT (GeV)

a)10765880 35.4 45.2 1 -0.3 2.2 74.7

b)10392964 46.7 21.7 2 1.3 1.2 63.7

c)21359855 24.7 27.6 0 -0.73 2.0 52.1

d)35966571 26.9 30.1 0 0.1 6.05 56.8

Table4.2: Kinematicproperties(pT ; �; � ) of themuonsin theW eventdisplays,

missingtransverseenergy, =ET , numberof jets,njets andtransversemass.

� trackinge� ciency;

� muonidenti�cation e� ciency;

� isolatione� ciency;

� e� ciency of the� 2 cut.

Thetriggere� ciency is determinedusinganindependenttriggersampleandthe

acceptanceof theeventsis foundwith thehelpof thePYTHIA MonteCarlosim-

ulation[24].

4.4.1 Tracking E� ciency

Thetrackinge� ciency is de�ned asthee� ciency of �nding a centraltracksatis-

fying the trackquality conditions,matchedto a track in themuondetector. The

eventselectionrequiresevidencethata pair of high pT muonsis produced.One

muon,thetag muon,is identi�ed by requiringahigh pT trackin thecentraldetec-

tor thatis matchedto atrackof at leastmediumquality in themuondetectors.The
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Figure 4.19: Schematicview of the event selectionfor the tracking e� ciency

sample.Thecontrol(tag)muonis requiredto havehigh pT track,whereasthetest

(probe)muonis only de�ned in themuondetector.

secondmuon,theprobemuon,is requiredto beidenti�ed asa high plocal
T trackof

at leastmediumquality in themuondetector, whereplocal
T is the pT in themuon

system.Thismethodis known asthetagandprobemethod.Theschematicof this

methodcanbeseenin �gure 4.19[28]. In orderto have a sampleof Z ! � + � �

eventswith low levelof backgroundthefollowing eventselectioncutsareapplied:

1. Thetagmuonis requiredto have pT > 30 GeV.

2. Thetrackmatchedto thetagmuonis requiredtohaveatleastoneassociated

SMT hit.

3. Thetag muonis requiredto beisolatedin boththecentraldetectorandthe

calorimeterfollowing therequirementmentionedin section4.2.

4. The probemuonis requiredto have plocal
T > 15 GeV.

5. The tag muon is requiredto be within the geometricalacceptanceof the

67



 t [ns]D
-30 -20 -10 0 10 20 30

E
nt

rie
s

0

200

400

600

800

1000

1200

1400 Entries  11303

Figure4.20: Distribution of � tA after all cutshave beenapplied. The red lines

indicatethepositionof thecutusedto removecosmiceventsin thedetermination

of thetrackinge� ciency.

centraldetectorde�ned in the4.2.

6. Sincea � � cut cannot be appliedif only onecentraltrack is found,cos-

mic ray eventsare rejectedby requiring the time di� erencebetweenthe

scintillator hits of both muonsto be approximatelyzero. The cut usedis

j� tAj < 6 ns,wherej� tAj is the time interval between�ring of theA-layer

muoncountersfor thetwo muoncandidates(�gure 4.20).

7. For thesamereasoneventsarerequiredto ful�l theconditionsof adi-muon

triggerwithouta trackrequirement.Thetriggerwhichhasbeenusedin this

analysisis 2MUA L2ETAPHI.
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The track e� ciency is the probability that the probemuonhasa reconstructed

track.Thereforethetracke� ciency is de�ned as:

� track =
2Nboth

2Nboth + None
(4.11)

whereNboth is the numberof eventsin which both tag and probemuonshave a

centraltrackmatchedto themediumquality trackin themuondetectorandNone is

thenumberof eventsin whichonly thetagmuonsatis�estherequirements.With

thismethodthevalueof thetrackinge� ciency is foundto be

� track =
2 � 4971

758+ (2 � 4971)
= 0:929� 0:002; (4.12)

wheretheuncertaintyis statistical.

4.4.2 � 2 Cut E� ciencies

The � 2 e� ciency needsto beevaluatedfor W eventsonly becausethe � 2 cut on

tracksis not appliedfor muonsin Z events. It is found in a similar way to the

isolation e� ciency. The tag muon is requiredto passall the event selections,

whereastheprobemuonis not requiredto passthe� 2 cut. Neitherof themuons

is requiredto beisolated.Thee� ciency of the� 2 cutwasfoundto be:

� � 2 =
17112
17711

= 0:966� 0:001: (4.13)

4.4.3 Muon Identi�cation E� ciency

The muonidenti�cation e� ciency is the e� ciency with which a mediummuon

is matchedwith a centraltrack. It is possibleto selecta di-muonsamplewith

little bb andcosmicray backgroundby requiringonly oneof the two muonsto
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be reconstructedin the muon chambers.Sucha samplewill be usedwith the

tagandprobemethodto estimatethemuonidenti�cation e� ciency. To measure

thee� ciency for muonsin Z events,thepurity of thesamplemustbehigh. The

following requirementsarethereforemadeto ensurethatthelevel of background

is low:

1. ThetagmuonhaspT > 30GeV.

2. The probehaspT > 20GeV.

3. Both muonsarerequiredto be isolatedin both thecalorimeterandcentral

detector.

4. The tag muonis requiredto have jtAj < 7 ns,wheretA is the time interval

betweenmeasurementsin theA-layerscintillatorcounters.

5. To selecthigh quality tracks,thevalueof � 2 perdegreeof freedomfor the

track �t is requiredto be lessthan3.3. This removesa small numberof

badly�tted tracks(�gure 4.21a).

6. For the samereasonthe numberof CFT hits for both tracks is required

to be greaterthanseven andboth tracksarerequiredto have at leastone

associatedSMT hit.

7. Both tracksare requiredto fall within the geometricalacceptanceof the

detector.

8. Theangularseparationbetweenthetwo tracksis requiredto be� R�� > 2:0

to ensurethat thereis a uniquemuonmatchin the muonchambers(�g-

ure4.21b).
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Figure4.21:Mediummuone� ciency study:a)Distributionof testmuontrack� 2

perdegreeof freedomafterall otherselectionshave beenapplied;b) distribution

of � R afterall otherselectionshavebeenapplied.
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Figure4.22:Mediummuone� ciency study:Distributionof M�� afterall thecuts

have beenapplied.Theredhistogramshows thoseeventsin which thetesttrack

is matchedto a mediummuon.Pointswith errorbarsshow thoseeventsin which

thetesttracknot matchedto a mediummuon. Thehistogramsarenormalisedto

thesamenumberof events.

9. � � > 0:05 to rejectcosmics.

10. Themuonsarerequiredto haveoppositecharge.

11. The eventsarerequiredto ful�l the conditionsof the MUWWL2M3TRK10

trigger.

If both muonsin an event satisfy the conditionsfor a tag andprobemuon, the

event is usedtwice in thee� ciency measurement.Theeventsin which only the

tag muonhasthe mediumquality muon track matchedto the centraltrack are

consideredto bethe ine� cientevents.Theeventswherebothmuonssatisfythe
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requirementsareconsideredase� cient events. The valueof the mediummuon

reconstructione� ciency is found by dividing the numberof e� cient eventsby

thetotal numberof events.Following equation4:11a valueof

� medium =
8676
10102

= 0:859� 0:003 (4.14)

is obtainedwherethestatisticaluncertaintyis dueto the�nite sizeof thesample.

Figure4:22 comparesthedistributionof M�� for thoseeventsin which theprobe

trackis matchedto a mediummuonwith thoseeventsin which theprobetrackis

not matchedto a mediummuon.Thelevel of backgroundis low in theine� cient

subsample.

4.4.4 Isolation E� ciency

The isolatione� ciency is measuredusingthe tagandprobemethodin a sample

of Z ! � + � � eventswherethe tag muonis an isolatedmuonsatisfyingall the

track and muon selectionrequirementsdescribedin section4.3 and the probe

muonis a muonsatisfyingthesameconditionsasabove with theexceptionthat

it is not requiredto beisolatedin eitherthetracker or thecalorimeter. Following

equation4.11theisolatione� ciency is foundto be

� iso =
12788
13505

= 0:947� 0:002: (4.15)

4.5 Trigger E� ciency

The trigger usedin this analysisis the singlemuontrigger MUWWL2M3TRK10

(AppendixA). An independenttriggersampleis usedto measurethetriggere� -
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Figure4.23: Schematicof the independenttriggermethod.A: Eventswhich �re

the independenttrigger; B: Eventswhich �re themuontrigger. Hatchedregion:

Events�re in bothindependenttriggerandmuontrigger.

ciency. Theindependenttrigger is de�ned asa trigger that is not correlatedwith

thesinglemuontrigger. It shouldthereforenot usethemuonor trackingrequire-

ments.Thetriggere� ciency usingtheindependenttriggermethodis givenby:

� ind
tr ig =

Ntr ig+ind

Nind
; (4.16)

whereNtr ig+ind is thenumberof Z candidatesthatsatisfythesinglemuontrigger

andat thesametimeanindependenttrigger, whereasNind is thenumberof events

�ring an independenttriggeronly. A schematicview of this methodis shown in

�gure 4.23. This methodmeasuresthe triggere� ciency in thesampletriggered

by the independenttrigger with the assumptionthat the trigger e� ciency in the

independentsampleis thesameasfor thoseeventsnot triggeredby the indepen-

denttrigger. The independenttriggersusedin this analysisarea combinationof

the jet andelectromagnetictriggers. The list of triggersis given in appendixA.

Thetriggere� cienciesarefoundto be

� ind
tr ig(Z=
 � ) =

133
143

= 0:93� 0:02 (4.17)
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for Z eventsand

� ind
tr ig(W) =

1259
1655

= 0:76� 0:01 (4.18)

for W events.Theuncertaintyis givenby statisticaluncertaintydueto thenumber

of eventsusedin thetriggere� ciency determination.

4.6 Acceptance

Thenext stepin theanalysisis to �nd theacceptancefor Z=
 � andfor W events.

Thegeometricalacceptanceof themuondetectoris de�nedby j� j < 2. Theregion

4:25 < � < 5:15 for j� j < 1:25 is not reconstructeddueto the supportstructure

of the experiment. This region needsto be excluded. The singlemuontrigger

usedin this analysisis a wide region triggerwhich covers� < 1:5. MonteCarlo

simulationsare requiredto �nd the acceptance.The Monte Carlo usedto �nd

theacceptanceis PYTHIA [24]. Theacceptanceis foundby rejectinggenerated

muonsin Z(W) eventswith � > 1:5 or pT < 15(20)GeV aswell asmuonsin the

region of thesupportstructure.Theacceptancefor Z eventswith M�� > 55 GeV

is

AZ=
 � =
Nacc

Ngen
=

2965
10000

= 0:297� 0:004(stat) � 0:003(pdf), (4.19)

whereNgen = 10000is the numberof eventsgeneratedandNacc = 2965is the

numberof eventsin which bothgeneratedmuonsarewithin thegeometricalac-

ceptance.Theacceptancefor W eventsis

AW = 0:497� 0:005� 0:008(pdf): (4.20)

Thesystematicuncertaintyis dueto theuseof di� erentpartondistribution func-

tions(pdf). Di� erentparameterisationsof thepartondistributionfunctionschange
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the momentumdistribution of the quarksin the protonsand thereforelead to

changesin the� distribution of theZ andW bosonsandof the�nal statemuons.

In this casethe CTEQ5L [36] andthe MRST [37] parameterisationshave been

usedto estimatethisuncertainty.

4.7 Background Estimation for Z Candidates

After applyingall of theeventselectioncutsdescribedin section4.2,someback-

groundeventsstill remainin the candidateevents. The fraction of background

eventsis

fbg =
Nback

Ncand
; (4.21)

whereNback is thenumberof backgroundeventsandNcand is thenumberof candi-

dateevents.Backgroundeventsremainingin theZ candidatesamplecanbedue

to cosmicraysor dueto muonsfrom bb decays.Muonscomingfrom theseback-

groundeventshave unlike-signbecausethe like-signeventshave beenalready

removed by the cut on the charge. Assumingthat the numberof like-signand

unlike-signbackgroundeventsbeforeapplying this cut wereof the sameorder

thefractionof backgroundin thesignalis foundby dividing thenumberof same

chargemuoneventsby thenumberof candidates.Thisyieldsa fractionof

fbg =
8

5103
= 0:002� 0:002 (4.22)

backgroundevents.
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4.8 Background Estimation for W Candidates

They arefour majorsourcesof backgroundidenti�ed ascontributingto theW can-

didateevents: The electroweakbackground,QCD background,the background

comingfrom cosmicraysandthebackgroundcomingfrom mesons,suchaspi-

onsandkaons,thatdecayinsidethetrackingvolume,denotedasin �ight decays.

The latter two are almostcompletelyremoved by the selectionsandare there-

fore assumedto be negligible. This sectiongivesa moredetaileddescriptionof

electroweakandQCDbackground.

4.8.1 ElectroweakBackground

The largestsourceof contaminationin the W samplecomesfrom electroweak

backgrounddueto Z ! � + � � , W ! �� andZ ! � + � � events. It is di� cult to

estimateelectroweakbackgroundfrom dataandthey arethereforeestimatedby

usingMonte Carlo simulations. The valuesfor the fraction of this background

aretaken from [29] andcanbe found in table4.3. Thede�nition of fEW in [29]

di� ersslightly from thede�nition of thebackgroundfractionin equation4.21but

thenumericaldi� erencebetweenthesede�nitions is negligible.

4.8.2 QCD Background

Anothermajorsourceof backgroundin thesamplecomesfrom quarksthatdecay

semi-leptonically. ThisQCDbackgroundis estimatedfrom datausingtheMatrix

Method,which is thesolutionof two simultaneousequationsto extractsignaland

background. A samplewith a numberof events,N1, is selected,using all the
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Background fEW

W ! �� 0:025� 0:001

Z=
 ! � +� � 0:041� 0:002

Z=
 ! � +� � 0:0017� 0:0001

sum 0:067� 0:002

Table 4.3: Summaryof the fractionsof electroweak backgroundderived from

MonteCarlo[29].

selectionsexceptfor theisolationcut,sinceit hasahighrejectionfactorfor QCD

backgroundevents. This givesB backgroundevents,andS signaleventsin the

sample.Thentheisolationcut is applied,resultingin N2 event:

N1 = B + S (4.23)

N2 = f B + � S; (4.24)

wherehere, f is thee� ciency for thebackgroundeventsto passtheisolationcut

(fake rate)and� is thee� ciency for thesignalto passtheisolationcut (isolation

e� ciency). Knowing thee� cienciesf and� , thesetwo equationscanbesolved

to givethenumberof backgroundevents,B, in the�nal sample:

B =
� N1 � N2

� � f
(4.25)

Thedeterminationof theisolatione� ciency is describedin section4.4.4andthe

determinationof thefake rateis describedbelow.
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FakeRate

The fake rate, f , givenby the e� ciency of the backgroundto passthe isolation

cut, is obtainedusinglow pT muonsandby applyingdi� erentcutson =ET andMT

of the W candidatesin a sampleof eventsobtainedusingall the selectioncuts

except the selectionon =ET and MT. For =ET > 20 GeV and MT > 40 GeV, the

probability for a singlemuonto passthe isolationcuts(isolationrate) is found

to be about0:12 at pT = 15 GeV (�gure 4.24). As pT increases,signalevents

areexpectedto dominatethesampleandthefake rateis expectedto decrease,but

the correctfunctional from of the extrapolationis not known. The fake rate is

Quantity Value

N1 126964

N2 94447

� iso 0:947� 0:002

B 29073

f B 1744

fQCD 0:02� 0:01

Table4.4: Summaryof the valuesusedto determinethe fraction of QCD back-

ground.

estimatedto behalf of thefull valuefoundwith anuncertaintyof 100%:

f = 0:06� 0:06: (4.26)

Thenext stepis to �nd N1 andN2 which arethenumberof W eventsbeforeand

afterapplyingisolationcuts. Thesenumbersaregivenin table4:4. Substituting
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Figure4.24:Probabilityfor a singlemuonto passtheisolationcutsasa function

of pT for =ET > 20 GeVandMT > 40. Thefake rateis foundin thelow pT region

around15GeV.

all thevaluesin equations4.23and4.24,thefractionof QCD background,fQCD,

is foundto be

fQCD =
f B
N2

= 0:02� 0:01: (4.27)

Thesummaryof thevaluesobtainedcanbeseenin table4.4.

4.9 CrossSectionMeasurements

4.9.1 InclusiveZ CrossSection

TheZ=
 � ! � +� � crosssectionis calculatedusing

� (pp ! Z=
 � )Br(Z=
 � ! � + � � ) =
Ncand(1 � fbg)

� Z

R
L dt

; (4.28)
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whereNcand is the numberof Z ! � + � � candidateevents, fbg is the fraction of

backgroundevents,� Z is thetotal e� ciency to selectcandidateeventsand
R

L dt

is theintegratedluminosityfor thesample.Table4.5summarisesthecomponents

of thecalculationof thecrosssection.

Quantity Value fractionaluncertainty

uncorrelated correlated
R

L dt 112:6 � 7:3 pb� 1 - 0:065

Ncand 5103� 71 0:014 -

� track 0:929� 0:002 0:002 -

� medium 0:859� 0:003 0:003 -

� iso 0:947� 0:002 0:002 -

� Z
trigger 0:93 � 0:02 0:02 -

AZ 0:297� 0:004� 0:003 0:013 0:010

1 � fbg 0:998� 0:002 0:003 -

Table4.5: Summaryof thecomponentsof thecalculationof theZ crosssection.

The uncertaintiesof the luminosity and the uncertaintiesof the acceptanceare

correlatedbetweentheW andZ measurements.

Thetotal e� ciency is givenby

� total = � 2
track�

2
medium� 2

iso�
Z
triggerAZ=
 � : (4.29)

Fromthisequationthetotal e� ciency is foundto be

� Z
total = 0:158� 0:004� 0:002(pdf); (4.30)

wherethe uncertaintyon the acceptancedueto the choiceof pdf is given sepa-
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rately. Substituting� total and fbg in equation4.28yields

� (Z=
 � ) = 286:7 � 4:0 (stat) � 7:5 (syst)� 2:9 (pdf) � 18:6 (lumi) pb: (4.31)

Thestatisticaluncertaintyis theuncertaintycomingfrom thenumberof candidate

eventsandthesystematicuncertaintyaretheuncertaintiescomingfrom theindi-

vidual e� cienciesandthefractionof background.Theluminosityuncertaintyis

alsogivenseparately.

By applyinga Drell-Yan correctingfactorto the Z=
 � crosssection,� (Z) is ob-

tained

� (Z) = � (Z=
 � )R� ; (4.32)

whereR� is theratio betweenthe theoreticalpredictionsof � (Z) and� (Z=
 � ) in

themassrangeM�� > 55GeV. ThesecrosssectionsareevaluatedusingPYTHIA:

R� =
� (Z)

� (Z=
 � )
= 0:946� 0:010(pdf): (4.33)

TheDrell-Yancorrectionis alsofoundto dependon thechoiceof pdf. Therefore

thecrosssectionfor pp ! Z + X ! � + � � + X is measuredto be

� (Z) = 271:2 � 3:8 (stat) � 7:5(syst) � 2:7 (pdf) � 17:6 (lumi) pb (4.34)

for di-muonmassesM�� > 55 GeV.

4.9.2 InclusiveW CrossSection

TheW ! �� productioncrosssectionis calculatedusing

� (pp ! W)Br(W ! �� ) =
Ncand

� W

R
L dt

(1 � fQCD)(1 � fEW); (4.35)
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whereNcand is the numberof W ! �� candidates,fQCD is the fraction of QCD

backgroundeventscomputedwith respectto thenumberof candidateevents,� W

is thetotal e� ciency,
R

L dt is theintegratedluminosityand fEW is thefractionof

electroweakbackground.Table4.6summarisesthecomponentswhich havebeen

usedin thecalculationof thecrosssection.

Quantity Value fractionaluncertainty

uncorrelated correlated
R

L dt 112:6 � 7:3 pb� 1 - 0:065

Ncand 94447� 308 0:003 -

� track 0:929� 0:002 0:002 -

� medium 0:859� 0:003 0:003 -

� W
trigger 0:76� 0:01 0:01 -

� iso 0:947� 0:002 0:002 -

� � 2 0:966� 0:001 0:001 -

AW 0:497� 0:005� 0:008 0:010 0:016

1 � fQCD 0:98� 0:01 0:01 -

1 � fEW 0:933� 0:002 0:002 -

Table4.6: Summaryof thecomponentsto thecalculationof theW crosssection.

The uncertaintiesof the luminosity and the uncertaintiesof the acceptanceare

correlatedbetweentheW andZ measurements.

Thetotal e� ciency is

� W
total = � track� medium� W

trigger� iso� � 2AW: (4.36)
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Fromthisequationthetotal e� ciency is foundto be:

� W
total = 0:276� 0:004� 0:004(pdf): (4.37)

Substitutingall thevaluesin equation4.35,thecrosssectionfor W ! �� is found

to be:

� (W) = 2781:3 � 8:3 (stat)� 41:4 (syst) � 44:7 (pdf) � 180:9 (lumi) pb: (4.38)

4.10 Partial Width of W Bosonsinto Muons

Theratio Rof the pp ! W ! �� andpp ! Z ! �� cross-sections

R =
� (pp ! W + X)Br(W ! �� )
� (pp ! Z + X)Br(Z ! � + � � )

(4.39)

canbe usedto derive the branchingfraction of W bosonsdecayinginto muons

(section2.4.4). Using the e� cienciesand backgroundfractionsdeterminedin

this section,this ratio canbewrittenas

R =
NWAZ� track� medium� iso� Z

trigger(1 � fQCD)(1 � fEW)

NZR� AW� W
trigger� � 2(1 � fbg)

= 10:3 � 0:4: (4.40)

The uncertaintiesaretaken from Tables4.5 and4.6. The uncertaintyon the lu-

minosity is full correlatedbetweenthe two cross-sectionmeasurementsand it

thereforedoesnot contribute to the uncertaintyon R. Thebranchingfractionof

W bosonsdecayinginto muonsis extractedusing

Br(W ! �� ) = R
� (pp ! Z + X)Br(Z ! � + � � )

� (pp ! W + X)
; (4.41)

where the NNLO predictionsare usedfor the W and Z productioncrosssec-

tions [38], � (W) = 23:7 nb and� (Z) = 7:18 nb, andthe world averageof the
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Figure4.25: The SM predictionof the branchingratio of W into muons. The

experimentalmeasurementsfor DØ andfor LEPandthismeasurementareshown

aspointswith errorbars.

measuredbranchingfractionBr(Z ! � + � � ) = (3:366� 0:007)%[11]. Thisyields

Br(W ! �� ) = (10:5 � 0:4)%: (4.42)

which is in goodagreementwith theexperimentalworld averageBr(W ! �� ) =

(10:57 � 0:22)% [11]. Figure4.25 alsocomparesthis measurementto the SM

predictiontakenfrom [39].
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Chapter 5

Summary

Thedatausedfor this thesisaretakenfrom DØ, amulti-purposeparticledetector

locatedon the Tevatronproton-anti-protoncollider situatedat Fermilab(USA).

Themeasurementhasbeendescribedin a way sothat it caneasilybeadaptedto

beusedin anundergraduatelaboratoryexperiment.

The event selectionand the determinationof the variouse� ciencieshave been

performedin suchawaythatthey caneasilybereproduced,whileatthesametime

providing a reliablemeasurementof the W andZ productioncrosssections.To

minimizethee� ectsof systematicuncertainties,theeventselectionsandthemuon

de�nitions have beenkept assimilar aspossiblebetweenthe W andZ analysis.

Many systematicuncertaintiesthereforecancelin the ratio of the crosssections

which is thenusedto determinethebranchingfractionof W decaysinto muons.

The tracking and muon identi�cation e� ciencieshave beenderived from data

usingthetagandprobemethodin di-muonevents.Thetriggere� ciencieshave

beendeterminedusingthe independenttrigger methodandthe geometricaland

86



kinematicalacceptancehasbeencalculatedusingPYTHIA.

Chapter4 describesthemeasurementof theinclusiveZ ! � + � � productioncross

section,for di-muoninvariantmassesM�� > 55GeV, andof theinclusiveW ! ��

productioncrosssection,using112:6 pb� 1 of integratedluminosity. Theresults

� (Z) = 271:2 � 3:8 (stat) � 7:5(syst) � 2:7 (pdf) � 17:6 (lumi) pb (5.1)

and

� (W) = 2781:3 � 8:3 (stat)� 41:4 (syst) � 44:7 (pdf) � 180:9 (lumi) pb: (5.2)

havebeenobtained.TheextractedZ andW crosssectionshavebeencombinedto

obtainthebranchingratio of W bosonsto muons

Br(W ! �� ) = (10:5 � 0:4)%: (5.3)

which is in goodagreementwith thecurrentexperimentalworld average.

TheROOT tupleusedin this analysiswill beprovided to third yearstudentsto-

getherwith appropriateinstructionsto enablethemto performthis measurement

within the framework of anundergraduatelaboratorycourse.Somefurthersim-

pli�cations mightbeneededsothattheanalysiscanbeperformedontheavailable

timescale.
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Appendix A

Description of the Variables in the

ROOT Tuples

Thefollowing variablesareavailablein theROOT tuples:

� EVT branch

Thisbranchcontainsgeneraleventproperties.

event eventnumber

lbn luminosityblocknumber

run runnumber

� MET branch

Thisbranchcontainsmissingenergy properties.
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met totalmissingenergy

met x thex componentof missingenergy

met y runy componentof missingenergy

� MU branch

Thisbranchcontainsparticlespropertiesin trackingandmuonsystem.

Nmu numberof muons

cft hits numberof hits in theCFT

smt hits numberof hits in theSMT

chisqdof � 2 perdegreeof freedomfor thetrack�t

ehalo calorimeterET in a0:1 � 0:4 haloaroundthemuon

pt 5 total pT of othercentraltracksin a0.5conearoundthemuontrack

scintA numberof scintillatorhits in A layer

scintBC numberof scintillatorhits in BC layer

pt transversemomentumof thetracksin thetrackingdetector

px,py,pz x, y andz componentsof themomentum

ptl local pT , measuredin muondetector

eta, phi � and� of thetracks

timeA,B,C scintillatorhit time, if ascintillatoris present

octant octantof themuonsystem,numbered0-7

hasCentral muonhasa centraltrackmatch

isLoose muonwith loosequality criteria
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isMedium muonwith mediumquality criteria(usedin theanalysis)

isTight muonwith tight quality criteria

q charge

� TRIG branch

List of theMuon triggers:

MUWA L2M3TRK10, MUWWL2M3TRK10, MUWL2M5TRK10, 2MUA L2ETAPHI,

2MUA L2M0, 2MUA L2M0L3L15, 2MUA L2M0L3L6, 2MUA L2M0TRK10,

2MUA L2M0TRK5

List of CalorimeterElectromegnaticandCalorimeterJettriggers( theinde-

pendenttriggeris thecombinationsof thesetriggers):

2CEM10eta3, 2CEM15,2CEM3CEM7,2CEM5,2CEM5CEM10,2CEM6,

CEM10,CEM102CJT10, CEM11,CEM15,CEM20,CEM52CJT5, CEM7,

TRIGCEMMX, CEMORA1, CEMORA3, CJT10, CJT2, CJT5, CJT7, 2CJT10,

2CJT35, 2CJT3CJT10, 2CJT3CJT7, 3JT15 L2 LOPV, 3JT15 PV, EM152JT25,

TRIGEMHI, EMHI IR, EMHI TR, EMMXFO, EMMXSH, EMMXSHTR,

EMMXTR, JT65 TT, JT 4TT, JT 95TT

Description of the Triggers

MUWWL2M3TRK10:

� Level 1: A wide muon region (j� j < 1.5) single muon trigger with tight

scintillatorandloosewire requirements.
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� Level 2: Passeventswith at leastonemuonfoundwith PT >3 GeVmeeting

MEDIUM quality requirements

� Level 3: Thetriggerbit setto true if onetrackis foundwith PT > 10 GeV.

Additionally, oneeventin 2000is recordedandmarkedasunbiased.

2MUA L2ETAPHI:

� Level 1: All muonregion(j� j < 2) di-muontriggerbasedonmuonscintilla-

tor only andnotCalorimeterunsuppressedreadout.

� Level 2: Passeventswith at least2 muons(at leastonemeetingmedium

requirement)with at (eta,phi)separationat least(3,6)respectively.

� Level 3: Passall eventsatLevel 3, settingthetriggerbit to truein theevent

record.
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