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Abstract

A measuremens presentedf inclusveZ ! * ar}ginclusi\/ew ! pro-
ductionin pp collisionsat a centre-of-masgnegy of = s = 1:96 TeV. Thedata
weretaken by the D@ detectorat the Tevatronand correspondo an integrated
luminosityof 112.6pb . Themeasure& andW productioncrosssectionsare

(2) = 2712 38 (stat) 7:5(sys) 2.7 (pdf) 17:6 (lumi) pb
and
(W) =27813 83(sta) 414 (syst) 447 (pdf) 1809 (lumi) ph:
Theseresultsareusedto nd thebranchingratio of W into muons,
Br(W'! )= (105 0:4)%:

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

Intr oduction

The main purposeof this work is to measuré/V and Z productionin muon -
nal statesandto preparethe datafor a laboratoryexperimentfor undegraduate
physicsstudentsThegoalis to givethem rst insightinto theanalyticalmethods
of particlephysicsby studyingW andZ productionin hadroncolliders. This lab-
oratoryexperimentwill be basedon datatakenby the D& experiment,oneof the

two generapurposedetectorsatthe Fermilabs Tevatron.

Chapter2 introducesthe Standardviodel, the currenttheoreticalunderstanding
of thefundamentaparticlesandtheir interactions.It continueswith anintroduc-
tion to W andZ physicsin pp collisions. Chapter3 givesanintroductionto the
Tevatron storagering and the D@ detector The measuremenof the inclusive
Z! * productionaswell asthatof W ! productionis describedn chap-
ter4. Thischapteralsodescribesheextractionof theratio of W andZ production
andthebranchingratio Br(W ! ). And nally chapter5 summariseshework

described.
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Chapter 2

The Standard Model

This sectiongivesa basicoverview of the StandardModel, moredetailscanbe
foundin textbookssuchas[1] and[2]. An importantaim in physicsisto nd a
uni ed theorythat explainsthe multitude of obsened naturalphonomena.The
StandardModel of particle physicsdescribeghe currentknowledgeof the fun-
damentalparticlesandthe interactionsbetweenthem. It treatsthe interactions
as elds, andinterpretsthe excitationsin the elds asparticles. Therearetwo

generaklasse®f particles:

The fundamentafermionswhich have spin %

The gaugebosonswvhich have spin1.

Fermionsobey the Pauli ExclusionPrincipleandthereforethey constitutewhatis
usuallycalledmatter. Thetwelve fundamentatypesof fermionsaresubdvided
into two groups,leptonsandquarks. Therearethreegeneration®f leptonsand

guarkseachwhich have similar propertiesbut increasingmass.Eachgeneration

14



of leptonsconsistsof a doubletcontainingonechaged particle (electron,muon,
tau) andits associatecheutralpartner the electron-neutrinothe muon-neutrino
or the tau-neutrino. The rst generatiornof quarksconsistsof the up anddown
quarkswhich constitutemostof the matteraroundus. The doubletof the second
generatiorcontainghe charmandthe strangequarksandthe doubletof thethird
generatiorthe bottomandtop quarks. Unlike leptons,quarkscarry a fractional
electricchage, +2=3 for up-typequarksand 1=3 for down-type quarks. The
fermionshave correspondinganti-fermionswhich have identical propertiesbut
oppositechage, where chage refersto all internal guantumnumberssuchas

electricchageor avour. Table2.1summariseshefermionproperties.

The gaugebosonsarethe mediatorsof the forcesbetweerthedi erentparticles.
An interactionbetweertwo particlesis viewedasthe exchangeof avirtual gauge
bosonbetweenthesetwo particles. The gaugebosonsof the electaveak and of

the stronginteractionsaresummarizedn Table2.2.

The interactionsbetweenthe fermion and boson elds are introducedthrough
symmetryargumentsknown aslocal gauge invariance[3]. Thegaugesymmetry
group of the StandardMlodel is SU(3) SU(2). U(1)y, whereSU(3) is the
symmetrygroup of the stronginteractionandSU(2). U(1)y is the symmetry

groupof theweakandelectromagnetimteractiongseesection2.1 and2.2).

2.1 Electroweak Interaction

The gaugetheoryof the electromagnetiinteractionis QuantumElectroDynam-

ics (QED). The QED Lagrangiarmustremaininvariantunderthe U(1) groupof

15



fermion chage
lepton electron(e) -1
electron-neutring ) 0
muon( ) -1
muon-neutring ) 0
tau( ) -1
tau-neutrind ) 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 three generationf fermionsin the StandardModel and their

electricchage.

gaugebosons|| interaction masyGeV)
(photon) || electromagnetiq 0
Z boson weak 91.188 0.002
W boson weak 80.425 0.038
g (gluon) strong 0

Table2.2: Thegaugebosonof the StandardModel andtheir mass.

16



transformations Here U (1) meansa groupof unitary one-dimensionatatrices
describinga phaserotationin acomple plane.Forcingthetheoryto beinvariant
underU(1) leadsto interactionsbetweenthe photonand chagedfermion elds

andto theconserationof electricchage[4].

A gaugetheorycombiningelectromagnetiandweakinteractionsvaspresented
by Glashav [5], Salam[6] andWeinbeg [7] (GSW). This theoryis basednthe
symmetrygroupSU(2). U(1), whereSU(2) designateshe group of Special
Unitary2 2 matrices.Here,specialmeanghatthe determinanbf the matrices
mustbe one. The SU(n) groupscontainn? 1 matricesknown as geneators.
Therefore,SU(2) hasthreegenerators.The generator®f the SU(2), groupare
the elds W*, W° andW . The correspondingonsered chage is calledweak
isospin andthe fermionsarearrangednto weakisospindoubletscorresponding
to the pairsof quarksandleptonsin eachgeneratiorof fermions. The subscript
L denoteghat only left-handedparticlesobey this symmetry Adding the U(1)
groupintroducesanothergaugeeld calledB®. TheW? andB° mix to giveriseto

the experimentallyobseredphoton( ) andZ:
=W°sin \ + B%cos w (2.1)

Z=W°cos v B%sin (2.2)

where y is calledthe weakmixing angle or Weinbeg angle de ned asthe ra-
tio of the strengthof the electromagnetiinteractionto the strengthof the weak

interaction.

Gaugeinvariancdeadsto masslesgarticles,in contraswith themassveW and
Z° obseredin experiment.Thereforethereis aproblemwith theelectraveakthe-

ory asit stands.This problemis solvedthrougha procesknown asspontaneous

17



symmetnpreakingwhich givesparticlesmasswithout breakingthe invarianceof
the theory This is achieved throughthe Higgs medanism[8] in the Standard
Model, whichintroducesanadditional eld with anassociategarticle,theHiggs
boson.TheHiggsbosoneld hasanon-zercexpectatiorvalueandotherparticles
canacquiremassthroughinteractionswith this eld. Thevalueof massdepends

on the strengthof the coupling.

2.2 StrongInteraction

The theory of stronginteractions,QuantumChromodynamicg§QCD), is based
uponthe SU(3) symmetrygroupwhich leadsto 32 1 = 8 mediatingmassless
gaugebosonscalledgluons Quarkscarry a new type of chage called colour.
Eachquark can carry eitherred, green,or blue colour chage with anti-quarks
carryinganti-red,anti-greerandanti-blue. Gluonscarry a combinationof colour
andanti-colourchage. As carriersof thecolourchage,gluonscancoupleto each
other Quarksandgluonsarecollectively referredto aspartons The strengthof
thestrongcoupling s increasesvith decreasingnegy scale.This meansatlow
enegiestheinteractiondbecomeoo strongto betreatedwithin the frameavork of

perturbatiortheory

Objectscarrying colour cannever be found as free particlesin nature,they are
con ned into colour neutralcompositehadrons;this propertyof QCD is called
con nement The quarksthatcombineinto baryonsor mesonsarereferredto as
valancequarks andthey constantlyinteractwith eachotherby exchangingglu-
ons. Sincegluonscancoupleto eachother they canemit moregluons. Gluons

canalsofurthersplit into virtual quark-antiquarlpairscalledseaquarks Experi-

18



mentallyquarksandgluonsareobseredasjets of colourneutralhadrons.

2.3 Standard Model Testsat the Tevatron

Oneof the mainaimsof particle physicsexperimentss to conductfurther tests
of the StandardModel (SM) andto searchor physicsbeyondthe SM. Although
the SM doesnot predictthe exactvaluesof certainparameterssuchastheW and
Z mass,t doespredictrelationshipsetweerthem. Oneyet unknavn parameter
of the SM is the massof the Higgs boson. To testthe SM andto predictthe
massof the Higgs boson,all otherparametersneasuredn experimentsareused
asinput to the theoreticalcalculationsin orderto predictthe value of the Higgs
mass. Measurementgare madeto constrainthe theoryin this way. They are

HO

w+ ‘ w+ w+ t w+
w+ b
(b)

(@

Figure 2.1: Correctionto the W massthroughloop diagrams. The size of the

correctionis sensitve to the masse®f the particlesin theloops.

known aselectraveak precisionmeasurementsinceary deviation betweerthe
measure@ndpredictedvaluesof suchparametersuggestsignsof new physics.
An importantexampleareindirectmeasurementsf massesf heary fundamental
particles,suchasthetop quarkandthe Higgsboson by precisemeasuremenisf

electraveakparameterat LEP andatthe Tevatron.

An exampleis shovnin gure 2.1. TheW bosoncancoupleto massve particles

19
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Figure2.2: Massof the W boson,m,,, asafunctionof the massof thetop quark,
m,. Thedashectllipseshavs the W massversusthe top massmeasuredlirectly
from reconstructinghe top quark and the W boson,whereasthe solid ellipse
shows the determinatiorof thesemassegrom electraveakcorrections.The yel-

low (shadedpandsshav the expectednassof the SM Higgsin them,, - m; plane.

suchasthe Higgs bosonor massve quarksthroughhigherorderloop processes.
Measuringthe W masswith highestprecisionconstrainghe massof the Higgs
boson. Figure 2.2, which hasbeentaken from [13], shovs how the direct mea-
surementof the top quark massoverlapswith the indirect determinationfrom
electraveakcorrections It alsoshavsthe predictedmassof the Standardviodel

Higgs masswith respecto my, andm.

The Tevatronphysicsprogrammaenvolvesmeasuringhe W bosonandtop quark

20



masswith high precision.Otherelectraveakprecisionmeasurementst the Teva-
tronincludetheratio of theW andZ bosonproductioncrosssectionandthedeter
minationof the branchingfraction of W bosonsdecayingnto muons.Also mary
searche$or new particlesinvolve the decayof massve particlesto leptonswhich
will have signaturessimilar to thoseof W andZ events. By performingprecise
measurementsf W andZ propertiest will becomeeasierto recognisesignsof

new physics.

2.4 W and Z Production and Decay

In thisthesisthe productof theW andZ productioncross-sectionandthebranch-
ing ratio for the subsequendecayinto muonsis measuredSinceonly the decay
productsof the W andZ bosonsare obsened, it is impossibleto make separate
measurementsf the cross-sectiorand the branchingratio, whereasthesetwo

guantitiesaredeterminedseparatelyn thetheoreticakcalculations.

The dominantproductionmechanisnfor the massve electraveakgaugebosons
(Z andW) in pp collisionsis the Drell-Yan procesq9], wherea quarkand an
anti-quarkannihilateto form a Z or W bosonwhich subsequentlgecays.In this
casethe spectatomodelcanbe used,wherethe partonsnot directly involvedin

the productionof theW andZ bosonsareignored.

The measurectross-sections inclusive, i.e. it includesall nal stateswith n =
0;1; 2:: jetsaccompaying the W or Z bosons. Sincean inclusive crosssection
measuremerdoesnotimposeary requirement®nthejetsor trans\ersemomen-

tum of the generatedyaugebosonit is e ectively integrating over all ordersof

21
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Figure2.3: LowestorderDrell-Yandiagramgor W andZ productionaswell as
the next-to-leadingorderdiagramsjn which the producedoosonis accompanied

by a quarkor gluonjet from initial stategluonradiationor from QCD Compton

scatteringlqg! WZ + jet).
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QCD processesThelowestorderDrell-Yandiagramonly containghe gaugebo-
sonin the nal state whereaghenext-to-leadingorderdiagramsncludejetsfrom
intial stategluonradiationor QCD Comptonscatteringlqg! W, Z + jet). Such

productionprocesseareillustratedin gure 2.3.

2.4.1 Inclusive Z BosonProduction

TheZ bosoncoupleddi erentlyto up-typeanddown-typequarksithe subprocess

crosssectionfor Z productionin pp collisionsis [10]:
@11 D)= P54 Qi wrBQGsit WME (68 ME;  (23)

where Qq is the quark chage andis equalto 2=3 for up-typequarksand 1=3
for down-typequarks. The variable$ = (pq + pg)? is the squareof the centreof
massenegy of the quark-antiquarksystem.It hasbeendescribedn section2.2
that baryons(suchas protons)consistof two classef quarks: valencequarks
(uud in the caseof the proton) andthe seaquarkswhich are part of the colour
eld holdingthevalencequarkstogetherIn addition,roughlyhalf of the proton's
momentumis carried by the gluonsin the colour eld. The quarkscarry the
momentumfractionsx; and x, of the proton and anti-protonfour-momentap;

andp,. ThereforeS becomes
§= (x.p1+ X2P2)> M2 91GeV: (2.4)
Theinclusive Z productioncrosssectionis givenby

(pp! Z+X) = (2.5)
(9%t “t Xoh

i
3 dx; dx Ui(X; M2)(X; MO + (@$ @) (aq! 2)
0 0

q
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wherethe factor1=3 averagesver the colourstatesK;( ) is afactorwhichin-
corporatesigherorderQCD correctionsdependingon the strongcouplingcon-
stant s, andqy(X:; M2); 02(xe; M2) arethe quarkdistributionswhich describethe
probabilityof nding theappropriateguark(or g) with momentunfraction x; (or
%) in the protonp or the anti-protonp. Notethatat high enegiesandtherefore
low x, seaguarksandanti-quarksn the protonbecomeamorevisible andtherefore

theanti-quarkcancomefrom the proton.

2.4.2 Z BosonDecaysinto Muon Pairs

TheZ bosoncaneitherdecayleptonicallyinto anelectronandanti-electron(positron),
muon and anti-muonor tau and anti-tau,or hadronicallyinto a quark-antiquark
pair; theZ decaymodesaregivenin Table2.3[11]. ThelowestorderZz! *
decayprocesss shavnin gure 2.4. Themuonicbranchingratio of the Z boson

is calculatedhsfollows:

where (Z! * )isthemuonicdecaywidthand (Z) isthetotal decaywidth.

2.4.3 Inclusive W BosonProduction

The subprocessrosssectionfor W* productionis givenby

0 G N
@t W) =2 V" BEM 6 M) (2.7)

whereV,p is the CKM matrix elementconnectinghe two quark a vours. Here,

q is anup type quarkandcP is a down type anti-quark. The crosssectionfor W
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Figure2.4: Z bosondecayto muons

Z DecayModes || Branchingfraction ;=
ee (3:363 0:004)%

¥ (3:366 0:007)%

+ (3:370 0:008)%
invisible (20:00 0:06)%
hadrons (6991 0:06)%

Table2.3: Branchingratiosof theZ decaymodes
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productionis the same exceptq is thena down type quarkand ¢® is an up type

anti-quark.

In orderto obtaintheinclusive W productioncrosssection,the subprocessross

sectionis multiplied with afactorof two to accountfor W* andW production:

2K ( S)Z 1 21 X S I
dx;  dxe (% MG)q (x; M3) (ag ! W)

(pp! W+X) =
3 0 0 q

(2.8)

2.4.4 W BosonDecaysinto Muon and Neutrino

Thelowestorderof W* decayto amuonandaneutrinois illustratedin gure 2.5.

Themuonicbranchingratio of the W bosonis calculatedasfollows:

Wwr ).
w)

All the leptonicdecayshave the samedecaywidths. At lowestorder the decay

Br(W! )= (2.9)

width to a quark-antiquarkpair is the sameaswell, with an additionalfactor of
threeto accountfor the threequarkcolors,aswell asthe CKM matrix factorto
accountfor quarkgeneratiormixing. The W* bosondecaymodesaregivenin

Table2.4[11]. TheW bosonwidth canbemeasuredndirectly by usingtheratio

of theW'! andZ! * productioncrosssections:
(pp! W+X) Br(Ww! ) _ W) (2) wtr )
(pp! Z2+X) Brz! * ) (@& ! * ) (W)
(2.10)
Both (W)= (Z)and (W'! ) canbecalculatedheoreticallyto high precision,
andtheratio (2)= (Z! * ) hasbeenmeasuregreciselyby experimentsat
LEP[12].
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Figure2.5: W™ bosondecayto muons

W* DecayModes || Branchingfraction( =)
e’ (1072 0:12)%
+ (1057 0:22)%
+ (1074 0:27)%
hadrons (67:96 0:35)%
invisible (14 2:8)%

Table2.4: Branchingratiosof theW* decaymodes
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Chapter 3

Experimental Apparatus

3.1 Particle Acceleratorsand Colliders

In particlephysicsijt is necessaryo concentrat@ hugeamountof enegy in order
to createmassve particlesandexplore the structureof hadrons.This is possible
by acceleratinghagedparticles,usingoscillatingelectromagneticelds. Accel-
eratorsare divided into linear and cyclic varieties. The former, alsoknown as
linacs,collide particlesthataretraveling in a straightline, whereaghe lattercol-
lide particlesthataretraveling aroundaring. In thering acceleratorsyhich are
alsocalledsynchrotronsthe beamof particlesis constrainedn acircularpathby
anarray of dipole magnetsandaccelerationis achiezed asthe beamrepeatedly
traverseghecavities placedin thering. A beamof particlesis travelingin onedi-
rectionandanothetbeamin theotherdirectionandthenthey collidein interaction
pointsaroundthe ring wherethey arefocusedby quadropoles.Thesecollisions

createmary di erenttypesof particlesandtheinteractionpointsaresurrounded
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by detectorsvhoseroleis to identify the createdparticlesandmeasuréeheir prop-

erties.

3.2 The Fermilab Tevatron

Fermilabs Tevatron[14] nearChicago,in which 980 GeV protonscollide with
980 GeV anti-protonsjs currentlythe world's highestenengy collider. Two col-
lider detectorscalled CDF andDd, arelocatedalongthe Tevatronring. During
thepreviousrunof 1992-1996referredio asRunl, the CDFandD@ experiments
producedsigni cant physicsresult,includingthediscovery of thetop quark[15].
In 2001the TevatronRun 1l programmestarted,in which the Tevatronhasbeen
upgraded.The majorupgradesncludethe constructionof the Main Injectorand
the Anti-proton Regy/cler within a commontunnel. A schematioview of the up-

gradedTevatronCollideris shavnin gure 3.1.

This partgivesa brief descriptionof the Tevatronchainof acceleratorsior more
detailssee[16]. The protonbeambeginsasH ions,which are passedhrough
a Cockroft-Walton acceleratoandthena 500 ft linac, reachingenepiesof 400
MeV. The electronsarethenstrippedo astheions passthrougha carbon bre

foil, giving a beamof protonswhich is injectedinto the Booster a synchrotron,
wherethey areacceleratetb 8 GeV. Then,they aretransferredo the Main Injec-

tor, a 2 km diametresynchrotronwhich consistsof 1000magnetghatbendand

focusthe protons.Protonsan this stagecanbeacceleratedipto 150GeV.

The anti-protonbeamsarealsoproducedrom bunchesof protons,which areex-

tractedform theMain Injector The120GeV protonsaredirectedatanickel/copper
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target, producinganti-protonswith awide rangeof momentum.The anti-protons
are collectedand movedto the Deluncherstoragering. They are nally sentto
anotherstoragering, the Accumulator wherethey stayuntil thereare enoughof

themto betransferredo theMain Injector, wherethey areacceleratetb 150GeV.

The protonsandanti-protonsaretransferedo the Tevatron,wherethey areaccel-

eratedform 150to 980 GeV. Finally, the beamsare broughtinto collisionin the

Tevatron.

P SOURCE:
DEBUNCHER (8 GeV) & s -f» N
ACCUMULATOR (8 GeV) !;yg‘@e%
n PRE-ACC E

BOOSTER (8 GeV)

TEVATRON EXTRACTION

for FIXED TARGET EXPERIMENTS ______——%>
L
SWITCHYARD

MAIN INJECTOR
(150 GeV)

TeV EXTRACTION
COLLIDER ABORTS

& RECYCLER

(8 GeV) BO

150 GeV p INJ
150 GeV p INJ

TEVATRON

p (1 TeV)
~—

~—
P (1TeV)

D@ DETECTOR p ABORT

DO

Figure3.1: Tevatronchainof accelerators
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3.3 The D@ Experiment

The D@ detectoris a multi-purposedetectof17] which combinesawide angular

coveragewith goodidenti cation of producedarticles.Thelayoutof thedetector

Is shavn in gure 3.2. As the beamscollide in the centreof massframe the

detectoris assymmetricaspossiblewith respecto the collision point. The D@

detectorconsistof aninnerregion for trackingchagedparticlesandidentifying

vertices,a detectorto measuresnegy depositsfrom electrons photonsandjets

andanouterregion for thedetectionof muons.
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Figure3.2: Schematicziew of the D& experiment.

The coordinatesystemusedat D@ is centredon the centreof the detector(the
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nominalinteractionpoint). The z-axisis alignedalongthe direction of the pro-
ton beam,with the x-axis pointing outward from the centreof the ring andwith
the y-axis pointing upward. The azimuthalangle, = tan (y=x), andthe polar
angle, = tan (r=z2), wherer is the perpendiculadistancefrom beamaxisf =
P *2 + y?), arealsousedto denotethepositionof apointin thedetectorRapidity”

Is de ned by |
E+p,
E p;

which is invariantunderboostsin the z direction. The “pseudo-apidity”, ,

y= %In (3.1)

whichis anapproximatiorto rapidity, is de ned as
= Intan > : (3.2)

The polar angleis often replacedby pseudo-rapidity Therefore,the common
sphericako-ordinatesystem(r; ; )isreplacedwith (r; ; ). Thetrans\ersemo-

mentum,pr, is themomentuntomponentrans\erseto thebeamdirection,given

by
q

pr= pit g (3.3)

where py and py, arethe component®f momentumin x andy respectrely. An
overview of the D@ detectoris givenin sections3.3.1to 3.3.5. This is followed
by a descriptionof the eventtrigger systemso identify interestingcollisionsin

section3.3.6.

3.3.1 Tracking System

The point wherethe beamscollide is surroundedy trackingdetectorgo record

the tracksof the high enegy chaged particlesproducedin the collision. The
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trackingsystenconsistof aninnersiliconmicro-striptracker, SMT, andanouter
scintillating bre tracker, CFT, which are placedwithin a 2 Teslasuperconduct-
ing solenoid[18]. The centraltracker providesprecisemeasurementsf lepton
pr, jet transerseenegy Et, andmissingtrans\erseenegyE;. Detectionof sec-
ondaryverticesfor heavy avor taggingis alsopossiblewith thetrackingsystem.

Figure3.3illustratesthedi erentcomponent®f the centraltracler.

SOLENOID

SILICON TRACKER FIBER TRACKER PRESHOWER

Figure3.3: Cross-sectionf the D@ centraltrackerin therz-plane.

Silicon Micr ostrip Tracker (SMT)

The SMT is locatednext to the interactionpoint andprovidesbothtrackingand
vertexing over nearlythe full  coverageof the calorimeterand muon systems
( j < 3). Thedetectoris madeof wafersof n-typesilicon,whichis ionisedby the

passage®f chage particles. Theionisedchageis collectedandusedto measure
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Figure3.4: Thegeometryof theD@ SMT. Thebarrel,F-DiskandH-Disk regions

areshown.

the positionof the passingarticle.

The SMT is composedf 3 sub-detectorsthe centralbarrel,the F-DisksandH-
Disks. The centralbarrelsconsistof six cylindrical barrels,threeon eitherside
of thenominalinteractionpoint. Thebarrelshave alengthof 12.4cm andextend
out to radiusof about10 cm. The barrelsconsistof rectangularshapedsilicon
detectorg(ladders)mountedon a beryllium supportstructure. The F-Disks are
12 disksof 12 double-sidedyedge-shapedetectors.Six disksareinterspersed
betweenthe barrels;one attachedo the end of eachbarrelsegment. The other
six disksform two triplets of diskslocateda smalldistancefrom eitherendof the
outermostbarrels. About one metrefrom the interactionpoint are the H-Disks

(gure 3.4).
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Central Fibre Tracker (CFT)

The CFT [19] surroundsthe SMT and occupiesthe radial spacefrom 20 to 52
cm from the centreof the beampipe. The detectorconsistsof eightcarbon bre
cylinders holding doubletlayersof scintillating bers, which producephotons

whenachagedparticlepasseshrough.

Eachscintillating bre hasa radiusof 835 m anda length of 1:66 m in the
two inner superlayeror 2.52m in the six outersuperlayers.The CFT contains

approximately77,000scintillating bres andcoverageovertherangej j < 2.

3.3.2 Pre-shaver Detectors

The pre-shaver detectorsaid in electronidenti cation andbackgroundejection
bothduringtriggeringando inereconstructiorf20]. They functionascalorime-
tersaswell astrackingdetectorsenhancinghe spatialmatchingbetweertracks
andcalorimetershavers. With the help of themit is possibleto separatelectro-

magneticobjectsfrom hadrons.

TheDd pre-sheverdetectoraremadeof threethin layersof scintillatingmaterial
ontheinneredgeof the calorimeter To induceshawvering, thin layersof leadare
placedbeforethe scintillators. The centralpre-shaver detector{ CPS)coversthe
regionj j < 1:3 andis locatedbetweersolenoidandcentralcalorimeter Thetwo
forward pre-shaver detector§FPS)[21] cover 1.5 < | j < 2.5 andareattachedo

thefacesof theendcalorimeters.
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3.3.3 Calorimetry

The Calorimetersaaredesignedo provide enegy measuremerfor electronspho-
tons,andjets, aswell asassistin identi cation of the particlesand measurehe
trans\erseenegy balancein events. The D@ calorimetersare segmentedinto
cells. Eachcell consistsof layersof absorbingmaterialto induceshowver forma-
tion andactive layersof liquid argon, whereatomsareionisedby the passagef
chagedparticles.Theenegy of atraversingparticleor jet is foundby addingup

thechage collectedfrom all of the cellsthatit passeshrough.

The calorimeteris divided into centraland forward regions and threelayersof
electomagnetic, ne hadronic andhadrmonic. The cellsin all threelayersarear-
rangedin towersof and . Electromagneticellsand ne hadroniccells both
containuraniumabsorbeplates.Thesehave athicknessof 3-4 mmin theelectro-
magneticcells anda thicknessof 6 mm in the ne-hadroniccells. The hadronic
cellsin the centralregion containcopperabsorbeplateswhile the hadroniccells
in the forward regions containsteelabsorberplates. Both of themhave a thick-
nessof 47 mm. As it canbeseenin gure 3.5,thecalorimetergprovide excellent

coveragen

3.3.4 Muon System

Muonsareunstableparticlesbut they live long enoughto leave thedetector High
enegy muonsarequite rareanda goodsign of interestingcollisions. The muon
systemin D@ surroundghe calorimeterand consistsof threesub-systemsPro-
portional Drift Tubes(PDTs),Mini Drift Tubes(MDTSs), andscintillation coun-

ters.Drift tubedetectorarecontainerslled with agasthatisionisedby atravers-
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Figure3.5: Cross-sectiomuarterview of the D@ calorimeter

ing chagedparticle. An anodewire runsthroughthe centreof the containerand
cathodepadslie at its top andbottom. The scintillation counterscollect scintil-
lation light whena chaged particle passeshroughthem. A schematicview of
thescintillationcountersf themuonsystemcanbeseenn gure 3.6. Themuon
systemis comprisedof threelayers: A, B andC, wherethe A-layer is closestto
theinteractionregion. The 1.8 Tesla,solid iron toroid magnets locatedbetween
the A andB layers. The bendof the particletracksdueto the magneticeld al-
lows a momentummeasurementThe momentunresolutionin the muonsystem
is muchworsethanthe momentunresolutionin the centraltrackingsystem.The
momentumandchage measurementsf the muonsystemarethereforenot used

in this analysisafterthe muonhasbeenmatchedo atrack.
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Figure3.6: A schematiwiew of the D@ muonscintillatorplanes.

South

Not To Scale
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3.3.5 The Luminosity Monitor

Luminosity measuremeris an essentialngredientin all D@ cross-sectiomea-
surements.The D@ Luminosity Monitor (LM) [23] is usedto accuratelydeter
minetheamountof total integrateduminosity collectedduringthe data-taking It
consistf two arraysof 24 plasticscintillation countersarrangeduniformly in
aroundthe beampipeatz = 140cm (gure 3.7). The countersare15 cm long
andcoverthepseudorapidityegion2.7< j j < 4.4. Chagedparticlesin protonor
anti-protonremnantreatesignalsin the scintillatorswhich areusedto calculate
timing information. Coincidentsignalsfrom both arraysindicateaninelasticpp
collision. By countingpp collisions,theLM determinesheintegrateduminosity

of luminosityblocksin periodsof data-takingpf 60 s or less.

3.3.6 The Trigger System

Proton-antiprotorcollisions happeninside the detectormore than two million

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

ger systemis the systemof fastelectronicsand computerswvhich hasto decide
whetheraneventis interestingenoughto be worth keeping.Informationfrom the
detectorsubsystemss usedin athreelevel trigger systemthatdecreasetherate
from 1.8 MHz to 30-60Hz. The eventselectionis basedon identifying physics
objects(suchasparticlesor tracks),with eachlevel of thetriggersystemapplying

moredetailedcriteria.

The rst stage,Level 1 (or L1), comprisesa collection of hardwaretrigger ele-
mentsthatprovide atriggeracceptateof about2 kHz. In thesecondstaggLevel

2 or L2), hardware enginesandembeddednicroprocessorassociatedvith spe-
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ci ¢ sub-detectorprovide informationto a global processoto construciatrigger
decisionbasedon the correlationof individual objects. The L2 systemreduces
thetriggerrate by a factorof abouttwo andhasan acceptrate of approximately
1kHz. Candidateshatpassed.1 andL?2 aresentto afarmof Level 3 (L3) micro-
processorsThis systemconsistof sophisticateclgorithmsandreducegsherate
to about50 Hz. The eventsthat passall the threelevelsarerecordedfor o ine

reconstruction.

3.3.7 Simulated Data

Simulationof events(also known as Monte Carlo simulation)and the detector

responseo thoseeventsis crucialto any physicsmeasurement.

Thegeneratiorof simulateddatais carriedoutin threestagesFirst, the pp colli-
sionis simulatedandshortlivedparticlesareallowedto decay This stagds done
by aneventgeneratgrsuchasPYTHIA [24] or HERWIG [25]. The next stageis
to hadroniseary quarksandgluonsproduced.This canbedoneby thesameavent
generatarAlternatively, it is alsopossibleto generatéheeventswith onepackage
andcarry out the hadronisatiorwith another Then,the particlesproducedoy the
previous stageare passedhrougha modelof the D@ detectorandthe response
is simulated. Therearetwo typesof detectorsimulationemployed at D@: Full

SimulationandFastSimulation

In the Full Simulation,thefully digitized detectoroutputis simulatedoy model-
ing the DA detectorfully with the GEANT packagdg26] andthensimulatingthe
readoutresponseThefull o ine eventreconstructions thenappliedto this out-

putto measurehysicsobjects(tracks,electrongphotonsjets, missingtrans\erse
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enegy andmuons).

In FastSimulation,particleandphysicsobjectsaresmearedo matchthe resolu-
tion seenn data.Reconstructior cienciesaremeasuredn dataandintroduced
into the Monte Carlo simulation. This is performedby the Parameterised/lonte
Carlo Simulation(PMCS) packagd27] andis muchfasterthanthe full detector

simulation.

In this thesis,the stand-alond®YTHIA generatolis usedto nd the acceptance
for W andfor Z= events,andto determineheDrell-Yancorrectionwhereasll

detectore cienciesaredeterminedrom data.
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Chapter 4

Analysis

This chapterdescribesneasurementsf (Z), theinclusive crosssectionfor the
processpp ! Z+ X! * + X and (W), the inclusive crosssectionfor
pp! W+ X! . The analysiswas performedon datarecordedbetween
Februaryand SeptembeR003correspondindgo arangein run numbersbetween
173516and 180956. Runswhich have bad dataquality accordingto the muon

groupareremoved.

Theeventselectiormandthemeasurementsf thetracking,muonidenti cation and
isolatione cienciesarebasedn[28] and[29]. In orderto minimizethee ectof

systematiaincertaintiesn the calculationof thecrosssectionratio R betweerthe
W andZ productioncrosssectionsthesamerackquality conditionsandthesame
triggerrequirementgor both analysesareused.Eventsarerequiredto ful Il the
conditionsof thewide region singlemuontrigger, MUWVL2M3TRK10in all parts
of the analysisexceptwherethe trackinge cieng is evaluated(section4.4.1).

This trigger coversa pseudorapidityangej j < 1.5 andplacesa furtherlimit on
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theacceptanceThetriggersaredescribedn AppendixA.

4.1 Luminosity determination

To perform a measurementf the W and Z productioncross-sectionthe total
integrateduminosity of the datasampleneedso be measuredTheluminosity L
is determineddy countingthe ratedN=dt of inelasticpp collisionsrecordedoy
the D@ Luminosity Monitor (LM) (section3.3.5):
1 % _

L = :
M pp Ot

(4.1)

where | is the total inelastic pp crosssectionand Ly is thee cieng of the
LM, whichincludesthe geometricacceptancaswell asthee cieng of the LM
detector Thenumberof ppinteractionsNp, is measuredyy theLM. Thevalueof
.m hasbeendeterminedisinga combinationof Monte CarlosimulationandD@
data[30]. Thecrosssection ,; hasbeenmeasuredy CDF [31] andE811[32]

(see[33] for moredetails).

By integratingtheluminosityovertime theintegrateduminosityfor theparticular
dataperiodcanbefound. Theunit of timein which theluminosityis storedis the
luminosityblodk [34], which is a period of 60 secondsor less. Eachblock is
indexed by the luminosity block number LBN, which monotonicallyincreases
throughoutRun Il. Raw data les are openedand closedon LBN boundaries.
Theluminosity calculationis madeindependentlyor eachLBN. By knowing the
luminosity of eachLBN andthe period of the datataking (run range)the total

R
integratedluminosity, L dt, canbefound. Theintegratedluminosity of the data

43



usedin thisanalysiss

Z
Ldt=1126 7:3pb®: (4.2)

The systematiaincertaintyon theluminosityis 6:5%. It is dominatedby system-
aticuncertaintie®nthee ciencies, v, andby thedi erencebetweerthe CDF

andE811measurementsf .

4.2 SelectionofZ= | * Events

Thesignatureof aZz= ! * eventis two muonswith high trans\ersemo-
mentum(pr). Thehigh pr muonsareidenti ed by requiringatrackin thecentral
detectorghatis matchedto a mediumquality trackin the muondetectors.The

muonquality is mediumif it is associateat the sametime with

atleasttwo A layerwire hits;
atleasttwo BC layerwire hits;

atleastoneBC scintillator hit,

where A, B and C are the threelayersof the muon system,describedn sec-
tion 3.3.4. Both of the centralmuontracksarealsorequiredto have at leastone
associate@MT hit in orderto have two well measuredracks. The muontracks
arerequiredto lie within the nominalgeometricabcceptancef the centraltrack
detectors.Theregion4:25 < < 5:15for j j < 1:25 needsto be excludeddue
to the supportstructureof the muondetectorin which thereconstructiorof muon

tracksis not possible.Thedistributionof versus isshavnin gure 4.1. Some
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Figure4.l: Theangle versusthe pseudorapapidity for muontracks. In the
muonsystentheregion4:25< < 5:15forj j < 1:25is notinstrumentediueto

the supportstructure.

centraltracksmatchedo muonsareobsenedin theregion of the supportstruc-
ture becausdhetrack and arecalculatedwith respecto the vertex position

andnotwith respecto the nominalcentreof the detector

The invariantmassof the two highestpr muonsafter applyingthe selectionde-
scribedabove is shavn in Figure4.2. The Z peakobsered after applying all
selectiongseebelow) is alsoshovn. Furtherselectionsnustbe appliedin order

to reducebackgroundevents.

For every further selectionapplied,it is necessaryo studyhow mary eventsare
rejectedoby every cutindividually andwhetherthecutpredominantlyejectssignal
Z! * eventsor backgroundevents. Figures4.3to 4.7 thereforeshav the

following histogramdor eachselection:
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Figure4.2: Distribution of the invariantmassof two highestpr mediumquality

muonsbeforeary further selectionsare applied. The shadedareaillustratesthe

nal signalsample.

The distribution of the cut variableafterall otherselectionshave beenap-

plied.

The distribution of the invariantmassof the di-muonsystem,M , for the

eventsthatfail only thatcut.

Theeventselectioncriteriaare:

1. Theinvariantmassof thedi-muonsystemM , is requiredto bemorethan
55 GeV to reducethe numberof eventscoming from virtual photon( )

exchangeandto minimizethesizeof the Drell-Yancorrection.

2. Both muonsarerequiredto have pr > 15 GeV (Figure4.3a). Dueto the
M > 55GeV cut, thiscutrejectsonly aboutl% of theevents.Figure4.3b

shawsthateventsrejectedonly by this cutdo not peakin theZ massegion.
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Figure4.3: a) Trans\ersemomentum pr, of the muonsafterall othercutshave

beenapplied,b) di-muoninvariantmassin eventsthatfail only the pr > 15 GeV
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3. Onepossiblesourceof high pr muonsare bb eventsin which muonsare
producedn semi-leptonid decays.In this processtheb quarkspredomi-
nantly decayto ¢ quarksandmuons. Therefore the muonsfrom bb events
will be containednsidejets. To reducethis backgroundmuonsneedto be
isolated. A muonis consideredo be isolatedif it is well separatedrom

othertracksandcalorimeterclusters.Theisolationconditionsare:

[e]
o
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w B a1 [o2] ~
o o o o o
o\H\‘HH‘HH‘HH‘HH‘HH‘HH‘HH'

N
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Figure4.5: Di-muon massdistribution for eventsthatfail only theisolationcut.

Theseeventscontainbb eventsaswell asZ events.

Thesumof thetransyersemomenteof all tracksotherthanthatof the
muonin anannularing of R = 0:5 aroundthe muontrackis required

to satisfy
X

lirack = p, < 3:5GeV: (4.3)

tracksi

whereR? = ( >+ ( )2
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The sumof the trans\erseenegiesof the calorimetercellsin anan-
nularring 0:1 < R < 0:4 aroundeachmuondirectionis requiredto
be
X
leal = E; < 25GeV: (4.4)

cellsi
Theseisolationconditionsarebasedn D@ calorimeterandtrackinginfor-
mation. The distributions of the track and calorimeterisolation variables
areshovn in gure 4.4. Eventsare requiredto passall the isolationre-
quirementsj.e. both muonsneedto passbothisolationconditions. This
restrictive isolationconditionis chosento be consistentith the W !
analysis.In additionto backgroundevents,this cut removesabout17% of
the Z candidatesvents( gure 4.5). Most of the removed candidateavents
containjetswhich areexpectedo be producedrom initial stategluonradi-

ation.

. Anothersourceof backgroundarecosmicray muons.If acosmicray muon
traverseghe detectoy it canproducetwo muontracks,onefrom travelling
towardsand onefrom travelling away from the centreof the detector To
reducethis backgrounda cut is madeon the anglebetweenthe two muon
tracks,sincea cosmicray muonwill be exactly back-toback. The peakat

< 0:01in Figure4.6ais dueto cosmicray eventswhereaghe signalis

foundat >> 0:1. Theangularseparatiorcutis thereforede ned as
=j + j> 0.05: (4.5)

Thedi-muonmasdistributionin Figure4.6bshovsthatno signi cant frac-

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

in thebackgroundegionandb) eventsrejectecby the > 0:05requirement.
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Figure4.7: a) Signof the di-muons.b) Distributionof M for the eventsexclu-

sively rejectedby therequirementhatthe two muonsbe oppositelychaged.
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5. Muonsarerequiredto have oppositechages.Only about0:2% of theevents
arerejectedby this cut (Figure4.7a).Lik e signeventsareexpectedo orig-
inate from cosmicray eventsaswell asfrom bb eventswhereone of the
B mesonshaschangedts quark avour dueto oscillations. For high pr
tracksfrom signaleventschage misreconstructioris also possibledueto
the nite resolutionof thetrackingchambersOnly eighteventsarerejected
by this cut which meansthat the angularseparatiorandisolationcutsare
verye cientin rejectingcosmicandbb eventsandthatthee ectof chage
misreconstructiois negligible. Thenumberof eventsis too smallto distin-

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

Figure 4.8 shaws the distribution of the eventspassingall the event selections.
Thenumberof Z= candidatess 5103.Eventdisplaysfor four of thesecandidate

eventsareshavn in gures 4.9-4.10which shav ther (xy) view of the detector
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andtherz view, respectrely. Detailsof thesefour eventsaregivenin table4.1.
Theeventshavnin gure 4.9bis araretype of eventwhich containghreejetsin
additionto the muonsfrom the Z decay The muontracksarestill isolatedascan

be seenfrom therz view of theeventsin gure 4.10b

EventNumber| pr (GeV) | Nies M (GeV)
a)1038351 (27.7;158) | 1 ( 1:1,0:6) | (3:4;0:9) 57:1

b) 8245865 (40:7;399) | 3 | ( 0:22 14)|(10;4:1) 94:3
c) 7365898 (31.8;286) | O (14, 05) | (3:6;0:6) 90:3
0

d) 42727711 | (454;391) (0:8; 0:5) | (3:4;0:2) 1039

Table4.1: Kinematicproperties(pr; ; ) of thetwo muonsin the Z eventdis-

plays,numberof jets, njeis anddi-muoninvariantmass.

4.3 Selectionof W ! Events

The selectionof W ! candidatesequiresthat a high trans\ersemomentum
muonanda neutrinoare produced.The muonis identi ed by the presencef a
trackin the centraldetectorthatis matchedo atrack of at leastmediumquality
in the muondetector The neutrinois identi ed by missingtrans\erseenegyE:.
To measur&r, the vectorsumof the muonmomentumandthe enegy deposited
in the calorimetelis calculated Neutrinosescapéhe detectomwithoutinteracting.
Similarly, muonspassthroughthe calorimeterdepositingvery little enegy. The
presenceof a high-enegy neutrinocanbe inferred from animbalancein trans-

verseenegy or momentumas measuredn the calorimeterand muon systems.
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(@) (b)

() (d)

Figure4.9: FourZ= to muonseventdisplaysin ther view of thedetector The
innerpart,with theconcentriccircles,shavsthe SMT andCFT trackingdetectors.
Tracksareshovn ascurvedlines. The outerring representshe amountof enegy
depositedn the calorimeters.The missingtrans\erseenegy (not correctedfor
themuonmomenta)s givenasyellow block. Muonsin the A,B andC layersare

shown asred,orangeandgreenbarsoutsidethe calorimeter
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(@) (b)
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Figure4.10: Four Z= to muonseventdisplaysin therz view of the detector
The inner part, shovs the SMT tracking detector Tracksare shovn as lines.
The outersectionrepresentshe amountof enegy depositedn the calorimeters.

Muonsin the A,B andC layersareshown asred, orangeandgreenbarsoutside

thecalorimeter
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Missingtrans\erseenegy in thecalorimetey E$? | is de ned as

q
= = (B )2+ (B ) (4.6)

For eventsthat containmuons,the momentuncomponent®f the muonaresub-

tractedfrom ES¥ to computethetotal missingEr:

BE=EY  p (4.7)
E=EY p (4.8)

Wherever possiblethe selectionsverede ned identicalto the selectionusedfor
thez= ! * analysisto reducesystematiauncertaintiesn determiningthe
ratio of thecrosssections.Thesamequality cutsfor thetrackandmuonselection
areused.Themuonsarerequiredto have atleastoneassociateMT hit andthey
arerequiredto fall within the geometricalacceptancef the detectorde ned in
section4.2. Candidatesventsarerequiredto have red the single muontrigger

MUWVL2M3TRK10Thefollowing eventselectioncutsarethenapplied:

1. Eventsarerequiredto have onemedum quality muonmatchedo a central
detectoitrackwith pr > 20GeV. Figure4.11ashowvsthe pr distributionfor
all W candidateeventswhich passall the otherselectionsapartfrom the pr

cut. Thetrans\ersemasss de ned by:

q
Mr= G +pr)? G+r)? G+ p)s (4.9)

wherepy andpy arethe x andy component®f the muonmomentumands,
andg, arethe x andy componentsf themissingtrans\erseenegyE&r. Only
trans\ersemassedV; greaterthan40 GeV are considered.Figure4.11b
shaws the transersemass,M+, for the eventsthat are rejectedby the pr

cut. No enhancemerns obseredin thesignalregion.
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Figure4.11: a) Trans\ersemomentum pr, of the muonatfterall othereventse-
lection cutshave beenapplied,b) the trans\ersemassM+ for the eventsrejected

exclusively by the pr cut.
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2. Themuonis requiredto beisolatedin boththe calorimeterandcentralde-
tector Theisolationrequiremenis de ned in section4.2. The eventsre-

jectedby this cutaremainly background gure 4.12a).

3. The 2 perdegreeof freedom[35] for the track t mustbe smallerthan
3:3. A signi cant backgroundor singlemuoneventsarein- ight decays
wherea kaon (or a pion) producesa muonin 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 thatthe eventswhich are

rejectedaremainly background.

4. Themissingtrans\erseenegyEr mustbe greaterthan20 GeV. The distri-
butionsin gure 4.13show thatalmostno signaleventsarerejectedby this

cut.

5. As avetoagainstcosmicraysit is requiredthat
=j + > 0:.05 (4.10)

where is the anglebetweenthe muontrack and ary othertrack with

trans\ersemomentungreaterthan8 GeV ( gure 4.14).

+

6. As avetoagainstZ ! decaysgventsarerejectedif thereis another
mediumquality muonin the sameevent. Eventswith any other central
trackwith pr > 20 GeV arealsorejected.Figure4.15shows the di-muon
invariant massof the eventsrejectedby this cut. A large fraction of the

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

the 2cut.

60



Entries 97867
5000

Entries

4000

3000

2000

1000

L
80 100 120
MET [GeV]

@)

Entries 3420

Entries

600

500

400

300

200

100

0 20 40 60 80 100 120
MT [GeV]

(b)

Figure 4.13: a) Distribution of the missingtrans\erseenegy E; after all other
eventselectionshave beenapplied;b) the transersemassM+ for the eventsre-

jectedexclusively by the E; cut.
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Figure4.14: Trans\ersemasdlistribution of eventsrejectedexclusively by the
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Figure4.15: Invariantmuon-trackmassof eventswith a secondrackwith pr >

20GeV.
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Figure4.16: Distribution of trans\ersemass M+, afterall the eventselectioncuts

have beenapplied.

The total numberof candidatesN¢ang, for W ! is found to be 94447. Fig-
ure 4.16 shows the transersemassdistribution 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.t canbeseenfrom gures 4.3band4.11thatfew Z or W signalevents
fail themuon pr cutsof 15 GeV and20 GeV, respectrely. The sameis true for
the  cutandchage cutshownn in Figures4.6b,4.7band4.14. Therefore the
e cienciesof the pr, andchage cutsareassumedo be closeto 100%. The

e ciencieswhichareexplainedin this sectionare:
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Figure 4.17: Four W to muon and neutrinoevent displaysin r view of the

detector
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(@) (b)

(©) (d)

Figure4.18: Four W to muon and neutrinoevent displaysin rz view of the

detector
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EventNumber| pr (GeV) | Er (GeV) | Nis Mt (GeV)
a)10765880 354 45.2 1| -03] 22 74.7
b)10392964 46.7 21.7 2 13 | 1.2 63.7
€)21359855 24.7 27.6 0 |-0.73| 2.0 521
d)35966571 26.9 30.1 0 0.1 | 6.05 56.8

Table4.2: Kinematicpropertie(pr; ;

) of the muonsin the W eventdisplays,

missingtrans\erseenegy, Er, numberof jets, nes andtrans\ersemass.

trackinge ciengy;

muonidenti cation e ciengy;

isolatione ciengy;

e cieng/ of the 2cut.

Thetriggere cieng is determinedusinganindependentrigger sampleandthe

acceptancef the eventsis foundwith the helpof the PYTHIA Monte Carlosim-

ulation[24].

4.4.1 Tracking E ciency

Thetrackinge cieng is de ned asthee cieng of nding acentraltracksatis-
fying the track quality conditions,matchedo atrackin the muondetector The
eventselectionrequiresevidencethata pair of high pr muonsis produced.One
muon,thetag muon,is identi ed by requiringahigh pr trackin thecentraldetec-

tor thatis matchedo atrackof atleastmediumquality in themuondetectorsThe
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\Z pr> 30 GeV

“TEST - nt

77777 \

m
py> 15 GeV
Figure 4.19: Schematicview of the event selectionfor the trackinge cieng
sample.Thecontrol(tag) muonis requiredto have high pr track,whereaghetest

(probe)muonis only de nedin the muondetector

secondmuon,the probemuon,is requiredto beidenti ed asa high p'°® track of
at leastmediumquality in the muondetectoy where p°°@ is the pr in the muon

system.This methodis known asthetagandprobemethod.The schematiof this

+

methodcanbe seenin gure 4.19[28]. In orderto have a sampleof Z !

eventswith low level of backgroundhefollowing eventselectiorcutsareapplied:

1. Thetag muonis requiredto have pt > 30 GeV.

2. Thetrackmatchedo thetagmuonis requiredto have atleastoneassociated

SMT hit.

3. Thetag muonis requiredto beisolatedin boththe centraldetectorandthe

calorimeterfollowing therequiremenmentionedn sectior4.2.
4. The probemuonis requiredto have p!°ca > 15 GeV.

5. The tag muonis requiredto be within the geometricalacceptancef the
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Figure 4.20: Distribution of t, afterall cutshave beenapplied. The red lines
indicatethe positionof the cut usedto remaove cosmiceventsin thedetermination

of thetrackinge ciengy.
centraldetectorde nedin the4.2.

6. Sincea  cut cannot be appliedif only onecentraltrackis found, cos-
mic ray eventsare rejectedby requiringthe time di erencebetweenthe
scintillator hits of both muonsto be approximatelyzero. The cut usedis
j ta] < 6 ns,wherej t,jis thetime interval betweenring of the A-layer

muoncounterdor thetwo muoncandidateg gure 4.20).

7. Forthesamereasoreventsarerequiredto ful | the conditionsof adi-muon
triggerwithoutatrackrequirementThetriggerwhich hasbeenusedin this

analysisgs 2MUA L2ETAPHI
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The track e cieng is the probability that the probe muon hasa reconstructed

track. Thereforethetracke cieng is de ned as:

2Npotn

= — 411
track 2Nbot‘n T None ( )

where Nyt IS the numberof eventsin which bothtag and probe muonshave a
centraltrackmatchedo themediumquality trackin themuondetectorandNgpe IS
thenumberof eventsin which only thetag muonsatis estherequirementsWith

this methodthevalueof thetrackinge cieng is foundto be

2 4971
rack™ 758+ (2 4971)

= 0:929 0:002 (4.12)

wherethe uncertaintyis statistical.

4.4.2 2CutE ciencies

The ?e cieng needso be evaluatedfor W eventsonly becausehe 2 cuton
tracksis not appliedfor muonsin Z events. It is foundin a similar way to the
isolatione cieng. The tag muonis requiredto passall the event selections,
whereaghe probemuonis not requiredto passthe 2 cut. Neitherof the muons

is requiredto beisolated.Thee cieng/ of the 2 cutwasfoundto be:

17112
2= T7o1 0:966 0:.001 (4.13)

4.4.3 Muon ldenti cation E ciency

The muonidenti cation e cieng is thee cieng with which a mediummuon
is matchedwith a centraltrack. It is possibleto selecta di-muonsamplewith

little bb and cosmicray backgrouncby requiringonly one of the two muonsto
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be reconstructedn the muon chambers. Sucha samplewill be usedwith the
tagandprobemethodto estimatehe muonidenti cation e cieng. To measure
thee cieng for muonsin Z events,the purity of the samplemustbe high. The
following requirementsrethereforemadeto ensurehatthe level of background

is low:

1. Thetagmuonhaspr > 30GeV.
2. The probehaspr > 20GeV.

3. Both muonsarerequiredto beisolatedin boththe calorimeterandcentral

detector

4. Thetag muonis requiredto have jta] < 7 ns,wheret, is the time interval

betweermeasuremenis the A-layer scintillatorcounters.

5. To selecthigh quality tracks,the valueof 2 perdegreeof freedomfor the
track t is requiredto be lessthan 3.3. This removesa small numberof

badly tted tracks( gure 4.21a).

6. For the samereasonthe numberof CFT hits for both tracksis required
to be greaterthan seven and both tracksare requiredto have at leastone

associate®MT hit.

7. Both tracksare requiredto fall within the geometricalacceptancef the

detector

8. Theangularseparatiorbetweernthetwo tracksis requiredtobe R > 2.0
to ensurethat thereis a unique muon matchin the muon chamberq g-

ure4.21b).
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Figure4.21:Mediummuone cieng study:a) Distribution of testmuontrack ?
perdegreeof freedomafterall otherselectionhave beenapplied;b) distribution

of R afterall otherselectiondave beenapplied.
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Figure4.22: Mediummuone cieng study: Distributionof M afterall thecuts
have beenapplied. Thered histogramshaows thoseeventsin which the testtrack
Is matchedo a mediummuon. Pointswith errorbarsshowv thoseeventsin which
the testtrack not matchedo a mediummuon. The histogramsarenormalisedo

the samenumberof events.

9. > 0:05to rejectcosmics.
10. Themuonsarerequiredto have oppositechage.
11. The eventsarerequiredto ful | the conditionsof the MUWVL2M3TRK10

trigger.

If both muonsin an event satisfy the conditionsfor a tag and probemuon, the
eventis usedtwice in thee cieng measurementThe eventsin which only the
tag muon hasthe mediumquality muon track matchedto the centraltrack are

consideredo betheine cientevents. The eventswhereboth muonssatisfythe
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requirementsare considerechse cientevents. The valueof the mediummuon
reconstructiore cieng is found by dividing the numberof e cient eventsby

thetotal numberof events.Following equatiord:11 a valueof

8676

medum — m: 0:859 0:003 (4.14)

is obtainedwherethe statisticaluncertaintyis dueto the nite sizeof thesample.
Figure4:22 compareshedistributionof M for thoseeventsin which the probe
trackis matchedo a mediummuonwith thoseeventsin which the probetrackis
not matchedo a mediummuon. Thelevel of backgrounds low in theine cient

subsample.

4.4.4 Isolation E ciency

Theisolatione cieng is measuredisingthetagandprobemethodin a sample
of Z! * eventswherethetagmuonis anisolatedmuonsatisfyingall the
track and muon selectionrequirementsescribedin section4.3 and the probe
muonis a muonsatisfyingthe sameconditionsasabove with the exceptionthat
it is notrequiredto beisolatedin eitherthetracker or the calorimeter Following

equatiord.11theisolatione cieng is foundto be

12788

0= 355> 0947 0002 (4.15)

4.5 Trigger E ciency

The trigger usedin this analysisis the single muontrigger MUWL2M3TRK10

(AppendixA). An independentrigger samples usedto measurehetriggere -
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Figure4.23: Schematiof theindependentrigger method.A: Eventswhich re
theindependentrigger; B: Eventswhich re the muontrigger Hatchedregion:

Events re in bothindependentriggerandmuontrigger.

cieng. Theindependentriggeris de ned asa triggerthatis not correlatedwith
thesinglemuontrigger. It shouldthereforenot usethe muonor trackingrequire-

ments.Thetriggere cieng/ usingtheindependentriggermethodis givenby:

i I\Itrig+ind
g = N (4.16)

whereNyig+ing IS the numberof Z candidateshat satisfythe single muontrigger
andatthe sametime anindependentrigger, whereasN;q is thenumberof events
ring anindependentriggeronly. A schematioziew of this methodis shown in
gure 4.23. This methodmeasureshetriggere cieng in the sampletriggered
by the independentrigger with the assumptiorthatthe triggere cieng in the
independensampleis the sameasfor thoseeventsnot triggeredby theindepen-
denttrigger. Theindependentriggersusedin this analysisarea combinationof
the jet andelectromagnetitriggers. Thelist of triggersis givenin appendixA.

Thetriggere cienciesarefoundto be

133

ind f—— —
(2= )= 143

trig

= 0:93 002 (4.17)
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for Z eventsand

. 1259
(W) = Tees ™ 0:76 0:01 (4.18)

for W events.Theuncertaintyis givenby statisticaluncertaintydueto thenumber

of eventsusedin thetriggere cieng/ determination.

4.6 Acceptance

Thenext stepin theanalysisisto nd theacceptancéor Z= andfor W events.
Thegeometricahcceptancef themuondetectoiis de ned by j < 2. Theregion
4:25 < < 515forj j < 1:25is notreconstructediueto the supportstructure
of the experiment. This region needsto be excluded. The single muontrigger
usedin this analysisis a wide region triggerwhich covers < 1.5. Monte Carlo
simulationsare requiredto nd the acceptance.The Monte Carlo usedto nd
the acceptancés PYTHIA [24]. The acceptancés foundby rejectinggenerated
muonsin Z(W) eventswith > 1:5 or py < 15(20)GeV aswell asmuonsin the
region of the supportstructure.The acceptancéor Z eventswith M > 55 GeV
is

Ar = Nace _ 2965 _ 0:297 0:004(sta) 0:003(pdf), (4.19)

whereNgen = 10000is the numberof eventsgeneratedind Ny = 2965is the
numberof eventsin which both generateanuonsarewithin the geometricakc-

ceptanceTheacceptancéor W eventsis
Ay = 0:497 0:005 0:008(pdf): (4.20)

The systematiauncertaintyis dueto theuseof di erentpartondistribution func-

tions(pdf). Di erentparameterisationsf thepartondistributionfunctionschange
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the momentumdistribution of the quarksin the protonsand thereforelead to
changesn the distribution of the Z andW bosonsandof the nal statemuons.
In this casethe CTEQS5L [36] andthe MRST [37] parameterisationsave been

usedto estimatehis uncertainty

4.7 Background Estimation for Z Candidates

After applyingall of theeventselectioncutsdescribedn sectiorn4.2, someback-
groundeventsstill remainin the candidatesvents. The fraction of background

eventsis

N
g = —ok; (4.21)
Ncand

whereNpack is thenumberof backgroundeventsandNcaq is the numberof candi-
dateevents. Backgroundeventsremainingin the Z candidatesamplecanbe due
to cosmicraysor dueto muonsfrom bb decays Muonscomingfrom theseback-
ground eventshave unlike-signbecausdhe lik e-signeventshave beenalready
removed by the cut on the chage. Assumingthat the numberof like-signand
unlike-signbackgroundeventsbeforeapplying this cut were of the sameorder
thefractionof backgroundn the signalis found by dividing the numberof same

chage muoneventsby the numberof candidatesThis yieldsafractionof

8
fo = —— = 0:002 0:002 4.22
9~ 5103 (4.22)

backgroundevents.
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4.8 Background Estimation for W Candidates

They arefour majorsource®f backgrounddenti ed ascontrikutingto theW can-
didateevents: The electraveak background QCD backgroundthe background
comingfrom cosmicraysandthe backgroundccomingfrom mesonssuchaspi-
onsandkaons thatdecayinsidethetrackingvolume,denotedasin ight decays
The latter two are almostcompletelyremoved by the selectionsand are there-
fore assumedo be nggligible. This sectiongivesa more detaileddescriptionof

electraveakandQCD background.

4.8.1 ElectroweakBackground

The largestsourceof contaminationin the W samplecomesfrom electraveak
backgroundduetoz ! * ,W! andZ! * events.ltisdi cultto
estimateelectraveakbackgroundrom dataandthey arethereforeestimatecby
using Monte Carlo simulations. The valuesfor the fraction of this background
aretakenfrom [29] andcanbe foundin table4.3. Thede nition of fgy in [29]
di ersslightly from thede nition of thebackgroundractionin equatior4.21but

thenumericaldi erencebetweerthesede nitions is negligible.

4.8.2 QCD Background

Anothermajorsourceof backgroundn the samplecomesfrom quarksthatdecay
semi-leptonically This QCD backgrounds estimatedrom datausingthe Matrix
Method,whichis thesolutionof two simultaneougquationgo extractsignaland

background. A samplewith a numberof events, N, is selected,usingall the
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Background few

W ! 0:025 0:001
=1 * 0:041 0:002
zZz=1 F 0:0017 0:0001
sum 0:067 0:002

Table 4.3: Summaryof the fractionsof electraveak backgroundderived from

Monte Carlo[29].

selectiongexceptfor theisolationcut, sinceit hasa high rejectionfactorfor QCD
backgroundevents. This gives B backgroundevents,andS signaleventsin the

sample.Thentheisolationcutis applied,resultingin N, event:

N;=B+S (4.23)

N,= fB+ S; (4.24)

wherehere, f isthee cieng for the backgroundeventsto passtheisolationcut
(fakerate)and isthee cieng for thesignalto passtheisolationcut (isolation
e cieng). Knowing thee cienciesf and , thesetwo equationsanbe solved

to givethe numberof backgroundevents,B, in the nal sample:

B= Nl_f'\'z (4.25)

The determinatiorof theisolatione cieng is describedn section4.4.4andthe

determinatiorof thefake rateis describedelow.
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Fake Rate

The fake rate, f, givenby thee cieng of the backgroundo passtheisolation
cut, is obtainedusinglow pr muonsandby applyingdi erentcutsonEr andM+
of the W candidatesn a sampleof eventsobtainedusingall the selectioncuts
exceptthe selectiononEr and M. For B > 20 GeV and Mt > 40 GeV, the
probability for a singlemuonto passthe isolation cuts (isolationrate) is found
to beabout0:12 at pr = 15 GeV (gure 4.24). As pr increasessignal events
areexpectedo dominatethe sampleandthefake rateis expectedo decreasejut

the correctfunctional from of the extrapolationis not known. The fake rateis

Quantity Value
N1 126964
N, 94447
iso 0:947 0:002
B 29073
fB 1744
foco 0:02 0:01

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

ground.

estimatedo be half of the full valuefoundwith anuncertaintyof 100%:

f=006 006 (4.26)

Thenext stepisto nd N; andN, which arethe numberof W eventsbeforeand

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

of pr for B > 20 GeVandM+ > 40. Thefake rateis foundin thelow pr region

aroundl5GeV.

all thevaluesin equationst.23and4.24,the fraction of QCD background faocp,

is foundto be

foco = LS 0:02 0:.0L
)

The summaryof thevaluesobtainedcanbe seenin table4.4.

4.9 CrossSectionMeasurements

4.9.1 InclusiveZ CrossSection

Thez= ! * crosssectionis calculatedusing

— + Ncand fbg)
I Z= )Br(Z= ! = ;
(PP )Br( ) Tl
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(4.28)



whereNcang is the numberof Z | ¥ candidatesvents, f,q is the fraction of
R

backgroundevents, ; is thetotale cieng to selectcandidateeventsand L dt

is theintegratedluminosityfor thesample. Table4.5 summarisethecomponents

of the calculationof the crosssection.

Quantity Value fractionaluncertainty
_ uncorrelated| correlated
"Lt 1126 7:3pb?! - 0:065
Neand 5103 71 0:014 -
track 0:929 0:002 0:002 -
medum 0:859 0:003 0:003 -

iso 0:947 0:002 0:002 -
Figger 0:93 0:02 0:02 ]

Az 0:297 0:004 0:003 0:013 0:010
1 fyg 0:998 0:002 0:003 -

Table4.5: Summaryof the component®f the calculationof the Z crosssection.
The uncertaintiesof the luminosity and the uncertaintiesof the acceptancare

correlatedbetweerthe W andZ measurements.

Thetotale cieng is givenby
tolal = track medum iso tiggerAz= (4.29)
Fromthis equatiorthetotale cieng is foundto be
z . =0:158 0:004 0:002(pdf); (4.30)

wherethe uncertaintyon the acceptancelueto the choiceof pdf is given sepa-
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rately. Substituting o and f,q in equatiord.28yields
(Z= )=2867 4.0(sta) 7:5(syst) 29 (pdf) 186 (lumi)ph: (4.31)

Thestatisticaluncertaintyis the uncertaintycomingfrom thenumberof candidate
eventsandthe systematiaincertaintyarethe uncertaintiecomingfrom theindi-
viduale cienciesandthefractionof background.Theluminosity uncertaintyis

alsogivenseparately

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

tained
(2)= (Z= )R; (4.32)
whereR is theratio betweerthe theoreticalpredictionsof (Z) and (Z= )in

themassangeM > 55GeV. ThesecrosssectionsareevaluatedusingPYTHIA:

%)
(Z= )

The Drell-Yancorrectionis alsofoundto dependon the choiceof pdf. Therefore

R = = 0:946 0:010(pdf): (4.33)

thecrosssectionfor pp! Z+ X! * + Xismeasuredo be
(2) =272 38(sta) 7:5(sysy 2.7 (pdf) 17:6 (lumi) pb (4.34)

for di-muonmassedM > 55GeV

4.9.2 Inclusive W CrossSection

TheW ! productioncrosssectionis calculatedusing
(P! WBIW! )= —R( fee)l fa  (439)
W
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whereNcang is the numberof W ! candidatesfocp is the fraction of QCD
backgroundeventscomputedwith respecto the numberof candidatesvents,
isthetotale ciengy, R L dt is theintegratedluminosityand fg\y is thefractionof
electraveakbackgroundTable4.6 summarisethe componentsvhich have been

usedin the calculationof the crosssection.

Quantity Value fractionaluncertainty
_ uncorrelated| correlated
" Ldt 1126 7:3pb! - 0:065
Ncand 94447 308 0:003 -
track 0:929 0:002 0:002 -
medum 0:859 0:003 0:003 -
Wigger 0:76 0:01 0:01 -
iso 0:947 0:002 0:002 -

2 0:966 0:001 0:001 -
Ay 0:497 0:005 0:008 0:010 0:016

1 foco 0:98 001 0:01 -

1 few 0:933 0:002 0:002 -

Table4.6: Summaryof the componentso the calculationof the W crosssection.
The uncertaintiesof the luminosity and the uncertaintiesf the acceptancare

correlatedbetweerthe W andZ measurements.
Thetotale cieng is

w W .
total — track medum trigger iSO ZAW. (436)
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Fromthis equatiornthetotale cieng is foundto be:

oo =0:276 0:004 0:004(pdf): (4.37)
Substitutingall thevaluesin equatior4.35,thecrosssectionfor W ! is found

to be:

(W) =27813 8:3(stat) 414 (sys) 447 (pdf) 1809 (lumi) pb: (4.38)

4.10 Partial Width of W Bosonsinto Muons

TheratioRofthepp! W! andpp! Z! cross-sections

_ (pp! W+ X)Br(W! )
R= (pp! Z+X)Br(z! * ) (4.39)

canbe usedto derwve the branchingfraction of W bosonsdecayinginto muons
(section2.4.4). Usingthe e cienciesand backgroundfractionsdeterminedn

this section this ratio canbewritten as

R= NWAZ track medum isthZrigger(l fQCD)(l fEW) - 103 04 (4.40)
NzR Aw trigger 2(1 fbg)

The uncertaintiesaretaken from Tables4.5 and4.6. The uncertaintyon the lu-
minosity is full correlatedbetweenthe two cross-sectiormeasurementand it
thereforedoesnot contribute to the uncertaintyon R. The branchingfraction of
W bosonglecayingnto muonsis extractedusing

(pp! Z+X)Br(z! * ).
(pp! W+ X) ’

Br(W! )=R (4.41)

wherethe NNLO predictionsare usedfor the W and Z productioncrosssec-

tions[38], (W) = 237 nband (Z) = 7:18 nb, andthe world averageof the
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o LEP
4, DO Preliminary

—_—k— This Measurement

e b b B b b b by
9.5 10 10.5 11 115 12 12,5 13
Br(W® m)

Figure 4.25: The SM predictionof the branchingratio of W into muons. The
experimentaimeasurementer D@ andfor LEP andthis measuremerareshovn

aspointswith errorbars.
measuredranchingractionBr(Z! * )=(3:366 0:007)%][11]. Thisyields
Br(w ! )= (105 0:4)%: (4.42)

whichis in goodagreementvith the experimentaworld averageBr(W ! ) =
(1057 0:22)%[11]. Figure4.25alsocompareghis measuremerto the SM
predictiontakenfrom [39].
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Chapter 5

Summary

The datausedfor thisthesisaretakenfrom D@, a multi-purposeparticledetector
locatedon the Tevatron proton-anti-protorcollider situatedat Fermilab (USA).
The measuremerttasbeendescribedn away sothatit caneasilybe adaptedo

be usedin anundegraduatdaboratoryexperiment.

The event selectionandthe determinationof the variouse ciencieshave been
performedn suchawaythatthey caneasilybereproducedwhile atthesameime
providing a reliable measuremendf the W andZ productioncrosssections.To
minimizethee ectsof systematiaincertaintiestheeventselectionandthemuon
de nitions have beenkeptassimilar aspossiblebetweenthe W andZ analysis.
Many systematiauncertaintieghereforecancelin the ratio of the crosssections

whichis thenusedto determinehe branchingfractionof W decaysnto muons.

The tracking and muon identi cation e ciencieshave beenderived from data
usingthetag and probemethodin di-muonevents. Thetriggere ciencieshave

beendeterminedusingthe independentrigger methodand the geometricaland
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kinematicalacceptanceasbeencalculatedusingPYTHIA.

Chapterd describeshemeasuremertf theinclusveZ! *  productioncross
sectionfor di-muoninvariantmasse® > 55GeV, andof theinclusveW !

productioncrosssection,using1126 pb ! of integrateduminosity. Theresults
(2)=2712 38(sta) 7:5(sys) 2.7 (pdf) 17:6 (lumi) pb (5.1)

and
(W) = 27813 8:3(stat) 414 (sys) 447 (pdf) 1809 (lumi)pb: (5.2)

have beenobtained. TheextractedZ andW crosssectionshave beencombinedo

obtainthe branchingratio of W bosongo muons
Br(W'! )= (105 0:4)%: (5.3)

whichis in goodagreementvith the currentexperimentalworld average.

The ROOT tuple usedin this analysiswill be providedto third yearstudentgo-
getherwith appropriatanstructionsto enablethemto performthis measurement
within the framewvork of an undegraduatdaboratorycourse.Somefurther sim-
pli cations mightbeneededothattheanalysiscanbeperformedontheavailable

time scale.
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Appendix A

Description of the Variablesin the

ROQOT Tuples

Thefollowing variablesareavailablein the ROOT tuples:

EVT branch

This branchcontainsgenerakeventproperties.

event eventnumber

lbn luminosity block number
run run number

MET branch

This branchcontainsmissingenegy properties.
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met total missingenegy

met.x thex componenbf missingenegy
mety runy componenbf missingenegy
MU branch

This branchcontaingparticlespropertiesn trackingandmuonsystem.

Nmu numberof muons
cft _hits numberof hitsin theCFT
smt_hits numberof hitsin the SMT

chisqdof 2 perdegreeof freedomfor thetrack t

ehalo calorimeterET ina0:1 0:4 haloaroundthemuon
pt _5 total pr of othercentraltracksin a 0.5 conearoundthe muontrack
scintA numberof scintillatorhitsin A layer

scintBC numberof scintillatorhitsin BC layer

pt trans\ersemomentunof thetracksin thetrackingdetector
pX,py,pz X,y andz component®f themomentum

ptl local pr, measuredn muondetector

eta, phi and of thetracks

timeA,B,C scintillatorhit time, if a scintillatoris present

octant octantof the muonsystemnumbered-7

hasCentral muonhasa centraltrackmatch

isLoose muonwith loosequality criteria
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isMedium  muonwith mediumquality criteria (usedin theanalysis)
isTight muonwith tight quality criteria
q chage

TRIG branch
List of the Muontriggers:

MUV L2ZM3TRK10, MUWL2M3TRK10, MUWL2MSTRK10, 2MUA L2ETAPHI,
2MUA L2MO, 2MUA L2MQL3L15, 2MUA L2MQL3L6, 2MUA L2MQTRK10,
2MUA L2MQTRKS

List of CalorimeterElectromgnaticandCalorimeterJettriggers( theinde-

pendentriggeris the combinationf thesetriggers):

2CEM10eta3, 2CEM15,2CEMXEM7,2CEM5,2CEM®EM10,2CEM6,
CEM10,CEM12CJT10, CEM11,CEM15,CEM20,CEM2CJT5, CEMY,
TRIGCEMMX, CEMORA1, CEMORA3, CJT10, CJT2, CJT5, CJT7, 2CJT10,
2CJT35, 2CJT3CJT10, 2CJIT3CJIT7, 3JT15L2 LQPV, 3JT15PV, EM152JT25,
TRIGEMHI, EMHI_IR, EMHI_TR, EMMXFO, EMMXSH, EMMXSHTR,
EMMXTR, JT65.TT, JTATT, JTO5TT

Description of the Triggers
MUWV/L2M3TRK1Q

Level 1. A wide muonregion (j j < 1.5) single muontrigger with tight

scintillatorandloosewire requirements.
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Level 2: Passeventswith atleastonemuonfoundwith Py >3 GeV meeting

MEDIUM quality requirements
Level 3: Thetriggerbit setto trueif onetrackis foundwith Py > 10 GeV.

Additionally, oneeventin 2000is recordecandmarked asunbiased.

2MUA L2ETAPHI

Level 1: All muonregion(j j < 2) di-muontriggerbasedn muonscintilla-

tor only andnot Calorimeterunsuppressetadout.

Level 2: Passeventswith at least2 muons(at leastone meetingmedium

requirementvith at (eta,phi)separatioratleast(3,6) respectiely.

Level 3: Passall eventsat Level 3, settingthetriggerbit to truein the event

record.
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