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Chapter 1

Intr oduction

Thediscorvery of thetop quarkatthepp collider Tevatronin theyear1995[1] notonly
justified the existenceof the b quark partnerin the third generatiorof quarksof the
Standardvodel but openechew possibilitiesfor experimentaresearctbeyondit. The
propertiesof thetop quarkcouldrevealinformationon flavor physics.The searchor

flavor changingneutralcurrent(FCNC) decayss of specialinterest. The absencef

FCNCsatlow enegy doesnotnecessariljorbid large FCNCsat highmassscaled2].

The presenthesisperformsa searchfor singletop quarkproductionvia theseFCNC
interactions.

In the Standardvlodelframework flavor violating transitionsonly arisethrough’loops’
and are highly suppressediue to the unitarity of the Cabbibo-Kobayashi-Maskaa
Matrix [3] anda strongGlashav-Ilioupoulos-Maianm [4] suppressionAs a resultthe
crosssectionof thesetransitionss very small.

Contritutionsto FCNCinteractiondrom extensionf the StandardModeli.e. super

symmetricmodels,two or multiple Higgs doubletmodelsor in exotic modelssuchas
compositenessanbe up to 5 ordersof magnitudelarger thantheir Standardviodel
counterpartsThereforethe FCNCinteractiondor singletop productionoffer anideal
placeto searctor new physicsbeyondthe Standardodel. TheFCNCverticestc(u)V
(V =+, Z) canbe probedeitherin rare decaysof the top quarkor via top-charmas-
sociatedproduction. The latter is studiedin the presentthesis. A brief introduction
to flavor violating interactionswithin andbeyond the Standardviodel is presentedn

Chapter2.

Thesearchior FCNCprocessess of specialinterestathighenegy colliders,in partic-
ularete™ colliders,dueto thecleanenvironmentthatthey offer. Theinvestigatediata
was collectedby the OPAL detectorat the Large Electron-PositrorCollider (LEP),
which hasbeensituatedat the EuropearLaboratoryfor Particle PhysicsnearGenea.
Whenproducedvia FCNCin atwo body reactionete™ — tc(tc) at the enegies of

LEP2,thetopquark[5] (m¢., = 174.3 + 5.1 GeV?) takesup enegiesgreatethanthe
half of the total enegy leadingto a highly distinctive kinematicalsignature.At such
enegy thedetectionof atop quarkwould clearlyindicatethatit is singly produced A

brief descriptionof the LEP collider andthe OPAL detectoris givenin Chapter3.

A full detectoresponseaimulationis availableto createMonte Carlosampledor the
expectedsignal and the Standardviodel backgroundwhich subsequentlyare com-

Throughoutthis thesisc andh aresetto unity: c=1



paredto the datasamples.Thereforean excessin the datacomparedo the Standard
Model backgroundwould signalnew physics.The descriptionof the usedsampless
givenin Chapter.

Thefull analysisof the datais elaboratedn Chapters. The presentanalysisconcen-
trateson the leptonicW bosondecayoriginatingfrom the singletop quarkdecayand
is referredto asleptonicchannel.

Two approachearefollowedin the presentanalysis:a cut-basednda likelihoodse-
lection method. The latter is usedand performedfor two datasamplesrecordedat
centerof-massenegies of /s = 189 GeV and+/s = 206 GeV. A cut-basedstudy
usingthedataat+/s = 189 GeV is presentedn AppendixA.
Thesignaleventsareknown to have thefollowing topology: two jets(originatingfrom
acharmandbeautyquark),oneisolatedeptonandalarge missingtransersemomen-
tum from a neutrino. This kinematictopologyis usedto selecta setof cuts, which
reducethe backgroundvhile retainingthe signal. Eventspassinghis preselectioren-
ter thelikelihoodmethod. An efficient b-tagalgorithmis usedto separatehe signal
from the mainbackgroundanda neuralnetwork locatestheisolatedleptons.
Thelargestsystematiaincertaintyonthe crosssectioncomesrom thetop quarkmass
uncertainty This is taken into accountby using samplesof signal Monte Carlosat
threedifferenttop quarkmassesThefinal resultsfor singletop quarkproductionvia
FCNCareevaluatedn Chapter6. A modelindependentimit onthe signalcrosssec-
tion for bothcenterof-massenegiesy/s = 189 GeV and/s = 206 GeV is deduced.
Constrainton modeldependenanomalousouplingconstantgor the combineddata
arederivedandcomparedo theresultsobtainedby otherLEP experiments.



Chapter 2

Theoretical Background

In thischaptembrief introductionto the StandardModel([6, 7, 8] is given,with empha-
sisontheelectraveakinteraction.Singletop quarkproductionwithin andbeyondthe
StandardModelis discussedThe searcHor flavor changingneutralcurrents(FCNC)
atLEP2is motivated.

2.1 Standard Model

The StandardModel (SM) of elementaryparticlephysicsenfoldsthe unifiedtheoryof
the electraveakinteractionandthe quantumchromodynamic$¢QCD) [9].

2.1.1 Quarks, Leptonsand GaugeBosons

The elementanparticlesof the SM arethe quarks,the leptonsandthe gaugebosons.
Quarksandleptonsfall into three’families’ or 'generations’. The numberingof the
generationss ascendingvith the massof the particles.All fermions(spin1/2) - lep-

fermions family electricchage | spin
123
Ve Uy VU 0 1/2
leptons | "¢ KT
P e u T -1 1/2
u c t +2/3 1/2
uarks
a d s b ~1/3 1/2

Table2.1: Quarksandleptonsof StandardModel.

tonsandquarks- have antifermionswith the samemassbut oppositeelectricchage
[10]. Therearethreeelementarynteractionsnext to gravitation, eachbeingnegotiated
by gaugebosongspinl): eightmasslesgluons(g), whicharemediatordor thestrong
interaction,onemasslesphoton(y), which is the mediatorof the electromagnetian-

teractionandthreemassve gaugebosong W+, W—, Z°), which aremediatorsor the
weakinteraction. The leptonsinteractvia the weakforce andif chagedadditionally
via theelectromagnetiforce. The quarksaresubjectto all interactionq9].



2.1.2 Electroweak Unification

The electromagnetiand weakinteractionare unified in a theory wherethey appear
as different manifestationof one fundamentalelectraveak’ interaction(Glashav-
Weinbeg-Salam(GWS)theory). The underlyingsymmetrygroupis calledSU(2)y, x
U(1). SU(2),, refersto the weakisospin(with a subscriptto remindthatit involves
left-handed statesonly) and U(1) refersto the weak hyperchage [9]. Quarksin-
volvedin theweakinteractionprocessearerelatedto the physicalquarksthroughthe
Cabibbo-Kobayashi-Maskaav(CKM) matrix definedasfollows:

d Uud Uus Uub d
s = Ucd ch Ucb 5
b’ Ua Uts U b

The quarksd’, s" andb’ emege by Cabibbo-rotatiorfrom the mass-eigenstate3he
CKM matrix expressepossiblemixing betweerguarksin the samefamily aswell as
betweerdifferentfamilies[9].

The left-handedleptons(right-handedantileptons)and the (Cabibbo-rotated)eft-

fermionmultiplets I I3
leptons (Ve> (V“> (VT> 1/2 +1/2
e/ \H/ L \T/L —1/2
€R UR R 0 0
u c t +1/2
k 1/2
duarks (d'>L <5'>L (b'>L —1/2
urR Cr tr 0 0
dR SR bR 0 0

Table 2.2: Multiplets of the electraveak interaction. All antiparticleshave opposite
handnessut the sameisospin(l, I3).

handedquarks(right-handedantiquarksrom eachfamily form doublets(Table2.2),
which cantransforminto eachotherby emissionor absorptionof W bosons.A full
'weak isospin’ symmetryis contemplatedor theseparticles. They are assignedo
have aweakisospinI = 1/2 andits third componento bel; = +1/2.
Right-handediermions (and left-handedantifermions)do not coupleto W bosons.
Thereforethey aredescribedassinglets(I = I3 = 0).

Electro-Weak Mixing

An isotriplet of threeintermediatevector bosons(W+, W—, W) coupleswith the
strengthgy to thefermiondoublets.An isosingletintermediatevectorbosonB? cou-
pleswith strengthg’ to the fermions. The underlyingSU(2);, x U(1) symmetryis
brokenin GWStheory The linearcombinationof thetwo neutralstates W andB?,

1A particleof spin % canhave ahelicity of +1 (spinandvelocity areparallel)or -1 (spinandvelocity
areantiparallel).Theformeris called’right-handed’andthe’latter’ left-handed?9].



producesonemasslessombination(the photon)anda massve combinationorthogo-
nalto the photon(the Z°) [9, 10]:

|y} = cosfw|B®) + sinfw|WP)

2.1
|Z%) = —sinfw|BO) + cosfyw|WO) 2.1)

wherefyy is theweakmixing angle(alsocalledWeinbeg angle).

Oneof the essentiaingredientsof the Standardviodel of leptonsand quarksis the
flavor diagonalstructureof the electraveakneutralcurrent,i.e. the absencef flavor-

violatingtermsliket — c. It follows asanalgebraicconsequencef the SU(2)doublet
structureof theleft-handedeptonsandquarks[11].

2.2 Top-Charm AssociatedProductionin the Standard Model

As a consequencef the neutralcurrentstructure,any FCNC processwithin the SM
is forbiddenat tree-level. Thatis the FCNC processcanonly ariseat higherorders
throughloops,dueto the CKM mixing of the quarks.The procesg?2.2)?

ete” — te(i). (2.2)

is referredto assingletop quarkproduction.Thetotal crosssectionatloop-level asa
functionof the centerof-massenegy +/s is shavn in Figure2.1.

o (fb)

10

| L L L L | L L L L | L L L L
200 300 400 500
Vs (GeV)

Figure2.1: Thetotal crosssectionof theprocess*e™ — tc in the StandardModel as
afunctionof the centerof-massenegy +/s [12].

Carrying out calculationsin the Feynman-t'Hooft gauge,the total crosssectionis
foundto bein the orderof 10~1° — 10~? fb anddecreases/henthe centerof-mass

2Throughouthe presenthesisconjugateprocesseareimplicit.



Figure2.2: The Feynmandiagramsof the FCNC process:* e~ — tc in the Standard
Model: top row self-enegy, middlerow triangleandthelowestplot box diagram.

enegy increasedeyond > 250 GeV. Thecrosssectionfor the procesg2.2) at LEP2
centerof-massenegy +/s = 200 GeV is[12]

olete” = tc) =1.84x10 b . (2.3)

It is too smallto be of experimentalrelevanceasthe total recordedamountof inte-
gratedluminosity is to small (~ 200 pb~1). In modelsbeyondthe SM new particles
may appearin the loop andwould give significantcontritutions to flavor changing
transitions.
Thereare threekinds of Feynmandiagramsat one loop-level for the process(2.2)
within the StandardModel [12]: ’self-enegy’, triangle and box diagran? shawvn in
Figure2.2. The contributionsfrom neutralHiggsandGoldstonebosonsareneglected.
Anotherprocesswithin the SM for singletop quarkproductionwith a differentfinal
stateasthe oneinvestigateds eTe~ — e~ tb. At /s = 200 GeV the crosssection
is in the orderof [13] o(eTe™ — e~ mtb) ~ 10~ b, whichis alsonot large enough
for experimentalbbsenration.

3Throughoutthe presenthesisonly the c quarkis mentioned neverthelessvery referenceto the ¢
quarkalsoappliesfor theu quark.



2.3 FCNC Beyond the Standard Model

The crosssectionfor singletop quark productionwithin the StandardModel is very
small. As a consequencary obsenration of FCNC couplingsdeviating from SM ex-
pectationswill unambiguoushsignalthe presencef new physics. Extensionf the
StandardModel could leadto measurableffectsfor FCNC singletop quarkproduc-
tion.

In thefollowing, threemodelsfor possibletop quarkproductionanddecayarebriefly
introduced:

1. Generalagumentspasedon hierarchicalanddemocraticsymmetriesareused
to derive anomalousverticesfor the productionof singletop quarksvia FCNC
in ete~ annihilations.A total crosssectionfor ete™ — (v, Z) — ¢t hasbeen
derivedwhichyieldsanumericalvalueof [14]

oleTe” = cTt) =6.3-1072pb, /s =190 GeV (2.4)

for abranchingratio of BR(t — c¢y) = BR(t — ¢Z) = 1% with respecto
L'(t —» bW).

2. Theprocess — ¢V, (V = v,Z) canbe examinedin two-Higgsdoubletmod-
els. Two distinct modelsare considered.In the first modelone doubletgives
the massedo all fermionsandthe otherdoubletessentiallydecouplesrom the
fermions. In the secondmodelone doubletgives massto the up-typequarks,
while the down-type quarksandchagedleptonsreceve a massfrom the other
doublet.

Largeenhancementsf the SM branchingractionsBRgy (t — ¢, cZ) ~ 1012
arepossiblefor the mostoptimistic values,giving the overall maximumvalues
of branchingfractionsto be[15]

BR(t — ¢v,cZ) ~ 1078 — 107°. (2.5)
for bothmodelsmentionedabore.

3. Rareelectraveak-like one-loopsupersymmetricontributionsandflavor violat-
ing decay2f thetop quarkinto acharmquarkanda gaugebosonarecalculated
in theframework of low-enegy supersymmetryFor themostoptimisticvalues,
thefollowing branchingratioswith respecto I'(t — bW) werefound[16]:

BR(t — ¢y,¢Z) ~ 1078 — 1076, (2.6)

The branchingfractionsgiven abore enhancethe StandardModel predictionsby 5
ordersof magnitudeor even higherif onelooks at the predictionsgivenin Equation
(2.4)for singletop quarkproductionat LEP2.



2.4 Flavor Changing Neutral Curr ent Processesat LEP2

Sincethe summerof 1997,the LEP collider operatedat enegies greateror equalto
v/s > 184 GeV. At thistotal centerof-massenegy theproductionof singletopquarks
via FCNCis kinematicallypossible:

ete” = Z(y) — tc (2.7)

The Feynmandiagramof this non Standardviodel procesq2.7) attree-level is shavn
in Figure2.3,wherethe’bubble’ describesheignoranceof the FCNC vertex.

e t

Figure2.3: The Feynmandiagramof the FCNC transition. The anomalouscoupling
constants, andky for they andZ bosonexchangeareindicated.

A parameterizatiomf FCNC transitionsin termsof modelindependenanomalous
couplingconstant,, andky, [17] is alsoindicatedandcorrespondso theannihilation
via the photonandthe Z boson respectiely.

Phenomenologicdimits onFCNCbranchingatiosfor thetop quarkdecay$ave been
derived by the CDF collaborationn pp collisions[18]:

BR(t — c(u)y) <3.2% (95% C.L.)

BR(t — c(u)Z) < 33% (95% C.L.) (2.8)

Theverticesof the FCNCinteractionsy — tc andZ — tc canbewritten asfollows 4
[17]:

ee

FZ = k’)’qu-l'W (2 9)
7 _ 1 e .
b Zsin(QHW)’Y“

whereA is a scaleparametedescribingthe enegy scaleof the underlyingdynamics
(setto thetop quarkmass) k, andky definethe valuesfor the strengthof theanoma-
lous couplings,which areconstraintoy the CDF limits (Eq: (2.8))to k?Y < 0.176 and
kZ < 0.533. In thefollowing it is assumedhatk, andkz arepositve andreal and
A= mg.

Thetotal crosssectionfor singletop quarkproductionvia FCNC for the procesq2.7)

“e is the electric chage, e, = 2/3 is the chage of the top quark, fw is the Weinbeg angleand
o = (" =M.

10



attheBornlevel is thengivenby [17]:

2 2\ 2 2
m 2m
o(ete™ — tc) :ﬂ( _ _t> |:k’2y 6(2112 (1 + _t> +
t

S S m: S
m2
(1+ay) (2 + —t) (2.10)
+13 "Lk (T aweq
4sin® 20y (1 - ﬁ) sin220yy < _ ﬂ)
S S

wherea is thefine structureconstantsis the centerof-massenegy squaredm; is the
massof thetop quark,mz is the Z bosonmassanda,, = 1 — 4 sin?6w. The massof
theassociatetight quarkis assumedo bezero(m. = 0). Thethreetermsin equation
(2.10) correspondo the v exchange(~ kg), the Z bosonexchange(~ k%) andthe
v — Z interference~ k,kz), respectrely. Correctionsdueto the finite widths of the
top quarkandW bosonarenegligible at LEP2 enepies.

18 1

o [pb]

16 |
r m, = 169 GeV
14 b
12 [ m, =174 GeV
1r
0.8
0.6 [
04t m, = 179 GeV

02 f

0 i L
180 185 190 195 200 205 210 215 220
Vs[GeV]

Figure2.4: The crosssectionfor eTe™ — tc(1) asafunctionof y/s. Threedifferent
topquarkmassesireconsideredm; = 169,174 and179 GeV for k., kz dervedfrom
the CDF limits.

The estimatef the total crosssectionfor the procesg2.7) is shavn in Figure2.4
asa function of the centerof-massenegy +/s. The crosssectionis calculatedwith
m; = 169,174 and179 GeV usingthe anomalousouplingconstantk,, k7 derived
from the CDF limits (Eq: (2.8)). The dominatingcontritution to the crosssection
comesfrom theZ bosonexchangg17]:

m? ') 2 1 m? >
a(e+e_—>7)o<( —ﬁ) , 0(e+e_—>Z)ocE( ——t)

S

11



The crosssection(2.10) shavs a typical thresholdcharacter Thereforethe limits on
k., kz arevery sensitve onthetop mass.

At the centerof-mass-engjies of LEP2 the top quarkwould be producedvery close
to its thresholdproduction. Due to this fact, thereis a distinctive 'kinematical’ final

statesignaturefor the FCNC singletop quark production: thereare practically fixed
valuesfor the enegiesof the final jets andthe W boson. The Feynmandiagramfor

this processs shavn in Figure2.5.

Figure 2.5: Feynman diagram of the FCNC single top quark production:
ete” — t¢ — bWc; q = quark,1 = lepton andv = neutrino.

Thetop quarkis producedalmostatrest(E; ~ m;) andtheaccompaning light quark
hasasmallenegy:

S — th + mz
PNE
Thewidth of thetopquarkI’ = 1.5 GeV is muchlargerthanthetypical hadronisation
scaleAqcp = 208 MeV [5]. Thereforethetop quarkdecaysbeforehadronisatioref-
fectssetin. This factleadsto a suppressiomf nonperturbatie effectsin top quark

productionanddecay

Thebeautyquarkandthe W bosonfrom the top decayhave enegiesgivenby follow-
ing expressiongl7]:

E, ~ ~ /5 —my (2.11)

m%—m%v—l—m%
Eb’:

(2.12)
th
2 2 _ 9
iy ~ 2t M — M (2.13)
2mt

The correspondinglistributions as a function of the enegy of the final particlesare
shovn in Figure2.6. The enegy distribution of the jets is determinedonly by the
kinematicsof thetc processandvery weaklydepend®n the parametersf the model
for FCNCinteraction.

2.5 The Leptonic DecayChannel

TheW bosonproducedn aFCNCprocesgFig: 2.5)decaysadronicallwiaW — qq
andleptonicallyvia W — 1v. Thebranchingractionsfor thesedecaysare[5]:

12
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Figure2.6: The enepy distributions on partonlevel for the charmquark,the beauty
quark,the W bosonandtheenegy of thetop quarkat+/s = 189 GeV.

BR(W — qq) = (68.5 + 0.6)% BR(W — 17) = (31.68 + 0.14)%.

Thereforewo final statesignaturesrisereferredto as: hadronicandleptonicchannel.
The presentanalysisconcentrate®n the leptonic W bosondecayof the single top
quarkproduction:

efe” =>tc > blve (I=e,pu,7) (2.14)

Thesignatureof singletop quarkeventsin theleptonicchannelconsistof:

e two jets (with large differencein enegy, oneis a jet originatingfrom a beauty
quark,the otherfrom alight quark)

e oneisolatedhigh enegeticlepton
¢ large missingtrans\ersemomentunfrom the neutrino

Theinvariantmassfrom the leptonandneutrinomustequalthe W bosonmass since
they areproductsof its decay

Thelimits givenby the CDF collaboratioronly weakly constrainthe FCNCbranching
fractions(EQ: (2.8)). Neverthelesghe three-generationnitarity of the CKM-Matrix
implies that Uy, mustbe nearunity [19]. Thereforeonly the top decayt — bW is
investigatedn the presentinalysis.In apessimisticscenarigheefficienciesshouldbe
rescalecy 64%.

The full analysisof this channelis elaboratedn Chapter5. Monte Carlo samples
simulatingthe signal(EqQ: (2.14)) andthe expectedbackgroundrom Standardviodel
sourcesarecomparedo the datasamplegseeChapter4) in orderto getan efficient
separatiorbetweerthe signalfrom the background.
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Chapter 3

Experiment Overview

The acceleratoat the Europeariaboratoryfor Particle Physics(CERN)in Genea/
Switzerlandandoneof its four detectors OPAL - arediscussedbriefly in this chapter
A detaileddescriptionof the OPAL detectorcanbefoundin [20].

3.1 The LargeElectron Positron Collider (LEP)

Figure3.1: Aerial view of theLarge Electron-PositrorCollider (LEP)

ThelLargeElectronPositronCollider (LEP) at CERNusedto bethelargestaccelerator
in theworld till therecentendof its operation.In thisring - 27 km in circumference,
100m belowv ground- bunchesof electronsandpositronsareacceleratedn opposite



directionsto almostthe speedof light. At four pointsin thering, the bunchesof par
ticles arefocuseddown to dimensionsof 200 ym x 8 pm anda lengthof 1 cm per
bunchand madeto collide at the four LEP experiments ALEPH, DELPHI, L3 and
OPAL. Figure3.1shavs anaerialview of the CERNresearctareathe LEP accelera-
tor andthe sitesof the experiments.

Theadwantageof e™e™ acceleratorss themissinginnerstructureof the primaryinter
actingparticles. Theinitial stateof the reactionis thusknown, simplifying precision
measurementd.hewhole centerof-massenepy, two timesthebeamenegy, is avail-
ablein thecolliding particles.

A disadwantageof ete~ acceleratorss the enegy loss of electronsand positrons
throughsynchrotrorradiationwhenforcedon a circular path. The enegy lossis re-
storedto the beamper revolution (over 11200cycles per second)oy high frequenyg
resonatocavities. For relatvistic electronsandpositronsof enegy E, theenegy loss
in acirculartrajectoryof radiusR is givenby

sE* [GeV?]

AE [GeV] =8.85- 1075 — =

(3.1)
If the beamenegy is 100 GeV the enegy lossin the LEP ring is about2 GeV (2%
of the total enegy) percircle. Theradiusof the acceleratoandthe technicaldesign
of thehigh frequeng resonatocavities limit the maximumachiezablecenterof-mass
eneqgy for the LEPring to anupperlimit of 210GeV.
Oneimportantparameteof acceleratorss their luminosity £, which determineghe
eventratedN/dt asa function of the crosssections(s) of anevent(y/s is the center
of-massenegy) as

dN

T = L-o(s). (3.2)
Theluminosity £ forete~ storageingsis definedoy thenumberof bunches forming
the colliding beams the numberof electrons(positrons)per bunchN.- (N.+), the
horizontalandverticalbunchcrosssectionoy andoy atthe interactionpointandthe
revolution frequeng f, in thefollowing way

nN-Ng+f

* yk
dmogoy

Fromits startin theyear1989upto 1995the LEP acceleratorgvasrunningatacenter
of-massenegy of /s ~ 91 GeV closeto the Z° resonanceA precisemeasurement
of the propertiesof the Z° bosonhadbeencarriedout.

In the year 1996, the so called LEP2 period startedwith a centerof-massenegy of
Vs = 161 GeV, reachingy/s ~ 210 GeV atthefinal stagein theyear2000.

At this centerof-massenegy, the W bosonpair productionresearctwaspossibleas
well asthe searchHor new physicse.g.for the Higgsbosonandparticlespredictedoy
extensionf the StandardModel.

Onthe2ndNovember2000the operatiorof LEP wasterminated Theacceleratoand
its experimentsveredismantledo make way for the constructiorof the next genera-
tion acceleratqrthe Large HadronCollider (LHC) - a pp collider - which will reacha
centerof-massenegy of 14 TeV.

L= (3.3)

16



3.2 The OPAL Detector

The OPAL detecto{Omni PurposeApparatusat L EP)is oneof the four experiments
atthe Large ElectronPositronCollider in Genea, Switzerland.lt is designedo pro-
vide precisemeasurementef the momentumand the enegy for all typesof ete™
events.

Electromagnetic

. calorimeters Muon
Hadron calorimeters detectors
and return yoke
Jet
chamber
Vertex
chamber

Microvertex
detector

0 ¢ Z chambers
Solenoid and
z X

pressure vessel

Presampler
Forward Time of flight
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Figure3.2: An outlineovervien of the OPAL detector

Its generalayoutis shavn in figure 3.2. The detectolis madeup of mary subsystems,
but canbe divided into threemain parts: (1) the centraldetectorsurroundedoy (2)
the calorimetersand (3) the muon system. Due to the cylindrical geometry most
subsystemaredivided in a barrelpartandthe endcaps.The detectorhasa lengthof
12 m andadiameterof 10 m.

A right-handcartesiarcoordinatesystemis usedto describedatatakenat OPAL. The
x-axis pointsto the centerof the LEP ring, the z-axisis definedby thedirectionof the
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electronbeamandthey-axispointsperpendiculaupwardsfrom thex-z plane.Instead
of cartesiancoordinatesjracks measuredn the detectorare often parametrizedn

polarcoordinatesthe polaranglef is countedfrom the z-axis, the azimuthalangle¢

from the x-axis.

An overviev of the main elementsis given here, startingfrom the inner partsand
progressindo the outerpartsof thedetector

3.2.1 The Central Detector

The CentralDetectoris insidea solenoidsupplyinga uniform magnetidield of 0.435
T orientedalongthe z-axis. The centraldetectorconsistsof a Microvertex detector
a precisionvertex detector a large volumejet chamberand surroundingZ-chambers
situatednsidea pressureresseholdinga pressuref 4 bar

Around the beampipe in the vicinity of the collision point the Silicon Microvertex
detectoris placed. It consistsof silicon microstrip counters.This detectoris mainly
usedio measuresecondaryertices e.g.of B-mesondecays.Typical resolutionfor the
point of closestapproachof the highestenegy trackto theinteractionpointis 15 ym
in ther — ¢ planeand20 — 50 ym in thez direction.

The vertex detectoris a high precisioncylindrical jet drift chamberdocatedbetween
thebeampipeandthejet chamberlt is 100cmlong andhasadiameterof 47 cm. The
chamberconsistf aninnerlayerof 36 cellswith axial wiresandanouterlayerof 36
smallanglesterecocells (4° with respecto the beamaxis). The vertex detectorallows
to locatedecayverticesof shortlivedparticlesin ther — ¢ planeandthedetermination
of thez coordinate.

Themaintrackingof the particlesis performedwith thejet chamberlt is acylindrical
drift chambeiof 400cmin lengthand370cmin diameter Thechamberconsistof 24
identicalsectorseachcontainingawire planeof 159wiresalignedparallelto thebeam
directionproviding both high redundang andhigh precisionfor the reconstructiorof
multihadronicevents.

The jet chamberis filled with an argon/methan/isaliare gasmixture at 4 bar pres-
sure. Thereconstructiorof tracksin drift chamberss basedon the ionizationof the
chambergasby the transwersingparticlesand on a measuremerf the drift time of
the liberatedelectronsto the signalwires which are kept on a positive high voltage
[21, 22]. Particlemomentecanbe determinedrom the cunatureof thereconstructed
tracksin the magneticfield.

The jet chamberallows a particle identificationvia the measurementf the specific
enegy lossdE/dxby summingthe chagerecevedat bothendsof awire.
Thecentraldetectotis completedy the surroundingZ-chambersvhich provide a pre-
cisemeasuremertf thez coordinatgandthereforehepolarangled) of tracksasthey
leave thejet chamber

Thecentraldetectorachi&zesa momentunresolutionof

% = 1/(0.02)2 + (0.0015 p,)?, (3.4)
t

wherep; is the transersemomentumof the particles,i.e. the momentumin the x-y
plane.lts averageangularresolutionis about0.3 mradin ¢ and1 mradin 6.
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3.2.2 The Time-of-Flight Detector (TOF),

The Time-of-Flight Detectorsurroundingthe centraldetectorand the magnetcoil, is

madeof 160 scintillators(650 cm in length,9 cm in width). Chaged particlesex-

cite the scintillator materialandleadto emissionof photonswhich are measuredy

photomultipliersat both endsof the TOF bars. In conjunctionwith a beamcrossing
signal, the TOF allows to measurehe flight time of chaged particlesfrom the in-

teractionpoint to the subdetector The Time-of-Flight detectoris a major part of the
OPAL triggersystem By measuringhetime of flight andthe pulseheightof the pro-

ducedsignals,particlesin the momentunmrangeof 0.6 — 2.5 GeV canbe identified.
An effective rejectionof cosmicraysis alsoperformed.

3.2.3 The Calorimeter System

The calorimetersystemsurroundingthe centraldetectorandthe time-of-flight detec-
tor is usedto measurehe enegy of chagedandneutralparticles.Unlike thetracking
chamberswhich are low density position measuringdevices usedto determinethe
momentumandthe directionof the particle,the calorimetersaaredesignedastotal ab-
sorptiondetectordor the purposeof stoppingall impinging particles.
Theinteractionmechanismnof particleswith matterdependsn whetherthey interact
by the strongforce or not. Thereforethe calorimetersystemconsistsof two subdetec-
tors: theelectromagneticalorimeterandthe hadroncalorimeter

The electromagneticalorimeter(ECAL) encloseshe magnet.lt identifiesandmea-
suresthe enegiesof electrons positronsandphotons. The ECAL consistsof 11704
leadglassblockssplit into a barrelpartandtwo endcaparrays. The sggmentationof
the calorimeterallows alsothe measuremendf the track anglesandthe matchingof
clusterswith thetrackinginformationtakenfrom theinnerdrift chambersFor this pur-
posethe leadblocksarepointing towardsthe interactionregion in the barrelpartand
areparallelto the z-axisin the endcaps.This arrangementogethermwith two forward
leadscintillator calorimeterof the forward detectorsmakesthe OPAL acceptancéor
electronandphotondetectionalmostequalto 99%the solid angle4. Cerenlov light
from the passagef relativistic chaged particlesthroughtheleadglassis detectedy
3 inch diametemphototubestthe baseof eachblock.

Theintrinsic resolutionof the ECAL in thebarrelregionis

OR 6.3%
— =0.2 .
E 0.26% + o (3.5)
andfor theendcaps
OR 5%
~ =2 3.6
BVE &0

The extensionof at least22 radiationlengthsof the ECAL ensureghat the electro-
magneticshavers are always containedwithin the calorimeter The presenceof ap-
proximatelytwo radiationlengthsof materialin front of the calorimeter(mostly due
to the solenoidandpressurevessel) resultsin mostelectromagnetishaversthatare
initiated beforereachingtheleadglassof the ECAL.

Presamplinglevicesarethereforeinstalledbetweenthe TOF andthe ECAL to mea-
surethe positionandchage multiplicity of electromagnetishaversasthey enterthe

19



electromagneticalorimeter Thesemeasurementare usedto derive enegy correc-
tionsin orderto improve enegy resolutionof the ECAL itself and give additional
~/=® andelectron/hadrowliscrimination.

ThehadroncalorimetefHCAL) surroundgsheelectromagneticalorimeter It is build
asa samplingcalorimeterwith alternatelayersof active and passve material,andis
usedfor theenegy measuremertdf hadrons.The passie layersareformedby theiron
returnyoke of the solenoidmagnetandtheactve layersconsistof streamechambers,
offering atleastfour interactionlengthsof iron absorbeto particlesemeging from the
electromagneticalorimeter Essentiallyall hadronsareabsorbedt this stageleaving
only muonsto passon into the surroundingmuonchambersln orderto measureghe
hadronicenegy correctly the hadroncalorimeterinformationmustbe usedin combi-
nationwith thatfrom the precedingelectromagneticalorimeter

Comparedto the electromagneticalorimeter the resolutionis worse dueto larger
fluctuationgpresenin hadronicshaversandreacheonly

O'_EN12O%
E~ JVE

(3.7)

3.2.4 The Muon System

The outermostsubdetectoof OPAL is the muon system. It aimsto identify muons
in anunambiguousvay from a potentialhadronbackground.Besideshe undetected
neutrinos,muonsare the only particlesnot stoppedin the calorimeters. The muon
systemconsistsof four planardrift chamberayersin the barrelregion and limited-
streametubesin theendcapsThedirectionof a muontrack canbe determinedrom
the hit coordinatesn the individual layers. Muons createdin the initial processes
of theeTe ™ collisionscanbe distinguishedrom secondarymuons(producedin the
secondarghaversin thecalorimeterspndcosmicmuonsby comparinghehitsin the
muonchambersvith theinformationprovided by the centraltrackingsystem.

3.2.5 The Forward Detectorand the SiW Luminometer

At ORAL the measuremendf Bhabhaeventsis performedby the forward detector
which is a setsamplingof calorimetersanddrift tubesandthe silicon tungstenumi-

nometemwhich is a samplingcalorimeter By measuringhe eventrateof low Bhabha
scatteringgTe~ — eTe ™ eventstheluminositydeliveredby the LEP acceleratoto the
OPAL experimentcanbedetermined.

3.2.6 The Trigger and Data Acquisition

With four electronandfour positronbunchesat LEP, thebunchcrossingatefor OPAL

detectoiis 22 us. Eventsareonly recordedy thedataacquisitionsystemf they satisfy
certaintriggerconditions.This selectionis doneon-linereducingthenumberof events
to about10in a second.Oncethetriggerlogic selectsa potentiallyinterestingevent,
the subdetectorarereadout separately The informationof all subdetectorss then
combinedby the event-tuilder andsentto thefilter. Fromthefilter thedataarewritten
to files andreconstructecs soonasthe requiredcalibrationconstantsare available.
Dataareoftenavailablefor analysiswithin afew hoursaftertheendof arun.
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Chapter 4

Data and Monte Carlo Samples

4.1 Data Samples

Thepresentanalysids basedn datacollectedby the OPAL detectoiin theyears1998
and2000at centerof-massenegiesin therangefrom 189 GeVto 206 GeV. Thedata
collectedin theyear1999is notinvestigatedn the presentanalysis,dueto the small
valuesof theintegrateduminositiesatacenterof-massenegy of /s = 192,196 GeV.
Thecenterof-massenegiesat which datawererecordedaredepictedn Figure4.1.
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Figure4.1: The centerof-masseneqgy for collecteddatain (a) 1998and(b) 2000.

Thecenterof-massenegy /s = 206 GeV is ameanvalueof collecteddata,while the
integratediuminositiesat 205, 207 GeV have the highestvalues.

The presentanalysisusesa subsetof datasamplesor which the necessargletector
componentsvereoperatingduring the recording. Thereforethe datarepresentinin-
tegratedluminosity £ of

L =172 pb~! for /s =189 GeV (4.1)
L£=211pb ! for /s =206 GeV (4.2)
collectedby the OPAL detector In addition,11.3pb™! of calibrationdatawere col-

lectedat y/s = my in the years1998-2000andhave beenusedfor fine tuning of the
Monte Carlosimulation.



4.2 Monte Carlo Samples

The OPAL detectorresponsas simulatedusingthe GEANT [23] algorithm, which
takesinto accounthe enegy loss,multiple scatteringandshaveringin the detector
The hadronisatiorprocesss simulatedusing JETSETwith parameterslescribedn
referencd24] andthe W bosonmasssetto my = 80.33 GeV.

4.2.1 Signal

Samplef fully simulatedeventswereproducedor thefinal stateat differentcenter
of-massnegies. Consideringheuncertaintyin thetopmasqm; = 174.3 + 5.1 GeV
[5]) the signalMonte Carlo samplesvere generatedor threedifferentvaluesof the
topmasg(169,174and179GeV).

Theprocesf Z/y — tq wassimulatedwith the generatoPYTHIA [25]. According
to thissimulationthetop quarkis producedogethemith alight quarkvia ans-channel
exchangeof a bosonandforcedto decayinto bW beforebuilding a boundstate.The
beautyandthecharmquarkarejoinedby astringto form acolorsinglet. All couplings
and QCD effectsarethe sameasin Z decaysto light quarks. Initial stateradiation
from softandhardphotonbremsstrahlungontrilbutionsareincluded. Thetop quarkis
assumedo have a 100%branchingatioto Wb. Thisis notstrictly trueif thecouplings
areequalto their CDFlimits, whereBR(t — Zc) couldbeashighas33+3%(Eq:(2.8)).

4.2.2 Background

Singletop quarkeventsarecharacterizedby the presencef a W bosondecayinginto
aleptonandaneutrino,abeautyquarkjet andalight quarkjet. Thereforeheprincipal
backgroundwill bedueto WW+ZZ andQCD events.

Thebackgroundsimulatedfor theinvestigatedsignaleventsare:

* QCD:(Z/7)* — qd(7), calledqq
e WW+ZZ:eTe™ - WTW—,ete™ — Z7Z, called4f
e two-photon:ete™ — ~, calledyy

For backgroundstudiestheqgqand4f eventsamplesorrespondingo integratedumi-
nositiesat muchhighervaluesthanthe datawere generated Thereforethe statistical
errorproduceddy the Monte Carlo sampless small.

The qg backgroundwvas simulatedusing PYTHIA. Grc4f [26] wasusedto simulate
thefour-fermionprocessedf. The~~ backgroundvassimulatedusingPYTHIA and
PHOJET[27] andhasmuchlowerluminositythanthecollecteddata. Thisbackground
is negligible afterthefirst cutsareapplied.

In orderto simulatethe backgroundorocessesloseto the collecteddata,all Monte
Carlo samplesusedin the next chapterarescaledto the correspondingntegratediu-
minosity of the datataken by the OPAL detector Sincethe backgroundsimulations
include StandardModel processesnly, arny excessobsenedin thedata,would signal
the existenceof new physics.
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Chapter 5

Single Top Quark Analysis

The searchof singletop quark productionin the semi-leptonicdecaychannelis in-

vestigatedusingtwo datasamplescollectedby the OPAL detectomwith anintegrated
luminosityof £ = 172 pb~! aty/s = 189 GeV andL = 211 pb~! at/s = 206 GeV.

Theanalysiss carriedout atthe former centerof-massenegy. By applyingthe same
cutsandusingthe samevariablesfor thelikelihoodfunction, thelatteris theninvesti-
gated.

Theleptonicdecaysof the W bosonaretakeninto account.Thereforeonly the simu-
latedleptonicdecaysn the signalMonte CarloBR(W — 1v) ~ 33% areused.

First, aglobaleventselectionandpreselectiorcutsareappliedbasedon Monte Carlo
samplesonly. Thesecuts efficiently reducethe backgroundwhile retainingthe sig-

nal. Thisis especiallyeffective againstoackgroundrom low multiplicity events,two-

photoninteractionsandeventswith no missingenegy in thefinal state.

Second,a final setof variablesis chosento constructa discriminatingvariable us-
ing a standardikelihood selectionmethod. Theresultsfor possiblesingletop quark
productionarededuced.

5.1 Event Selection

5.1.1 Global Event Selection

Severalstandardeventselectionsaremadeduring processinglataof the OPAL detec-
tor. Eventsarereconstructedrom thedetectionof tracksin the centraldetectorandof
clustersin bothcalorimetergelectromagnetiandhadronic).Becausef the presence
of two jetsin a singletop quarkeventin the semi-leptoniadecaychannel high mul-
tiplicity hadroniceventsareselectedwvith atleast7 calorimeterclusters 5 tracksand
thetotal visible enepgy largerthan14% of thetotal centerof-massenegy [28]. These
cutsremove all eventswith low multiplicity, low enegy in thefinal stateandtherefore
rejectalarge portionof v events.

To preventenegy double-countingf the tracksandtheir associatedlusters the to-
tal visible enegy E,is andmomentap,;s, of the eventandof the individual jets are
correctedusinga matchingalgorithm[29, 30].



5.1.2 Lepton Identification

The presenceof an isolatedleptonis requiredfor the leptonic channel. The lepton
identificationis performedby using a neuralnetwork [31], designedio addresghe
issuesat LEP2. Thealgorithmis track-basedi.e. realtau decaytracksareefficiently
separatedrom thosetracksarisingfrom the hadronicsystem.The neuralnet(NN) is
efficient for detectingall leptonflavors (e, i, 7).

Thetracksin the eventareconsideredneby onein decreasingrderof momentum
as’seed’tracks. Beforedescribingthe input variablesof the NN it is usefulto define
two cones both having the momentumvectorof the seedrack astheir commonaxis.
The’narron’ conehasa 10° half-angle;the’annular’ conehasa 30° half-angleand
excludesthe narrawv cone. Theinput variablesarerelatedto the invariantmassof all
tracksand clusters(correctedwith the matchingalgorithm[29]) in the narrav cone,
thetotal enegy of all particlesin the narrav cone,the ratio of thetotal enegy in the
annularconeto thetotalenegy in thenarrav cone thenumberof particleswith enegy
greaterthan 750 MeV in the annularconeandthe total enegy of all chagedtracks
in theannularcone. The variableswerechosenin orderto maximizeboththe neural
net’s final discriminationpower andthe data/MonteCarloagreemenof theinput.
Leptoncandidatesubjecto thepresentnalysisareclassifiedasone-prongandidates
within theNN: eachleptoncandidatehasa momentumargerthan2 GeV andno other
tracksin a conusof 10° mustbe detected.Tracksconsistenwith having originated
from a photoncorversionareexcludedwithin the NN.

5.1.3 Jetfinding

After remaving thelepton,exactly two jetsarereconstructedrom theremainingclus-
terswith the DURHAM algorithm[32, 33]. Accordingto this algorithm,for eachpair
of final-stateparticles(i,j) the scaledrans\ersemomentumy;; is givenby
min(Ef, E?)(1 — cosb;)

E2

vis

yij = 2 (5.1)
whereE,;s is the enegy of theremaininghadronicpart, E; andE; arethe enegiesof
the particlesi andj at relatve angle6;;. Oncethe smallestvalueof y;; is found, the
correspondingatrticles(i,j) form a’pseudo-particle{by addingtheir four-momentum
vectors). This processs iterateduntil the numberof pseudo-particlegqualsthe re-
quiredjet number which is 2 in the presentcase. Theseremainingpseudo-particles
arecalledjets. The minimum of y;; for thesetwo final jetsis calledthe jet resolution
parametey o atwhichthenumberof jetspasse$rom two to one.

5.1.4 b-Tagging

Signaleventsareknown to have alow enegetic charmjet anda high enegeticbeauty
jet. Thetaggingof jetsoriginatingfrom a beautyquarkis animportanttool in single
top productionsearches.An b-taggingpackageis thereforeapplied[34, 35]. This
jet-wise b-taggingalgorithm, which hasbeendevelopedfor the Higgs bosonsearch,
useshreeindependenb-taggingmethodsnamely(1) lifetime information,(2) lepton
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high-p; (transersemomentum)nd(3) jet kinematics.A globalcombinationof these
threemethodsis performedwith an unbinnedlikelihoodtechniqueto form a single
discriminatingvariablefor eachjet.

5.2 Motivation for PreselectionCuts and Lik elihood

Thesignalcrosssectionog,p, is notexpectedo bevery largefor valuesof theanoma-
louscouplingswhichareconsistentvith modelexpectationsYetthefinal stateis quite
characteristien comparisorwith the backgroundevents(Fig. 5.1).
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Figure 5.1: Normalizeddistribution for the final statetopology characteristicsat
v/s = 189 GeV. Only eventswith anisolatedleptonin the final stateare selected.
The 4f backgrounds indicatedin green(hatchedgrey), the backgroundarisingfrom
ggdecayin yellow (light grey) andthesignalasared(solid)line. Plot(a), (b) shaw jet
enegy distributionsE, Ey,, (¢) the reconstructeanassm;,, and(d) thereconstructed
topquarkmassm;.

Thedistributionsarenormalizedo unity andshovn ondetectotevel. Thebackground
from WW decayss indicatedn hatchedyreenthebackgroundirisingfrom qgdecays
in yellow andthe signalasaredline. Only eventssatisfyingthe leptonidentification
cut (describedn section5.1.2)areselected.The StandardViodel backgroundWW,
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ZZ, qq)is thereforereducedln the presentinalysisno attemptis madeto identify the
light quarkflavor.

e Dueto two-bodykinematicsof the signal,the charmjet hasnearlyfixedenegy
valuesof E; ~ 15 GeV at+/s = 189 GeV (Fig. 5.1(a)). In contrastto the en-
engy of thesignalcharmjet, which hasa smalldistribution aroundthe expected
enegy, the correspondindpackgrounds uniformly distributed.

e Similarly, the enegy of the selectedjet with the higher enegy in the signal
(asajet originatingfrom the beautyquarkdecay)is typically E, ~ 65 GeV at
Vs = 189 GeV (+ smearingrom thetop quarkmotion)(Fig. 5.1 (b)).
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Figure5.2: The enegy of the jet with the higherb-tagprobability About ~ 15% of
the eventsaremisidentified.Colorsapplyasin Figure5.1.

Only the kinematicsignatures usedto selectthejet originatingfrom a beauty
quark. By selectingthe jet with the higher b-tag probability low enegetic
jets arisingfrom the charmquark decaywould be identified as beautyjets. A

misidentificationin about~ 15% of the eventscanbe avoidedby selectingthe
beautyjet with the appliedmethod. Additionally the b-tag probability for the
selectedet cannow beusedto efficiently separatéhe semi-leptonicVW back-
groundfrom thesignal.

e The distribution of the reconstructednvariant massm;,, of the signalhasthe
peakasexpectedatm;, ~ 80 GeV, dueto theW bosonmass.The correspond-
ing backgrounds apparenthydifferent. Only the distribution of productsfrom
W pair productionpeaksat similar values(asoneW bosondecaydeptonically
andonehadronically).

e Themassdistribution of the reconstructedop quarkm; is shovn in Figure5.1
(d). As the top quarkis assumedo decayinto a W bosonand a beautyjet,
its masscanbereconstructedrom their decayproducts.The distribution of the
reconstructedhasdor thesignalpeaksatm; ~ 168 GeV, while thebackground
distributionsshav lower reconstructednasses.
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At higherenegiesthe signaldistribution is kinematicallynot well separatedrom the
backgroundlistribution: signaland4f backgroundlistribution (mainly semi-leptonic
WW events)overlap.
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Figure 5.3: Normalizeddistributions for the final statetopology characteristicsat

v/s =206 GeV. Only eventswith anisolatedleptonin the final stateare selected.
(a) shavs thejet enepy distribution E., (b) thereconstructetbp quarkmassm;. Col-

orsapplyasin Figure5.1.

The enepy distribution of the jet arising from the charmquark E. and the recon-
structedtop quarkmassmy at /s = 206 GeV is shavn in Figure5.3. Both distribu-
tions evidencehigheroverlappingthanfor /s = 189 GeV .

Dueto thisfact,thedistribution of thefinal discriminatingvariablewill have adifferent
shapéfor /s = 206 GeV thanfor /s = 189 GeV.

5.3 Preselectiorfor Single Top Candidates

In orderto reducethe SM backgroundhat hasa totally differenttopologythanthe
signal Monte Carlo, preselectioncuts are applied. The preselectioraimsto reject
all SM processesvhich do not have two jets, oneisolatedleptonand missingtrans-
versemomentumin thefinal state. The samecutsareappliedfor /s = 189 GeV and
Vs = 206 GeV centerof-massenepies.

In all following figuresthe signalis normalizedto the luminosity assumingo have a
crosssectionof o0, = 3 pb andindicatedasared(solid) line. TheMonteCarloSim-
ulationis indicatedin green(dark grey) for the 4f backgroundin yellow (light grey)
for thegqgbackgroundandin blue (black)for they~ backgroundAll backgroundsre
addedup andsubsequentharecomparedo the data.

The preselectiorcuts are applied successiely in order of their appearancetarting
with the leptonidentification.
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Preselectioncuts

e (1) NN-output,
only eventswith anisolatedleptonin thefinal stateareinvestigated.Therefore
only candidatesletectey the NN areselectedasleptoncandidateslf thereis
morethanoneisolatedeptonin anevent,theleptonwith the highestNN output
is taken asthe candidatelepton. No attemptis madeto distinguishbetween
differentleptonflavors. All decaydo e, u 7 leptonsareconsidered.For the 7
leptonthemodeswith onechagedparticle(1-prong)areconsiderednly.

e (2) |cosOpmiss| < 0.9,
wherecosfn;ss is the cosineof the polarangleof the missingmomentumvec-
tor calculatedfrom the visible momentumvector as: pmiss = —Pvis (€ENEQY-
momentunconserationin the centerof-mass-frame).
This distribution is shavn in Figure5.4 and5.7 for both centerof-massener
gies.Thecutis indicatedasblackverticallinesat|cosfmiss| = 0.9. An apparent
differencebetweerthesignalandQCD backgroundjgaswell as4f background
canbeobsered. As the signalis uniformly distributed, the backgroundistri-
bution qq shavs peaksfor eventswith missingmomentunmalongthe beampipe
duetoinitial stateradiationalongthebeampipe. Thiscutrejectsvery effectively
theradiatve Z returns(QCD).

e (3)50 GeV < IpYis < 170 GeV,

whereXpys is the scalarsumof the trans\ersevisible momentunof the event.
Therequiremens0 GeV < Yp)'s avoidsthevisible momentunto bealongthe
beamdirection,while Xp}* > 170 GeV rejectseventswith no missingenegy
in thefinal state.

Thedistributionsareshavn in Figure5.5and5.8 for both centerof-massener
gies. Thecutsareindicatedasblackverticallinesat-p!™s = 50 GeV (170 GeV).
Thesecutsremove whatis left of they+ background.This backgroundshavs
too few entriesat /s = 206 GeV dueto its small integratedluminosity (Fig.
5.8). After all preselectiorcuts, the vy backgrounds completelynegligible
(seeTable5.1). In additionsignaleventshave highermissingenegy in thefinal
statethanthosearisingfrom the background.

o (4)pliss > 25 GeV,
wherep™* is the trans\ersemissingmomentunof theevent.
Thedistributionis shavn in Figure5.6and5.9for bothcenterof-massenepies.
Thecutis indicatedasablackverticalline atp™** = 25 GeV.
This cutrejectseventswith low missingenepy in thefinal state asonly events
with high missingenegy mustbe selected.Only the semi-leptonicVW back-
groundshaws highervaluesbut lower asthesignalones.
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Cut-flow-tables Thechoiceof kinematicalcutsis very efficientin reducingthe size
of thebackgroundBdg), while retainingthe signal. A cut-flon-tablefor both center

of-massenegies(189GeV, 206 GeV)is delineatedn Table5.1and5.2.

| cut | Data |TotalBgd| llag | gqg | 4f | 77 | ¢BR%|
nocut 18177 | 17553.7 || 1404.7| 13923.6| 1799.7| 425.7| 29.6
NN-output || 2498 | 2234.3 | 976.1 | 9825 | 275.7 | 73.2 23.1
|cosOmiss| || 1526 | 1372.1 || 886.5 | 337.7 | 147.9| 155 21.3
Tpys 1369 | 1266.6 || 871.7 | 271.8 | 123.2| 0.0 20.8
pjiss 690 683.0 666.9 | 12.8 33 0.0 18.9
Table5.1: Cut-flow table for dataand Monte Carlo samplesat /s = 189 GeV and
L=172pb L.
| cut | Data |TotalBgd| llag | qg | 4f | vv | ¢BR%|
no cut 16210| 15380.5 | 1835.5| 11049.6| 2255.2| 240.2|| 30.3
NN-output || 2557 | 2223.6 | 1269.7| 615.8 | 338.2 | 28.3 23.5
|cOSOmiss| 1670 1566.1 | 1137.1| 256.6 | 1724 | 4.7 214
Tpys 1429 | 1400.7 | 1091.6| 189.7 | 119.3| 0.0 20.9
pimiss 836 874.2 856.4 | 13.3 4.5 0.0 19.0

Table5.2: Cut-flow table for dataand Monte Carlo samplesat /s = 206 GeV and
L =211pb~ L

The datashavs a good agreementvith the Monte Carlo expectationgfor the back-
ground. The signalefficiengy multiplied by the leptonicdecaybranchingratio of the
W bosonis reducedo ~19.0%for both centerof-massenegies(Table5.1,5.2). It is
independenof theflavor of thelight quark(c/u) producedwith thetop andof whether
the W decaydgo anelectronmuonor tau.

The~~ backgrounds negligible afterremoving eventswith low missingenegy in the
final state. The qqg backgroundarisingfrom QCD eventsis efficiently reduced.Ac-
cordingto the MC simulation,the backgroundpassinghis preselectioris composed
of: qq events,semi-leptonidNVW events(liqg) andother4 fermionevents(qgqq).
Fortunatelytheirreduciblebackgroundrisingfromete™ — WtW— — cblv events
is negligible dueto the small size of the CKM mixing matrix elementU., = 0.0402
+0.0019 [5].

Neverthelesghe leadingbackgroundcomesfrom ete™ — WTW~ — qq'lv, where
qq’ arelight quarks(labeledasliqq in Table5.1,5.2). The taggingof beautyjetsis
thereforeanefficient requirementor rejectingthellqq background.
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5.4 Lik elihood Selection

A final discriminatingvariableis constructedn orderto efficiently selectthe signal
typeeventsandrejectthebackgroundypeones.Thisis adequat@asthe samplesizeis
smallandthedistributionsconsistf essentiallyjuncorrelatedrariables.

Thefinal discriminatingvariableis achiered by usinga vectorof measurements, on
thebasisof asinglequality L [36, 37],

Psignal (X)

L= ,
Psignal(x) + Pbackground (x)

(5.2)

wherePg;g,a1 andPpacground arethe probability densityfunctionsfor two cateyories
of events. The optimal event-classificatiorschemeselectseventshaving the largest
valuesfor the ratio of probabilitiesPgignal (x) /Phackgrounda (x) to definea sampleen-

richedin signalevents.

Eacheventis classifiedon the basisof whetheror notthe valueof L for thateventis

largerthansomecritical value. Signaleventstendto have avalueof L nearl, whereas
backgroundaventsnearO.

The probability density functions Pgjgnai and Ppacigrouna are determinedfrom the

productof Monte Carlo 1-dimensionadistributions (or referencelistributions) of the

inputvariables:

background

P sgay (x)=]]pi- (5.3)

If threeclasse®f events(signal,two backgroundsareclassifiedthe P; requireto be
renormalizedo theirablundances.

For eachevent satisfyingthe preselectiorcuts a binnedlikelihood function is con-
structed,with one classfor the signal, one for the qq backgroundand one for the
semi-leptonicWW (llgg) background.The following variablesare usedto construct
thisfinal discriminatingvariable.

Lik elihood Variables

e (1) Theinvariantmassmy,, from theW decay
Theinvariantmassfor thedecayingparticleX is calculatedas:

= (Tn) = \(5) ~(T) e

wherep; is thefour-momentunvector E; theenegy andp; thethree-momentum
vectorof theleptonandtheneutrino respectirely. Themissingfour-momentum
vectoris obtainedasfollows:

— from the missingthree-momentureector

Pmiss = —Dvis = Pmiss = (pu,xapu,y’pl/,z) (5-5)
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— andassuminghemissingmasso be zero

Mypiss = 0 = Emiss = \/p?/,x + p12/’y + Pu,z (5.6)

Thedistribution of thevariablem,,, is shavnin Figure5.10(a) (/s = 189 GeV)
and Figure 5.11 (a) (/s = 206 GeV). Signal eventsand semi-leptonicWwW
eventshave apeakatm,, ~ my astheleptonandneutrinoareproductsof one
W decay Lower massesrereconstructedor the qq backgroundasno events
from W decayareexpected.In certaineventsa lower massm,, at~ 30 GeV is
reconstructedueto 7 leptonevents.

(2) Theinvariantmassmgq of theremaininghadronicpart(2 jets).

The invariant massis calculatedusing equation(5.4), where p; is the four-
momentumvector E; the enegy and p; the three-momentunvector of the
hadronicpart. The enegiesandmomenteof the jetsarewell known.
Thedistribution of the variablem is shavn in Figure5.10(b)and5.11(b)for
both centerof-massenepies. Thedi-jet invariantmassfor thellgq background
eventsprimarly reconstructso the W bosonmass.It assumesower valuesfor
the signalwhereit providesthe massof the beautyandcharmjet.

(3) Thelogarithmof the DURHAM jet resolutionparametem(yi2).
Thevariabley, is calculatedasdescribedn section5.1.3.

Thedistribution of In(y12) is shawvnin Figure5.10(c)and5.11(c)for bothcenter
of-massenegies. Accordingto y;, thesignaljetsareseparatednoreefficiently
asthebackgroundgetsdueto the boostof the W systemat higherenepies.

(4) Themomentunmpqq Of theremaininghadronicpart.

This variableis alsoshavn in Figure 5.10(d)and 5.11(d)for both centerof-

massenegies. The variableimplies higher momentafor the signal jets and
lower valuesfor thosearisingfrom the backgroundasthe backgroundquarks
areknown to belight quarksandthereforehaving lower momenta.

(5) Theb-tagprobability Py, for the selecteeautyjet.

Thejet with the higherenegy is selectedasthe beautyjet. The signalprobabil-
ity Py, for the selectedet is apparentlydifferentcomparedo the background.
It hasa probability of Py, nearl to be correctlyidentified,while the probability
for thebackgroundet hassmallvaluesof Py, nearO.

The quarksarisingfrom the semi-leptonicVW eventsarelight quarks. There-
fore the b-tag probability Py, is an efficient variable,becauset clearly distin-
guishesbetweenthe signalandthe WW (llgq) backgroundor both centerof-
massenegies. In certaineventsPy, is ~ 0.15, dueto misidentifiedcharmjets
(section5.2). Thedistributionsareshavn in Figure5.10(e)and5.11(e)for both
centerof-massenepgies.

The dominatingSM backgrounccomesfrom the semi-leptonicVW backgroundiqq
for both centerof-massenepgies. At /s = 206 GeV the distributions of the selected
variablesfor the signal and the WW backgroundoverlap. This fact decreaseshe
discriminationpower betweensignal and background. Only the b-tag variable Py,
shawvs anapparenthdifferentdistribution for the signalasfor the background.
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Figure5.10: Likelihoodvariablesat /s = 189 GeV': (a) reconstructeéhvariantmass
of the W bosonm,,,, (b) massof the di-jet systemmy,, (C) jet resolutionparameter

Iny12, (d) momentumof the di-jet systemp,, and (e) b-tag probability P, for the
selectedbeautyjet.
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Figure5.11:Likelihoodvariablesat /s = 206 GeV': (a) reconstructeéhvariantmass
of the W bosonm,,, (b) massof the di-jet systemmy,, (C) jet resolutionparameter

Iny12, (d) momentumof the di-jet systemp,, and (e) b-tag probability P, for the
selectedbeautyjet.
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Thedistribution of the final discriminatingvariableL is shavn in Figure5.12(a)
and(b) for acenterof-massenegy of /s = 189 (206) GeV, respectiely. Theresults
for bothdataandMonte Carlo simulationsareshawvn.

Thedistribution of L, shavs agoodagreemenbetweerdataandSM backgroundanda
very gooddiscriminatingpower betweersignaland SM background.The small peak
of thedistribution of L near0(1) for signal(backgroundgventsoriginatesfrom small
correlationshetweernthevariableswhich constructhefinal variable.

Dueto the differentkinematicalcharacteristicat higherenegies, the final discrimi-
natingvariablehasa differentshapefor /s = 206 GeV. Thessignalis kinematically
not longer well separatedrom the WW background. Thereforethe probability of
a backgroundevent being classifiedas a signalevent rises. As a resultbackground
eventstendto have avalueof L higherthanO.

The signal expectationsrequire an excessin the datato proof the single top quark
productionvia FCNC. With respecto the backgroundsourcesrom SM expectations
no excessss foundin thedatafor both centerof-massenegies,/s = 189 (206) GeV.
The differencesbetweendataand SM backgroundexpectationsare compatiblewith
zerowithin statisticaluncertainties.

Sincethe obsered eventsdoesnt shav anindicationof singletop quarkproduction
via FCNC, anupperlimit on the crosssectionos;,, canbederived (in the next chap-
ter). Thisis achieved by calculatingan expectedupperlimit on the crosssectionfor
eachvalueof thefinal discriminatingvariableL.
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Chapter 6

Results

A limit on the crosssectionfor single-topquarkproduction(og;ep) Via FCNCis de-
rivedandupperlimits ontheanomalougouplingconstantarededucedandcompared
to theresultsrecevedfrom otherexperiments.

6.1 Limit onthe crosssection

Basedon Monte Carlo samplesan expectedlimit for o, Canbe calculated. This
is achiezed by calculatingfirst the expectednumberof signal eventsfor the data
reweightedwith the Poissorprobabilityfor eachvalueof thefinal discriminatingvari-

ableL. Theresultis thenusedto calculatethe expectedlimit on the crosssection
takinginto accountheefficiengy for eachvalueof L andtheintegratedluminosityfor

eachcenterof massenegy. Thedistribution of the expectedcrosssectionis shavn in

Figure6.1.
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Figure 6.1: The expected limit for each value of L at /s =189 GeV and
Vs =206 GeV.

The optimal cut on the final discriminatingvariablein orderto minimize the ex-
pectedlimit on the crosssectionis L > 0.95at /s = 189 GeV andL > 0.93 at



Vs = 206 GeV. Thesearethe minimal valuesof the expectedcrosssectiontaking
into accounthe Poissorprobability

In total 13 candidatesare selectedin the datato be comparedwith 8.11 eventsin
SM expectationdor /s = 189 GeV . The cuton thefinal discriminatingvariableat
Vs = 206 GeV leaves18 candidatesn datato becomparedvith 14.5in SM expecta-
tions(Table6.1).

Vs [GeV] 189 | 206

Luminosity [pb~!] 172 | 211
LikelihoodCutL 0.95 | 0.93

Numberof Eventsin Data 13 18
Numberof expectedeventsin SM background| 8.11 | 14.50
€ - BR [%] 12.22| 6.90

oibected (959 CL) [pb] 0.36 | 0.66

a;’tlz)s;rved (95%CL) [pb] 0.60 | 0.87

Table6.1: The resultsafter the cut on the final discriminatingvariableL. The effi-
cieng e is multiplied by the SM branchingiractionBR(W — 1v ~ 33%).

Theefficiengy for datacollectedat /s = 206 GeV is smalldueto largervalueof en-
ey from thecharmijet: thesignalis notlongerkinematicallywell separatedrom the
backgroundespeciallythe semi-leptonidVW background.

After thisfinal cutthe numberof obsered signaleventsat 95% confidencdevel (CL)
is calculatedby using

n=0 n!
1—-CL= ( )n =:0.05 (6.1)
ek EEI:O IUIB|
n.

where g is the expectednumberof eventsin SM backgroundp; is the numberof
selectedeventsin the dataandN is the maximumnumberof signalevents. With the
numberN of signalevents,the obsered crosssectionogi,p, is calculatedasfollows

N/e
UStOp = T/ (62)

wheree isthesignalefficiencoy and L is theintegrateduminosity Thecalculatedupper
limits for the expectedandobsered crosssectionog,, areshavn in Table6.1. The
numberof selectedeventsin the datais higherthanfor the expectedSM background.
Thereforethe obsered limit is largerthanthe expectedimit for both centerof-mass
enegies. Theseresultswerealsoverifiedwith a cut-basednalysis(AppendixA) and
consistentesultswerefound.
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6.2 Uncertainties of the limit from the top quark mass

The largestuncertaintyfor the crosssectionos;,, comesfrom the massm; = 174.3
+5.1 GeV of thetop quarkgiven by the D) and CDF experiments.To take into ac-
countthe uncertaintyof 5.1 GeV on theefficiengy ¢, Monte Carlo eventsfor different
masse®f thetop quarkm; = 169, 179 GeV areinvestigated Table6.2).

V5 [GeV] | miop = 174 GeV | myop = 169 GeV | myop = 179 GeV
e [%] | ogi, [Pb] | €[%] | o, [pb] | € [%] | o, [Pb]
189 |1222| 060 |10.31| 0.61 |12.10| 0.71
206 | 690 | 087 | 560| 107 | 7.82| 0.77

Table6.2: Theupperlimits (95% CL) onthecrosssectionfor differenttop masses.

The calculatedupperlimits for the crosssectionagt‘%sp shav comparablesfficiencies
for thetop massof my = 174 GeV andm; = 179 GeV. Theobtainedcrosssectionis
thereforenot stronglydependentn thetop quarkmass.Theseresultsassume 100%

branchingratio for thetop quarkto decayt — bW/

6.3 Thelimit for the anomalouscoupling constants

A model-dependenipperestimatefor the anomalouscoupling constants, andky
for the v andZ exchange respectiely, is derived as describedn section2.4. The
obtainedimits for eachcenterof-massenegy arecomparedo thelimits derivedfrom
CDFresultsandareshavn in Figure6.2.
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Figure 6.2: Model-dependentlimits for /s =189 (206) GeV.  The black,
blue (lowest) and red (upper) curved lines indicate the estimateson k,,kz for
my = 174,169,179 GeV, respectiely. CDFlimits areindicatedasblackdashedines.
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The investigatedprocesss sensitve for the anomalouscoupling constantky asthe
dominatingcontritution to the crosssectioncomesfrom the Z bosonexchangen the
modeldescribedn section2.4.

An upperestimatefor k7 is derived for the combineddata. The limit is achieed
by usingthe likelihoodratio methodwhich hasbeendevelopedfor the searchof the
Higgsboson38]. In thisprocedureheresultsfor thedifferentcenterof-massenegies
areweightedbecausehe crosssectionstrongly dependson them (Eq: (2.10)). The
anomalougouplingsin the mentionednodeldependon the variationof the selection
efficiencies(Table 6.2) and on the crosssectionfor singletop quark productionasa
function of thetop quarkmass.The combinedimit for both centerof-massenegies
is shavn in Figure6.3.

N 1 T T | T T | T T T T

4 - |
- m, = 179 GeV 1
0.8 |- -
m, = 174 GeV
i 5 ]
0.6 \ -
0.4 — —
0.2 f f
: m, = 169 GeV -
0 i 1 1 | 1 1 | 1 1 1 ]

0 0.3 0.6 0.9 1.2
kV

Figure 6.3: Model-dependentimits for the combined data. The black, blue
(lowest) and red (upper) curved lines indicate the estimateson k,,kz for
my = 174,169,179 GeV, respectrely. CDF limits are indicatedas black straight
lines.

As the crosssectionis strongly dependenbn the centerof-massenegy, the results
obtainedat higherenepgiesaredominantin the resultinganomalouscouplings. This
leadsto an upperlimit of ky < 0.77 for a top quark massof my = 174 GeV. For
my = 169(179) GeV theupperlimits becomekz < 0.70(0.87). Theseresultsdo not
improve but arecompetitize to recentresultsgiven by otherLEP experiments.
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Chapter 7

Summary and Conclusions

In this thesis,the single top quark productionvia flavor changingneutral currents
(FCNC)Z — t&(1), (Z — tc(u)) , hasbeeninvestigatedn ete ™ collisions. The pre-
sentedanalysisfocusessolelyon theleptonicW bosondecayt — bW — blo.
An integratedluminosity of 383 pb~—! of datawas used,collectedat centerof-mass
enegiesof /s = 189 GeV and,/s = 206 GeV by the OPAL detectoratLEP.
As the FCNCis highly suppressedithin the scopeof the StandardModel, no events
areexpectedo befoundfor theanalyzedamountof dataandary positive obseration
would be strongevidencefor physicsbeyondthe StandardModel.
Theanalysiss basedn alikelihoodmethod wherethe constructedinal discriminat-
ing variablehasa valueabove 0.95 (/s = 189 GeV) and0.93(y/s = 206 GeV) for
selectedsignal events. The differentcut at /s = 206 GeV resultsdueto the mini-
mizationof theexpectedimit. A neuralnetwork hasbeenusedto identify eventswith
anisolatedleptonin thefinal state.Eventswhich enterthelikelihoodmethodhave to
passa setof preselectiorcuts. The dominatingbackgroundarisesfrom semi-leptonic
WW events. Most of the backgroundeventsfrom QCD, v, ZZ and hadronicWw
backgroundarerejected.
At /s = 189 GeV, 13eventswereselectedn thedatato becomparedvith 8.11events
from the StandardVlodel expectations.At /s = 206 GeV, 18 eventswerefoundin
the datawhile 14.50eventsare expected.The obsered numberof eventsin the data
matchwith the expectation®f the StandardModel backgroundprocessewiithin their
statisticalerrorsandthusdo not shav evidenceof singletop quarkproduction.There-
fore model-independentpperlimits at a confidencdevel of 95% on the singletop
quarkproductioncrosssectionos;., have beenderived for both centerof-massener
gies:

oobserved (.60 pb oSP"d < 036 pb  at /s = 189 GeV,

stop stop

oopserved < 0.87 pb o5 < 0.66 pb at /s = 206 GeV.
The quotedlimits assumea 100% branchingratio for the top quarkdecayt — Wb
anda top quarkmassof m; = 174 GeV. The top quarkmasshasan uncertaintyof
+5.1 GeV. Thereforethe largestuncertaintyfor the crosssectionog;,, comesfrom
thetop quarkmass.This is takeninto accountfor calculatingtheanomalousoupling
constantsA modeldependentipperestimatefor theanomalousouplingconstanky



to the Z bosonhasbeencalculatedor thecombineddata,
kz < 0.77 at 95% CL

assumingn; = 174 GeV andno anomalousouplingto the photon k, = 0. Thisre-
sultis comparabléo the constraintgiven by otherLEP experiments.A combination
of theleptonicandhadronicchannelwill improve thelimit onkz andis accomplished
in [39].

A combinationof all LEP resultswill improve thelimits derived from the CDF exper
imentatthe TevatronacceleratorNeverthelessio modelfor FCNC productioncanbe
excluded.In orderto certainjudgewhether-CNCtransitionsoccurin oneof themen-
tionedmodels searcheathigherenegiesattheupgradedrevatronandLHC mustbe
performed.
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Appendix A

Cut-basedStudy for SingleTop
Quark Production

A cut-basedstudyfor the leptonicchannelis performed. The dataand Monte Carlo
samplegslescribedn Chapted at/s = 189 GeV centerof-massenegy areused.The
sameglobaleventselectionsandalgorithmsasin Chapters apply

The motivation for the cutsarethe sameasfor thelikelihoodmethod. The cut-based
methodaimsto rejectall eventswith a differenttopologythanthesignal:two jets(one
a high enepetic beautyjet), an enegeticisolatedleptonandlarge missingtrans\erse
momentumAll appliedcutsefficiently reducethe backgroundandretainthe signal.
Following variablesareusedandthe cutsappliedsuccessiely in orderof theirappear
ance:

e (1) NN-output asin section5.3.
¢ (2) |cosOmiss| < 0.9 asin section5.3.

® (3) pmiss < 25 GeV,
wherepngs is themissingmomentunmvectorreconstructedrom thevisible mo-
mentumvector This cutrejectseventswith no missingenegy in thefinal state.

e (4)1-Cfit,
where 1-C fit is a 1-constraintfit assumingd™H~ or WrW~ — qqrv. The
resultsfor theHiggseventsHT™H~ areequal0, while the W+ W~ eventsrecon-
structthe decayingW. This cutrejectsefficiently WW semi-leptonicvents.

e (560 GeV < my,, < 100 GeV,
wherem,, is reconstructe@sin section5.4. This cutrejectsa large portion of
the semi-leptonidVW background.

e (6)In(y12) < —1.6,
whereln(y;2) calculatedasin section5.4. This cut rejectssemi-leptonicWW
eventsefficiently.

o (Mmgq < 75 GeV,
wherem, is calculatedasin section5.4. This cutreduceshe WW background.
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e (8)P, > 0.3,
wherePy, is calculatedasin section5.4. After this final cut, only 4 eventsare
left in thedata.

All distributionsareshawvn in thefollowing plots. The 4f backgrounds indicatedin
greentheqqbackgroundn yellow andthesignalasaredline.
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FigureA.1l: Cut-basedtudy:the upperplot shavs the distribution of the angularmo-
mentumfrom the missingmomentumcosf.,iss, the lower plot shavs the distribution
of themissingmomentunp,;ss; all previous cutsareapplied.
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The cut-flov tablefor the appliedcutsis shavn in the lower table. The 4f back-
groundis ngyligible, the qq backgrounds efficiently reduced.The dominatingback-
groundarisesfrom the semi-leptonidVW background.

\ cut | data] All Bgd| liqq | qq | 4t | «BR% |
nocut 18177 17132.2] 1404.8] 13927.7| 1799.7 29.6
NN-output 2498 2235.6| 976.3] 983.2] 276.0 23.1
|cosOmiss] < 0.9 || 1526] 1372.1| 886.5| 337.7| 147.9 21.3
Pmiss < 25 GeV 884 829.1| 775.7 40.7] 12.6 20.8

1-Cfit 343| 318.6| 281.8] 27.2| 96| 187

60 <my <100 | 180 194.2| 187.4 56| 12| 136
In(y12) < —1.6 38 342] 320 20| 02| 125
myq < 75 GeV 22 19.7] 180 16| 01 8.1
P, > 0.3 4 38| 34 04[] 00 5.3

After all cutsareapplied,4 eventsareleft in the datato becomparedo 3.8 eventsex-
pectedirom the SM backgroundThe expectedbackgroundandthedataarein a good
agreementNo excesss obsered. Thereforealimit onthecrosssectionis dervedas
describedn chapter6.

V5 [GeV] 189
Luminosity[pb—!] 172

Numberof Eventsin Data 4
Numberof expectedeventsin SM background| 3.8
€ - BR [%0] 5.3
Usog%s;rved (95%CL) [pb] 0.66
ogbected (9596 CL) [pb] 0.66

TableA.1: Cut-basedtudy: Theupperlimits onthe crosssectionfor singletop quark
productionin theleptonicchannel.

The efficiengy e is multiplied by the SM branchingfraction BR(W — 1v ~ 33%).
Theseresultsassume 100%branchingratio for thetop quarkto decayt — bW.
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