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Chapter 1

Intr oduction

Thediscoveryof thetopquarkatthe ���� colliderTevatronin theyear1995[1] notonly
justified the existenceof the b quarkpartnerin the third generationof quarksof the
StandardModelbut openednew possibilitiesfor experimentalresearchbeyondit. The
propertiesof thetop quarkcouldreveal informationon flavor physics.Thesearchfor
flavor changingneutralcurrent(FCNC)decaysis of specialinterest.Theabsenceof
FCNCsat low energy doesnotnecessarilyforbid largeFCNCsathighmassscales[2].
Thepresentthesisperformsa searchfor singletop quarkproductionvia theseFCNC
interactions.
In theStandardModelframework flavor violatingtransitionsonly arisethrough’ loops’
and are highly suppresseddue to the unitarity of the Cabbibo-Kobayashi-Maskawa
Matrix [3] anda strongGlashow-Ilioupoulos-Maiani [4] suppression.As a resultthe
crosssectionof thesetransitionsis very small.
Contributionsto FCNCinteractionsfrom extensionsof theStandardModel i.e. super-
symmetricmodels,two or multiple Higgsdoubletmodelsor in exotic modelssuchas
compositenesscanbe up to 5 ordersof magnitudelarger thantheir StandardModel
counterparts.ThereforetheFCNCinteractionsfor singletopproductionoffer anideal
placetosearchfor new physicsbeyondtheStandardModel. TheFCNCverticestc(u)V
(V = � , Z) canbe probedeitherin raredecaysof the top quarkor via top-charmas-
sociatedproduction. The latter is studiedin the presentthesis. A brief introduction
to flavor violating interactionswithin andbeyond theStandardModel is presentedin
Chapter2.
Thesearchfor FCNCprocessesis of specialinterestathighenergy colliders,in partic-
ular �����	� colliders,dueto thecleanenvironmentthatthey offer. Theinvestigateddata
wascollectedby the OPAL detectorat the Large Electron-PositronCollider (LEP),
which hasbeensituatedat theEuropeanLaboratoryfor ParticlePhysicsnearGeneva.
Whenproducedvia FCNC in a two body reaction�����	��

� ���� �� ��� at the energiesof
LEP2,thetopquark[5] ( ���������������! #"%$'&( )�+*,�.- 1) takesupenergiesgreaterthanthe
half of the total energy leadingto a highly distinctive kinematicalsignature.At such
energy thedetectionof a topquarkwouldclearlyindicatethatit is singlyproduced.A
brief descriptionof theLEP colliderandtheOPAL detectoris givenin Chapter3.
A full detectorresponsesimulationis availableto createMonteCarlosamplesfor the
expectedsignaland the StandardModel background,which subsequentlyarecom-

1Throughoutthis thesisc andh aresetto unity: c=1=/



paredto thedatasamples.Thereforeanexcessin thedatacomparedto theStandard
Model background,would signalnew physics.Thedescriptionof theusedsamplesis
givenin Chapter4.
Thefull analysisof thedatais elaboratedin Chapter5. Thepresentanalysisconcen-
trateson theleptonicW bosondecayoriginatingfrom thesingletop quarkdecayand
is referredto asleptonicchannel.
Two approachesarefollowed in thepresentanalysis:a cut-basedanda likelihoodse-
lection method. The latter is usedandperformedfor two datasamplesrecordedat
center-of-massenergies of 0 132547698%:%;.< and 0 1=2?>	@�AB:,;.< . A cut-basedstudy
usingthedataat 0 1=2�47698B:,;.< is presentedin AppendixA.
Thesignaleventsareknown to havethefollowing topology:two jets(originatingfrom
acharmandbeautyquark),oneisolatedleptonandalargemissingtransversemomen-
tum from a neutrino. This kinematictopologyis usedto selecta setof cuts,which
reducethebackgroundwhile retainingthesignal.Eventspassingthispreselectionen-
ter the likelihoodmethod.An efficient b-tagalgorithmis usedto separatethesignal
from themainbackgroundandaneuralnetwork locatestheisolatedleptons.
Thelargestsystematicuncertaintyonthecrosssectioncomesfrom thetopquarkmass
uncertainty. This is taken into accountby usingsamplesof signalMonte Carlosat
threedifferenttop quarkmasses.Thefinal resultsfor singletop quarkproductionvia
FCNCareevaluatedin Chapter6. A modelindependentlimit on thesignalcrosssec-
tion for bothcenter-of-massenergies 0 132�47698B:,;.< and 0 132?>	@�AB:,;.< is deduced.
Constraintson modeldependentanomalouscouplingconstantsfor thecombineddata
arederivedandcomparedto theresultsobtainedby otherLEPexperiments.
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Chapter 2

Theoretical Background

In thischapterabrief introductionto theStandardModel[6, 7, 8] is given,with empha-
sison theelectroweakinteraction.Singletop quarkproductionwithin andbeyondthe
StandardModel is discussed.Thesearchfor flavor changingneutralcurrents(FCNC)
atLEP2is motivated.

2.1 Standard Model

TheStandardModel (SM) of elementaryparticlephysicsenfoldstheunifiedtheoryof
theelectroweakinteractionandthequantumchromodynamics(QCD) [9].

2.1.1 Quarks, Leptonsand GaugeBosons

Theelementaryparticlesof theSM arethequarks,theleptonsandthegaugebosons.
Quarksandleptonsfall into three’f amilies’ or ’generations’.The numberingof the
generationsis ascendingwith themassof theparticles.All fermions(spin C�D	E ) - lep-

fermions family electriccharge spin
1 2 3

leptons FHGI FHJK FHLM NO C C�D	EC�D	E
quarks PQ R S TU V E�D	WO C�D	W C�D	EC�D	E
Table2.1: Quarksandleptonsof StandardModel.

tonsandquarks- have antifermionswith thesamemass,but oppositeelectriccharge
[10]. Therearethreeelementaryinteractionsnext to gravitation,eachbeingnegotiated
by gaugebosons(spin1): eightmasslessgluons(g), whicharemediatorsfor thestrong
interaction,onemasslessphoton( X ), which is themediatorof theelectromagneticin-
teractionandthreemassive gaugebosons( Y[Z=\�Y^]_\a`cb ), which aremediatorsfor the
weakinteraction.The leptonsinteractvia theweakforceandif chargedadditionally
via theelectromagneticforce.Thequarksaresubjectto all interactions[9].



2.1.2 Electroweak Unification

The electromagneticandweakinteractionareunified in a theory, wherethey appear
as different manifestationsof one fundamental’electroweak’ interaction(Glashow-
Weinberg-Salam(GWS)theory).Theunderlyingsymmetrygroupis called dfehgji�kmlonehgqp�k . d!ergji�kml refersto the weakisospin(with a subscriptto remindthat it involves
left-handed1 statesonly) and ergqp�k refersto the weak hypercharge [9]. Quarksin-
volvedin theweakinteractionprocessesarerelatedto thephysicalquarksthroughthe
Cabibbo-Kobayashi-Maskawa (CKM) matrix definedasfollows:st^u!vw vx v yz|{}st e�~�� e ~�� e�~��e���� e ��� e����e���� e ��� e+��� yz}st^u wx yz
Thequarks

u v
, w v and

x v
emergeby Cabibbo-rotationfrom themass-eigenstates.The

CKM matrix expressespossiblemixing betweenquarksin thesamefamily aswell as
betweendifferentfamilies[9].
The left-handedleptons(right-handedantileptons)and the (Cabibbo-rotated)left-

fermionmultiplets I ���
leptons ���H���� l ���H�� � l ���H�� � l 1/2 � p��	i� p��	i�7� � � � � 0 0

quarks �=�u v � l �o�w v � l �%�x v � l 1/2 � p��	i� p��	i� � � � � � 0 0u � w � x � 0 0

Table2.2: Multiplets of the electroweak interaction. All antiparticleshave opposite
handnessbut thesameisospin(I, � � ).
handedquarks(right-handedantiquarks)from eachfamily form doublets(Table2.2),
which cantransforminto eachotherby emissionor absorptionof W bosons.A full
’weak isospin’ symmetryis contemplatedfor theseparticles. They areassignedto
have aweakisospin� { p��	i andits third componentto be ��� {[  p��	i .
Right-handedfermions(and left-handedantifermions)do not coupleto W bosons.
Thereforethey aredescribedassinglets( � { � � {¢¡

).

Electro-Weak Mixing

An isotriplet of threeintermediatevector bosons g�£[¤=¥�£§¦_¥�£?¨�k coupleswith the
strength©	ª to thefermiondoublets.An isosingletintermediatevectorboson« ¨ cou-
pleswith strength© v to the fermions. The underlying d!ergji�kml¬n­ehgqp�k symmetryis
broken in GWStheory. Thelinearcombinationof thetwo neutralstates,£ ¨ and « ¨ ,

1A particleof spin ®¯ canhave ahelicity of +1 (spinandvelocityareparallel)or -1 (spinandvelocity
areantiparallel).Theformeris called’right-handed’andthe’ latter’ left-handed[9].
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producesonemasslesscombination(thephoton)anda massive combinationorthogo-
nal to thephoton(the °²± ) [9, 10]:³ ´cµ ¶ ·�¸�¹»º7¼½³ ¾ ± µÀ¿Á¹»ÂÄÃÅº7¼Æ³ Ç ± µ³ ° ± µ�¶�È�¹»Â)ÃÅº�¼É³ ¾ ± µÀ¿Ê·�¸�¹»º�¼Ë³ Ç ± µ (2.1)

where
º�¼

is theweakmixing angle(alsocalledWeinberg angle).
Oneof the essentialingredientsof the StandardModel of leptonsandquarksis the
flavor diagonalstructureof theelectroweakneutralcurrent,i.e. theabsenceof flavor-
violatingtermslike ÌÎÍ ·

. It followsasanalgebraicconsequenceof theSU(2)doublet
structureof theleft-handedleptonsandquarks[11].

2.2 Top-Charm AssociatedProduction in theStandardModel

As a consequenceof theneutralcurrentstructure,any FCNCprocesswithin theSM
is forbiddenat tree-level. That is the FCNC processcanonly ariseat higherorders
throughloops,dueto theCKM mixing of thequarks.Theprocess(2.2)2Ï�Ð�Ï	Ñ ÍÒÌ»Ó·ÕÔ ÓÖØ×aÙ (2.2)

is referredto assingletop quarkproduction.Thetotal crosssectionat loop-level asa
functionof thecenter-of-massenergy Ú Û is shown in Figure2.1.

10
-9

200 300 400 500
√
Ü

s (GeV)

σ 
(f

b
)

Figure2.1: Thetotalcrosssectionof theprocessÏ Ð Ï Ñ ÍÒÌ»Ó· in theStandardModelas
a functionof thecenter-of-massenergy Ú ¹ [12].

Carrying out calculationsin the Feynman-t’Hooft gauge,the total crosssectionis
found to be in the orderof Ý.Þ Ñcß ± È Ý.Þ Ñ�à�á�â anddecreaseswhenthe center-of-mass

2Throughoutthepresentthesisconjugateprocessesareimplicit.
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Figure2.2: TheFeynmandiagramsof theFCNCprocess� � ���������� in theStandard
Model: top row self-energy, middlerow triangleandthelowestplot boxdiagram.

energy increasesbeyond �������! "�$# . Thecrosssectionfor theprocess(2.2)at LEP2
center-of-massenergy % &(')�����* +�$# is [12]

,.- � � � � �/����10.'32�46587:9;2$� �=<?>A@ 4 (2.3)

It is too small to be of experimentalrelevanceasthe total recordedamountof inte-
gratedluminosity is to small ( BC�����+D @ �FE ). In modelsbeyond theSM new particles
may appearin the loop and would give significantcontributions to flavor changing
transitions.
Thereare threekinds of Feynmandiagramsat one loop-level for the process(2.2)
within the StandardModel [12]: ’self-energy’, triangleandbox diagram3 shown in
Figure2.2.Thecontributionsfrom neutralHiggsandGoldstonebosonsareneglected.
Anotherprocesswithin theSM for singletop quarkproductionwith a differentfinal

stateastheoneinvestigatedis � � � � ��� � �G8H � �@ . At % &I'C�����! "�$# thecrosssection
is in theorderof [13] ,.- � � � � �J� � �G H � �@ 0.B32$� �LK >A@ , which is alsonot largeenough
for experimentalobservation.

3Throughoutthe presentthesisonly the c quarkis mentioned,neverthelessevery referenceto the c
quarkalsoappliesfor theu quark.
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2.3 FCNC Beyond the Standard Model

The crosssectionfor singletop quarkproductionwithin theStandardModel is very
small. As a consequenceany observationof FCNCcouplingsdeviating from SM ex-
pectationswill unambiguouslysignalthepresenceof new physics.Extensionsof the
StandardModel could leadto measurableeffectsfor FCNCsingletop quarkproduc-
tion.

In thefollowing, threemodelsfor possibletopquarkproductionanddecayarebriefly
introduced:

1. Generalarguments,basedon hierarchicalanddemocraticsymmetriesareused
to derive anomalousverticesfor theproductionof singletop quarksvia FCNC
in M1NOM�P annihilations.A total crosssectionfor M1NOM�P�QSRUTWVYX[Z.Q]\^`_ hasbeen
derivedwhichyieldsanumericalvalueof [14]

a RAM N M P Q�\^b_ Z.c)dfe6g*hji$k P=l?mLn V o pIc3i`q�k*r+M$s (2.4)

for abranchingratio of tIuvR _ Q ^ T[Z.cwtxuyR _ Q ^ X[Z.c3i1z with respectto{ R _ Q nL| Z .
2. The process_ Q ^ s}V1RAs~c�TWVYX[Z canbe examinedin two-Higgsdoubletmod-

els. Two distinct modelsareconsidered.In the first modelonedoubletgives
themassesto all fermionsandtheotherdoubletessentiallydecouplesfrom the
fermions. In the secondmodelonedoubletgivesmassto the up-typequarks,
while thedown-typequarksandchargedleptonsreceive a massfrom theother
doublet.
Largeenhancementsof theSMbranchingfractionstIu+����R _ Q ^ TOV ^ X�Z.�3i$kfPF��l
arepossiblefor themostoptimisticvalues,giving theoverall maximumvalues
of branchingfractionsto be[15]

txuyR _ Q ^ TOV ^ X[Z(�3i$k P=��� i$k P=� e (2.5)

for bothmodelsmentionedabove.

3. Rareelectroweak-like one-loopsupersymmetriccontributionsandflavor violat-
ing decaysof thetopquarkinto acharmquarkandagaugebosonarecalculated
in theframework of low-energy supersymmetry. For themostoptimisticvalues,
thefollowing branchingratioswith respectto

{ R _ Q nL| Z werefound[16]:

txuyR _ Q ^ TOV ^ X[Z(�3i$k P=��� i$k P=� e (2.6)

The branchingfractionsgiven above enhancethe StandardModel predictionsby 5
ordersof magnitudeor even higherif onelooks at thepredictionsgiven in Equation
(2.4) for singletopquarkproductionatLEP2.
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2.4 Flavor Changing Neutral Curr ent Processesat LEP2

Sincethe summerof 1997,the LEP collider operatedat energiesgreateror equalto� �����`�8�*�"�$�
. At thistotalcenter-of-massenergy theproductionof singletopquarks

via FCNCis kinematicallypossible:

�1�W�����]�.�U�F�.�J�¡ ¢ (2.7)

TheFeynmandiagramof thisnonStandardModelprocess(2.7)at tree-level is shown
in Figure2.3,wherethe’bubble’ describestheignoranceof theFCNCvertex.

£f¤¦¥

§

§

¨

©

ªY« ¤ ª`¬

Figure2.3: TheFeynmandiagramof theFCNCtransition. Theanomalouscoupling
constants­¯® and ­±° for the

�
andZ bosonexchangeareindicated.

A parameterizationof FCNC transitionsin termsof model independentanomalous
couplingconstants­¯® and ­±° [17] is alsoindicatedandcorrespondsto theannihilation
via thephotonandtheZ boson,respectively.
Phenomenologicallimits onFCNCbranchingratiosfor thetopquarkdecayshavebeen
derivedby theCDF collaborationin ²  ² collisions[18]:

³I´ �A�I� ¢ �¦µ¶���[��·¹¸fº6»j¼ �¾½�¿j¼3À+ºÂÁ?ºÃ�
³x´ �A�I� ¢ �¦µ¶�Ä�[�x·Å¸�¸j¼ �¾½�¿j¼3À+ºÂÁ?ºÃ� (2.8)

Theverticesof theFCNCinteractions
����� ¢ and

����� ¢ canbewrittenasfollows 4

[17]:

Æ ® ÇvÈ ­É®
�$�$Ê
ËÍÌ ÇÏÎ

Æ °Ç�È ­Ð°
�

��ÑÓÒ��¾»�Ô1Õ
� � Ç (2.9)

where
Ë

is a scaleparameterdescribingtheenergy scaleof theunderlyingdynamics
(setto thetop quarkmass),­¯® and ­±° definethevaluesfor thestrengthof theanoma-
louscouplings,which areconstraintby theCDF limits (Eq: (2.8)) to ­fÖ® ·¹×ÐºÓ�1Ø�Ù and
­ Ö ° ·Ú×Ðº6¿�¸�¸ . In the following it is assumedthat ­¯® and ­Ð° arepositive andreal andË ÈÜÛ�Ý

.
Thetotal crosssectionfor singletopquarkproductionvia FCNCfor theprocess(2.7)

4e is the electric charge, Þàßâá�ã�ä¡å is the charge of the top quark, æÄç is the Weinberg angleandè¯é�ê áÜëì8íïî é î êOð î ê î éÏñ .
10



at theBorn level is thengivenby [17]:

ò.óAô1õWô�ö�÷Jø�ùúÏû.ü:ý[þOÿ� ������� ÿ��
	 ÿ���
 ÿ� ô ÿ� �� ÿ� ��������� ÿ���	 �
� 
 ÿ � ó �����

ÿ� û � � � � ÿ���	� ��� ��! ��"$# �%�&� � ÿ �� 	 ÿ
�(' 
 � 
 �*) � �+-, � � ô ���� � ÿ ��" # �%�&� � ÿ ���	

.0///1 (2.10)

whereþ is thefinestructureconstant,s is thecenter-of-massenergy squared,
� � is the

massof thetop quark,
� � is theZ bosonmassand

� � ü �2� � �3� � ÿ "4#
. Themassof

theassociatedlight quarkis assumedto bezero(
�*5 ü76 ). Thethreetermsin equation

(2.10) correspondto the 8 exchange( 9 
 ÿ� ), the Z bosonexchange( 9 
 ÿ � ) and the8 �;:
interference( 9 
 � 
 � ), respectively. Correctionsdueto thefinite widthsof the

topquarkandW bosonarenegligible atLEP2energies.
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Figure2.4: Thecrosssectionfor ô õ ô ö ÷Jø�ùúÉó�ù= û asa functionof > � . Threedifferent
topquarkmassesareconsidered:

� � ü �4?A@CB4�$D �
and

�$D�@FE ôHG for

 � B 
 � derivedfrom

theCDF limits.

The estimatesof the total crosssectionfor the process(2.7) is shown in Figure2.4
asa function of the center-of-massenergy > � . The crosssectionis calculatedwith� � ü �4?A@CB4�$D �

and

�$D�@FE ôHG usingtheanomalouscouplingconstants

 � B 
 � derived

from the CDF limits (Eq: (2.8)). The dominatingcontribution to the crosssection
comesfrom theZ bosonexchange[17]:

ò.óAô1õWô�ö�÷ 8 ûJI � �2��� ÿ�� 	 ÿ B ò.óAô1õWô�ö�÷ : ûKI �� � �2��� ÿ�� 	 ÿ
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Thecrosssection(2.10)shows a typical thresholdcharacter. Thereforethe limits onLNMPOQL�R
areverysensitive on thetopmass.

At thecenter-of-mass-energies of LEP2 the top quarkwould beproducedvery close
to its thresholdproduction. Due to this fact, thereis a distinctive ’kinematical’ final
statesignaturefor the FCNCsingletop quarkproduction: therearepracticallyfixed
valuesfor the energiesof the final jets andthe W boson. The Feynmandiagramfor
thisprocessis shown in Figure2.5.

SCTVU W X
Y
Y

Z []\ ^[]\ _
`

Figure 2.5: Feynman diagram of the FCNC single top quark production:a$bca�dfehg�ijkehlnm�ij ; oqp7oCrts�u LvO�w p w aHxtgQy{z and |}p z�a r g u3~ z�y��
Thetopquarkis producedalmostat rest( �J�K�7��� ) andtheaccompanying light quark
hasasmallenergy: �������J� �*���� �*���{� � � � �J� �q� (2.11)

Thewidth of thetopquark �f��� ���F��aH� is muchlargerthanthetypicalhadronisation
scale��������� ���{��  aH� [5]. Thereforethetop quarkdecaysbeforehadronisationef-
fectsset in. This fact leadsto a suppressionof nonperturbative effects in top quark
productionanddecay.
ThebeautyquarkandtheW bosonfrom thetopdecayhave energiesgivenby follow-
ing expressions[17]: ��¡F� � �� � � �¢ � � �¡� ��� (2.12)� ¢ � �}���� �*�¢ � �*�¡� � � (2.13)

The correspondingdistributionsasa function of the energy of the final particlesare
shown in Figure2.6. The energy distribution of the jets is determinedonly by the
kinematicsof the g�ij processandvery weaklydependson theparametersof themodel
for FCNCinteraction.

2.5 The Leptonic DecayChannel

TheW bosonproducedin aFCNCprocess(Fig: 2.5)decayshadronicallyvia m£e o io
andleptonicallyvia m£e w i| . Thebranchingfractionsfor thesedecaysare[5]:
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Figure2.6: Theenergy distributionson partonlevel for thecharmquark,the beauty
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Thereforetwo final statesignaturesarisereferredto as:hadronicandleptonicchannel.
The presentanalysisconcentrateson the leptonic W bosondecayof the single top
quarkproduction: ¶$Òc¶�Ó ¾hÔ3ÁÕ ¾ÀÖnÍ Î ÁÕ ºVÍ °7¶A×QØK×�Ù Ã

(2.14)

Thesignatureof singletopquarkeventsin theleptonicchannelconsistsof:Ú two jets (with large differencein energy, oneis a jet originatingfrom a beauty
quark,theotherfrom a light quark)Ú oneisolatedhighenergetic leptonÚ largemissingtransversemomentumfrom theneutrino

Theinvariantmassfrom theleptonandneutrinomustequaltheW bosonmass,since
they areproductsof its decay.
Thelimits givenby theCDFcollaborationonly weaklyconstraintheFCNCbranching
fractions(Eq: (2.8)). Neverthelessthe three-generationunitarity of theCKM-Matrix
implies that Û�ÜÞÝ mustbe nearunity [19]. Thereforeonly the top decay

Ô�¾ÀÖt¼
is

investigatedin thepresentanalysis.In apessimisticscenariotheefficienciesshouldbe
rescaledby 64%.
The full analysisof this channelis elaboratedin Chapter5. Monte Carlo samples
simulatingthesignal(Eq: (2.14))andtheexpectedbackgroundfrom StandardModel
sourcesarecomparedto thedatasamples(seeChapter4) in orderto getanefficient
separationbetweenthesignalfrom thebackground.
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Chapter 3

Experiment Overview

Theacceleratorat theEuropeanLaboratoryfor ParticlePhysics(CERN) in Geneva /
Switzerlandandoneof its four detectors- OPAL - arediscussedbriefly in thischapter.
A detaileddescriptionof theOPAL detectorcanbefoundin [20].

3.1 The Lar geElectron Positron Collider (LEP)

SPS

CERN North Area

CERN West Area

LEP

L3

DELPHI

ALEPH

OPAL

Figure3.1: Aerial view of theLargeElectron-PositronCollider (LEP)

TheLargeElectronPositronCollider(LEP)atCERNusedto bethelargestaccelerator
in theworld till therecentendof its operation.In this ring - 27 km in circumference,
100m below ground- bunchesof electronsandpositronsareacceleratedin opposite



directionsto almostthespeedof light. At four pointsin thering, thebunchesof par-
ticles arefocuseddown to dimensionsof 200 ß�àâáäã&ß�à anda lengthof 1 cm per
bunchandmadeto collide at the four LEP experiments,ALEPH, DELPHI, L3 and
OPAL. Figure3.1shows anaerialview of theCERNresearcharea,theLEP accelera-
tor andthesitesof theexperiments.
Theadvantageof å$æcå�ç acceleratorsis themissinginnerstructureof theprimaryinter-
actingparticles.The initial stateof the reactionis thusknown, simplifying precision
measurements.Thewholecenter-of-massenergy, two timesthebeamenergy, is avail-
ablein thecolliding particles.
A disadvantageof å$æèå�ç acceleratorsis the energy loss of electronsand positrons
throughsynchrotronradiationwhenforcedon a circularpath. Theenergy lossis re-
storedto the beamper revolution (over 11200cyclesper second)by high frequency
resonatorcavities. For relativistic electronsandpositronsof energy E, theenergy loss
in a circulartrajectoryof radiusR is givenbyéqê(ëíì åHî�ï�ð-ãCñ�ãAòµóõôHö çn÷ ê�ø�ëíì åHî ø ïù ë ú à�ï ñ (3.1)

If the beamenergy is 100 GeV the energy lossin the LEP ring is about2 GeV (2%
of the total energy) percircle. The radiusof theacceleratorandthe technicaldesign
of thehigh frequency resonatorcavities limit themaximumachievablecenter-of-mass
energy for theLEPring to anupperlimit of 210GeV.
Oneimportantparameterof acceleratorsis their luminosity û , which determinesthe
event ratedN/dt asa functionof thecrosssectionüJýVþ ÿ of anevent (

� þ is thecenter-
of-massenergy) as ������ ð7û ó$üJýVþ ÿ ñ (3.2)

Theluminosity û for å$æèå�ç storageringsisdefinedby thenumberof bunchesn forming
the colliding beams,the numberof electrons(positrons)per bunch

� �	� ý � ��
 ÿ , the
horizontalandverticalbunchcrosssectionü
�� and ü
�� at the interactionpoint andthe
revolution frequency f, in thefollowing wayû�ð��

� �	� � ��
����� ü �� ü �� ñ (3.3)

Fromits startin theyear1989upto 1995theLEPacceleratorswasrunningatacenter-
of-massenergy of

� þ����Pô ì åHî closeto the ��� resonance.A precisemeasurement
of thepropertiesof the ��� bosonhadbeencarriedout.
In the year1996,the so calledLEP2 periodstartedwith a center-of-massenergy of� þ���ô �Pô ì åHî , reaching

� þ���!PôHö ì åHî at thefinal stagein theyear2000.
At this center-of-massenergy, theW bosonpair productionresearchwaspossibleas
well asthesearchfor new physics,e.g.for theHiggsbosonandparticlespredictedby
extensionsof theStandardModel.
Onthe2ndNovember2000theoperationof LEPwasterminated. Theacceleratorand
its experimentsweredismantledto make way for theconstructionof thenext genera-
tion accelerator, theLargeHadronCollider (LHC) - a pp collider - which will reacha
center-of-massenergy of 14 TeV.
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3.2 The OPAL Detector

TheOPAL detector(Omni PurposeApparatusat LEP)is oneof thefour experiments
at theLargeElectronPositronCollider in Geneva, Switzerland.It is designedto pro-
vide precisemeasurementsof the momentumand the energy for all typesof "$#%"'&
events.
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Figure3.2: An outlineoverview of theOPAL detector.

Its generallayoutis shown in figure3.2.Thedetectoris madeupof many subsystems,
but canbe divided into threemain parts: (1) the centraldetectorsurroundedby (2)
the calorimetersand (3) the muon system. Due to the cylindrical geometry, most
subsystemsaredivided in a barrelpartandtheendcaps.Thedetectorhasa lengthof
12 m andadiameterof 10 m.
A right-handcartesiancoordinatesystemis usedto describedatatakenat OPAL. The
x-axispointsto thecenterof theLEPring, thez-axisis definedby thedirectionof the
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electronbeamandthey-axispointsperpendicularupwardsfrom thex-z plane.Instead
of cartesiancoordinates,tracksmeasuredin the detectorare often parametrizedin
polarcoordinates,thepolarangle + is countedfrom thez-axis,theazimuthalangle ,
from thex-axis.
An overview of the main elementsis given here,startingfrom the inner partsand
progressingto theouterpartsof thedetector.

3.2.1 The Central Detector

TheCentralDetectoris insidea solenoidsupplyinga uniform magneticfield of 0.435
T orientedalongthe z-axis. The centraldetectorconsistsof a Microvertex detector,
a precisionvertex detector, a large volumejet chamberandsurroundingZ-chambers
situatedinsidea pressurevesselholdingapressureof 4 bar.
Around the beampipe in the vicinity of the collision point the Silicon Microvertex
detectoris placed. It consistsof silicon microstripcounters.This detectoris mainly
usedto measuresecondaryvertices,e.g.of B-mesondecays.Typicalresolutionfor the
point of closestapproachof thehighestenergy trackto theinteractionpoint is - .0/
1
in the 2�34, planeand 5'6738.'69/
1 in thez direction.
The vertex detectoris a high precisioncylindrical jet drift chamberlocatedbetween
thebeampipeandthejet chamber. It is 100cmlongandhasadiameterof 47cm. The
chamberconsistsof aninnerlayerof 36cellswith axialwiresandanouterlayerof 36
smallanglestereocells( :<; with respectto thebeamaxis). Thevertex detectorallows
to locatedecayverticesof shortlivedparticlesin the 2=34, planeandthedetermination
of thez coordinate.
Themaintrackingof theparticlesis performedwith thejet chamber. It is acylindrical
drift chamberof 400cmin lengthand370cmin diameter. Thechamberconsistsof 24
identicalsectorseachcontainingawire planeof 159wiresalignedparallelto thebeam
directionproviding bothhigh redundancy andhigh precisionfor thereconstructionof
multihadronicevents.
The jet chamberis filled with an argon/methan/isobutane gasmixture at 4 bar pres-
sure. The reconstructionof tracksin drift chambersis basedon the ionizationof the
chambergasby the transversingparticlesandon a measurementof the drift time of
the liberatedelectronsto the signalwires which arekept on a positive high voltage
[21, 22]. Particlemomentacanbedeterminedfrom thecurvatureof thereconstructed
tracksin themagneticfield.
The jet chamberallows a particle identificationvia the measurementof the specific
energy lossdE/dxby summingthechargereceivedatbothendsof awire.
Thecentraldetectoris completedby thesurroundingZ-chamberswhichprovideapre-
cisemeasurementof thez coordinate(andthereforethepolarangle+ ) of tracksasthey
leave thejet chamber.
Thecentraldetectorachievesamomentumresolutionof>@?BAC�DFEHG I 6KJL6�5�MONQP I 6KJL6R6�- . C D MONTS (3.4)

where C D is the transversemomentumof theparticles,i.e. themomentumin thex-y
plane.Its averageangularresolutionis about0.3mradin , and1 mradin + .
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3.2.2 The Time-of-Flight Detector (TOF),

TheTime-of-FlightDetectorsurroundingthecentraldetectorandthemagnetcoil, is
madeof 160 scintillators(650 cm in length,9 cm in width). Chargedparticlesex-
cite the scintillator materialandleadto emissionof photonswhich aremeasuredby
photomultipliersat both endsof the TOF bars. In conjunctionwith a beamcrossing
signal, the TOF allows to measurethe flight time of charged particlesfrom the in-
teractionpoint to thesubdetector. TheTime-of-Flightdetectoris a major partof the
OPAL triggersystem.By measuringthetime of flight andthepulseheightof thepro-
ducedsignals,particlesin the momentumrangeof UKVXWZY8[\VX]_^a`cb canbe identified.
An effective rejectionof cosmicraysis alsoperformed.

3.2.3 The Calorimeter System

Thecalorimetersystemsurroundingthecentraldetectorandthe time-of-flight detec-
tor is usedto measuretheenergy of chargedandneutralparticles.Unlike thetracking
chambers,which are low densityposition measuringdevices usedto determinethe
momentumandthedirectionof theparticle,thecalorimetersaredesignedastotal ab-
sorptiondetectorsfor thepurposeof stoppingall impingingparticles.
The interactionmechanismof particleswith matterdependson whetherthey interact
by thestrongforceor not. Thereforethecalorimetersystemconsistsof two subdetec-
tors: theelectromagneticcalorimeterandthehadroncalorimeter.
Theelectromagneticcalorimeter(ECAL) enclosesthemagnet.It identifiesandmea-
surestheenergiesof electrons,positronsandphotons.The ECAL consistsof 11704
leadglassblockssplit into a barrelpartandtwo endcaparrays.Thesegmentationof
thecalorimeterallows alsothemeasurementof the trackanglesandthematchingof
clusterswith thetrackinginformationtakenfrom theinnerdrift chambers.For thispur-
posethe leadblocksarepointing towardsthe interactionregion in thebarrelpartand
areparallelto thez-axisin theendcaps.This arrangementtogetherwith two forward
leadscintillatorcalorimetersof theforwarddetectorsmakestheOPAL acceptancefor
electronandphotondetectionalmostequalto 99%thesolid angled�e . Čerenkov light
from thepassageof relativistic chargedparticlesthroughtheleadglassis detectedby
3 inchdiameterphototubesat thebaseof eachblock.
Theintrinsic resolutionof theECAL in thebarrelregion isf�ghji UKVX[RW�kml W\VXn�ko h (3.5)

andfor theendcaps f@gh i ]�ko h (3.6)

The extensionof at least22 radiationlengthsof the ECAL ensuresthat the electro-
magneticshowersarealwayscontainedwithin the calorimeter. The presenceof ap-
proximatelytwo radiationlengthsof materialin front of thecalorimeter(mostlydue
to thesolenoidandpressurevessel),resultsin mostelectromagneticshowersthatare
initiatedbeforereachingtheleadglassof theECAL.
PresamplingdevicesarethereforeinstalledbetweentheTOF andtheECAL to mea-
surethepositionandchargemultiplicity of electromagneticshowersasthey enterthe
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electromagneticcalorimeter. Thesemeasurementsareusedto derive energy correc-
tions in order to improve energy resolutionof the ECAL itself and give additionalp�qTr�s andelectron/hadrondiscrimination.
Thehadroncalorimeter(HCAL) surroundstheelectromagneticcalorimeter. It is build
asa samplingcalorimeterwith alternatelayersof active andpassive material,andis
usedfor theenergy measurementof hadrons.Thepassive layersareformedby theiron
returnyokeof thesolenoidmagnetandtheactive layersconsistof streamerchambers,
offeringat leastfour interactionlengthsof iron absorberto particlesemergingfrom the
electromagneticcalorimeter. Essentiallyall hadronsareabsorbedat this stageleaving
only muonsto passon into thesurroundingmuonchambers.In orderto measurethe
hadronicenergy correctly, thehadroncalorimeterinformationmustbeusedin combi-
nationwith thatfrom theprecedingelectromagneticcalorimeter.
Comparedto the electromagneticcalorimeter, the resolutionis worsedue to larger
fluctuationspresentin hadronicshowersandreachesonlyt@uvxwzy {'|<}~ v�� (3.7)

3.2.4 The Muon System

The outermostsubdetectorof OPAL is the muonsystem. It aimsto identify muons
in anunambiguousway from a potentialhadronbackground.Besidestheundetected
neutrinos,muonsare the only particlesnot stoppedin the calorimeters.The muon
systemconsistsof four planardrift chamberlayersin the barrel region andlimited-
streamertubesin theendcaps.Thedirectionof a muontrackcanbedeterminedfrom
the hit coordinatesin the individual layers. Muons createdin the initial processes
of the �$�%�'� collisionscanbe distinguishedfrom secondarymuons(producedin the
secondaryshowersin thecalorimeters)andcosmicmuonsby comparingthehits in the
muonchamberswith theinformationprovidedby thecentraltrackingsystem.

3.2.5 The Forward Detectorand the SiW Luminometer

At OPAL the measurementof Bhabhaeventsis performedby the forward detector
which is a setsamplingof calorimetersanddrift tubesandthesilicon tungstenlumi-
nometerwhich is a samplingcalorimeter. By measuringtheeventrateof low Bhabha
scattering� � � ��� � � � � eventstheluminositydeliveredby theLEPacceleratorto the
OPAL experimentcanbedetermined.

3.2.6 The Trigger and Data Acquisition

With four electronandfour positronbunchesatLEP, thebunchcrossingratefor OPAL
detectoris 22 �
� . Eventsareonly recordedby thedataacquisitionsystemif they satisfy
certaintriggerconditions.Thisselectionis doneon-linereducingthenumberof events
to about10 in a second.Oncethetrigger logic selectsa potentiallyinterestingevent,
the subdetectorsarereadout separately. The informationof all subdetectorsis then
combinedby theevent-builder andsentto thefilter. Fromthefilter thedataarewritten
to files andreconstructedassoonasthe requiredcalibrationconstantsareavailable.
Dataareoftenavailablefor analysiswithin a few hoursaftertheendof a run.
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Chapter 4

Data and Monte Carlo Samples

4.1 Data Samples

Thepresentanalysisis basedondatacollectedby theOPAL detectorin theyears1998
and2000at center-of-massenergiesin therangefrom 189GeV to 206GeV. Thedata
collectedin theyear1999is not investigatedin thepresentanalysis,dueto thesmall
valuesof theintegratedluminositiesatacenter-of-massenergy of � ����� �R�\� � �R�Z�a�c� .
Thecenter-of-massenergiesat whichdatawererecordedaredepictedin Figure4.1.
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Figure4.1: Thecenter-of-massenergy for collecteddatain (a) 1998and(b) 2000.

Thecenter-of-massenergy � �Q���'�������c� is ameanvalueof collecteddata,while the
integratedluminositiesat �'���\���'�<�_�a�c� have thehighestvalues.
The presentanalysisusesa subsetof datasamplesfor which the necessarydetector
componentswereoperatingduringthe recording.Thereforethedatarepresentan in-
tegratedluminosity � of

�����$�'�9�@�� �¡£¢¥¤R¦ � ����� §R�_�a�c� (4.1)�����K�R�Q�@�  �¡ ¢¥¤R¦ � �����'���_�a�c� (4.2)

collectedby theOPAL detector. In addition,11.3 �@�  �¡ of calibrationdatawerecol-
lectedat � ���©¨«ª in theyears1998-2000andhave beenusedfor fine tuningof the
MonteCarlosimulation.



4.2 Monte Carlo Samples

The OPAL detectorresponseis simulatedusing the GEANT [23] algorithm,which
takesinto accounttheenergy loss,multiple scatteringandshoweringin thedetector.
The hadronisationprocessis simulatedusingJETSETwith parametersdescribedin
reference[24] andtheW bosonmasssetto ¬®­°¯�±'²K³X´R´�µ�¶c· .

4.2.1 Signal

Samplesof fully simulatedeventswereproducedfor thefinal stateatdifferentcenter-
of-massenergies.Consideringtheuncertaintyin thetopmass( ¬®¸¹¯�º$»½¼�³X´a¾�¿\³ÀºÁµa¶c·
[5]) the signalMonte Carlo samplesweregeneratedfor threedifferentvaluesof the
topmass(169,174and179GeV).
Theprocessof ÂÄÃ$Å£Æ�ÇcÈÉ wassimulatedwith thegeneratorPYTHIA [25]. According
to thissimulationthetopquarkis producedtogetherwith alight quarkvia ans-channel
exchangeof a bosonandforcedto decayinto bW beforebuilding a boundstate.The
beautyandthecharmquarkarejoinedby astringto form acolorsinglet.All couplings
andQCD effectsare the sameas in Z decaysto light quarks. Initial stateradiation
from softandhardphotonbremsstrahlungcontributionsareincluded.Thetopquarkis
assumedto havea100%branchingratioto Wb. Thisis notstrictly trueif thecouplings
areequalto theirCDFlimits, whereBR(Ç�ÆÊÂ�Ë ) couldbeashighas33+3%(Eq:(2.8)).

4.2.2 Background

Singletop quarkeventsarecharacterizedby thepresenceof a W bosondecayinginto
aleptonandaneutrino,abeautyquarkjet andalight quarkjet. Thereforetheprincipal
backgroundwill bedueto WW+ZZ andQCDevents.
Thebackgroundssimulatedfor theinvestigatedsignaleventsare:Ì QCD: ÍÎÂÄÃ$Å�ÏÎÐ_Æ É ÈÉ ÍÑÅ�Ï , calledqqÌ WW+ZZ: ¶$Ò%¶'ÓÔÆÖÕ�Ò×ÕØÓÚÙ	¶$Ò%¶'Ó�ÆÊÂ
Â , called4fÌ two-photon:¶ Ò ¶ Ó ÆÛÅ�Å , called Å�Å
For backgroundstudies,theqqand4f eventsamplescorrespondingto integratedlumi-
nositiesat muchhighervaluesthanthedataweregenerated.Thereforethestatistical
errorproducedby theMonteCarlosamplesis small.
The qq backgroundwassimulatedusingPYTHIA. Grc4f [26] wasusedto simulate
thefour-fermionprocesses4f. The ÅÜÅ backgroundwassimulatedusingPYTHIA and
PHOJET[27] andhasmuchlowerluminositythanthecollecteddata.Thisbackground
is negligible afterthefirst cutsareapplied.
In order to simulatethe backgroundprocessescloseto the collecteddata,all Monte
Carlosamplesusedin thenext chapterarescaledto thecorrespondingintegratedlu-
minosity of the datataken by the OPAL detector. Sincethe backgroundsimulations
includeStandardModelprocessesonly, any excessobservedin thedata,wouldsignal
theexistenceof new physics.
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Chapter 5

SingleTop Quark Analysis

The searchof single top quarkproductionin the semi-leptonicdecaychannelis in-
vestigated,usingtwo datasamplescollectedby theOPAL detectorwith anintegrated
luminosityof Ý�Þ�ß$à'áaâ@ã�ä�å at æ ç�Þ�ß èRé_êaëcì and ÝíÞ�áKßRßQâ@ã
ä�å at æ ç�Þ�á'î�ï_êaëcì .
Theanalysisis carriedout at theformercenter-of-massenergy. By applyingthesame
cutsandusingthesamevariablesfor thelikelihoodfunction,thelatteris theninvesti-
gated.
Theleptonicdecaysof theW bosonaretakeninto account.Thereforeonly thesimu-
latedleptonicdecaysin thesignalMonteCarloBR(ðòñÖóõô ) ö�÷R÷�ø areused.
First, a globaleventselectionandpreselectioncutsareappliedbasedon MonteCarlo
samplesonly. Thesecutsefficiently reducethe backgroundwhile retainingthe sig-
nal. This is especiallyeffective againstbackgroundfrom low multiplicity events,two-
photoninteractionsandeventswith no missingenergy in thefinal state.
Second,a final set of variablesis chosento constructa discriminatingvariableus-
ing a standardlikelihoodselectionmethod.Theresultsfor possiblesingletop quark
productionarededuced.

5.1 Event Selection

5.1.1 Global Event Selection

Severalstandardeventselectionsaremadeduringprocessingdataof theOPAL detec-
tor. Eventsarereconstructedfrom thedetectionof tracksin thecentraldetectorandof
clustersin bothcalorimeters(electromagneticandhadronic).Becauseof thepresence
of two jets in a singletop quarkevent in thesemi-leptonicdecaychannel,high mul-
tiplicity hadroniceventsareselectedwith at least7 calorimeterclusters,5 tracksand
thetotal visible energy largerthan14%of thetotal center-of-massenergy [28]. These
cutsremoveall eventswith low multiplicity, low energy in thefinal stateandtherefore
rejecta largeportionof ù�ù events.
To preventenergy double-countingof the tracksandtheir associatedclusters,the to-
tal visible energy ú¹ûýüÿþ andmomenta �â�ûýüÿþ , of the event andof the individual jets are
correctedusingamatchingalgorithm[29, 30].



5.1.2 Lepton Identification

The presenceof an isolatedlepton is requiredfor the leptonicchannel. The lepton
identificationis performedby using a neuralnetwork [31], designedto addressthe
issuesat LEP2. Thealgorithmis track-based,i.e. real taudecaytracksareefficiently
separatedfrom thosetracksarisingfrom thehadronicsystem.Theneuralnet(NN) is
efficient for detectingall leptonflavors( � , � , � ).
The tracksin theeventareconsideredoneby onein decreasingorderof momentum
as’seed’tracks.Beforedescribingthe input variablesof theNN it is usefulto define
two cones,bothhaving themomentumvectorof theseedtrackastheir commonaxis.
The ’narrow’ conehasa ����� half-angle;the ’annular’ conehasa 	
��� half-angleand
excludesthenarrow cone.The input variablesarerelatedto the invariantmassof all
tracksandclusters(correctedwith the matchingalgorithm[29]) in the narrow cone,
thetotal energy of all particlesin thenarrow cone,theratio of the total energy in the
annularconeto thetotalenergy in thenarrow cone,thenumberof particleswith energy
greaterthan750 MeV in the annularconeandthe total energy of all charged tracks
in theannularcone.Thevariableswerechosenin orderto maximizeboth theneural
net’s final discriminationpowerandthedata/MonteCarloagreementof theinput.
Leptoncandidatessubjectto thepresentanalysisareclassifiedasone-prongcandidates
within theNN: eachleptoncandidatehasamomentumlargerthan2 GeVandnoother
tracksin a conusof ����� mustbe detected.Tracksconsistentwith having originated
from a photonconversionareexcludedwithin theNN.

5.1.3 Jet finding

After removing thelepton,exactly two jetsarereconstructedfrom theremainingclus-
terswith theDURHAM algorithm[32, 33]. Accordingto thisalgorithm,for eachpair
of final-stateparticles(i,j) thescaledtransversemomentum�
� � is givenby

�
� �����
�������������� ����
 � �"!$#&%�')(*� �  � �+ �-, (5.1)

where � + �-, is theenergy of theremaininghadronicpart, � � and � � aretheenergiesof
the particlesi andj at relative angle (*� � . Oncethesmallestvalueof �
� � is found, the
correspondingparticles(i,j) form a ’pseudo-particle’(by addingtheir four-momentum
vectors). This processis iterateduntil the numberof pseudo-particlesequalsthe re-
quiredjet number, which is 2 in the presentcase.Theseremainingpseudo-particles
arecalledjets. Theminimumof � � � for thesetwo final jets is calledthe jet resolution
parameter�/. � atwhich thenumberof jetspassesfrom two to one.

5.1.4 b-Tagging

Signaleventsareknown to havea low energeticcharmjet andahighenergeticbeauty
jet. Thetaggingof jetsoriginatingfrom a beautyquarkis animportanttool in single
top productionsearches.An b-taggingpackageis thereforeapplied[34, 35]. This
jet-wiseb-taggingalgorithm,which hasbeendevelopedfor the Higgsbosonsearch,
usesthreeindependentb-taggingmethods,namely(1) lifetime information,(2) lepton

24



high-021 (transversemomentum)and(3) jet kinematics.A globalcombinationof these
threemethodsis performedwith an unbinnedlikelihood techniqueto form a single
discriminatingvariablefor eachjet.

5.2 Moti vation for PreselectionCuts and Lik elihood

Thesignalcrosssection3547678:9 is notexpectedto bevery largefor valuesof theanoma-
louscouplingswhichareconsistentwith modelexpectations.Yetthefinal stateis quite
characteristicin comparisonwith thebackgroundevents(Fig. 5.1).
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Figure 5.1: Normalizeddistribution for the final state topology characteristicsatH I�JLKNMPORQRS�T
. Only eventswith an isolatedlepton in the final stateareselected.

The4f backgroundis indicatedin green(hatchedgrey), thebackgroundarisingfrom
qqdecayin yellow (light grey) andthesignalasared(solid) line. Plot(a),(b) show jet
energy distributions UWV�X)UZY , (c) the reconstructedmass[]\_^ and(d) the reconstructed
topquarkmass[`6 .

Thedistributionsarenormalizedto unity andshown ondetectorlevel. Thebackground
from WW decaysis indicatedin hatchedgreen,thebackgroundarisingfrom qqdecays
in yellow andthesignalasa red line. Only eventssatisfyingthe leptonidentification
cut (describedin section5.1.2)areselected.TheStandardModel background(WW,
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ZZ, qq) is thereforereduced.In thepresentanalysisnoattemptis madeto identify the
light quarkflavor.

a Dueto two-bodykinematicsof thesignal,thecharmjet hasnearlyfixedenergy
valuesof bZcedLfNgRhRi�j at k l�mLfNnPoRhRi�j (Fig. 5.1 (a)). In contrastto theen-
ergy of thesignalcharmjet, whichhasa smalldistribution aroundtheexpected
energy, thecorrespondingbackgroundis uniformly distributed.

a Similarly, the energy of the selectedjet with the higher energy in the signal
(asa jet originatingfrom thebeautyquarkdecay)is typically bWpqdsrPgthRi�j at
k l�mufNnPovhti�j ( w smearingfrom thetopquarkmotion)(Fig. 5.1(b)).
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Figure5.2: Theenergy of the jet with thehigherb-tagprobability. About dzfNg�{ of
theeventsaremisidentified.Colorsapplyasin Figure5.1.

Only thekinematicsignatureis usedto selectthe jet originatingfrom a beauty
quark. By selectingthe jet with the higher b-tag probability low energetic
jets arisingfrom the charmquarkdecaywould be identifiedasbeautyjets. A
misidentificationin about d|fNg�{ of theeventscanbeavoidedby selectingthe
beautyjet with the appliedmethod. Additionally the b-tagprobability for the
selectedjet cannow beusedto efficiently separatethesemi-leptonicWW back-
groundfrom thesignal.

a The distribution of the reconstructedinvariant mass}]~_� of the signalhasthe
peakasexpectedat }]~_�Rdsn
��hti�j , dueto theW bosonmass.Thecorrespond-
ing backgroundis apparentlydifferent. Only thedistribution of productsfrom
W pair productionpeaksat similar values(asoneW bosondecaysleptonically
andonehadronically).

a Themassdistribution of thereconstructedtop quark }`� is shown in Figure5.1
(d). As the top quark is assumedto decayinto a W bosonand a beautyjet,
its masscanbereconstructedfrom their decayproducts.Thedistribution of the
reconstructedmassfor thesignalpeaksat }`�ZdufNrPnvhti�j , while thebackground
distributionsshow lower reconstructedmasses.
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At higherenergiesthesignaldistribution is kinematicallynot well separatedfrom the
backgrounddistribution: signaland4f backgrounddistribution (mainly semi-leptonic
WW events)overlap.
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Figure 5.3: Normalizeddistributions for the final statetopology characteristicsat� �����
���R�R���
. Only eventswith an isolatedlepton in the final stateareselected.

(a)shows thejet energy distribution �Z� , (b) thereconstructedtopquarkmass�`� . Col-
orsapplyasin Figure5.1.

The energy distribution of the jet arising from the charmquark �W� and the recon-
structedtop quarkmass�`� at

� �����
���R�R���
is shown in Figure5.3. Both distribu-

tionsevidencehigheroverlappingthanfor
� ���L�N�P�R�R���

.
Dueto thisfact,thedistributionof thefinal discriminatingvariablewill haveadifferent
shapefor

� ���s�
���v�t���
thanfor

� ���u�N�P�v�t���
.

5.3 Preselectionfor SingleTop Candidates

In order to reducethe SM backgroundthat hasa totally different topologythanthe
signal Monte Carlo, preselectioncuts are applied. The preselectionaims to reject
all SM processeswhich do not have two jets,oneisolatedleptonandmissingtrans-
versemomentumin thefinal state.Thesamecutsareappliedfor

� ���u�N�P�v�t���
and� �����
���R�R���

center-of-massenergies.
In all following figuresthesignalis normalizedto the luminosityassumingto have a
crosssectionof �2�����:� �s�"�2�

andindicatedasared(solid) line. TheMonteCarloSim-
ulation is indicatedin green(darkgrey) for the4f background,in yellow (light grey)
for theqqbackgroundandin blue(black)for the �/� background.All backgroundsare
addedupandsubsequentlyarecomparedto thedata.
The preselectioncuts are appliedsuccessively in order of their appearancestarting
with theleptonidentification.
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Preselectioncuts

� (1) NN-output,
only eventswith anisolatedleptonin thefinal stateareinvestigated.Therefore
only candidatesdetectedby theNN areselectedasleptoncandidates.If thereis
morethanoneisolatedleptonin anevent,theleptonwith thehighestNN output
is taken as the candidatelepton. No attemptis madeto distinguishbetween
differentleptonflavors. All decaysto � ,  ¢¡ leptonsareconsidered.For the ¡
leptonthemodeswith onechargedparticle(1-prong)areconsideredonly.

� (2) £_¤�¥/¦¨§5©Rª¬«­«
£¯®|°²±�³ ,
where ´&µ�¶¸·¨¹»º-¼�¼ is thecosineof thepolarangleof themissingmomentumvec-
tor calculatedfrom the visible momentumvector as: ½¾ ¹»º-¼�¼�¿uÀ]½¾ÂÁ º-¼ (energy-
momentumconservation in thecenter-of-mass-frame).
This distribution is shown in Figure5.4 and5.7 for both center-of-massener-
gies.Thecut is indicatedasblackverticallinesat Ã ´&µ�¶)·*¹»º-¼7¼&ÃP¿ÅÄÇÆ¬È . An apparent
differencebetweenthesignalandQCDbackgroundqqaswell as4f background
canbeobserved. As thesignalis uniformly distributed,thebackgrounddistri-
bution qq shows peaksfor eventswith missingmomentumalongthebeampipe
dueto initial stateradiationalongthebeampipe.Thiscutrejectsveryeffectively
theradiative Z returns(QCD).

� (3) É2°ËÊÍÌ
ÎÏ®zÐÒÑ�Ó ªÔ«Õ ®×ÖÂØÇ°ÙÊÍÌ
Î ,
where Ú ¾ Á º-¼Û is thescalarsumof thetransversevisiblemomentumof theevent.
TherequirementÜ
Ä�Ýt��ÞàßáÚ ¾ Á º-¼Û avoidsthevisiblemomentumto bealongthe
beamdirection,while Ú ¾ Á º-¼Ûãâ�ä¨å Ä�Ýt��Þ rejectseventswith no missingenergy
in thefinal state.
Thedistributionsareshown in Figure5.5and5.8 for bothcenter-of-massener-
gies.Thecutsareindicatedasblackverticallinesat Ú ¾ Á º-¼Û ¿�Ü
ÄRÝt��Þ]æ ä¨å ÄÒÝt��Þ�ç .
Thesecutsremove what is left of the è2è background.This backgroundshows
too few entriesat é ¶�¿sê
Ä�ëvÝt��Þ dueto its small integratedluminosity (Fig.
5.8). After all preselectioncuts, the è/è backgroundis completelynegligible
(seeTable5.1). In additionsignaleventshavehighermissingenergy in thefinal
statethanthosearisingfrom thebackground.

� (4) Ñ ©Rª¬«­«Õ ìîí ÉïÊÍÌ
Î ,
where¾ ¹»º-¼7¼Û is thetransversemissingmomentumof theevent.
Thedistribution is shown in Figure5.6and5.9for bothcenter-of-massenergies.
Thecut is indicatedasablackverticalline at ¾ ¹»º-¼7¼Û ¿sêPÜvÝt��Þ .
This cut rejectseventswith low missingenergy in thefinal state,asonly events
with high missingenergy mustbeselected.Only thesemi-leptonicWW back-
groundshows highervaluesbut lower asthesignalones.

‘
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Cut-flow-tables Thechoiceof kinematicalcutsis very efficient in reducingthesize
of thebackground(Bdg),while retainingthesignal.A cut-flow-tablefor bothcenter-
of-massenergies(189GeV, 206GeV) is delineatedin Table5.1and5.2.

cut Data TotalBgd llqq JLKJ 4f MNM O�PBR %

no cut 18177 17553.7 1404.7 13923.6 1799.7 425.7 29.6
NN-output 2498 2234.3 976.1 982.5 275.7 73.2 23.1Q R,SUTWV)XZY [\[]Q

1526 1372.1 886.5 337.7 147.9 15.5 21.3^`_*a Y [b 1369 1266.6 871.7 271.8 123.2 0.0 20.8_ XZY [c[b 690 683.0 666.9 12.8 3.3 0.0 18.9

Table5.1: Cut-flow table for dataandMonte Carlo samplesat d e = 189 GeV andfhg�i.j8kmlonZpZq
.

cut Data TotalBgd llqq JLKJ 4f MNM O�PBR %

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 23.5Q R,SUTWV XZY [\[ Q

1670 1566.1 1137.1 256.6 172.4 4.7 21.4^`_ a Y [b 1429 1400.7 1091.6 189.7 119.3 0.0 20.9_ XZY [c[b 836 874.2 856.4 13.3 4.5 0.0 19.0

Table5.2: Cut-flow table for dataandMonte Carlo samplesat d e = 206 GeV andfhg6kri�iClon pZq
.

The datashows a goodagreementwith the Monte Carlo expectationsfor the back-
ground.Thesignalefficiency multiplied by the leptonicdecaybranchingratio of the
W bosonis reducedto s 19.0%for bothcenter-of-massenergies(Table5.1,5.2). It is
independentof theflavor of thelight quark(c/u)producedwith thetopandof whether
theW decaysto anelectron,muonor tau.
The MLM backgroundis negligible afterremoving eventswith low missingenergy in the
final state. The qq backgroundarisingfrom QCD eventsis efficiently reduced.Ac-
cordingto theMC simulation,thebackgroundpassingthis preselectionis composed
of: JLKJ events,semi-leptonicWW events(llqq) andother4 fermionevents(qqqq).
Fortunatelytheirreduciblebackgroundarisingfrom t.uvt pxwzy u y{pxw K| nL}\~ events
is negligible dueto thesmall sizeof theCKM mixing matrix element����� g��r���8�*�*k� �r������i��

[5].
Neverthelessthe leadingbackgroundcomesfrom t u t p w�y u y p w J�J�� }\~ , whereJ�J � arelight quarks(labeledasllqq in Table5.1, 5.2). The taggingof beautyjets is
thereforeanefficient requirementfor rejectingthellqq background.
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5.4 Lik elihoodSelection

A final discriminatingvariableis constructedin order to efficiently selectthe signal
typeeventsandrejectthebackgroundtypeones.This is adequateasthesamplesizeis
smallandthedistributionsconsistsof essentiallyuncorrelatedvariables.
Thefinal discriminatingvariableis achievedby usinga vectorof measurementsx, on
thebasisof asinglequality � [36, 37],

��� �����2�]�	�����3�`����3�2�]�)��� �3�`�¢¡���£	��¤3¥4�]¦�§]¨)�)©N�3�`��ª (5.2)

where
�����2�]�	���

and
��£	��¤«¥,�]¦3§]¨)�)©

aretheprobabilitydensityfunctionsfor two categories
of events. The optimal event-classificationschemeselectseventshaving the largest
valuesfor the ratio of probabilities

�����2�]�	�����3�`�]¬­��£	��¤«¥,�]¦3§]¨)�®©¯�3�`�
to definea sampleen-

richedin signalevents.
Eachevent is classifiedon thebasisof whetheror not thevalueof L for thatevent is
largerthansomecritical value.Signaleventstendto haveavalueof � near1, whereas
backgroundeventsnear0.
The probability density functions

�����2�]�	���
and

��£	��¤«¥,�]¦3§]¨)�)©
are determinedfrom the

productof MonteCarlo1-dimensionaldistributions(or referencedistributions)of the
input variables: � °²± ³ ´¶µ · ¸¹ µ º¼»½³ ¾²¿ À�´�Á �3�`� �ÃÂ �xÄ �oÅ (5.3)

If threeclassesof events(signal,two backgrounds)areclassified,the
� �

requireto be
renormalizedto theirabundances.
For eachevent satisfyingthe preselectioncuts a binnedlikelihood function is con-
structed,with one classfor the signal, one for the qq backgroundand one for the
semi-leptonicWW (llqq) background.The following variablesareusedto construct
this final discriminatingvariable.

Lik elihoodVariablesÆ (1) TheinvariantmassÇÉÈËÊ from theW decay.
Theinvariantmassfor thedecayingparticleX is calculatedas:

Ì �2�ÎÍÏ � ÐÑÑÒ ÓZÔ �hÄ �ÖÕØ× �
ÐÑÑÒ ÓZÔ �ÚÙ �¼ÕÛ×ÝÜ Ó¢Ô �ßÞÄ �²ÕÛ× (5.4)

whereÄ � is thefour-momentumvector, Ù � theenergy and ÞÄ � thethree-momentum
vectorof theleptonandtheneutrino,respectively. Themissingfour-momentum
vectoris obtainedasfollows:

– from themissingthree-momentumvector

ÞÄoà �2�3� � Ü ÞÄ Í4�2� á Äoà �2�3� � � ÄNâ®ã ä ª ÄLâ®ã å ª ÄNâ®ã æ � (5.5)
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– andassumingthemissingmassto bezeroçéè0ê2ë3ë`ìîí ï ð�è0ê2ë3ë`ìòñ óNôõ®ö ÷ÝøÉóNôõ®ö ùÝø�ó õ®ö ú (5.6)

Thedistributionof thevariableçéû õ is shown in Figure5.10(a)( ü ý ì�þ�ÿ�������� )
and Figure 5.11 (a) ( ü ý ì	�8í�
������ ). Signal eventsand semi-leptonicWW
eventshave apeakat çéû õ
� ç�� astheleptonandneutrinoareproductsof one
W decay. Lower massesarereconstructedfor the qq backgroundasno events
from W decayareexpected.In certaineventsa lowermassçéû õ at �	� í������ is
reconstructeddueto � leptonevents.

� (2) Theinvariantmass����� of theremaininghadronicpart(2 jets).
The invariant massis calculatedusing equation(5.4), where óoê is the four-
momentumvector, ð�ê the energy and �óoê the three-momentumvector of the
hadronicpart.Theenergiesandmomentaof thejetsarewell known.
Thedistribution of thevariable ç���� is shown in Figure5.10(b)and5.11(b)for
bothcenter-of-massenergies.Thedi-jet invariantmassfor thellqq background
eventsprimarly reconstructsto theW bosonmass.It assumeslower valuesfor
thesignalwhereit providesthemassof thebeautyandcharmjet.

� (3) Thelogarithmof theDURHAM jet resolutionparameterln( ��� � ).
Thevariable!#" ô is calculatedasdescribedin section5.1.3.
Thedistributionof ln( !#" ô ) is shown in Figure5.10(c)and5.11(c)for bothcenter-
of-massenergies.Accordingto !#" ô thesignaljetsareseparatedmoreefficiently
asthebackgroundjetsdueto theboostof theW systemathigherenergies.

� (4) Themomentum$%�&� of theremaininghadronicpart.
This variableis also shown in Figure 5.10(d)and 5.11(d) for both center-of-
massenergies. The variable implies higher momentafor the signal jets and
lower valuesfor thosearisingfrom thebackground,asthe backgroundquarks
areknown to belight quarksandthereforehaving lowermomenta.

� (5) Theb-tagprobability '�( for theselectedbeautyjet.
Thejet with thehigherenergy is selectedasthebeautyjet. Thesignalprobabil-
ity )+* for the selectedjet is apparentlydifferentcomparedto the background.
It hasa probabilityof ),* near1 to becorrectlyidentified,while theprobability
for thebackgroundjet hassmallvaluesof ),* near0.
Thequarksarisingfrom thesemi-leptonicWW eventsarelight quarks.There-
fore the b-tagprobability ),* is an efficient variable,becauseit clearly distin-
guishesbetweenthe signalandthe WW (llqq) backgroundfor both center-of-
massenergies. In certainevents ),* is � í.-cþ0/ , dueto misidentifiedcharmjets
(section5.2). Thedistributionsareshown in Figure5.10(e)and5.11(e)for both
center-of-massenergies.

ThedominatingSM backgroundcomesfrom thesemi-leptonicWW backgroundllqq
for bothcenter-of-massenergies. At ü ý ì	�8í�
������ thedistributionsof theselected
variablesfor the signal and the WW backgroundoverlap. This fact decreasesthe
discriminationpower betweensignal and background. Only the b-tag variable ),*
shows anapparentlydifferentdistribution for thesignalasfor thebackground.
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Figure5.10:Likelihoodvariablesat I JLKNM0O�P�Q�R�S : (a) reconstructedinvariantmass
of the W boson TVUXW , (b) massof the di-jet systemTVYZY , (c) jet resolutionparameter
ln [.\^] , (d) momentumof the di-jet system_#YZY and (e) b-tag probability `ba for the
selectedbeautyjet.
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Figure5.11:Likelihoodvariablesat c dLe	fhg�i�j�k�l : (a) reconstructedinvariantmass
of the W boson mVnXo , (b) massof the di-jet systemmVpZp , (c) jet resolutionparameter
ln q.r^s , (d) momentumof the di-jet systemt#pZp and (e) b-tag probability ubv for the
selectedbeautyjet.
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Figure5.12: TheLikelihoodfinal discriminatingvariablefor (a) ~ �L�N�0��������� and
(b) ~ ���	�h��������� center-of-massenergy.

37



Thedistribution of thefinal discriminatingvariable � is shown in Figure5.12(a)
and(b) for acenter-of-massenergy of � �L�N�0�������h����������� , respectively. Theresults
for bothdataandMonteCarlosimulationsareshown.
Thedistribution of � showsagoodagreementbetweendataandSM backgroundanda
very gooddiscriminatingpower betweensignalandSM background.Thesmallpeak
of thedistribution of � near0(1) for signal(background)eventsoriginatesfrom small
correlationsbetweenthevariableswhichconstructthefinal variable.
Due to thedifferentkinematicalcharacteristicsat higherenergies,thefinal discrimi-
natingvariablehasa differentshapefor � �L���h���
�
��� . Thesignalis kinematically
not longer well separatedfrom the WW background. Thereforethe probability of
a backgroundevent beingclassifiedasa signalevent rises. As a resultbackground
eventstendto have avalueof � higherthan0.
The signal expectationsrequirean excessin the datato proof the single top quark
productionvia FCNC.With respectto thebackgroundsourcesfrom SM expectations
no excessis foundin thedatafor bothcenter-of-massenergies � �L�N�0�������h����������� .
The differencesbetweendataandSM backgroundexpectationsarecompatiblewith
zerowithin statisticaluncertainties.
Sincetheobserved eventsdoesn’t show an indicationof singletop quarkproduction
via FCNC,anupperlimit on thecrosssection���¡ ¡¢¤£ canbederived(in thenext chap-
ter). This is achieved by calculatinganexpectedupperlimit on thecrosssectionfor
eachvalueof thefinal discriminatingvariable � .
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Chapter 6

Results

A limit on thecrosssectionfor single-topquarkproduction( ¥§¦©¨«ª¤¬ ) via FCNCis de-
rivedandupperlimits ontheanomalouscouplingconstantsarededucedandcompared
to theresultsreceivedfrom otherexperiments.

6.1 Limit on the crosssection

Basedon Monte Carlo samples,an expectedlimit for ¥�¦¡¨¡ª¤¬ canbe calculated.This
is achieved by calculatingfirst the expectednumberof signal events for the data
reweightedwith thePoissonprobabilityfor eachvalueof thefinal discriminatingvari-
able ­ . The result is thenusedto calculatethe expectedlimit on the crosssection
takinginto accounttheefficiency for eachvalueof ­ andtheintegratedluminosityfor
eachcenterof massenergy. Thedistribution of theexpectedcrosssectionis shown in
Figure6.1.
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Figure 6.1: The expected limit for each value of L at ° ±�²N³0´�µ�¶�·�¸ and
° ±L²�¹hº�»
¶
·�¸ .

The optimal cut on the final discriminatingvariable in order to minimize the ex-
pectedlimit on the crosssectionis ­½¼ 0.95 at ° ±L²¾³0´�µ
¶
·�¸ and ­¿¼ 0.93 at



À ÁLÂ�ÃhÄ�Å
Æ
Ç�È
. Theseare the minimal valuesof the expectedcrosssectiontaking

into accountthePoissonprobability.
In total 13 candidatesare selectedin the data to be comparedwith 8.11 events in
SM expectationsfor

À Á�ÂNÉ0Ê�Ë�Æ�Ç�È
. Thecut on thefinal discriminatingvariableatÀ ÁLÂ�ÃhÄ�Å
Æ
Ç�È

leaves18candidatesin datato becomparedwith 14.5in SM expecta-
tions(Table6.1).

À Á
[GeV] 189 206

Luminosity Ì Í�ÎÐÏÒÑÔÓ 172 211

LikelihoodCut Õ 0.95 0.93
Numberof Eventsin Data 13 18

Numberof expectedeventsin SM background 8.11 14.50Ö,×ÙØÛÚ [%] 12.22 6.90

ÜÞÝàß�á0Ýàâàã¡Ýàäå ã«æ¤á (95%CL) [pb] 0.36 0.66

Ü æ¤ç å Ýàè¡éêÝàäå ã¡æ¤á (95%CL) [pb] 0.60 0.87

Table6.1: The resultsafter the cut on the final discriminatingvariable Õ . The effi-
ciency Ö is multipliedby theSM branchingfractionBR(ëíìïî©ðòñ	ó�ó�ô ).

Theefficiency for datacollectedat
À ÁLÂ	ÃhÄ�Å�Æ�Ç�È

is smalldueto largervalueof en-
ergy from thecharmjet: thesignalis not longerkinematicallywell separatedfrom the
backgroundespeciallythesemi-leptonicWW background.
After this final cut thenumberof observedsignaleventsat95%confidencelevel (CL)
is calculatedby using

Éöõ�÷ÛøùÂ Ç�ú&ûýüÞþ ÿ ��������
�
	���
���� �

���
Ç ú&û ÿ���������

�
	 � � �
���

Â���Ä�� Ä��
(6.1)

where
	��

is the expectednumberof eventsin SM background,��� is the numberof
selectedeventsin thedataandN is themaximumnumberof signalevents. With the
numberN of signalevents,theobservedcrosssectionÜ å ã¡æ¤á is calculatedasfollows

Ü å ã«æ¤á Â �! Ö" (6.2)

whereÖ is thesignalefficiency and
"

is theintegratedluminosity. Thecalculatedupper
limits for theexpectedandobserved crosssectionÜ å ã¡æ¤á areshown in Table6.1. The
numberof selectedeventsin thedatais higherthanfor theexpectedSM background.
Thereforetheobserved limit is larger thantheexpectedlimit for bothcenter-of-mass
energies.Theseresultswerealsoverifiedwith acut-basedanalysis(AppendixA) and
consistentresultswerefound.
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6.2 Uncertaintiesof the limit fr om the top quark mass

The largestuncertaintyfor the crosssection #%$'&'(*) comesfrom the mass+,&.-0/2143�5768�9 5:/<;>=�? of the top quarkgiven by theD @ andCDF experiments.To take into ac-
counttheuncertaintyof 5.1GeV on theefficiency A , MonteCarloeventsfor different
massesof thetopquark + & -B/�CEDGF�/21HDI;>=�? areinvestigated(Table6.2).

J K
[GeV] + &'(*) -B/2143I;>=�? + &
(*) -L/�CEDM;>=�? + &
(*) -0/21HD!;!=�?

A [%] # (*N�$$O&
(*) [pb] A [%] # (*N�$$'&'(*) [pb] A [%] # (*N�$$'&'(*) [pb]

189 12.22 0.60 10.31 0.61 12.10 0.71
206 6.90 0.87 5.60 1.07 7.82 0.77

Table6.2: Theupperlimits (95%CL) on thecrosssectionfor differenttopmasses.

The calculatedupperlimits for the crosssection # (*N�$$O&
(*) show comparableefficiencies
for thetopmassof +,&.-0/2143M;!=�? and +,&P-B/21HD�;>=�? . Theobtainedcrosssectionis
thereforenot stronglydependenton thetopquarkmass.Theseresultsassumea100%
branchingratio for thetopquarkto decayQPRTS�U .

6.3 The limit for the anomalouscoupling constants

A model-dependentupperestimatefor the anomalouscouplingconstantsVXW and V�Y
for the Z andZ exchange,respectively, is derived as describedin section2.4. The
obtainedlimits for eachcenter-of-massenergy arecomparedto thelimits derivedfrom
CDF resultsandareshown in Figure6.2.
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Figure 6.2: Model-dependentlimits for
J K -B/�^ED,_a`Hb�C�c.;>=�? . The black,

blue (lowest) and red (upper) curved lines indicate the estimateson V W F*V Y for
+ & -B/2143�F�/�CEDGF�/21HDd;>=�? , respectively. CDFlimits areindicatedasblackdashedlines.
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The investigatedprocessis sensitive for the anomalouscouplingconstante�f as the
dominatingcontribution to thecrosssectioncomesfrom theZ bosonexchangein the
modeldescribedin section2.4.
An upperestimatefor e�f is derived for the combineddata. The limit is achieved
by usingthe likelihoodratio methodwhich hasbeendevelopedfor thesearchof the
Higgsboson[38]. In thisproceduretheresultsfor thedifferentcenter-of-massenergies
areweightedbecausethe crosssectionstronglydependson them(Eq: (2.10)). The
anomalouscouplingsin thementionedmodeldependon thevariationof theselection
efficiencies(Table6.2) andon thecrosssectionfor singletop quarkproductionasa
functionof thetop quarkmass.Thecombinedlimit for bothcenter-of-massenergies
is shown in Figure6.3.
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Figure 6.3: Model-dependentlimits for the combined data. The black, blue
(lowest) and red (upper) curved lines indicate the estimates on eXi�j*e f fork,lPmBn2o4p j n�qEr j n2oHrds>t�u , respectively. CDF limits are indicatedas black straight
lines.

As the crosssectionis stronglydependenton the center-of-massenergy, the results
obtainedat higherenergiesaredominantin the resultinganomalouscouplings.This
leadsto an upperlimit of e f�vxw�y oEo for a top quark massof k l mBn2o4pIs>t�u . Fork,lPmBn�qEr�z{n2oHr�|Ps>t�u theupperlimits becomee�f v}w�y o w z w�y7~ oE| . Theseresultsdo not
improve but arecompetitive to recentresultsgivenby otherLEPexperiments.
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Chapter 7

Summary and Conclusions

In this thesis,the single top quark productionvia flavor changingneutralcurrents
(FCNC) ����������*������ ����� ������ ���*� , hasbeeninvestigatedin �2���H� collisions.Thepre-
sentedanalysisfocusessolelyon theleptonicW bosondecay�����%�������*�� .
An integratedluminosity of 383 �%� ��� of datawasused,collectedat center-of-mass
energiesof � � �B¡�¢E£�¤>��¥ and � � �}¦H§�¨�¤>��¥ by theOPAL detectoratLEP.
As theFCNCis highly suppressedwithin thescopeof theStandardModel,no events
areexpectedto befoundfor theanalyzedamountof dataandany positive observation
wouldbestrongevidencefor physicsbeyondtheStandardModel.
Theanalysisis basedona likelihoodmethod,wheretheconstructedfinal discriminat-
ing variablehasa valueabove 0.95( � � �0¡�¢E£!¤!��¥ ) and0.93( � �©�}¦H§�¨�¤>��¥ ) for
selectedsignalevents. The different cut at � � �}¦H§�¨�¤>��¥ resultsdue to the mini-
mizationof theexpectedlimit. A neuralnetwork hasbeenusedto identify eventswith
anisolatedleptonin thefinal state.Eventswhich enterthelikelihoodmethodhave to
passa setof preselectioncuts.Thedominatingbackgroundarisesfrom semi-leptonic
WW events. Most of the backgroundeventsfrom QCD, ª�ª , ZZ andhadronicWW
backgroundarerejected.
At � � �B¡�¢E£�¤>��¥ , 13eventswereselectedin thedatatobecomparedwith 8.11events
from the StandardModel expectations.At � � �}¦H§�¨�¤>��¥ , 18 eventswerefound in
thedatawhile 14.50eventsareexpected.Theobserved numberof eventsin thedata
matchwith theexpectationsof theStandardModelbackgroundprocesseswithin their
statisticalerrorsandthusdonotshow evidenceof singletopquarkproduction.There-
fore model-independentupperlimits at a confidencelevel of 95% on the single top
quarkproductioncrosssection«%¬'­'®*¯ have beenderived for bothcenter-of-massener-
gies:

« ®*°�¬'±�²'³�±�´¬'­'®*¯ µ §�¶7¨H§>�%�·« ±a¸�¯�±º¹a­'±�´¬'­'®*¯ µ §�¶7»E¨¼�%� ½H� � �©�B¡�¢E£�¤>��¥ �
« ®*°�¬'±�²'³�±�´¬'­'®*¯ µ §�¶7¢�¾¿�%�·« ±a¸�¯�±º¹a­'±�´¬'­'®*¯ µ §�¶7¨E¨¼�%� ½H� � �©�}¦H§�¨�¤>��¥À¶

The quotedlimits assumea 100%branchingratio for the top quarkdecay �©���Á�
anda top quarkmassof ÂÀ­Ã�B¡2¾4ÄI¤>��¥ . The top quarkmasshasan uncertaintyofÅ�Æ ¶:¡<¤>��¥ . Thereforethe largestuncertaintyfor the crosssection «%¬'­'®*¯ comesfrom
thetop quarkmass.This is takeninto accountfor calculatingtheanomalouscoupling
constants.A modeldependentupperestimatefor theanomalouscouplingconstantÇ�È



to theZ bosonhasbeencalculatedfor thecombineddata,

É�ÊÌËxÍ�ÎÐÏEÏ�ÑHÒÔÓEÕ�Ö0×�Ø
assumingÙÀÚ.ÛBÜ Ï4ÝIÞ>ß�à andno anomalouscouplingto thephoton,

ÉXá Û Í
. This re-

sult is comparableto theconstraintsgivenby otherLEP experiments.A combination
of theleptonicandhadronicchannelwill improve thelimit on

É�Ê
andis accomplished

in [39].
A combinationof all LEPresultswill improve thelimits derivedfrom theCDFexper-
imentat theTevatronaccelerator. Neverthelessnomodelfor FCNCproductioncanbe
excluded.In orderto certainjudgewhetherFCNCtransitionsoccurin oneof themen-
tionedmodels,searchesathigherenergiesat theupgradedTevatronandLHC mustbe
performed.
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Appendix A

Cut-basedStudy for SingleTop
Quark Production

A cut-basedstudyfor the leptonicchannelis performed.The dataandMonte Carlo
samplesdescribedin Chapter4 at â ã©äBå�æEç�è>é�ê center-of-massenergy areused.The
sameglobaleventselectionsandalgorithmsasin Chapter5 apply.
Themotivation for thecutsarethesameasfor the likelihoodmethod.Thecut-based
methodaimsto rejectall eventswith adifferenttopologythanthesignal:two jets(one
a high energeticbeautyjet), anenergetic isolatedleptonandlargemissingtransverse
momentum.All appliedcutsefficiently reducethebackgroundandretainthesignal.
Following variablesareusedandthecutsappliedsuccessively in orderof theirappear-
ance:

ë (1) NN-output asin section5.3.

ë (2) ìîí�ï�ð2ñ%ò!ó7ôõôHì�öø÷�ù:ú asin section5.3.

ë (3) û ò!ó7ôõô öýü�þÌÿ�� � ,
where�����	�
� is themissingmomentumvectorreconstructedfrom thevisiblemo-
mentumvector. This cut rejectseventswith no missingenergy in thefinal state.

ë (4) 1-C fit ,
where1-C fit is a 1-constraintfit assuming�
����� or ����������������� . The
resultsfor theHiggsevents� � � � areequal0, while the � � � � eventsrecon-
structthedecayingW. Thiscut rejectsefficiently WW semi-leptonicevents.

ë (5) ��÷ ÿ�� � ö�� �"!$# ö&%G÷�÷ ÿ�� � ,
where ')(+* is reconstructedasin section5.4. This cut rejectsa largeportionof
thesemi-leptonicWW background.

ë (6) ln( ,�-/. ) ö&01%�ù2� ,
whereln( 35476 ) calculatedasin section5.4. This cut rejectssemi-leptonicWW
eventsefficiently.

ë (7) � 898 ö;:�þÌÿ�� � ,
where<>=?= is calculatedasin section5.4.ThiscutreducestheWW background.
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@ (8) A�BDC�EGFIH ,
where JLK is calculatedasin section5.4. After this final cut, only 4 eventsare
left in thedata.

All distributionsareshown in thefollowing plots. The4f backgroundis indicatedin
green,theqq backgroundin yellow andthesignalasa redline.
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FigureA.1: Cut-basedstudy:theupperplot shows thedistribution of theangularmo-
mentumfrom themissingmomentum[/\^]`_9a�b	cdc , the lower plot shows thedistribution
of themissingmomentume a�b	c
c ; all previouscutsareapplied.
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FigureA.3: Cut-basedstudy: theupperplot shows thedistribution of themassfrom
thedi-jet systemu>vwv , thelower plot shows theb-tagprobability;all previouscutsare
applied.
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Thecut-flow tablefor theappliedcutsis shown in the lower table. The4f back-
groundis negligible, theqq backgroundis efficiently reduced.Thedominatingback-
groundarisesfrom thesemi-leptonicWW background.

cut data All Bgd llqq xqyx 4f z|{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} ~/�^�`�9���	�
��}������+�

1526 1372.1 886.5 337.7 147.9 21.3� ���	�
� �������
�$� 884 829.1 775.7 40.7 12.6 20.8
1-Cfit 343 318.6 281.8 27.2 9.6 18.7� �����>�n�����$���

180 194.2 187.4 5.6 1.2 13.6�2� �
¡q¢7£/¤ �¦¥��§� �
38 34.2 32.0 2.0 0.2 12.5�>¨w¨©�«ª§�
���$�
22 19.7 18.0 1.6 0.1 8.1¬®­°¯ ���+±
4 3.8 3.4 0.4 0.0 5.3

After all cutsareapplied,4 eventsareleft in thedatato becomparedto 3.8eventsex-
pectedfrom theSM background.Theexpectedbackgroundandthedataarein agood
agreement.No excessis observed. Thereforea limit on thecrosssectionis derivedas
describedin chapter6.

² �
[GeV] 189

Luminosity ³ ��´¶µ
¢¸·

172
Numberof Eventsin Data 4

Numberof expectedeventsin SM background 3.8
z®{|¹»º [%] 5.3

¼¾½ ­ �d¿ÁÀdÂ`¿ÁÃ�dÄ ½ÆÅ (95%CL) [pb] 0.66

¼ ¿ÁÇ Å ¿ÁÈÁÄd¿ÁÃ�ÉÄ ½ÆÅ (95%CL) [pb] 0.66

TableA.1: Cut-basedstudy:Theupperlimits on thecrosssectionfor singletopquark
productionin theleptonicchannel.

The efficiency z is multiplied by the SM branchingfraction BR(ÊÌË �ÉÍÏÎ ±�±^Ð ).
Theseresultsassumea100%branchingratio for thetopquarkto decayÑ�ËÓÒ$Ô .
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