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Synopsis

The OPAL detector has been used to collect data from decays of the Z� boson�

produced with e�e� collisions at the LEP collider� Approximately ��� million events�

recorded between ���� and ���� with the silicon microvertex detector operational�

were considered for measurements of the average bottom hadron lifetime� �b� and

the bottom baryon lifetime� ���
b
� The 	� baryon production rate in Z� � b
b events

was studied using approximately one million multihadronic events� recorded between

���� and ����� A neural network algorithm was used to enhance Z� � b
b events

relative to other hadronic decay modes of the Z� boson�

The average bottom hadron lifetime was evaluated using a binned maximum

likelihood �t to the reconstructed decay time distribution formed using estimates of

the bottom hadron decay length and momentum� The lifetime measurement 


�b � ������� ����� �stat�� ����� �syst�� ps�

has a systematic error dominated by uncertainties on the bottom quark fragmen�

tation modelling in the Monte Carlo and the resolution function that describes the

distribution of reconstructed decay times for a given true decay time�

A study of 	� baryon production in Z� � b
b events was used to measure 


Br�b hadron� 	�X� � ����� ��� �stat��������� �syst����

The systematic error is dominated by uncertainties on the momentum spectrum of

	��s from bottom quark fragmentation� The bottom baryon production rate was

subsequently estimated as 


f�b� 	�b� Br�	
�
b � 	�X� � ���������������

The bottom baryon lifetime was measured with the same overall technique as

used for the measurement of �b� The additional requirement of a high momentum 	��

associated with the jet in which the decay length measurement is made� enhanced

the bottom baryon component in the reconstructed decay time distribution� This

bottom baryon enhanced lifetime was measured as 


�b�� � ������ ���� �stat�� ���� �syst�� ps�



where� the dominant contribution to the systematic error comes from uncertainties

in the signal resolution function� An estimate of the proportion of the �b�� sample

due to a bottom baryon component was used to derive 


���
b
� ������ ���� �stat�� ���� �syst�� ���� �syst�� ps�

The �rst error is due to the statistical uncertainty on �b�� and the second error is

due to the systematic error on �b�� and �b� The �nal error is due to the uncertainty

on the contribution of bottom baryons to the �b�� sample�

This method of measuring the bottom baryon lifetime is systematically di�erent

to other techniques that use baryon�lepton correlations �	�c �� 	
�� or p���



�Before I came here I was confused about this subject� Having listened to your

lecture I am still confused� But on a higher level��

Enrico Fermi
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Chapter �

The Standard Model of Particle

Physics

The Standard Model is a remarkably successful set of theories that describe current

understanding of the fundamental particles �quarks and leptons� and forces �gauge

bosons� that make up the known Universe� The LEP accelerator �described in

the next chapter� creates Z� gauge bosons from e�e� interactions� This process is

described by the electroweak theory� the main features of which are summarised�

One of the e�e� interaction points is instrumented with a large general purpose

detector� called OPAL �also described in the next chapter�� In this thesis� aspects

of Z� decays to bottom quarks are studied with the OPAL detector� This reaction is

observed as �jets� of particles within the detector� The production of jets is described

by quantum chromodynamics� the relevant features of which are discussed� The

chapter ends with a brief review of the short�comings of the Standard Model and

alternate theories that will be tested in future experiments�

��� Introduction

One of mankind�sa greatest and most successful endeavours has been the continual

desire to understand phenomena of the physical world� Science has evolved to en�

compass man�s best theories explaining observations of such physical phenomena�

aThis word is not gender speci�c �
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The philosophy of science is straight�forward� A model proposed to describe some

class of physical phenomena must describe accurately the phenomena as they occur

and predict new phenomena or relationships not experienced previously� A model

is retained as long as it ful�ls these criteria but must be replaced or revised as soon

as experimental observations disagree with the predictions of the model�

The material presented in this thesis concerns a branch of science that began

approximately �� years ago called particle physics� The aim of particle physics is

to provide a description of the interactions of particles that are thought to be the

smallest building blocks of Nature�

The �rst recorded suggestion that matter may consist of separate particles was

made in the �th century� probably by Leucippus of Miletus� His pupil� Democritus�

adopted the now commonly used word atom from the Greek atomos meaning in�

divisible� Dalton revived the word at the start of the ��th century and provided a

scienti�c basis for this simple Greek idea� Dalton suggested that the atom was the

invisible particle that takes part in chemical reactions� This view was overturned

in ���� by Thomson�s discovery that atoms could �emit� smaller negatively charged

particles� which are now called electrons� This discovery indicated that the atom

had some internal structure� which was duly con�rmed by Rutherford in ���� with

an alpha particle scattering experiment performed by Geiger and Marsden� With

the structure of the atom unravelled� physicists turned their attention to investigat�

ing the properties of the zoo of particles that were being discovered experimentally

in cosmic�ray and accelerator based experiments� and theoretically predicted by the

rapidly developing quantum theory�

There are now more particles recorded than elements in the periodic table� Our

understanding of the micro�world has improved by many orders of magnitude� In the

�����s energies of a few electron�volts probed distances of some ����� m� to date�

energies of �������� electron�volts have been used to probe distances as small

as ����� m�

All of the particle properties are predicted with very impressive accuracy by a

collection of theories known as the Standard Model� The theories that form the

Standard Model are tested in a number of laboratories around the world� The data

presented in this thesis comes from the OPAL experiment which is based at the LEP
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collider at CERN� the European Particle Physics Laboratory� situated near Geneva�

in Switzerland�

To date� the Standard Model has withstood detailed probing from experiments at

CERN and elsewhere� However� there are questions about fundamental processes in

Nature that are not answered by the current set of experiments� Further experiments

are planned to address such questions�

��� The Particle Spectrum

The Standard Model seeks to describe the interaction of matter�like fermions and

force�like bosons which are believed to be the constituents of all matter in the Uni�

verse� Although four interactions have been identi�ed in Nature �electromagnetic�

weak� strong and gravitational�� the Standard Model cannot yet provide a theoret�

ical description of the gravitational interaction on the same footing as the other

interactions due to problems with incorporating the quantum nature of space�time�

However� the dimensions covered in particle physics experiments are so small that

the e�ects of the gravitational interaction are insigni�cant compared to the other

three interactions�

In the following sections the constituent fermionic and bosonic particles of the

Standard Model will be discussed along with the gauge�invariant renormalisable �eld

theories that describe the interactions between them�

����� Elementary Fermions

It is believed that the material world consists of point�like spin �
	
particles called

fermions� The fermions are divided into two classes 
 the quarks �q� which experience

the strong force and the leptons ��� which do notb�

There are six types ��avours� of quark divided into three �up�type� quarks �up�

charm and topc � u� c and t� and three �down�type� quarks �down� strange and

bottom � d� s and b�� The �up� and �down� type quarks carry electrical charge &	



and ��


respectively� The six leptons comprise of three that are electrically charged

bEach fermion also has an anti�particle partner with opposite quantum numbers �except spin�
but the same mass� The antiparticle is represented as q � �q for quarks and �� � �� for leptons�

cThe top quark was discovered recently by the CDF and D	 collaborations at Fermilab 
��
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�e� �� �� and three electrically neutral neutrinos ��e� �� and �� �� The leptons can

exist as free particles but free quarks have never been observed and they are predicted

to form bound combinations called baryons �qqq� and mesons �q
q��

The fermions can be classi�ed into sets of three generations thus 
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The subscripts R and L refer to right� and left�handed particlesd� There are no

right�handed neutrinos in the Standard Model� The lower members of the quark

doublets are linear combinations of weak mass eigenstates� The combinations are

described by the Kobayashi�Maskawa mixing matrix� which is discussed in more

detail in section ����

Each successive generation is simply a heavier version of the previous onee�

with the same basic quantum numbers� as shown in table ��� for the quantum

numbers associated with the electromagnetic �electrical charge� Q� and weak �third

component of weak isospin� I
� interactions� Also shown is a quantity called weak

hypercharge �Y� that will be discussed in more detail in section ���� Only matter

consisting of the �rst �lightest� generation has been observed� The hierarchical

structure formed by the generations is not explained in the Standard Model�

dA right� �left�� handed particle has its spin vector aligned parallel �anti�parallel� to its momen�
tum vector�

eTo date
 there is insu�cient experimental evidence to either con�rm or reject the Standard
Model prediction that neutrinos are massless�



�

Fermion Q I
 Y

eL �� ��
	

��

�L � &�
	

��

uL &	



&�
	

&�



d
�

L ��



��
	

��



eR �� � ��

uR &	



� &�



d
�

R ��



� �	



Table �
�
 The quantum numbers � Q �electric charge
 in units of e�
 I� �the third component
of weak isospin� and Y �weak hypercharge�
 for the �rst generation of fermions�

����� Gauge Bosons

The interactions between fermions are postulated to be mediated by the exchange of

virtualf spin � gauge bosons� The electromagnetic force is mediated by the massless

photon ���� the weak interaction by the massive W� and Z� bosons and the strong

interaction by an octet of massless gluons �g��

The electromagnetic interaction has an in�nite range whereas the mass of the

W� ���� GeV	c	� and the Z� ���� GeV	c	� bosons give the weak interaction an

e�ective range of �����m� The strong interaction has a typical range of � �����m

for reasons described in section ����

The interaction of the gauge bosons with the fundamental fermions and the

self�interaction of gauge bosons is described within the framework of the Standard

Model using a set of relativistically invariant theories known as gauge �eld theories�

��� Gauge Field Theories

Field theories describe particles as quantised perturbations of physical �elds� The

propagation and interaction of these �elds are described in terms of a Lagrangian

density� A Lagrangian density can be used to describe any physical system and such

fThe exchange process must take place over a time limited by the uncertainty principle in order
to satisfy conservation laws�






methods have been exploited for many years in the �eld of classical physics '�(� The

basic methodology of a gauge theory is to ensure that the Lagrangiang describing

the interactions of particle wave functions remains invariant under certain symmetry

transformations which re�ect conservation laws in Nature�

In quantum �eld theory fermions are introduced as complex �elds used to con�

struct the Lagrangian� the quantum mechanical phase of these �elds being unobserv�

able and therefore arbitrary� Changes in phase �known historically as gauge transfor�

mations� should therefore leave the physical nature of the system unchanged� If the

phase change is the same for all space�time points �a global transformation� then

charge conservation is predicted� A local gauge transformation �where the phase

changes are arbitrarily di�erent for all space�time points� is even more fruitful� As

one might expect� such a transformation does not leave the system invariant as de�

sired� Invariance is recovered by introducing a further set of �elds called gauge �elds�

which turn out to describe the gauge bosons '�(� '�(� '�(�

Hence� by demanding invariance under local gauge transformations we have

produced terms in the Lagrangian that correspond to the dynamics of the fermion

interaction� No a priori reason has been discovered to explain why this should be

so� The entire theory of interacting particles is determined by the way in which the

fermion �elds transform under the operations of a particular symmetry group�

The choice of symmetry group depends on the interaction to be described� The

electromagnetic interaction �quantum electrodynamics or QED� uses the Lie group

U��� to provide the generators of the gauge transformations� To describe the weak

interaction the non�Abelian SU��� gauge group is used� The members of a non�

Abelian gauge group �in this case ��� matrices� do not commute� The strong

interaction is based on the non�Abelian SU��� gauge group� The electromagnetic and

weak gauge �eld theories have been uni�ed into a single �electroweak� model which

is described in section ���� In order to construct successful �eld theories� that yield

calculable results which can therefore be compared to experimental observations� a

procedure called �renormalisation� must be performed�

g �Lagrangian density� is often shortened to �Lagrangian��
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Figure �
�
 Feynman diagrams for the ��e� scattering process� Diagram �a� shows the basic
zeroth order process and diagram �b� is a �rst order correction� Diagrams �c� and �d� show
processes which cause the probability amplitude calculations for the scattering process to become
divergent�

����� Renormalisation

Feynman developed the tools which allow the probability for a given process �say�

��e� scattering� to be calculated from a pictorial representation� A unique Feynman

diagram is used to represent each term in the perturbation expansion for the scatter�

ing process and the total probability is the sum of all the possible Feynman diagrams

that have incoming and outgoing lines representing the interacting particles�

For example� �gure ���a shows the basic zeroth order vertex in a simple QED

��e� scattering process� and �gure ���b shows a �rst order correction� The prob�

abilities for both these processes can be calculated through well behaved conver�

gent expressions and compared to results from precise scattering experiments� Fig�

ures ���c and ���d show cases where the production of an e�e� pair from a � or

the bremsstrahlung of a � from an electron are totally internal to one line of the

Feynman diagram� If such diagrams are included with the lowest order diagrams�

the calculations become divergent and the net result becomes unphysical because

the momenta of the internal lines are free and therefore must be integrated over an

in�nite range�

Renormalisation gets around these in�nities by absorbing the troublesome dia�
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grams into the original de�nition of the electron or photon lines� The charge of the

electron associated with the lowest order QED interaction ��gure ���a� is not the fa�

miliar charge measured in the laboratory ����������C�� but rather� the bare charge�
The measured charge is this bare charge including the higher order corrections� The

theory is therefore renormalised by inputting an experimentally measured quantity�

In the case of QED� this is the charge of the electron� One consequence of this is that

the higher the energy of the probe used to investigate the structure of the electron�

the larger the electron charge appears to be� since the outer layers of higher order

�shielding� are penetrated�

A quantity called 
 is used to denote the strength of the electromagnetic inter�

actionh� This is not a constant but is said to �run� �vary� with the measurement

energy� For example� 
 ������� when evaluated in low energy experiments� whereas�


 ������� when measured by experiments operating around the Z� resonance� The

coupling constant for the strong interaction also �runs� �but in an opposite sense��

as described in section ����

It has been shown that only locally gauge invariant non�Abelian theories are

renormalisable� Therefore� all gauge theories in the Standard Model can be renor�

malised� making them useful theories� A more complete overview and rigorous math�

ematical proofs are given in '�(�

��� The Electroweak Theory

����� Overview

The electroweak theory is one of the most remarkable parts of the Standard Model

of particle physics� It is worth taking a brief historical view of the theory and its

subsequent con�rmation by experiment�

The physical theory behind electromagnetic forces were put into a classical

framework by Maxwell over one hundred years ago� In the �����s Tomonaga� Feyn�

man and Schwinger perfected the quantum theory of electrodynamics �QED� '�(�

Quantum electrodynamics is the most successful theory in physics� having been

h�� e�

��

 where e is the unit electric charge�
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tested to the limit of experimental uncertainty '�(�

The �rst theory of weak interactions was devised by Fermi in ���� to explain

� decay� He hypothesised that the reaction� n� p�&e�& 
�e� involved a direct four�

particle coupling of magnitude GF� This theory predicted low energyi phenomena

well� but had unacceptable high energy behaviour which predicted that the cross�

sections for neutrino�electron scattering would rise linearly with the energy of the

incoming neutrino� this cannot� of course� be true for arbitrarily high energies�

To get around this problem the weak interaction was described in terms of

massive charged W�bosons mediating the weak force� This heralded the �rst steps

towards electroweak uni�cation� as both the electromagnetic and weak forces now

involved particle�exchange processes�

Neutral current interactions were �rst hypothesised by Bludman in ���� '�(�

During the �����s and �����s a great deal of work was carried out to try and identify

neutral currents by searching for the decay K� � ����� No events were found in the

���� million kaon decays that were investigated� It was not known at the time that

the process was strongly suppressed due to an exact cancellation in the cross�section

due to the presence of charm quarks� There was no direct experimental evidence for

charm quarks until the �November Revolution� of ���� '��(�

Both charged and neutral current interactions were predicted by the uni�cation

of the weak and electromagnetic interactions� published by Glashow in ����� In

���� Weinberg and Salam independently formulated Glashow�s model in terms of a

spontaneously broken gauge theory� which invoked the Higgs mechanism to endow

the gauge bosons with mass� The theory gained respectability in ���� when t�Hooft

demonstrated that the theory was renormalisable and therefore could be used to

calculate physical quantities�

Charged current interactions had been experimentally identi�ed for many years

�for instance in �� ��decay�� but there was no indication of neutral current interac�

tions until ���� when the reactions 
��&e� � 
��&e� and 
��&nucleus� 
��&hadrons

were detected in the Gargamelle bubble chamber '��(� The �nal outstanding con�

�rmation of the theory came in ���� at CERN when the W� and Z� bosons were

iLow energy in this context means that the experimental energy is much smaller than
O��		�GeV�c� � the mass of the W��Z� bosons�
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produced in proton�proton collisions� with the masses predicted by the theory '��(�

����� Formalism

The electroweak theory of Glashow� Salam and Weinberg �the GSW theory� '��(

uni�es the description of the electromagnetic and weak interactions by imposing

the principle of local gauge invariance on the group SU���L� U���Y� Only left�

handed fermions participate in the charged current weak interaction� as denoted by

the subscript �L� on SU���L
j� This automatically incorporates the maximally parity

violating nature of the weak interaction '��(� The subscript �Y� on U���Y denotes

weak hypercharge� which is needed because the members of the SU���L weak doublet

must take the same quantum number under the U��� symmetry� Electric charge

cannot be used as the electron and its neutrino obviously cannot be assigned the same

electric charge quantum number� so weak hypercharge is used� Weak hypercharge

�Y� is de�ned in terms of the electric charge �Q� and the third component of weak

isospin �I
� in the Gell�Mann�Nishijima formula� as 


Y � � �Q� I
�� �����

Since Y and I
 are conserved quantities in the SU���L� U���Y scheme� charge con�

servation is implicit�

To ensure that the fermionic Lagrangian remains invariant under SU���L� U���Y�

four new �elds are required 
 a triplet of �elds W�
i coupling to weak isospin and

a neutral �eld B�� coupling to weak hypercharge� The physical W� gauge bosons�

which mediate the charged current interaction within weak doublets� emerge if linear

orthogonal combinations of W�
� and W�

	 are taken 


W�� �
�p
�
�W �

� �W �
	 � � �����

The gauge �elds of the electromagnetic �A�� and weak neutral current �Z��

interactions still need to be identi�ed from this formalism� The unused W�

 �eld

only couples to left�handed particles and since the Z� couples to both left� and

jThe SU���L group is non�Abelian and therefore allows gauge bosons to interact directly with
each�other� This will be tested by looking for triple boson vertices during the forthcoming LEP
programme
 when the beam energies will be appropriately increased so that W�W� pairs can be
produced directly�
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right�handed particles� a further step is neededk� If the following linear orthogonal

combinations of the W�

 and B� �elds are taken 


Z � W�

 cos �w � B� sin �w� �����

A � W�

 sin �w & B� cos �w� �����

then the physical �elds describing the photon �A� and the Z� boson are manifest�

The weak mixing angle ��w� gives the relative strength between the weak and elec�

tromagnetic interactions� The weak mixing angle is not predicted by the Standard

Model and must be determined experimentally�

����� Spontaneous Symmetry Breaking

The GSW theory is formulated in terms of massless bosons in clear contradiction

with theoretical predictions �at �rst� and experimental observations �later� that the

weak bosons are extremely massive � O����� GeV	c	� Adding explicit bosonic mass

terms to the electroweak Lagrangian destroys the gauge invariance and the theory

as a whole loses its predictive power�

The proposed solution is to introduce a complex scalar Higgs �eld of non�zero

vacuum expectation value �VEV� with which the gauge �elds of the GSW theory

can interact� This mechanism is called spontaneous symmetry breaking '��(� The

Higgs �eld must be constructed respecting the symmetries of the gauge theory to

allow renormalisation and produce terms in the electroweak Lagrangian that are

quadratic in nature and therefore interpreted as mass terms� The magnitude of the

mass depends on the VEV of the Higgs �eld�

An isospin doublet of four complex scalar Higgs �elds is needed to provide La�

grangian mass terms for the bosons of SU���L� Combining three of the Higgs �elds

with the weak bosons results in the W� and Z� particles acquiring mass leaving one

scalar Higgs �eld remaining� This �eld is thought to manifest itself as a massive

scalar Higgs boson �H��� Although the Higgs model provides a mechanism to endow

the gauge bosons with mass it does not explicitly predict these masses or the mass

of the Higgs boson itself� However� the masses of the electroweak gauge bosons

kEquation ��� also indicates that the electromagnetic �eld is related to both W�
� and B

��
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can be predicted with knowledge of the weak mixing angle� using the following

relationships 


mW� � �����	sin �W�GeV	c	� mZ� � �mW�	cos �W�GeV	c	�

�����

The existence of the Higgs boson has not yet been veri�ed experimentally� and so

it remains an untested part of the Standard Model� The current experimental mass

limit from the LEP experiments is mH� 
 ���� GeV	c	 at ��� con�dence level '��(�

One of the main goals of the next generation of particle physics experiments like

ATLAS '��( and CMS '��( operating in the multi�TeV energy region will be to test

the Higgs hypothesis� The Higgs boson is expected to be found at such energies� if it

exists� Correctionsl to the lowest order calculations describing electroweak observ�

ables computed within the Standard Model are logarithmically sensitive to the Higgs

boson mass� Recent �ts to all available electroweak data '��( combined with the top

quark mass from the CDF and D� experiments and the direct upper bound from

the LEP experiments yield a �	 minimum for mH� ��� GeV	c	� but the minimum

is shallow and the upper limit constraint is not very stringent at � ��� GeV	c	 for

a ��� con�dence level�

��� Quantum Chromodynamics

Quantum chromodynamics �QCD� is a gauge invariant �eld theory based on the

SU���c �colour� group structure� proposed by Fritzsch� Leutwyler and Gell�Mann in

���� '��(� It describes the strong interaction that binds quarks �q� into composite

particles called baryons �qqq� and mesons �q
q�m� The strong force is mediated by

gluons �g�� A rich spectrum of states not exclusively containing quarks is also pre�

dicted by QCD� These states are known generically as glueballs if they are composed

purely of gluons �ggg� and hybrids if they contain gluons and quarks �q
qg�� There

is experimental evidence for such states '��( but the quark�gluon composition is not

fully understood�

Gluons couple to the colour charge of quarks and other gluons� Colour charge

lFigure ��� shows examples of QED corrections�
mThe top quark is thought to decay too rapidly to produce bound states�
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can be thought of as analogous to the electrical charge in quantum electrodynamics�

Three types of colour are postulated
 red �red�� green �green� and blue �blue�� The

number of colours has been measured at electron�positron colliders where the cross�

section for e�e� � q
q is three times greater than expected from calculations which

contain no colour� There are eight physical gluons needed to maintain local gauge

invariance under SU���c� each of the gluons carries a colour�anticolour combination�

while quarks carry a single colour�

It is postulated that only colourless particles can be directly observed and so

single quarks cannot exist alone� This is called colour con�nement and arises as a

direct consequence of the asymptotic freedom associated with the strength of the

strong force increasing with quark separation� Isolated quarks or composite quark

states of non�zero net colour have never been observed�

The predictive power of electroweak calculations is very impressive� Such a

strong claim cannot be made of QCD calculations due to the magnitude of the

strong coupling constant� 
s��� GeV������� compared to the magnitude of the elec�

tromagnetic coupling constant 
��� GeV�������� The coupling constant enters into

probability amplitude calculations for a given process to the power of the number

of boson�fermion vertices� The magnitude of the strong coupling constant increases

with decreasing energy �
s��� GeV�������� Workable perturbative calculations in

QCD are therefore restricted to applications involving small distances �or large mo�

mentum transfers�� where 
s is relatively small and the quarks can be considered as

essentially non�interacting statesn�

For example� in �gure ��� the e�e� pair annihilates into an excited photon or Z�

which subsequently decays into a primary q
q pair� Electroweak theory predicts the

probability of such decays with a relative accuracy of ���� These primary quarks

radiate gluons which can convert into q
q pairs or radiate further gluons causing a q
q

shower� In principle� perturbative QCD should be able to provide a fully quantitative

description of this process� although to date most calculations are only carried out to

second order in 
s� The quarks dress themselves as hadrons by exciting the vacuum

to provide further q
q pairs and are observed as physical jets of baryons and mesons�

nA free parameter in QCD
 �QCD
 sets the scale at which �s becomes �strong�� This denotes
the boundary between quasi�free quarks and gluons and bound hadronic states� It is determined
by experiment to lie in the range 	�� � 	�� GeV�c� 
���
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Various empirical models '��( exist to describe this process� since at energy scales

typical of hadronic processes 
s becomes large enough �
s ��� that perturbation

theory can no longer be applied� and calculations become impractical� The models

used in this thesis are described in section ������

��� The Kobayashi	Maskawa Mixing Matrix

In ����� Cabibbo postulated that d and s quarks could mix� in order to explain

experimental observations of strangeness changing currents '��(� Seven years later�

the GIM �Glashow� Iliopoulus and Maiani� mechanism was introduced and predicted

an extra quark� charm� to be the isospin partner of the strange quark� The GIM

mechanism allowed the lack of �avour changing neutral currents in kaon decays to

be explained '��(� In ���� Kobayashi and Maskawa realised that adding a third

quark generation would allow CP violation to be accommodated in the Standard

Model '��(� The violation of a combined charge conjugation �C� and parity �P�

symmetry was observed for the weak interaction in ����� in the decay of neutral

kaons '��(�

Kobayashi and Maskawa �KM� proposed that a set of weak eigenstates �d
�

� s
�

� b
�

�

should be invoked as a linear mix of the �avour eigenstates �d� s� b� 
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where the unitary rotation matrix is given by 


VKM �

�
BBBBB�
jVudj jVusj jVubj
jVcdj jVcsj jVcbj
jVtdj jVtsj jVtbj

�
CCCCCA � ������

It is only by convention that quarks with electric charge &	


are unmixed� Mix�

ing between lepton doublets has not been observed� All of this was postulated by

Kobayashi and Maskawa when only three quarks had been discovered � The KM

matrix can be parameterised in terms of three real angles and one complex phase

that cannot be removed by rede�ning the matrix elements� this phase generates
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Figure �
�
 A schematic representation of the creation of a multihadronic �nal state from an
e�e� interaction at a centre of mass energy around the mass of the Z� gauge boson� Details of
models used to describe the fragmentation stage are discussed in section ������
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CP violation� The matrix elements are not predicted by the Standard Model but

they can be measured and constrained experimentally� All the matrix elements can�

in principle� be determined from the weak decays of the relevant quarks or from

deep inelastic neutrino scattering '��(� The matrix elements jVtqj can be deter�

mined from unitarity bounds� The measured magnitudes of the matrix elements are

currently '��( 
�
BBBBB�
jVudj jVusj jVubj
jVcdj jVcsj jVcbj
jVtdj jVtsj jVtbj

�
CCCCCA �

�
BBBBB�

������� ������ ������ ����� ������ �����

������ ����� ������� ������ ������ �����

������ ����� ������ ����� ������� ������

�
CCCCCA �

where the range quoted is for the ��� con�dence level� These values show the

dominant quark decay scheme is t � b � c � s�

The striking parameterisation of Wolfenstein '��( �ignoring CP violation� is 


VKM �

�
BBBBB�

� � �


�� � �	

��
 ��	 �

�
CCCCCA � ������

where� � � sin �c � ���� and �c is the Cabibbo angle describing the mixing between

d and s quarks 


d
�

� d cos �c & s sin �c� ������

The striking pattern of these KM amplitudes discovered by Wolfenstein is perhaps

indicative of a hierarchy of inter�generational quark couplings and could signal sym�

metries beyond the Standard Model�

��
 Beyond the Standard Model

Ignoring the e�ects of the gravitational interaction� particle physics has been reduced

to two sets of particles �quarks and leptons� and two forces �electroweak and strong��

To date� the Standard Model that describes the electroweak and QCD theories has

withstood detailed probing from a wealth of experimental studies� The most recent

results are reviewed in '��( and '��(� An intrinsic shortcoming of the Standard

Model is that there are �� fundamental free parameters that must be determined by

experiment� These �� parameters are shown in table ����



��

Free Parameter Description


 Fine structure constant

GF Fermi constant

mZ� Mass of the Z� boson


s Strong coupling constant

	QCD QCD mass scale

mq Six quark masses

m� Three lepton masses

mH Higgs boson mass

VKM Quark mixing matrix� � angles and a complex phase

Table �
�
 The fundamental parameters of the Standard Model�

It is postulated that the Standard Model SU���c� SU���L� U���Y group struc�

ture may be a subset of a larger gauge group that predicts the values of these free

parameters naturally� The forces we observe are then simply just the low energy

manifestation of a single grand uni�ed force� Many schemes to produce a grand

uni�ed theory of Nature have been proposed�

The smallest candidate gauge group is SU��� '��(� but this puts quarks and

leptons into the same multiplets and thus suggests the existence of quark�lepton

currents and therefore the possibility of proton decay� The predicted proton life�

time is ���
� years� but this disagrees with the current experimental value of


 ��
	 years '��(�

Another fashionable proposal to predict physics beyond the Standard Model

is supersymmetry� which relates particles of di�erent spin �fermions and bosons�

and predicts a supersymmetric partner for every Standard Model particle� Super�

symmetry is particularly attractive as it naturally incorporates the general theory

of relativity and provides an explanation for the huge di�erence between the elec�

troweak ����	 GeV	c	� and grand uni�cation ������ GeV	c	� mass scales� where

the strong� electroweak and gravitational interactions are uni�ed� The Higgs boson

mass is also controlled without �ne tuning parameters� which is a problem with the

Higgs extension to the Standard Model�





Chapter �

The OPAL Detector at LEP

The LEP accelerator collides electrons and positrons at a centre of mass energy

suitable to create Z� bosons� The analyses presented in this thesis use candidate

e�e� � Z� � b
b events recorded by the OPAL detector� Firstly� the LEP accel�

erator and techniques to measure the e�e� beam energies are described� Next� the

component parts of the OPAL detector are examined� The central tracking detectors

and �to a lesser extent� the electromagnetic calorimeter are particularly important

for the analyses described in later chapters� Finally� the mechanism used to convert

the raw subdetector signals into data suitable for analysis is described�

��� The LEP Collider

In ���� the UA� and UA� collaborations at CERN announced the discovery of

the W� and Z� bosons '��(� Although predicted by theory the discovery of these

particles caused great excitement amongst the particle physics community� It was

subsequently proposed that an e�e� storage ring should be built at CERN to allow

the properties of the Z� to be investigated� leading eventually to a study of the

W�� This machine �the largest in the world� is called LEP �Large Electron Positron

collider� '��(� Construction started in ���� and took � years to complete� The �rst

Z� event was seen on ��th August ���� by the OPAL collaboration�

LEP provides an ideal environment for the study of the Z�� Electron�positron

collisions take place at accurately measured centre of mass energies close to the
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mass of the Z� and provide clean �nal states� The LEP machine energy can also

be scanned across the Z� resonance to allow the mass� decay widths and fermionic

couplings to be measured� Towards the end of ���� LEP entered a new phase�

The beam energies were increased and eventually the centre of mass energy will be

su�cient to study Z� �W�W� and � �W�W� vertices '��(�

The location of the LEP accelerator complex is shown in �gure ����

����� Pre�LEP Acceleration

The LEP Injector Linac �LIL� forms the �rst part of the accelerator complex shown

in �gure ���� It consists of two LINAC�s �LINear ACcelerator� about ��� m long

in total� A thermionic source �thermal emission from a heated �lament followed by

electrostatic extraction� provides electrons that are accelerated by the �rst LINAC

to ��� MeV and directed towards a tungsten target� where �through pair production

from bremsstrahlung photons� positrons are produced� The positrons are separated

using a magnet and the resulting positrons and electrons are further accelerated

to ��� MeV in the second LINAC from where they are directed into the Electron

Positron Accumulator �EPA�� This machine is ��� m in circumference and stores

the particles until there are su�cient to be injected into the ��� m circumference

Proton Synchrotron �PS�� where they are accelerated to ��� GeV�

The �nal acceleration to �� GeV prior to injection into LEP is provided by the

��� km circumference Super Proton Synchrotron �SPS�� Beams are extracted from

the SPS and injected into LEP� This use of the SPS complex takes advantage of the

inherent dead�time in the pulsed proton cycle and does not interfere with the �xed

target program also fed by the SPS�

����� The LEP Accelerator

The LEP accelerator is ���� km in circumference and lies beneath the Pays de Gex

at a depth ranging from �� m to ��� ma� giving it an overall tilt with respect to the

horizontal of ����� Electrons and positrons traverse the ring in opposite directions

and collide at eight points� four of which are instrumented with large general purpose

aTo ensure the accelerator tunnel lies within stable rock strata�
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Figure �
�
 A map showing the position of the Large Electron Positron Collider �LEP� within
the Pays de Gex� The four LEP experiments � ALEPH
 DELPHI
 L� and OPAL are shown along
with the Super Proton Synchrotron �SPS� that pre�accelerates electrons and positrons prior to
injection into LEP�
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Figure �
�
 A schematic representation of the LEP injector complex� A linear accelerator
�LINAC� accelerates electrons to an energy of �		 MeV and a tungsten target is used to produce
positrons and electrons �through a bremsstrahlung and pair�production process� which are acceler�
ated to �		 MeV by a second LINAC� The Electron Positron Accumulator �EPA� stores the beams
prior to further acceleration by the Proton Synchrotron �PS� and Super Proton Synchrotron �SPS�
and subsequent injection
 at �	 GeV per beam
 into LEP�

detectors� These detectors are called ALEPH '��(� DELPHI '��(� OPAL '��( and

L� '��(� Two of the other points used to be instrumented with very much smaller

experiments called MODAL �a search for highly ionising particles� and BREMS �a

luminosity monitor using bremsstrahlung photons� '��(� but these experiments are

now completed�

The electron and positron beams travel in a pipe pumped out to maintain a

vacuum of better than ����� torr� The vacuum is maintained using getter strip

pumping and is needed to reduce the probability of the beams colliding with gas

molecules� The LEP ring is octagonal with rounded corners� to reduce beam en�

ergy losses due to synchrotron radiationb� The straight sections �ank each side of

the detectors for a distance of ���� m� This ensures protection from synchrotron

radiation and provides a station for the acceleration cavities�

Synchrotron radiation losses total around ��� MeV per beam per turn of LEP�

Therefore� even when the beams have been �ramped� up to full energy their energy

bSynchrotron radiation losses scale as the fourth power of the beam energy and scale inversely
with the accelerator radius�
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must be continuously boosted� This boost is provided by ��� copper radio�frequency

�RF� cavities powered by �� MW klystrons� Thirty�two of these cavities are located

on either side of the OPAL and L� experiments in the straight tunnel sections� In

order to reduce losses� the copper cavities are coupled to low loss spherical storage

cavities into which the RF power is directed when it is not needed for acceleration

purposes� For the future operation of LEP at up to ��� GeV per beam� niobium

coated superconducting cavities have been installed which have much smaller losses

than their copper counterparts� This is essential because synchrotron losses will

increase by a factor of over twenty at this new energy�

To keep the beams on a curved trajectory around the machine over three thou�

sand steel laminate%concrete�core dipole bending magnets are used� each with a �eld

strength of approximately ��� T� Over two thousand focusing magnets �quad�� sex�

and octopoles� ensure the beam pro�le is optimised for high luminosity� About ���

of LEP�s circumference is �lled with magnets� The precision with which all these

components must be aligned is enormous� a short range relative precision of less

than ��� mm on the scale of many kilometres '��(�

LEP operations began using counter�rotating beams of � bunches of electrons

and positrons� Since ���� each beam has contained � bunches� Each bunchc is

����� �� � �� ���� �m and contains �� � ���� particles� A bunch traverses LEP

approximately every �� �s giving an approximate luminous volume of ����� �� �
����� �m at the interaction point every �� �s� The relative energy spread in a bunch

is ������ The bunches are kept apart outside the instrumented interaction points

by electrostatic separators� Typically� it takes �� minutes to ��ll� LEP� �� minutes

to �ramp� the beams up to full energy and �squeeze� to produce good luminosity and

�� minutes to correct orbits� cure backgrounds and produce stable colliding beams�

Once set�up with high current beams the luminosity is dominated by beam�beam

e�ects� so careful tuning of the machine parameters can result in ��� hours of data

taking by the experiments at luminosities of ���� � ��
� cm�	 s��� At the Z� pole

the hadronic and visible leptonic cross�sections are �� nb and ��� nb respectively�

giving ��� ��� hadronic and ����� visible leptonic events a day�

cMeasured ��x
 �y
 �y�
 where � �x is measured along the bending radius
 �y is measured
perpendicular to the bending plane and �z is measured along the beam direction�
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����� Measuring the Energy of the LEP Beams

To extract exact parameters of the Z�� the energy of the LEP beams must be

precisely known� Until ����� the beam energy �Eb� was measured using the inte�

grated �ux in one octant of LEP calibrated with �� GeV protons '��(� This method

was not compatible with normal physics running and� moreover� the inherent error

�) Eb%Eb ������ proved to be the dominant error �� ��� MeV%c	� on the extraction

of mZ� �

After ���� resonant spin depolarisation was used to determine the beam energy�

When an electron �positron� circulates in the vertical dipole bending �eld of LEP it

becomes spin polarised ���� ���� transversely� due to the emission of synchrotron

radiation� This is called the Sokolov�Ternov e�ect '��(� In the classical picture

the spin vector can be considered to precess about the bending �eld lines at a

frequency �p� At a point on the LEP ring an oscillating magnetic �eld of frequency �a

is applied in the horizontal direction� perpendicular to the beam direction� When

�p � �a resonant depolarisation occurs and the electron spin is �ipped '��(� Since

the spin depolarisation frequency is proportional to the beam energy and can be

measured very accurately� the error on the beam energy can be reduced to around

� MeV �corresponding to an error of �� MeV%c	 on mZ���

A beautiful example of the power and accuracy of this technique is the �LEP

Tide Experiment� '��(� Small changes in the beam energy due to the movement of

the Earth�s crust �and therefore of LEP too� resulting from the tidal action of the

moon and sun can be observed� The beam orbits are de�ned in space by the RF

timing� The action of the moon�Earth interaction causes the LEP magnets to move

relative to the beams� The movement of the dipolar bending magnets has no e�ect

on the beams as the magnetic �eld across the magnet aperture is uniform� The

focusing quad� and sextupoles� however� have a non�uniform �eld across the magnet

aperture and so an electron �positron� bunch will experience a di�erent average

magnetic �eld during one cycle around LEP� thus changing the beam energyd�

A � mm change in the length of LEP over the �� km circumference will give

rise to a beam energy change of �� MeV� A periodic variation in the beam energy

consistent with tidal action can be seen in �g� ���� The minima are of di�erent

dThis is shown in equation ���
 where the radius
 r
 is �xed�
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Figure �
�
 The points show the relative change in the LEP beam energy
 measured using a
resonant depolarisation technique
 over approximately �� hours� There is good agreement with the
calculated e�ects from the Earth�s tides
 as shown by the curve�

depths due to the inclination of the Earth�s axis relative to the orbital plane�

��� The OPAL Detector

The OPAL detector '��( is a multi�purpose apparatus with e�cient detection and

accurate momentum and calorimetric measurements for �nal states produced from

Z� decay� Almost the entire solid angle is covered by a series of concentric cylin�

drical ��barrel�� and endcap subdetectors enclosing the e�e� interaction point� The

design is based mainly on technology that had proven itself with existing detectors�

particularly the JADE detector at PETRA� Figure ��� shows the overall layout of

the OPAL detector�

The trajectories of charged particles are measured by the central tracking detec�

tor which comprises of the vertex chambers� the jet chamber and the z�chambers� A

solenoid produces an axial magnetic �eld within the central tracking detector and

charge and momentum determination are therefore possible through the relationship

p� � ���B r� �����

where� p� is the momentum component in the plane perpendicular to the magnetic

�eld lines� B is the magnetic �eld strength in Tesla and r is the radius of track

curvature in metres� Particle identi�cation is achieved by measuring the ionisation

loss of charged particles passing through the gaseous volume of the jet chamber�

Tracks can be reconstructed with su�cient accuracy to allow secondary vertices
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Figure �
�
 A schematic diagram to illustrate particle identi�cation within the OPAL detec�
tor� The solid lines indicate reconstructed tracks and dashed lines show the path of a particle�
The shaded areas indicate energy deposits� Note that muons leave small energy deposits in the
electromagnetic and hadronic calorimeters
 but these are not shown�

from short lived particles to be resolved� The addition of the silicon microvertex

detector in ���� greatly enhanced this capability�

The time�of��ight system surrounds the solenoid and helps in the rejection of

cosmic rays and other backgrounds� Electron and photon energies are measured by

the electromagnetic calorimeter � an array of lead�glass blocks divided into a barrel

and two endcap sections� The magnet return yolk surrounds the electromagnetic

calorimeter and is instrumented to form a sampling hadron calorimeter� Four layers

of muon chambers form the �nal layer of the OPAL detector and allow particles not

absorbed by the previous layers of the detector to be detected�

The luminosity of the LEP beams is measured by counting Bhabha scattering

events �e�e� � e�e�� in the forward region using a lead�scintillator calorimeter�

and more recently� a silicon tungsten calorimeter�

Figure ��� shows how the di�erent subdetectors are used together to identify

particles produced from Z� decays� More detailed descriptions of each of the subde�

tectors that make up the OPAL detector are given in the following sections�
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����� The OPAL Co�ordinate System

The OPAL detector is situated approximately ��� metres underground at point �

on the LEP ring� The LEP beams and the axis of the OPAL solenoid are inclined

at an angle of ����� mrad relative to the horizontal plane� In order to describe

the spatial positioning of OPAL subdetectors and event geometries a Cartesian co�

ordinate system is used�

The positive x�axis is horizontal and points towards the centre of the LEP ring�

the y�axis is approximately vertical and the z�axis points along the electron beam

direction� The nominal interaction point for the LEP beams is at x�y�z��� A polar

angle� �� is de�ned relative to the z�axis and an azimuthal angle� �� is measured from

the x�axis in the x�y plane�

����� The Beam Pipe

The LEP beams pass through the OPAL detector in a beam pipe that must with�

stand the large forces produced by the central detector gas pressure on one side

and the high vacuum within the beam pipe on the other� The original beam pipe

installed in ���� consists of three sections about ���� mm long� with an inner radius

of �� mm� The sections consist of an aluminium pipe of thickness ��� mm� This

must ensure continuity for the wake �elds of the LEP beams� reduce RF losses� pro�

vide electromagnetic shielding and a vacuum seal� The pipe is layered with a carbon

�bre composite of thickness �� mm to provide strength� The total structure repre�

sents ����� of a radiation length �X�
e�� In ���� an additional beryllium beam pipe

was added at a radius of �� mm� presenting ���� X� to normally incident particles�

The carbon �bre%aluminium pipe remains to preserve the vacuum seal� The space

between the two pipes is used for the silicon microvertex detector�

����� The Central Tracking Detector

The central tracking detector is composed of a vertex drift chamber and a pictorial

jet chamber surrounded by an outer layer of z�chambers� A silicon microvertex

eA radiation length �X�� denotes the distance over which the initial energy of an electron is
reduced by a factor ��e due to radiation losses�
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detector was added close to the beam pipe in ����� The central detector is housed

within a cylindrical pressure vessel which contains a gas mixturef at a pressure of

� bar�

�
�
�
� The Silicon Microvertex Detector

The silicon microvertex detector �SI� '��( has been active since the middle of the

���� physics run� It sits against the beryllium beam pipe and consists of two bar�

rels of single�sided silicon microstrip detectors at radii ��� and ��� mm� The inner

and outer layers comprise �� and �� ladders respectively� each ladder consisting of

� daisy�chained detectors of total �active� length ��� ����� mm and width �� mm�

Each detector is made from an array of ��� �m thick single�sided FOXFET silicon

wafers with ��� strips at a �� �m pitch� Every second strip is read out with overlaid

aluminium strips parallel to the z�axis� A two layer angular coverage of j cos �j � ����

is obtained� The intrinsic r�� co�ordinate resolution including alignment uncertain�

ties is � ��m for single hits� The separation between the concentric detector layers

allows the two�dimensional reconstruction of secondary decay vertices� This enables

short lived particle �� � hadrons containing b�c quarks� lifetimes to be measured and

heavy quark �b� c� events to be tagged using an impact parameter or decay length

technique� Figure ��� and �gure ��� show the overall layout of the microvertex de�

tector and a view along the beam direction showing the orientation of the silicon

detectors� respectively� For the ���� physics run a new microvertex detector was

installed which is capable of three�dimensional co�ordinate reconstruction '��(� Two

��� �m thick silicon wafers were glued back�to�back to replace the ��� �m thick

detectors described above� The wafer responsible for the z co�ordinate measurement

has a ��� �m read�out pitch orthogonal to the r�� side� The z co�ordinate is not

used in the analyses presented in this thesis�

�
�
�
� The Vertex Detector

The vertex detector �CV� '��( is a � m long cylindrical drift chamber of diame�

ter ��� mm that surrounds the carbon �bre%aluminium beam pipe� The gas�tight

chamber which houses the detector is mechanically independent of both the central

f����� argon
 ���� methane
 ��	� isobutane�
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Figure �


 A cut�away view of the sili�
con microvertex detector in situ around the
beryllium beam pipe� The silicon wafers are
visible toward the top of the picture
 and the
read�out electronics are towards the bottom�

Figure �
�
 A view along the beam di�
rection of the orientation of the silicon wafers
in the microvertex detector� The beryllium
beam pipe and the carbon �bre pressure tube
are shown�

detector volume and the beam pipe�

Internally� the detector consists of �� inner cells with axial wires and �� outer

cells with stereo wires at a �� twist to the z�axis� Each cell is de�ned by planes of

cathode wires with a � mm radial spacing� The ionisation electrons are detected by

an anode wire plane at the centre of each cell� The anode wires are alternated with

potential wires which shape the electric �eld� producing a drift �eld of ��� kV cm��

within a cell� Inner �outer� cells have �� ��� anode wires that are staggered to resolve

left�right ambiguities�

Axial and stereo wire coverage is provided for the polar range j cos �j � ���� and

axial wire only coverage is provided for j cos �j � ����� In the r�� plane space�points

can be measured with a precision of �� �m and the two track separation is � mm� An

approximate z co�ordinate can be derived from the time di�erence in arrival times

for signals at each end of the anode wires� this is used for triggering� The resolution

of the z measurement is ��� �m with the addition of stereo wire information�

�
�
�
� The Jet Chamber

The jet chamber �CJ� '��( is heavily based on a previous design tested at the JADE

experiment� It provides good space�point%double track resolution and particle iden�

ti�cation� over nearly all the solid angle� This is essential for physics with jets of
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particles from multihadronic events�

The detector is a � m long cylinder with conical end plates� It has an inner and

outer diameter of ��� m and ��� m respectively� The gas��lled volume is divided

in � into �� sectors each containing a plane of ��� staggered �to resolve left�right

ambiguities� anode wires with a radial spacing of �� mm� alternated with potential

wires� Cathode wires form the the boundary between sectors� All wires are parallel

to the beam axis and each plane of wires runs radially like bicycle spokes� The

drift �eld within a sector is maintained at ��� V cm�� using a resistor network to

degrade the cathode wire potentials� The maximum drift time in a cell is � �s and

the Lorentz angle is ����

All ��� space�points are measured over the range j cos �j � ���� and at least

� points are measured over ��� of the entire solid angle� Each space�point can be

described as �r� �� z�� derived from the wire position� drift time and charge division

respectively� Charge division is calculated from the ratio of integrated charge at

each end of the wire�

The spatial resolution in the r�� plane is ��� �m and �� mm in the z direction�

An impact parameter resolution of ��� �m is achieved using CJ aloneg� this is

improved to ��� �m using information from the vertex chambers�

The momentum resolution for tracks of all momenta� including a term due to

multiple scattering� is given by 


��pt�	pt �
q
������	 & ������� pt�	� �����

where� pt is the momentum component of a track in the plane transverse to the

beam axis� in GeV	c�

Particle identi�cation is performed through a dE%dx measurement derived from

the measured charge collected at each space�point� Tracks with at least ��� measured

points yield dE%dx resolutions of����� for minimum ionising pions in multihadronic

events� This resolution allows the separation of electrons and pions in the momentum

range ����� � ��� GeV	c and the separation of pions and kaons%protons in the

momentum range ����� � ��� GeV	c� at a ��� con�dence level�

In �gure ��� the dE%dx value is plotted as a function of the charged particle

gThis is measured using di�muon events where there is very little multiple scattering�
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momentum for a variety of particle types� An extensive on�line calibration system�

using di�muon and multihadronic events� ensures that the performance of CJ remains

stable�

�
�
�
� The Z�chambers

The z�chambers �CZ� '��( form a barrel geometry around the jet chamber� Their

purpose is to provide a precise measurement of the z co�ordinate of particles leaving

the jet chamber� This improves the polar angle and invariant mass resolutions�

The detector consists of �� drift chambers of length � m and width �� cm divided

into � bi�directional cells� A polar angle range of j cos �j � ���� is covered along

with ��� of the azimuthal angle� Each cell contains � staggered anode wires with

a preampli�er at each end to allow � to be determined by charge division� Each

cell has � anode wires perpendicular to the beam axis and the drift �eld within

a cell is ��� V cm��� giving a maximum drift time of � �s� The z resolution of

the chambers is around ��� �m after survey errors are accounted for and the r��

resolution is ��� cm�

����� The Magnet

The magnet consists of a water cooled aluminium%epoxy solenoid coil ����� X�� and

an iron yoke constructed from soft steel plates� The pressure vessel containing the

central detector provides mechanical support for the coil assembly�

A current of ���� A is used to produce a �eld of ����� T which is measured to

be uniform to ����� over the volume of the central tracking detector� Less than

� MW of power is consumed� The coil was wound as one unit to ensure a residual

�eld of only a few tens of Gauss outside the solenoid to protect sensitive electronics

in this area�

����� The Time�of�Flight System

The barrel time�of��ight system �TB� produces signals by measuring the time�of�

�ight of particles from the interaction point� This allows charged particle identi�ca�

tion �������� GeV	c� and is important in the rejection of cosmic rays�
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Figure �
�
 The measured and expected dE�dx for multihadronic tracks and muon�pairs
as a function of particle momentum� The dE�dx resolution for minimum ionising pions
�	���	�� GeV�c� within a multihadronic event and muon�pairs �with ��� dE�dx hits� is indi�
cated�
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It consists of ��� scintillation bars� of length ���� m� outside and co�axial with

the coil covering the entire azimuthal angle and j cos �j � ����� Each scintillator is

wrapped in aluminium foil and black PVC with the scintillation light collected at

both ends by photomultiplier tubes attached to Perspex lightguides� Soft iron and

��metal provide magnetic shielding�

A z co�ordinate is derived from the di�erence in arrival times of the light pulse

at either end of the scintillator bar� The best z resolution� utilising z information

from other sub�detectors� is around � cm� The time resolution of the detector� using

di�muon events� has been determined as ��� ps�

����	 The Electromagnetic Calorimeter

The aim of the electromagnetic calorimeter is to measure the energy and position of

electrons and photons with energies in the range ��� MeV���� GeV� It also allows

���� discrimination and� along with the central tracking system� electron�hadron

discrimination� The total absorption lead�glass calorimeter is mounted between the

coil and the iron magnet yoke� Utilising a barrel section and two endcaps ��� of

the entire solid angle is covered� Lead�glass is used as an absorber due to its excel�

lent energy resolution� Particles entering the lead�glass give rise to bremsstrahlung

photons� which undergo pair production to produce a �shower� of e�e� pairs� These

particles are travelling faster than the speed of light in the lead�glass and therefore

emit *Cerenkov light which is collected by photomultiplier tubes� Since there are

��X� in front of the lead�glass� mainly from the pressure vessel and magnet coil�

most electromagnetic showers will start prior to the calorimeter� Gaseous presam�

plers are mounted immediately before the lead�glass and measure the energy and

position of such showers� allowing the amount of energy deposited in the material

in front of the lead�glass to be estimated�

The energy resolution of the barrel and endcap calorimeters is ��E�%E����%
p
E

and ��E�%E ����%
p
E respectively '��(� Using additional information from the pre�

sampler� an electron identi�cation e�ciency of ���� is achievedh and the hadron

misidenti�cation probability is ���� per hadron� The �� mrad granularity of the

lead�glass array is the limiting factor for separating �� decays from single photons�

hFor an electron momenta above � GeV�c�
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However� the shape of the electromagnetic cluster can provide a statistical separa�

tion�

Figure ��� shows an example of the power of the electromagnetic calorimeter�

the components of which are now described in more detail�

�
�


� The Barrel Electromagnetic Presampler

The presampler barrel �PB� '��( consists of a cylinder of �� chambers containing

two layers of limited mode streamer tubes mounted between the time�of��ight barrel

and the lead�glass calorimeter� covering a polar angle of j cos �j � ����� Each layer

consists of � PVC extrusions containing �� cells� Between layers the cells are o�set

by half a cell to eliminate dead�spots� The extrusion walls are coated in graphite

and anode wires run axially in the centre� Streamers initiated by charged particles

are detected by the charge induced onto � cm wide cathode strips on both sides of

each layer of tubes at ��� to the anode wires� Positions obtained through charge

division yield �� cm and �� mm resolutions in z and r�� respectively� The chambers

use a gas mixture of ��� n�pentane and ��� CO	�

�
�


� The Barrel Lead Glass Calorimeter

The barrel lead�glass calorimeter �EB� consists of ���� lead�glass blocks� Each com�

prises ���� X� and is suspended at a radius of ���� mm outside the magnet coil� The

full azimuthal angle is covered and j cos �j ������ Each block subtends a solid angle

of about �� mrad	� The calorimeter is segmented into �� blocks in the z direction

and ��� blocks in the � direction� The blocks are arranged in a non�perfect pointing

geometry towards the interaction region� This reduces the probability of a particle

traversing more than one block and a particle escaping through gaps between blocks�

The blocks are instrumented with magnetically shieldedi photomultipliers to collect

the *Cerenkov light and are individually wrapped in aluminium foil and black PVC

to ensure optical isolation�

iThe residual �eld outside the magnet coil is about 	�		� T�
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Figure �
�
 A view of a candidate
Z� � ��� event
 looking along the beam direc�
tion� The energy deposit in the electromag�
netic calorimeter is the consequence of initial
state radiation from the initial e�e� pair that
interact to produce a Z�� There is no other
activity in the detector
 since neutrinos are
very weakly interacting�
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Figure �
��
 An example of neutral en�
ergy in a multihadronic event� Energy has
been deposited in the hadron calorimeter �de�
noted by the outer layer of blocks� which bal�
ances the momentum of the charged tracks
recorded by the central tracking detectors�
The information from the hadron calorimeter
allows discrimination against the event fak�
ing the process e�e� � Z� � Z� H�
 where
the Higgs boson decays to two bottom quarks

giving the jets of particles and the Z� decays
to ��� leaving no signal in the detector�

�
�


� The Endcap Electromagnetic Presampler

The presampler endcap �PE� '��( consists of �� umbrella shaped multi�wire cham�

bers using a ��� n�pentane%��� CO	 gas mix� The chambers are divided into

�� sectors mounted behind the central detector pressure bell� A full azimuthal cov�

erage is provided and ���� � j cos �j � ����� The multi�wire chambers are operated

in high gain mode� which gives good energy and position resolution in the small

space available� The design follows closely that of the hadron poletip calorimeter�

Space co�ordinates for showers and minimum ionising particles are produced by the

simultaneous read�out of groups of � wires and �� mm cathode strips on both sur�

faces of each layer� at an angle of ��� to the sense wires� An energy measurement is

provided by square cathode pads on the opposite surface of the chamber�
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�
�


� The Endcap Electromagnetic Calorimeter

The electromagnetic endcap calorimeter �EE� '��( is made up of two dome shaped

arrays of ���� lead�glass blocks� These are mounted in front of the pole�tip hadron

calorimeter� covering the full azimuthal angle and ���� � j cos �j � ����� The axes of

the blocks are co�axial to the beam�line� Each block is read out with a single�stage

vacuum photo�triode as the blocks are mounted in the full axial �eld of the magnet�

Each block provides at least ���� X� of material �more typically �� X���

����
 The Hadron Calorimeter

The hadron calorimeter measures the energy of hadrons that exit the electromag�

netic calorimeter and helps with muon identi�cation� The magnet return yolk iron

is used as an absorber providing � interaction lengthsj over ��� of the entire accep�

tance� Detectors are placed between the layers of the iron� to produce a sampling

calorimeter� The hadron calorimeter is divided into a cylindrical barrel� two end�

caps and two pole�tips� Since most hadronic showers start in the electromagnetic

calorimeter� the hadronic energy resolution is improved by including signals from

the electromagnetic calorimeters�

The performance of the hadron calorimeter is illustrated in �gure ���� and the

constituent parts are described below�

�
�
�
� The Barrel and Endcap Hadron Calorimeters

The barrel �HB� and endcap �HE� hadron calorimeters are based on the same de�

sign '��( with the return yolk iron segmented such that the spacing between the iron

slabs is O���� mm in both cases� The detectors are limited streamer tubes made

from PVC extrusion divided into � cells and using a ��� isobutane%��� argon gas

mixture� The inner walls are coated in graphite and an anode wire runs through the

centre of the extrusion� In the barrel there are � layers of absorber and � layers of

detector over the region j cos �j � ����� In the endcaps there are � layers of absorber

and � layers of detectors over the region ���� � j cos �j � ����� Read�out is achieved

through large area pads that divide the solid angle into ��� elements and can be

jThe interaction length is the distance travelled by a beam of monoenergetic particles resulting
in a factor of e reduction in the beam intensity�
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used to provide an approximate measurement of the hadronic shower energy� There

are ���� m	 of detector in total�

The typical energy resolution for a �� GeV hadron is ��E�%E � ����%
p
E� The

positional resolution of muon tracks is limited to �� mm by the anode wire spacing�

The e�ciency for muon identi�cation varies from ������ depending on the number

of detector layers used�

�
�
�
� The Pole Tip Hadron Calorimeter

The poletip calorimeter �HP� '��( extends the hadron calorimetry to j cos �j � �����

The iron yoke is once more instrumented but this time with thinner high gain multi�

wire proportional chambers� The energy resolution in the forward region is improved

by reducing the sampling interval and increasing the number of sampling layers to

compensate for the poorer central detector momentum resolution in this region�

Read�out is achieved through large cathode pads and aluminium strips� Each cham�

ber has strips that fan out radially and perpendicular to the anode wires� ��� of

each layer is dead due to gas lines and support� However� these areas are covered

by the overlap with other layers� A ��� n�pentane%��� CO	 gas mixture is used�

For energies less than �� GeV the energy resolution is ��E�%E � ���� %
p
E�

otherwise shower leakage reduces it to ��E�%E � ���� %
p
E�

����� The Muon Detector

Muon detection is divided into barrel and endcap regions and takes place over ���

of the entire solid angle by at least one layer of detector� Over nearly the whole solid

angle a muon has to traverse ��� m of iron �equivalent� from the interaction point�

which is greater than � interaction lengths for a pion� The probability for a pion

not to interact is less than ����� Only muons with an energy above �� GeV will

reach the muon detectors� although some of the stopping muons may be identi�ed in

the hadron calorimeter� The e�ciency for identifying a muon with an energy above

� GeV is ������ The probability of misidentifying an isolated pion� with an energy

of � GeV� as a muon� is less than ���



��

�
�
�
� The Barrel Muon Detector

Four layers of barrel detector �MB� '��( cover the range j cos �j � ���� and at least

one layer covers the range j cos �j � ����� The detectors consist of ��� large area

drift chambers� using a ��� ethane%��� argon gas mixture� Each layer of detector is

mounted o� the previous inner neighbour� Chambers in the four layers are staggered

by �� mm in � to resolve any left�right ambiguities� The � co�ordinate is determined

by drift time with a resolution of ���� mm� The z co�ordinate is determined by

diamond shaped cathode pads with a resolution of �� mm�

�
�
�
� The Endcap Muon Detector

The angular range ����� j cos �j ������� is covered by muon endcaps �ME� '��( of

area ���� m	 at each end of the OPAL detector perpendicular to the beam pipe�

The endcaps consist of � layers of limited mode streamer tubes perpendicular to the

beam axis� which are divided up into eight ��� m quadrants� Four ����� m patches

�ll in the regions above and below the beam�line not covered by the quadrants�

Each detector plane consists of � layers of orthogonal streamer tubes� The distance

between these planes is about ��� mm� Each chamber has one layer of tubes running

horizontally and another with tubes running vertically� enabling the reconstruction

of pointing track segments� The streamer tubes are made from plastic extrusion with

the walls covered in graphite and a central anode wire running the full length of the

extrusion� The anode wire pitch is �� mm� Read�out is through charge induced

onto orthogonal aluminium strips at a �� mm pitch on either side of the gas jacket

that encloses the extrusion� A ��� isobutane%��� argon gas mixture is used� Using

a weighted average technique� spatial resolutions of �� mm �parallel� and �� mm

�perpendicular� can be achieved� with a directional resolution of about � mrad�

����� The Luminometers

All the LEP experiments measure the luminosity of the LEP beams by counting

Bhabha scattered electrons �e�e� � e�e�� into a precisely known detector accep�

tance� The Bhabha process has a cross�section dominated by QED which varies

as ��%�
 �� is the angle between the scattered and incident electron�� The cross�

section can be calculated to a high degree of precision� Detectors with a large accep�
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tance in the far forward region therefore obtain large samples of Bhabha scattering

events� The dominant systematic error on a luminosity measurement is dependent

on knowledge of the inner acceptance of the detector�

Luminosity was originally measured with a relative accuracy of ���� using the

forward detector� In ���� a silicon tungsten calorimeter was installed with the aim

of measuring the luminosity to a relative accuracy of ����� Such accuracy was

needed due to the event sample sizes used for Z� lineshape measurements and has

been achieved�

The luminometers are also used to tag �� interactionsk and extend the accep�

tance for multihadronic events�

�
�
�
� The Forward Detectors

Two forward detectors �FD� are located at ���� m on either side of the nominal

interaction point and cover the polar range between �� and ��� mrad� In this range

the acceptance is clean with only � mm of carbon �bre and � mm of aluminium in the

path of particles� thus minimising preshowering� The cross�section within this ac�

ceptance for Bhabha scattered electrons is ���� times the multihadronic acceptance

measured over the entire OPAL detector�

The forward detector can be separated into six parts� The three main parts are

described below and three smaller parts �the �ne luminosity monitor� the gamma

catcher and the far forward monitor� are not described� but are well documented

in '��(�

The Calorimeter The calorimeter is divided into �� azimuthal segments and con�

sists of �� layers ��� X�� of lead�scintillator sandwich� The �rst � X� make up

a presampler� The radial shower position can be determined to �� mm� the

azimuthal resolution is � ����� and the energy resolution for well contained

showers is ��E�%E � ���%
p
E�

The Tube Chambers The tube chambers are mounted between the presampler

and main parts of the calorimeter� They consist of brass walled proportional

kThe electron and positron beams radiate photons which interact to produce a hadronic �nal
state�
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tubes� surveyed to � � mm� Their purpose is to provide a more accurate

back�up measurement of the calorimeter shower positions�

The Drift Chambers The drift chambers '��( are used to survey the position of

the tube chambers� Positional information is obtained through charge division

and diamond shaped pads close to the anode wires� A resolution of ���� �m

in the drift direction �approximately radial� is obtained�

�
�
�
� The Silicon Tungsten Calorimeter

Two silicon tungsten calorimeters �SW� '��( are positioned at ���� m on either side

of the nominal interaction point� The calorimeters totally encircle the beam pipe

and therefore cover the entire azimuthal angle range� The polar angle is covered

over the range �� � �� mrad� This gives an acceptance of ��� nb� approximately

��� times the multihadronic cross�section� measured over the entire OPAL detector�

Each calorimeter comprises of �� layers of silicon detector interleaved with ��

layers of tungsten� The �� layers of silicon constitute a total of �� X� and less than

one interaction length� The �rst �� layers of tungsten constitute a total of �� X�

and the last four a total of � X�� Tungsten was chosen due to its high density which

therefore limits the lateral spread of electromagnetic showers �leading to a precise

co�ordinate reconstruction� and results in a small calorimeter size� A bare layer

of silicon is placed before the �rst tungsten plate of the calorimeter� This allows

showers that start before the calorimeter to be studied in detail�

An angular acceptance of ���� � ���� mrad is covered by the sensitive area of

each detector� In each layer the sensitive area is made up from �� silicon �wedges��

about ��� �m thick� The active side of the wafer �the side facing the interaction

point� comprises of �� p� diodes� in a pattern of �� �� radial pads which are ��� mm

wide and separated by ������� In order to �t the wedges together in a layer so that

there are no gaps between adjacent detectors� alternate detectors are staggered by

��� �m in the z direction� Even and odd detector layers are o�set by half a wedge

in � so the gaps between wedges in one layer line up with the centres of the wedges

in the next� This helps to control systematic e�ects due to shower leakage� In total

the luminometer �both ends� contains ��� silicon wedge detectors or �� ��� read�out

channels�
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An extremely high standard of metrology is needed during the construction of the

entire detector� Results '��( show that the internal �pad�pad� alignment precision

achieved is ���m and the inner radius is known to better than �� �m� The energy

resolution of the calorimeter is ��E�%E ����%
p
E and the positional resolution is

���� �m� The luminosity is measured with a relative accuracy of ����� '��(�

��� The OPAL Data Chain

����� The Trigger

The purpose of the trigger system '��( is to select LEP bunch crossings that produced

interesting physics events and initiate the operations that take the raw data from

such events and store it in a form suitable for future analysis� In the � � � LEP

running mode the beam bunches collide every �� �s� It is impossible to read�out the

whole detector for each bunch crossing as the inherent data acquisition dead�time

is around �� ms� The philosophy of the trigger system therefore is to reduce the

recorded data volume by rejecting background triggers �due to cosmic rays� beam�

gas interactions� beam�wall interactions and subdetector noise� whilst retaining an

extremely high e�ciency for recording Z� decaysl� Once a trigger is received the

OPAL data acquisition system reads out each participating subdetector�

The solid angle covered by the OPAL detector is divided into a matrix of �

overlapping � bins and �� overlapping � bins� Subdetectorsm provide inputs to this

matrix and the OPAL central trigger logic decides if the event should be processed

further� Subdetectors can also make stand�alone decisions giving a high degree of

�exibility and redundancy� allowing e�ciencies to be calculated for each subdetector�

The various parts of the trigger can be split into � parts and these are discussed

brie�y below 


Track Trigger Information from CV and CJ is processed with the aim of �nding

tracks� For each hit in either subdetector a quantity z%r is determined and

fed into the � � � matrix discussed above� Charged tracks can be thought of

as straight in the r�z projection� If originating from the vertex� the hits along

lThe event rate on the Z� peak is �	�� Hz�
mCV
 CJ
 TB
 EB
 EE
 MB
 ME
 FD and SW�
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the track will have the same z%r value� If not� then z%r will have a radial

dependence� For speed only � annular groups of �� adjacent wires are used�

One annulus is totally within CV and the other � are in CJ at various radii�

The e�ciency of this trigger is estimated to be 
����

Time�of�Flight Trigger The primary purpose of this trigger is to reject cosmic

rays� A coincidence on each end of a scintillator bar is demanded within �� ns

of a LEP bunch crossing� A trigger is generated if more than a quarter of the

scintillator bars satisfy the coincidence condition� The e�ciency of this trigger

is measured to be 
����

Electromagnetic Trigger The barrel and endcap electromagnetic calorimeters are

divided into groups of �� lead�glass blocks to form a binned � � � array� En�

ergy in these bins is discriminated at � GeV to produce stand�alone triggers�

Discrimination at � GeV allows the signals to be combined with other trigger

signals and entered into the main � � � matrix�

Muon Trigger The barrel and endcap are treated separately� In the barrel� � out

of � layers must �re over a � bin of around ���� This trigger is never used

stand�alone as it su�ers from the cosmic ray background� A trigger signal

is generated in the endcaps if charge deposited in half the layers is above a

lower threshold and the muon track segment can be associated with a central

detector track� The x�y co�ordinates of the track are transposed into � � �

and entered into the main trigger matrix� The endcap trigger is only used

with a left�right coincidence in the stand�alone mode to reduce the cosmic

ray background rate� The overall e�ciency of the muon trigger is measured

as 
����

Luminometer Trigger The FD trigger signal is made up from energy sums in

the presampler� calorimeter and �ne luminosity scintillators� Left�right coin�

cidences of these signals are used to produce stand�alone triggers� The trigger

signals are also combined with other detectors for �� event detection� The

e�ciency of this trigger is measured to be 
 ������ The silicon tungsten

calorimeter provides a trigger by requiring the energy from either end to ex�

ceed a low threshold� This is checked against an independent FD trigger formed
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from energy sums at both ends of the detector and is measured to be �����
e�cient�

With the advent of the LEP ��� running mode the time between beam crossings

was halved� A pretrigger '��( was introduced to reduce the potential deadtime

involved in trigger decisions to ����� without altering the acceptance to genuine

physics events� Each of the triggering subdetectors form a pretrigger based on ���

� segments using essentially the same scheme as described above� The e�ciency for

single particles is almost �����

����� The Data Acquisition System

The OPAL detector has about ������
 analogue data channels� producing approx�

imately �� Kbytes of raw data per multihadronic event �considerably less for a

di�lepton event ��� The OPAL data acquisition system '��( bu�ers the data from

each subdetector before routing it to a central node� where it is merged and stored�

Each event is fully reconstructed on an on�line computer cluster�

The component parts of the data acquisition system are outlined below�

�
�
�
� Front End Processing

The VME�based local system crates associated with each subdetector perform basic

functions such as pedestal subtraction and pulse height analysis in order to reduce

data volume� Some partial event reconstruction and data compression is also per�

formed�

�
�
�
� The Event Builder and Filter

The event builder takes data from each local system crate and merges it for further

processing by the �lter� The �lter software performs a fast analysis on each event

and classi�es it �multihadronic� leptonic etc�� for future physics analysis '��(� The

�lter can accept an event rate of up to �� Hz and since the �lter disk can hold

up to �� hours of data this processing stage is essentially independent of the data

processing and storage stages� This is useful if there is a problem with these pro�

cedures� Some additional background events are also rejected in the �lter reducing
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the data��ow by ���� Checks have shown that there is no loss of physics events and

a sample of the events rejected as background are stored for inspection� The �lter is

also connected to a colour event display that provides a very useful diagnostic tool

which can also be used to impress visitorsn�

�
�
�
� Data Storage

The �lter is an integral parto of a high�speed network that links workstations which

form a powerful data processing farm used for event reconstruction� Data from

the �lter are stored on optical disk� Once calibration constants �such as the drift

velocity in the central detector gas� which is measured online� are available from

the subdetectors the raw data are passed through the ROPE event reconstruction

program discussed below� The reconstructed data is written to a bu�er disk and

copied over a network to the main CERN site and the SHIFT '��( analysis farm�

This consists of a powerful UNIX based system which accesses data or Monte Carlo

�les from disks over a high speed network� Data are usually available for quality

checks and preliminary analyses within an hour of the end of a physics run�

����� Event Reconstruction

A computer program called ROPE �Reconstruction of OPal Events� '��( is used along

with a calibration database� OPCAL '��(� to convert the raw detectorp digits into

quantities that are useful for physics analyses� such as track momenta and angles�

These quantities are stored on the Data Summary Tape� ROPE is a suite of routines

structured with PATCHY '��(� using the ZEBRA '��( dynamic memory management sys�

tem to transfer the subdetector raw digits into the user�s analysis code� A graphical

interface to ROPE �GROPE '��(� allows the reconstruction of any event to be viewed

in three�dimensionsq�

The main quantities of interest produced by ROPE and used in this thesis are

charged tracks in the central tracking detector and electromagnetic clusters in the

nFigure ���� shows an early version of the event display�
oThe �lter is located �		 m underground and is connected to the rest of the network via an

optical link�
por Monte Carlo�
qFigure ��� was produced using GROPE�
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lead�glass calorimeter� A thorough overview of track and cluster �nding can be

found in '��( and '��( respectively� To aid understanding in later chapters a brief

overview of track and cluster �nding is given below�

�
�
�
� Track Finding

Charged tracks in the central detector region are bent into a helical form by the

magnetic �eld� The helices can be transformed via a suitable conformal mapping

into a straight line that is used for track �tting� Track segments are formed within

sectors of CJ and extrapolated to try and include hits that are near by� This process

is repeated with the extended track segments until all the track segments have been

found� At this point� track segments from adjoining sectors are merged to form

single track segments� A similar approach is used in CV and CZ� An attempt is

made to merge track segments from all three central detectors by extending CJ

track segments into CV and CZ and trying to merge with CV axial� CZ or CV

stereo track segments or hits �in that order�� The resulting �nal tracks are de�ned

using a Billoir �t '��( and the resulting helix is described using �ve track parameters

and their errors 


	 �� the track curvature is de�ned as j�j � �	� �� where � is the radius of

curvature of the track and � is signed such that � 
 � corresponds to a

negatively charged particle�

	 ��� the azimuthal angle of the track at the point of closest approach to the

origin in the r�� plane�

	 d�� the transverse distance from the origin to the point of closest approach�

	 tan�� the polar angle of the track �tan� � cot ���

	 z�� the z co�ordinate at the point of closest approach�

�
�
�
� Cluster Finding

Electromagnetic clusters in the lead�glass calorimeters are found from groups of

contiguous blocks around a seed block� all with an energy above threshold� The

coarse clusters are searched for local maxima of energy and if found are split into �ner
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clusters� A raw energy is calculated from the energies of the blocks in the cluster�

A more useful corrected energy is calculated by allowing for the material before the

calorimeter '��(� The cluster position is determined from an energy weighted sum

over the constituent blocks of a cluster�

Tracks in the central detector are extrapolated from the last measured space�

point to the electromagnetic calorimeter with multiple scattering in the intermediate

material accounted for� If the track is within ��� ���� mrad in � and �� ���� mrad

in � for the barrel �endcaps� then the track is said to be associated to the cluster�

����� The Slow Controls System

The OPAL slow controls system '��( ensures that the entire detector operates safely

in the presence of many potentially dangerous elements� such as high voltages and

explosive gas mixtures� The system is divided into two parts� The �rst part monitors

the common OPAL environment and the second is dedicated to each subdetector�

Seven VME�based stations distributed amongst the electronics huts are used to

monitor about ���� channels including voltages� gas parameters and temperatures�

An interface to the LEP�wide security systems ensures a homogeneous safety system�

Each subdetector usually runs the slow controls software in the local systems crate

and a link is provided to the central data acquisition system to enable slow controls

data to be included in the event record�

All warnings and alarms generated by the slow controls system are permanently

on display in the control room �which unlike the other LEP experiments is situated

��� m underground� next to the detector�� A human interface to the status of the

whole detector is provided by a computer workstation�

��� The Data Recorded with the OPAL Detector

The OPAL detector was completed in July ����� The �rst Z� event seen at LEP

was recorded with the OPAL detector at ��
�� on August ��th ����� The event is

shown� as recorded on the event display� in �gure ����� The Z� decay is revealed

as two back to back deposits� of total energy near �� GeV� in the barrel lead�glass

calorimeter� Figure ���� shows the number of multihadronic events recorded with
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Figure �
��
 A view of the �rst decay of the Z� boson recorded by the OPAL experiment on
��th August ����� The event display comes from the �lter and shows the OPAL detector viewed
in the plane perpendicular to the beam line� This was the �rst Z� decay to be seen by any of the
LEP experiments after the LEP accelerator was commissioned� The Z� is clearly identi�ed by two
back�to�back energy deposits in the electromagnetic calorimeter which have a combined energy
totalling the Z� mass� The central tracking chambers were not operational at this time
 although
the spatial extent of the electromagnetic showers are indicative of a multihadronic event�

the OPAL detector and retained by the �lter in the period ���� to ���� as a function

of the week number during data taking� The number of multihadronic events used

to produce the results shown in this thesis will be slightly di�erent due to selection

criteria that are applied to ensure only well understood event samples are used� The

OPAL detector has a data�taking e�ciency of����� Some data are unavoidably lost

due to detector deadtime� background triggers and detector or operational problems�

Data from ���� and ���� was recorded on the Z� peak� other data was recorded in

energy scans with centre of mass energies within � � GeV of the Z� peak�

��� The OPAL Detector Simulation

It is essential to be able to simulate LEP physics events and the detector�s response

to them� in order to understand detector performance and optimise physics analysis�

Monte Carlo events are used to do this� The OPAL detector is simulated using the

GOPAL '��( program� which is based on the widely used GEANT '��( package� The
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kinematic properties of the particles in a physics event are provided by generator

programs� The generated particles are tracked through the comprehensive model of

the OPAL detector geometry and material composition� The simulated subdetector

raw data output is in the same format as that produced from a real physics event

and is reconstructed by the ROPE program� Monte Carlo modelling of the detector

and particle generation is periodically updated in light of comparisons to real data

events�

Many types of generator programs are available depending on the physics process

under consideration� In this thesis� Monte Carlo samples are produced using the

JETSET '��( generator� More details can be found in section ������

Figure �
��
 The development of the number of multihadronic decays logged by the �lter as
a function of time
 for each year of LEP running from ���� to ����� Approximately � million
multihadronic events have been recorded to date from an integrated luminosity of ���	 pb��� The
LEP beam energies were tuned to the mass of the Z� in ���� and ����� In ����
 ���� and ����
the beam energies were scanned around the Z� mass to allow lineshape measurements to be carried
out� Only data recorded between ���� and ���� with the silicon microvertex detector operational
is used for the analyses described in this thesis�





Chapter �

Bottom Quark Physics

This chapter presents an overview of bottom quark physics pertinent to the analyses

described in chapters �� � and �� Firstly� the discovery of the bottom quark is

outlined and the di�erences in bottom quark production from $��s� and Z� decays is

discussed� Results from $��s� experiments provide valuable information on bottom

meson decays which are used to complement the measurements made in this thesis�

The majority of the chapter deals with bottom quark production from Z� decays

at LEP� The formation of bottom hadrons is described� and particular attention

is paid to bottom hadron decays to 	� baryons� A measurement of the branching

ratio� Br�b hadron� 	�X�� is presented in chapter �� The �nal part of the chapter

starts with a description of the spectator model of bottom hadron lifetimes� which

assumes the bottom hadron decay is dominated by the bottom quark� A more

realistic theory� based on quantum chromodynamics� is also described� The average

bottom hadron lifetime and the bottom baryon lifetime are measured in this thesis�

The chapter concludes with a review of the contemporary techniques used to measure

these lifetimes�

��� The Discovery of the Bottom Quark

In ���� Kobayashi and Maskawa proposed a third quark generation to accommodate

CP violation in the Standard Model '��(� Adding an extra quark generation ensured

that a phase term was present in the quark mixing matrix� as needed to account for
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CP violating e�ects in the neutral kaon system '��(� Also� in ���� the third charged

lepton� � � was discovered '��(� In order to preserve the symmetry between the lepton

and quark generations� the discovery of a third quark family was �mandatory��

The b quark was experimentally observed at Fermilab by the CFS collabora�

tion '��( in ����� It was discovered through a narrow di�muon resonance in the

process p & Be � ���� & X� produced at a �xed target experiment� The Drell�

Yan background process produces a monotonically falling invariant di�muon mass

distribution which is well understood� Data yielded evidence for a narrow reso�

nance� called $� at ���� GeV '��( and further resonances $� '��( and $�� '��( at

��� GeV and ����� GeV respectively� The width of the $ resonance was measured

to be ������� MeV which implies a relatively long state lifetime� giving the �rst

indication of a bound b
b state� Experiments using e�e� annihilation at DORIS '��(

and later at CESR '��( con�rmed these results and �rmly established the b
b nature

of the $ family of resonances� Such e�e� facilities are ideally suited for the clean

production of b quark resonances�

These bound b
b resonances are today known as the $��s�� $��s� and $��s�

states� In ���� a further $ state �$��s�� was discovered at CESR '��( at a centre

of mass energy of ����� GeV� This resonance was much broader than the previous

three resonances indicating that the B meson �B�� B�� production threshold had

been crossed� as predicted by theory '��(� The entire $ spectrum can be seen in

�gure ���� The light quark background can be investigated using data taken at

centre of mass energies just below the $��s� production threshold�

Figure �
�
 The e�e� total cross�section measured by the CLEO collaboration in ����� The
energy region  ��s� through  ��s� is shown on the left and the energy region  ��s� through  ��s�
is shown on the right� The majority of data recorded by the CLEO experiment is from the  ��s��
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The CESR and DORIS�II e�e� machines� running at the $��s� threshold pro�

vided the main data on B meson decays until the LEP and SLC e�e� machines

started running on the Z� resonance� The bottom quark production rate at hadron

machines such as the Tevatron are much largera than at e�e� machines� but the

backgrounds are very high�

��� Bottom Quark Production from ���s
 and Z�

Decays

There are several di�erences between studies of the bottom quark possible at the

$��s� and Z� machines� At the $��s� the B� �b
u� and B� �
bu� mesons are produced

at restb� Results from the CLEO collaboration �at CESR� and the ARGUS collab�

oration �at DORIS�II� dominate studies of B meson physics from the $��s�� At

LEP a mixture of B�� B�� B�
s �b
s�� excited states of these B mesons� b baryons and

their excited states are produced in Z� decays� The CLEO experiment has recorded

approximately ten times more B meson decays than a typical LEP experiment to

date�

At $��s� experiments� decay channels without open beauty are heavily sup�

pressed by the OZI �Zweig� rule� However� there is a background from the q
q con�

tinuum� Events from the continuum tend to produce back�to�back jet�like events�

whereas b
b events are rather spherical due to the low ����� MeV%c� momentum of

the B mesons� Simple topological and kinematical cuts can therefore be employed

to select b
b events� The excellent energy resolution of the detectors at CESR are

used to exclusively reconstruct speci�c �nal states� The reconstruction of �nal states

can be constrained with an accurate measurement of the beam energy to improve

the overall invariant mass resolution� Other more specialised b
b selection methods

are detailed in '��(� Bottom meson species form a coherent state �B�B� or B�B��

due to the small amount of energy that remains after a B meson has been formed�

preventing multiple q
q pairs being formed from the vacuum�

At the Z� experiments� the b hadrons are produced in jet�like events and have

aAt LEP �b�b � O�nb�� At the Tevatron �b�b � O��b� �
bAt least for current experiments where the e�e� beams have equal energies�
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a large Lorentz boost ��� ��� which makes it possible to measure the decay length

��d� between the nominal interaction point �the primary vertex� and the point of

b hadron decay �the secondary vertex�� Typically� h�di ����� �m which allows

events from b hadron decays to be cleanly tagged� The advent of silicon microver�

tex detectors has greatly improved the accuracy with which decay lengths can be

measured� Other tagging methods '��(� '��( include 
 the large average impact pa�

rameter �distance of closest approach between a track and the primary vertex� of

charged tracks from b hadron decays� high transverse momentum �with respect to

the jet axis� leptons coming from semileptonic b quark decay and geometrical tags

based on event sphericity�

��� Bottom Quark Physics at LEP

����� Bottom Quark Production

Figure ��� shows the production cross�section for fermion pairs from e�e� annihi�

lation for a range of centre of mass collision energies �
p
s�� Experiments operating

well below the Z� peak show the expected �%s dependence which is characteristic of

photon exchange� Around the Z� peak� real Z� exchange dominates the interaction�

Bottom quark production at LEP is an electroweak process that is described by

QCD in the �nal state as the quarks dress themselves as hadrons� The q
q production

cross�section at s � m	
Z� is given by '��( 


��q
q� � ���
	

�s

�

��� sin� �w cos� �w

�
m	
Z�

+	Z�

��
�	e & a	e

� �
�	q & a	q

�
� �����

where� 
 is the QED coupling constant� �w is the weak mixing angle� mZ� is the Z�

mass� +Z� is the Z� width� �e�q is the vector coupling for electrons �e� or quarks �q�

and ae�q is the axial�vector coupling� The vector and axial�vector couplings can be

expressed as �e�q � I
�e� q�� �Q�e� q� sin	 �w and ae�q � I
�e� q�� The nomenclature

is de�ned in section ������

The q
q cross�section is proportional to ��	q&a	q� which gives a larger cross�section

for b
b production ��b ������ ab � ����� than for c
c production ��c ����� ac � &�����

The hadronic partial width for bottom quarks derived from a formalism similar to
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Figure �
�
 Measurements of the cross�section for e�e� � fermion pairs for a range of centre
of mass energies� The Z� resonance is clearly visible�

equation ��� is given by '��( 


Rb�b �
+
�
Z� � b
b

�
+ �Z� � q
q�

� ������� ������� �����

Experimentally� a value of 


Rb�b �
+
�
Z� � b
b

�
+ �Z� � q
q�

� ������� ������ �����

is measured '��( from a global �t to electroweak data� The experimental measure�

ment di�ers from the Standard Model prediction by ���� standard deviations� Much

work is currently in progress to understand this discrepancy� which could� in prin�

ciple� be the �rst sign that the Standard Model is not a complete description of

particle dynamics at LEP energies� Measurements of Rb�b are a sensitive probe for

physics outside the Standard Model because of the weak dependence of Rb�b on the

top quark mass and total independence on the Higgs boson mass and the strong

coupling constant '��(� The electroweak vertex corrections shown in �gure ��� are

speci�c to the process Z� � b
b and give Rb�b the weak dependence on the top quark

mass�



�


Figure �
�
 Electroweak vertex corrections
 speci�c to the Z� � b�b process
 from the top quark�

����� Bottom Quark Polarisation

If the scattering angle between the incoming electron direction and the outgoing

quark direction is � then the di�erential q
q cross�section takes the form 


d ��q
q�

d cos �

 �� & cos	 � &

�

�
Afb cos ��� �����

where 


Afb �
�

�

��eae
��	e & ae	�

��qaq
��	q & aq	�

� �����

A forward�backward asymmetry is observed in the q
q di�erential cross�section due

the term linear in cos �� The magnitude of the asymmetry is quanti�ed by Afb and

is dependent on the vector and axial vector coupling strengths for the incoming

electrons and outgoing quarks�

A quark polarisation variable �Pq� can be constructed if the left and right handed

quark states in the di�erential cross�section �D � d ��q
q�	d cos �� are separated 


Pq �
D�R�� D�L�

D�R� & D�L�
� �����

It can be shown '��( that the mean b quark polarisation can be expressed as 


hPbi � �� sin	 �w � ��

� & �� sin	 �w � ��	
� ������� �����

This polarisation is destroyed during the hadronisation of the b quarks to spin � and

spin � B mesons but is predicted to be partially retained in spin �
	
b baryons since

the light quarks in the baryon are arranged in a singlet of spin� Theory '��( predicts

the mean b baryon polarisation �hP��
b
i� to lie in the range ��������� while the

ALEPH collaboration have made a preliminary measurement '��( of 


hP��
b
i � ��������	
���	� �stat�

����

����	 �syst�� �����



��

����� Bottom Quark Hadronisation and Fragmentation

The primary b quarks in the reaction Z� � b
b have never been observed directly�

This is also true for any quark �avour in any reaction� The process in which the

bare primary quarks dress themselves as observable hadrons is called hadronisa�

tion� Hadronisation is described in the framework of QCD as the degradation of

quark energies by gluon emission and the associated production of q
q pairs from

the vacuum� Eventually� the momentum transfer in this process becomes too small

to be modelled using perturbative techniques �when 
s � ��� At this point phe�

nomenological fragmentation models are used to predict subsequent q
q production

and hadron formation� Understanding fragmentation is important as it a�ects many

experimentally measured quantities�

Various models have been proposed to describe the fragmentation process� One

such model pertinent to the studies described in this thesis is the Lund model '��(�

based on the string model of Artu et al� '��(� As the primary quark and anti�quark

�y apart� a string of colour �ux lines is stretched between them� The colour string

has �xed energy per unit length �k�� GeV fm�� ���� GeV	� and therefore the

potential energy between the quarks rises linearly with separation� As the potential

energy stored in the string increases� the string may break into a �di�quark�anti�

�di�quark pair� with the quark masses coming from the potential energy of the string�

Di�quark pairs are needed to allow baryons to be produced� Alternately� a popcorn

mechanism '��( forms baryons from the successive production of q
q pairs�

A tunnelling process is thought to be responsible for the creation of a q
q pair

from the vacuum� If � is the quark mass then the probability �P� of exciting a q
q

pair can be expressed as 


P 
 exp
�
���		k

�
� �����

The creation of a c
c pairc suppressed by a factor of ������ with respect to the

creation of a u
u pair and even more so for a b
b pair� Therefore� the presence of

a b hadron �bqq� b
q� in a multihadronic �nal state is a signature for a primary

branching into a b
b pair� but the presence of a c hadron �cqq� c
q� could be a

cThe process g� q�q is ignored� The OPAL collaboration have measured the average number
of gluons splitting into a c�c pair per hadronic event to be �ng�c�c � ��	��� 		��� 		���� �	

�� and
estimate �ng�b�b � ��		� �	��� �	

�� 
����
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signature for primary branching into a c
c pair or b hadron decay into a c hadron�

In higher order QCD� where a gluon can radiate another gluon� the radiated

gluon is treated as a kink in the string carrying energy and momentum� A hadron

is created when the string breaks either side of the kink� Since gluons carry more

colour than quarks it was predicted that there should be a depletion in particle

production between two quark jetsd compared to between quark and gluon jets� This

is called the �string e�ect� and was �rst observed by the JADE collaboration '��( at

a centre of mass energy of �� GeV� This e�ect has also been observed by the LEP

collaborations '��( at a centre of mass energy of �� GeV�

The exact form of the fragmentation process is poorly known� The fraction of

longitudinal momentum carried by the colour singlets formed when the string is bro�

ken are described by phenomenological distributions called fragmentation functions�

The function is parameterised by a fragmentation variable that is usually de�ned

as 


z �
Ehadron

Eq
� ������

where� Eq and Ehadron are the energy carried by the fragmenting quark and the

resulting hadron respectively� Since Eq is not an experimental observable� another

�measurable� quantity 


xE �
Ehadron

Ebeam

� ������

is often used as the fragmentation variable instead�

The LUND symmetric fragmentation function '��( is used to describe the frag�

mentation function for light quark �u� d� s� hadron production 


f�z� 
 ��� z�a

z
exp

��bm	
T

z

�
� ������

where� mT is the transverse masse of the light quark hadron and a and b are con�

stants� The Peterson function '��( is a popular fragmentation function for heavy

quarks based on kinematics� The function is de�ned as 


f�z� 
 �

z
�
�� �

z
� �Q

��z

�	 � ������

dUsually the two most energetic jets in a multi�jet event�
eTransverse mass is de�ned as � m�

T � p
�
T ! m

�
 where pT is the hadron transverse momentum
with respect to the string and m is the hadron mass�
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Figure �
�
 The form of the Peterson function used to model the fragmentation for bottom
�solid line� and charm �dashed line� quarks�

and the functional shape is determined by the parameter 


�Q �
m	
q

m	
Q

� ������

where� mQ is the heavy quark mass and mq is an e�ective mass for the light quark

produced as a fragmentation remnant� The Peterson function is used to describe

the fragmentation of b and c quarks in the Monte Carlo generators used in this

thesis� Figure ��� shows the form of the Peterson function using values of �b������

and �c������� The Peterson function has a maximum at high z� where the heavy

quark production momentum is retained by the resultant hadron� The Peterson

form has been veri�ed as a reasonable description of heavy quark fragmentation by

experimental measurements '��(� Recent measurements '��( of the fraction of beam

energy taken by bottom mesons �hxEiB� during fragmentation indicate that 


hxEiB � ������ ������ ������

The Peterson form for bottom quarks shown in �gure ��� generates hxEiB � �����f �

fThe values of 
b and 
c shown here are used by the default Monte Carlo samples described in
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����� Bottom Meson Production

Bottom mesons dominate b hadron production at LEP� A high energy b �
b� quark

produced from Z� decay will join with a single quark from the vacuum about ���

of the time to produce a B meson� The other ��� of the time� a di�quark from the

vacuum allows the formation of a b baryon� The production ratio for the common

b hadrons is approximatelyg 


B� 
 B� 
 B�
s 
 	�b � ��� 
 ��� 
 ��� 
 ���� ������

where� 	�b denotes a generic b baryon and the production rate of Bc mesons are

thought to be negligible� due to the large charm quark mass that must be popped

from the vacuumh�

At LEP approximately ��� of all B mesons produced are in an orbitally excited

�L��� state denoted B��� and decay via the strong interaction into ground state

B mesons '���� ���(� The ground state pseudoscalar and vector B mesons are denoted

B ����i� and B� ����i� respectively '���(� The factor of three in the primary B%B�

production ratio is as expected from the naive spin counting picture of �J&� equally

populated helicity states� The B� can only decay electromagnetically� via photon

emission� as the B�B� mass di�erence is only �� MeV%c	� During the fragmentation

process when a B�
s meson is formed� the production of strange quarks from the

vacuum is suppressed� as already shown in equation ���� There is also another

factor that reduces B�
s production due to suppression of B��s decay modes� The decay

B��s � B��

u�dK is seen to dominate over the decay B��s � B�

s � which is forbidden due

to isospin conservation '���(�

In the following section the production of 	� baryons in B meson decays is dis�

cussed in some detail� as this plays a prominent role in the measurements presented

in later chapters�

section ������ Another Monte Carlo sample with optimised bottom fragmentation parameters is
also described which gives values of hxEiB that are compatible with experimental measurements�

gThe masses of the common b hadrons are � m�B�� � ������� � ��	� MeV�c�
 m�B�� � �������
� ��	� MeV�c�
 m�B�s � � ����� � �� MeV�c

� and m���b� � ����� � �	� MeV�c
� 
����

hSee equation ����
iFor primary B mesons�
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�
� The Production of 	��s in Bottom Meson Decays

Experiments running on the $��s� have provided the wealth of information on B me�

son decays to baryons� In particular� results from the CLEO and ARGUS collabo�

rations have provided valuable information on the decay of B mesons to 	��s� Since

these experiments run on the $��s� B�
s mesons are not produced�

When a B meson decays to a 	� it must also produce another anti�baryon in the

�nal state� In order to produce a baryon�pair� two di�quark pairs must be popped

from the vacuum� which results in the baryonic decay mode of the B meson being

highly suppressed compared to the mesonic decay modes� as shown by the branching

ratio Br�B meson � baryons� � ���������� '��(� The CLEO collaboration have

identi�ed two dominant baryonic decay modes of the B meson '���( 


B meson� Yc NX� ������

B meson� DNNX� ������

where� table ��� explains the nomenclature�

By measuring 


Br�B� 	�	�X�

Br�B� 	�X�
� ����� ������

at ��� con�dence level� the CLEO collaboration concludes that the other two bary�

onic decay modes� B� ,cYX and DYYX are heavily suppressed since these are the

only two which can result in a 	�	� in the �nal state�

A search for B meson decays to DNNX was made by searching for D��p
pX �nal

states� No such states were found and so the dominant baryonic decay mode was

Generic Name Baryons

N p� n� )��


Yc 	�c � -
�
c � -

�
c

Y 	�� -�� -�

D D���
� D���


X Any charmless meson

Table �
�
 The nomenclature used by the CLEO collaboration to categorise bottom meson
decays�
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determined to be YcNX� The dominant production mechanism for a 	� in a B meson

decay is therefore through the decay B� 	�cX� followed by 	�c � 	�X� The CLEO

collaboration measures 


Br�B� 	�cX� � ����� ������ ������

The ARGUS '���( and CLEO collaborations measure Br�B� 	�X� to be ����������
and ���������� respectively� These measurements are averaged '��( to give 


Br�B� 	�X� � ����� ������ ������

����� Bottom Baryon Production

�
�
�
� Overview

The 	�b is the lightest b baryon� consisting of a ud di�quark system in a spin zero

state together with a single b quark� The other JP � �
	

�
b baryons with a single

b quark are 
 -�
b �uub�� -�

b �udb�� -�b �ddb�� ,�b �dsb�� ,�
b �usb� and .�b �ssb��

The -�b� ,
�
b and .�b have JP � 


	

�
�

The 	�b is assumed to be the dominant weakly decaying b baryon produced at

LEP energies� Two further weakly decaying b baryons� the ,b and the .b� are

also kinematically allowed but require strange di�quark pairs to be popped from

the vacuum� which suppresses their production rate� The -�
b baryon has the same

quark make�up as the 	�b and decays via the electromagnetic interaction� -�
b � 	�b ��

The charged -�b can decay via the strong �-�b � 	�b ��� or weak �-�b � -�c X�

interactions depending on the mass di�erence between the 	�b and the -�b � It is

thought that the strong decay dominates since quark model calculations '���( and

non�relativistic potential models '���( predict that the -�b has a mass approximately

������� MeV%c	 above the 	�b�

The �rst claim for the observation of a beauty baryon came in ���� from the

R��� group based at the ISR accelerator at CERN using the SFM facility '���(� The

group used a positron trigger to select semileptonic decays of the b quark and time�

of��ight particle identi�cation to select K��� combinations in the D� mass range�

This preferentially selected the decay 	�b � pD���� They measured a 	�b mass

of ����������� MeV%c	 with a signal of ���� events over background� A second group
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using the same SFM facility with similar operating conditions failed to see the same

e�ect '���(� '���(� Furthermore� when the �rst group repeated their study with much

improved machine luminosity before the ISR was shut down they failed to show a

more signi�cant signal in their original discovery channel '���(� these results were

not published until ���� �

The next reported 	�b sighting came from the ������� data of the UA� experi�

ment� taken at the SPS p
p accelerator� again at CERN '���(� At a centre of mass

energy of ��� GeV an integrated luminosity of ��� pb�� was collected� Signals were

reported for the decay 	�b � J	�	�� where J%� � ���� and 	� � p��� The

group claimed to see a � standard deviation e�ect in the J%� 	� mass spectrum at

a 	�b mass of ������� MeV%c	� They also quoted a product branching ratio of 


f�b� 	�b� Br�	
�
b � J	�	�� � ������ ������� ������

This claim from the UA� collaboration has not been con�rmed by the LEP col�

laborations or the CDF collaboration at Fermilab� The CDF collaboration '���(

collected ��� pb�� of p
p data at a centre of mass energy of ��� TeV and amassed

similar statistics to UA� for J%� 	� decays� No peak was seen in the J%�	� mass

spectrum and an upper limit of 


f�b� 	�b� Br�	
�
b � J	� 	�� � ������ ������

was set with a ��� con�dence level� The OPAL collaboration '���( has also searched

for the J%�	� decay mode using ������� data and also observe no signal� They set

an upper limit at ��� con�dence level of 


f�b� 	�b� Br�	
�
b � J	� 	�� � ������� ������

which is tighter than the limit set by the CDF collaboration� The OPAL collabora�

tion have also looked at the decay channel 	�b � 	�c�
� '���(� where the 	�c decays

to a pK��� �nal state� Once again� they see no signal and set a ��� con�dence

level limit of 


f�b� 	�b� Br�	
�
b � 	�c�

�� � ����� ������

The ALEPH collaboration have produced a preliminary result '���(� from �������

data� for the 	�b � 	�c�
� decay mode� They look for a 	�c decaying to pK� ��� p K�




�

or 	� �� �� ��� They observe a signal of � events over approximately � background

event� and assign the signal a signi�cance of ��� standard deviations� Assuming

the signal is due exclusively to 	�b decays they quote a 	�b mass of ������� MeV%c	

and a rate ofj 


f�b� 	�b� Br�	
�
b � 	�c�

�� � ����� ������ ������

Fully exclusive hadronic decay modes of the b baryon are predicted to be very

small �O����� from calculations '���( based around the Heavy Quark E�ective The�

ory bottom baryon form factors of Isgur and Wise '���(� Evidence for inclusive

b baryon production is therefore more forthcoming from the study of 	�� and 	�c �

correlations� The b baryon decays semileptonically� producing a high momentum

lepton which can be charge correlated to a high momentum 	� �	���� or 	�c �	�c �
���

Using data from the ���� LEP run the ALEPH collaboration reported the �rst

evidence for b baryon production through 	��� correlations using ��� ���
 hadronic
Z� decays '���(� The background is subtracted using �wrong�sign� 	��� combinations�

The current combined results of studies of 	��� correlations from the ALEPH '���(�

DELPHI '���( and OPAL '���( collaborations yields 


f�b� 	�b� Br�	
�
b � 	���
�X� � ������ ������� ������

Using 	�� correlations can only provide evidence for generic b baryon production�

since 	�b and ,b decays give the same 	��� �nal state� The ALEPH '���( and DEL�

PHI '���( collaborations use a similar technique with 	�c �
� correlations� where the

	�c is reconstructed through the decay 	�c � pK��� and wrong sign combinations

are again used to subtract background� The combined result is 


f�b� 	�b� Br�	
�
b � 	�c �

�
�X� � ������������������ ������

The 	�c �
� correlations are dominated by 	�b decays but the event samples are small

compared to the 	�� samples� as the 	�c must be exclusively reconstructed�

jThe DELPHI collaboration 
���� have recently measured a bottom baryon mass of
��������� MeV�c�� They use three events in the ��c�

� channel and one in the ��c a
�
� channel�

They fail to �nd any events in the J���� channel�




�

�
�
�
� The Bottom Baryon Production Rate

All of the bottom baryon branching ratios quoted so far have included the unknown

parameter f�b� 	�b�� which represents the number of b baryons produced per bottom

quark in Z� � b
b events at LEP energies� Two ways to evaluate this quantity are 


�� The branching ratio shown in equation ���� can be expressed as 


f�b� 	�b� Br�	
�
b � 	���
�X� � f�b� 	�

b
�Br�	�b � 	�c �

�
�X�Br�	�c � 	�X��

������

The 	�c � 	�X branching ratio has been measured as '��( 


Br�	�c � 	�X� � ���� ����� ������

An estimation of Br�	�b � 	�c �
�
�X� can be obtained by scaling the semilep�

tonic B meson branching ratiok '��( 


Br�B� D � �X� � ������� ������� ������

by the lifetime ratio '��(


��	�b�	��B� � ����� ����� ������

to account for the expected enhancement of the hadronic decay modes of the

bottom baryon� to yield 


Br�	�b � 	�c �
� 
� X� � ����� ������ ������

Combining these results predicts 


f�b� 	�b� � ����� ����� ������

�� Individual B meson production rates at LEP energies can also be used to

predict the bottom baryon production rate� Current results indicate that 


f�b� B�� & f�b� B�� � ����� ���� '���(� ������

f�b� B�
s� � ����� ���� '���(� ������

If the remainder of b hadron production is assumed to be from b baryons 


f�b� 	�b� � ����� ����� ������

kThe result comes from the  ��s� experiments
 where B represents either a B� or B� meson
and D represents a charmed �non�strange� meson�







The error has been assigned to cover all reasonable variations� as adopted in '���(�

The error weighted average of these results yields 


f�b� 	�b� � ����� ����� ������

�
�
�
� The Production of 	��s in Bottom Baryon Decays

To date� the only published measurement of the 	� production rate in bottom baryon

decays comes from the DELPHI collaboration '���(� who estimate 


f�b� 	�b�Br�	
�
b � 	�X� � ����� ������ ������

Their estimate is derived from a measurement of Br�b hadron � 	�X�� where a

lifetime tag based on impact parameter signi�cance is used to produce an enhanced

sample of Z� � b
b events� A technique based on rapidity is used to select 	��s

originating from bottom hadron decays rather than bottom fragmentation�

An independent estimate of f�b � 	�b�Br�	
�
b � 	�X� can be derived from the

relationship 


f�b� 	�b�Br�	
�
b � 	�X� �

f�b� 	�b�Br�	
�
b � 	���
�X�

Br�	�b � 	�c �
�
�X�

� ������

The value of f�b� 	�b�Br�	
�
b � 	���
�X� comes from equation ���� and equation ����

de�nes Br�	�b � 	�c �
�
�X�� Combining these values yields 


f�b� 	�b�Br�	
�
b � 	�X� � ����� ������ ������

which is compatible with the measurement from the DELPHI collaboration�

����	 The Theory of Bottom Hadron Lifetimes

�
�


� The Spectator Model

The spectator model was the �rst attempt to predict bottom hadron lifetimes� The

dynamics of the decay are very similar to muon decay� as shown in �gure ���� The

semileptonic partial decay width for the free heavy quark �+ � �	�b� is calculable

by analogy to the dynamics of muon decay as 


+�b� q � ��� � �	�b �
G	
Fm

�
b

��� �

jVqbj	 P� ������




�

Figure �
�
 A comparison between muon decay �a� and the spectator model decay of a bottom
baryon �b��

where� GF is the Fermi constant� mb is the b quark mass� jVqbj is the relevant KM

matrix element and P is a phase space factor to account for the �nite mass of the

�nal state quark �q�� For b � c � �� �� � �� e�� P � ����

This naive model predicted that all bottom �and charm� hadrons would have

the same lifetimes� This prediction was �rst tested on the charm system� where it

failed miserably to predict the experimentally observed pattern of lifetimes� A great

deal of theoretical work was needed to �t the observed lifetime pattern�

��D�� 
 ��D�� � ��D�
s � 
 ��	�c �� ������

into the framework of the spectator model� A more realistic picture of heavy quark

decay is shown in �gure ���� The spectator weak interaction occurs in the small inner

circle with the larger outer circle denoting the QCD con�nement region� It is clear

that both electroweak and QCD interactions play an important role in heavy quark

decays� On the short distance scale� weak interaction and QCD gluon e�ects can be

calculated exactly� but long distance QCD e�ects ��nal state interactions� soft gluon

radiation and quark con�nement into hadrons� cannot be calculated perturbatively�

The inclusion of such QCD e�ects into the spectator model gave good agreement

with data for the hadronic branching ratios of b and c hadrons� However� the lifetime




�

Figure �


 A schematic representation of a bottom meson decay� The decay involves both
electroweak and QCD e�ects� The small inner circle contains the electroweak interaction and the
larger outer circle depicts the perturbative QCD con�nement region�

hierarchy was not accounted for� The heavy hadron decay must depend on more

than just the heavy quark� The lifetime hierarchy was explained by introducing the

decay scenarios shown in �gure ���� Ignoring penguin decay diagrams� which are

thought to be heavily suppressed due to the small KM matrix elements involved�

the decay diagrams that are used to explain the bottom hadron lifetime hierarchy

can be divided into three types 


Interference Interference occurs between internal and external spectator diagrams

when the respective �nal states are identical� The interference term for bottom

baryon decays can be constructive or destructive '���(� depending on the exact

form of the decay� However� the interference is destructive overall� and results

in a small lifetime di�erence between B mesons and b baryons� The e�ect

is far more important in B meson decays and is responsible for the lifetime

di�erence between B� and B� mesons� Only charged B meson decays can

produce identical �nal states� as shown in �gure ���� resulting in destructive

interference �after calculating the relevant QCD radiative corrections� and the

prediction that 
 ��B�� 
 ��B��� Interference e�ects are suppressed in other

B meson decays� as jVubj � jVcbj and jVus�cd
j � jVud�cs
j�




�

Figure �
�
 Bottom hadron decay diagrams that can be used to explain the lifetime hierarchy
observed in the bottom hadron system� The interaction of the spectator decays shown in diagrams
�a� and �b� give rise to interference e�ects� Diagrams �c� and �d� describe the weak annihilation
process and diagram �e� describes the W�exchange processes�



��

Figure �
�
 Interference e�ects that are responsible for the lifetime di�erences between charged
and neutral bottom mesons�

W�Exchange The W�exchange process has the largest e�ect on the b baryon life�

time� where the extra spectator quarks allow the process to proceed without

being helicity suppressed� The e�ect is much larger than interference and low�

ers the b baryon lifetime with respect to the B mesons� Of the mesons� only

the B� and B�
s mesons experience W�exchange� The W�exchange process is

heavily helicity suppressed for B mesons� in the same way that �� � e� 
�e

is suppressed relative to �� � �� 
��� There have been reports '���( that the

bremsstrahlung of soft spin � gluons act to greatly reduce the helicity suppres�

sion� but these claims are disputed '���(�

Weak Annihilation Weak annihilation has a small impact on the b hadron lifetime

hierarchy� but is included for completeness� A b quark can annihilate with a

valence anti�quark via a W�� This process only a�ects the B� meson but is

suppressed as jVubj is small� Although a distinction is often made between

W�exchange in the �s� �called weak annihilation here� and �t� channels �called

W�exchange here�� the separation is arti�cial as the operators describing these



��

processes are mixed in the QCD description that is described in the next

section�

Taking all these e�ects into account� the following lifetime hierarchy is predicted 


��B�� 
 ��B�� � ��B�
s � 
 ��	�b�� ������

but� whereas in the charm system there is a factor of �� di�erence between the

D� and 	�c lifetimes� the corresponding lifetime di�erence in the bottom system is

predicted to be ���� due to the larger b quark mass '���(�

�
�


� Predictions from QCD Expansions

There are four theoretical approaches that allow bottom hadron decays to be to

be modelled 
 QCD sum rules� Monte Carlo simulations of lattice �quenched� QCD�

Heavy Quark E�ective Theory and �%mb expansions '���(� All are intrinsically based

on QCD� Each technique needs to assume quark�hadron duality '���(� However� the

quark level� where theorists construct their theories� is obviously di�erent to the

experimentalist�s world of hadrons� At the quark level� all hadrons have the same

lifetime� but big di�erences in lifetime for the same quark �avour are measured

experimentally� ie 
 ��K��	��K�
s� �����

The only technique that will allow the treatment of inclusive b hadron decays

and therefore the prediction of b hadron lifetimes is �%mb expansions� which are

described in this section�

The total rate for a bottom hadron �Hb� to decay to an inclusive �nal state �X�

can be expressed through an expansion in powers of �%mb to order �%m

b asl 


+�Hb � X� �
G	
Fm

�
b

����

jKMj	

�

A& �

B

m	
b

& �
C

m

b

&O
�

�

m�
b

��
�

������

where� 
� � and � are dimensionless coe�cients that depend on the quark level

characteristics of the �nal state� Phase space considerations enter through the ratio

of the masses of the �nal state quarks to the mass of the b quark and jKMj de�
notes the appropriate combination of KM matrix elements for the processes under

lThe ��m�
b term cannot be evaluated at present �and is not likely to be evaluated in the

immediate future��



��

consideration� The terms� A� B and C� account for the dependence on the decaying

hadron� Hb� The usefulness of the �%mb technique relies on the ability to determine

A� B and C accurately�

The �rst term� A� can be expressed as 


A � �� KE

�m	
b

&
HS

�m	
b

&O
�

�

m

b

�
� ������

The leading component describes the quark level spectator result� Although ex�

pected� this is not a trivial result and it has been derived directly from the QCD

formalism� The KE term describes the average kinetic energy of the b quark within

the b hadron� Predictions from QCD sum rules yield KE �������� GeV '���( and

lattice QCD predictions give an upper limit of KE � �������� GeV '���(� The value

of KE varies between B mesons and b baryons and experimental measurements are

dominated by the large error ���� MeV%c	� on the mass of the b baryon� The

chromomagnetic interaction '�( of the b quark with the quarks and gluons inside

the b hadron is described by the HS component and can be thought of in analogy

to hyper�ne splitting in atomic systems� For b baryons HS�� as the light di�quark

system carries no spin� For B mesons HS is predicted to be ����� GeV� The second

term �B� in equation ���� is also dependent on the chromomagnetic interaction�

The �nal term �C� in equation ���� can be expressed as 
 C 
 � f	b 	 �� where fb is

the b hadron decay constant and is predicted from theory to be �������� MeV '���(

for B mesons� At present� the decay constant for b baryon decays cannot be calcu�

lated with the required accuracy and quark model estimates are used�

Lifetime di�erences between b hadrons �rst occur at O��%m	
b� in the expansion�

Although there is some SU����avour or isospin breaking� the lifetime of B mesons

are not greatly a�ected and the b baryon�B meson lifetime di�erence dominates�

Di�erences between B meson lifetimes occur at the O��%m

b� level and are propor�

tional to the particular B meson decay constant� Phenomenological interference and

non�spectator e�ects are included naturally in the �%mb expansion at this stage and

the W�exchange diagrams that cause b baryon�B meson lifetime di�erences are also

systematically included�

Although the �%mb expansion formalism is unable to predict individual b hadron

lifetimes� lifetime ratios can be predicted� Figure ��� shows the predictions from the�

ory compared to the most recent lifetime measurements '��(� Theoretical predictions



��

τ(X) / τ(B0)

Theory 0.90 → 0.95

τ(Λb) / τ(B0) 0.75 ± 0.05 ps

Theory 0.99 → 1.01

τ(Bs) / τ(B0) 1.01 ± 0.07 ps

Theory 1.03 → 1.05

τ(B+) / τ(B0) 1.04 ± 0.05 ps

0.6 0.8 1 1.2

Figure �
�
 Bottom hadron lifetime ratios predicted from the QCD based theory of Bigi et al�

compared to the most recent experimental results 
����

are consistent with experimental measurements for the B meson lifetime ratios� How�

ever� the b baryon lifetime prediction is � standard deviations from the experimental

measurement� Since the baryonic matrix elements have been estimated from quark

model predictions� this discrepancy could be attributed to a break down of quark�

hadron duality� This is not unexpected� but� there are no qualitative distinctions

between non�spectator and spectator �well described at the quark level� dynamics

in the theory '���(� '���(�

The ratio� ��	�b�	��B
�� � ���� � ����� can also be predicted by scaling the

observed lifetime hierarchy in the charm sector ���	�c �	��D
���� The theoretical and

observed lifetime hierarchies for charm mesons and baryons agree well� Therefore� if

��B�� is larger than ��	�b� by more than ������� there will be direct implications

for the theory 
 the charm quark mass is too low a scale to allow one to go beyond

qualitative predictions of charm baryonm lifetimes� as O��%m�
Q� contributions seem

to be important� and presumably the theory�data agreement for the charm lifetime

mMaybe charm mesons too�



��

ratios is merely accidental�

����
 Experimental Measurements of Bottom Hadron

Lifetimes

After the discovery of the bottom quark� and before the lifetime of bottom hadrons

were measured� it was thought they would be immeasurably small� The CLEO

collaboration had determined that bottom quarks decay predominantly to charm

quarks by measuring jVubj	jVcbj � ���� at ��� con�dence level '���( and it was

assumed that jVcbj ����� �the same as the intra�generational coupling between the

�rst two generations� jVud�csj�� This assumption� together with a b quark mass of

�� GeV	c	 yielded a b lifetime of O������� s� It was therefore a big surprise when

the MAC '���( and MARK�II '���( collaborations measured an average b hadron

lifetime of ����� ���� ���� ps and ����� �����
���
� � ����� ps respectively� using an impact

parameter technique� The apparent problem disappears with the current value of

jVcbj ������� Accurate measurements of b hadron lifetimes are very important

as they are truly inclusive measurements and provide sound tests for theoretical

predictions�

A review of the most popular techniques for measuring the average b hadron life�

time and the b baryon lifetime are presented in the next sections� In chapters � and �

systematically di�erent techniques for measuring these lifetimes are presented along

with the current world average results�

�
�
�
� The Average Bottom Hadron Lifetime

The most popular technique for measuring �b� the average b hadron lifetime� uses

the impact parameter distribution of high momentum leptons from semileptonic

b hadron decays� A schematic representation of a B meson decay is shown in �g�

ure ����� Impact parameter ��� measurements depend on a determination of the

primary event vertex and error ellipse� the lepton trajectory and the b hadron di�

rection �which is usually estimated from the jet axis�� The impact parameter can

be formally de�ned as 


� � �� c �bj sin �j sin�� ������



��

Figure �
��
 A schematic representation
of the decay of a bottom meson �B� to a
charmed meson �D� and a lepton �l�
 in the
plane perpendicular to the beam direction�
The impact parameter of the lepton �
� is
shown�

Figure �
��
 The de�nition of the sign of
the lepton impact parameter with respect to
the jet axis�

where� �� de�nes the relativistic boost of the b hadron� � is the angle between the

b hadron direction and the beam direction and � is the angle between the lepton

trajectory and the b hadron direction� projected onto the plane perpendicular to

the beam direction� In the relativistic limit� � is relatively insensitive to the boost

of the b hadron� This is because any increase in the decay length is compensated

for by a reduction in �� as sin� 
 ���� To �rst order h�i � c�b� The impact

parameter is a signed quantity� as shown in �gure ����� Lepton � gives a positive

signing as the trajectory can be extrapolated back to cross the jet axis in front of

the primary event vertex� In contrast� lepton � gives a negative signing� Given ideal

experimental circumstances� the distribution of � would be positive for b
b events�

however measurement errors produce a small negative tail� which is often used to

extract the experimental resolution direct from the data� Contemporary analyses use

a likelihood technique pioneered by the MARK�II collaboration to extract lifetime

information from the � distribution� The � distribution is parameterised in terms

of 
 �b� signal leptons �from b� �� b�c� � decays�� background leptons �from

c� �� K� �� � � �� misidenti�ed leptons�� and the experimental resolution for

measuring �� The impact parameter distribution of all charged tracks in Z� � b
b

enhanced events can also be used to measure �b�

Another method for measuring �b reconstructs secondary vertices from the decay



�


of a b hadron� Secondary vertices are reconstructed using iterative algorithms that

group well measured tracks together and require a good �t in the plane perpendicular

to the beam direction �three�dimensional �tting is starting to be used too�� A decay

length is computed between the primary event vertex and the secondary vertex

position� Backgrounds from charm and light quark events are reduced by imposing

quality requirements on the secondary vertex multiplicity� the vertex mass and the

impact parameters of the vertex tracks� The typical b purity is ����� The decay

length distributions from the remaining background events are parametrised from

Monte Carlo events� A likelihood �t is used to extract �b from the decay length

distribution in data�

A summary of the latest results for the average b hadron lifetime is shown in

�gure �����

�
�
�
� The Bottom Baryon Lifetime

Partially reconstructed semileptonic decays of b baryons have been used by the

LEP experiments to measure the b baryon lifetime ����
b
�� The 	�b � 	�c �

�
�X decay

channel is used� where the 	�c is either fully reconstructed through� for example� the

pK��� decay channel or the 	� from the 	�c decay is reconstructed through the p���

decay products� As in the technique to provide evidence for b baryon production

�section �������� 	��� or 	�c �
� correlations are used to identify b baryons� Kinematic

cuts are applied to the lepton to remove background from B meson decays such as

B � 	�c �
�X� A schematic representation of semileptonic b baryon decay is shown

in �gure �����

	��� Correlations The exact composition of b baryons in 	��� events is not known

and so a generic b baryon lifetime is measured� This method is statistically

favourable relative to the 	�c �
� method but su�ers from high backgrounds�

especially due to 	��s from fragmentation processes� Two lifetime estimators

are used�

In the �rst method the impact parameter distribution of leptons �from 	���

correlations� from the b baryon decay are used� This is a relatively simple

technique with little reliance on Monte Carlo to model the b baryon boost�



��

Figure �
��
 A schematic representation of a bottom baryon ���b� decay into a charmed baryon
���c � which subsequently decays to a �

�� The diagram is not to scale� The bottom baryon typically
travels � mm before decaying
 while the charmed baryon typically travels � mm and the �� typically
travels tens of cm�

The �rst measurement of the b baryon lifetime was made by the ALEPH

collaboration using this method '���(�

The second method was pioneered by the OPAL collaboration '���(� The

b baryon decay point is estimated from the 	��� intersection� As shown in

�gure ����� the 	� comes from the 	�c decay� The error on the location of the

b baryon decay point is much larger �� ��� than the separation between the

	�b and 	�c vertices� The decay length is determined between the primary event

vertex and the estimated b baryon decay point� The typical decay length reso�

lution using precision vertex detectors is �����m� the DELPHI collaboration

improve this to �����m by adding hadronic tracks �denoted X in �gure �����

to the 	��� vertex� The boost is determined by convoluting the 	��� momen�

tum spectrum in data with the momentum spectrum from b baryon decays in

Monte Carlo�

	�
c
�
� Correlations Although statistically unfavourable compared to the 	��� tech�

nique due to the lower 	�c reconstruction e�ciency� using 	�c �
� correlations

provides a clean sample of 	�b baryons� All contemporary measurements re�

construct the 	�c through the p K��� decay channel with the ALEPH collabo�



��

ration also using the 	������� and pK�
s channels� The decay length between

the primary event vertex and the 	�c �
� vertex is converted to a proper time

using the momentum of the 	�b� which is estimated from the momentum and

invariant mass of the 	�c �
� pair�

The DELPHI collaboration have recently published a measurement of ���
b
using

p� correlations '���(� The high momentum proton is assumed to come from charmed

baryon decay� The main problem with this analysis is the high backgrounds from

misidenti�ed kaons and pions� The reconstructed decay time distribution� the trans�

verse muon momentum distribution and dE%dx distribution of p�� K�� �� and X�

samples are �tted simultaneously to determine the number of b baryons and the

b baryon lifetime in the p� sample�

A summary of the latest measurements of ���
b
can be found in �gure �����



Chapter �

Identifying Z�� b�b Events

Any multihadronic �Z� � q
q� event recorded with the OPAL detector will leave

a characteristic signature of two or more jets of particles as shown in �gure ����

Such events are selected online using the trigger and �lter �see section ����� A

multihadronic selection '���( originally developed by the Tokyo group is used to

further select events o/ine� A selected event is divided into jets using jet �nding

algorithms and each jet is searched for secondary vertices� indicating the presence

of a long�lived bottom hadron� Properties of the secondary vertices are fed into a

neural network algorithm which assigns a probability that the secondary vertex is

the result of a bottom hadron decay� The primary event vertex is also reconstructed

for each event� Each of these procedures is described in more detail in this chapter�

The chapter concludes with a description of the Monte Carlo samples used in the

measurements described in the following three chapters� Details relevant to bottom

hadron production and decay are emphasised�

��� The Trigger and Filter Selection

The most important parts of the trigger used to select multihadronic events are 


The Track Trigger � At least two tracks are required to originate from the nomi�

nal event vertex� each with a transverse momentum of at least ���� GeV	c�

The Time�of�Flight Trigger � At least three non�adjacent scintillator counters

must have registered hits�
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Figure �
�
 A typical e�e� � q�q event recorded with the OPAL detector
 looking along the
beam direction� Two jets of particles are clearly visible� The tracks are reconstructed in the central
jet chamber
 the inner �outer� layers of blocks represent energy deposited in the electromagnetic
�hadronic� calorimeter� The arrow represents a muon recorded by the barrel muon detector
 the
outer square represents the muon endcap detector�
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The Electromagnetic Trigger � The summed raw energy in either the barrel or

endcaps must be at least � or � GeV respectively�

A high level of redundancy is achieved due the high multiplicities of multihadronic

events� The overall e�ciency is in excess of ����

The �lter makes a preliminary event classi�cation based on the Gold Plated

Multihadron Selection '���(� This selection only uses information from the electro�

magnetic calorimeters and the TOF� It is loose enough to maintain a high e�ciency

and not exclude possible new physics processes� Events with at least �ve tracks

form the raw data�set for the analyses presented in this thesis� Table ��� shows the

number of raw events for each year of data taking�

Year Number of Events

���� ������

���� ������

���� ������

���� �������

Table �
�
 The number of raw events for each year of OPAL data�taking used in this thesis�

��� The Tokyo Multihadron Selection

For a charged track or electromagnetic cluster to be used in the Tokyo selection

algorithm� a number of quality conditionsa are required as shown in tables ��� � ����

Using the good charged tracks and electromagnetic clusters two ratios� Rvis and

Rbal are constructed thus 


Rvis �
Etotp

s
� �����

Rbal �
Ebal

Etot
� �����

aThe track parameters are de�ned in section ��������
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Good Electromagnetic Clusters

Barrel Endcap

Raw energy �Eraw� � ��� GeV � ��� GeV

Number of blocks in cluster � � � �

Table �
�
 Quality conditions required by the Tokyo multihadronic selection algorithm for
electromagnetic clusters�

Good Charged Tracks

Number of CJ hits � ��

jd�j � ��� cm

jz�j � ���� cm

Radius of �rst hit � ���� cm

Transverse momentum w�r�t� beam axis � ���� GeV	c

j cos �j � �����

Table �
�
 Quality conditions required by the Tokyo multihadronic selection algorithm for
charged tracks�

where� Etot �
P

Eraw and Ebal �
P

Eraw cos �� The sums are over Nclus good clusters�

In order to select a multihadronic event it must satisfy all of the following re�

quirements 


	 Nclus � � good clusters�

	 Nchgd � � good tracks�

	 Rvis � �����

	 Rbal � �����

The cluster and track multiplicity requirements �Nclus� Nchgd� are tuned to minimise

the background from Z� decays to charged lepton pairs� The Rvis �visible energy�

requirement discards two�photon events and interactions of the LEP beams with

residual gas molecules� The Rbal �momentum imbalance� requirement rejects two�

photon events� interactions of the LEP beams with residual gas molecules �and beam

pipe�� and cosmic rays in the endcap detectors�
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The selection has been determined to be ������ e�cient '���( with the reduc�

tion in detector acceptance at small � being the major source of ine�ciency� The

main backgrounds are from ���� and two�photon events� which have been estimated

to form ������������ and ����������� of the �nal multihadronic sample respec�

tively '���(� Background from interactions of the LEP beams with the beam pipe

or residual gas molecules� cosmic rays� ���� or e�e� events have been determined

to be negligible�

��� Additional Quality Requirements

For the analyses presented in this thesis� further selection criteria were applied�

The most important subdetector components for the selection of Z� � b
b events

and the subsequent measurement of secondary vertices were required to be fully

operational� Therefore� minimum detector status requirements were made on the

following subdetectors 
 SI� CV� CJ� CZ� EB and EE�

Charged tracks used in the analyses were required to pass the following quality

requirements 


	 Minimum transverse momentum � ���� GeV%c�

	 Maximum value of j tan���j � ����

	 Maximum value of jz�j � ��� cm�

	 Maximum momentum � �� GeV%c�

	 Minimum number of CJ hits � ���

	 Maximum value of jd�j with respect to the beam spot position � � cm�

	 Maximum �	 from the x�y track �t � ����

In addition electromagnetic clusters were required to satisfy 


	 Minimum raw energy of cluster � ���� GeV�

	 Minimum corrected energy of cluster in EB � ����� GeV�

	 Minimum corrected energy of cluster in EE � ����� GeV�
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��� Jet Finding

Two di�erent algorithms are used to group charged tracks and unassociatedb elec�

tromagnetic clusters into jet�like topologies� The two algorithms are known as the

�JADE E� scheme� and the �cone jet �nder�� The analysis presented in chapter � �a

measurement of Br�b hadron � 	� X�� uses the JADE jet��nder and the b hadron

lifetime analyses presented in chapters � and � use the cone jet��nder� The cone

jet��nder is generally believed to be better for bottom quark studies as it has su�

perior performance for grouping particles from a b hadron decay into the same jet

and therefore improving the resolution of the jet�axis direction and b tagging puri�

ties '���(� However� the cone jet��nder has only become available as standard OPAL

software recently and was not available for the branching ratio study�

The thrust� T� of the event is de�ned as 


T � max

�P
i jpi��njP
i jpij

�
� �����

where� pi is the momentum of a track or cluster and the sum runs over all good tracks

and clusters� The axis �n is chosen to maximise the expression in the parentheses

and is referred to as the thrust axis of the event� It has a polar angle �t�

In the analyses presented in this thesis events are rejected if j cos �tj 
����� This

ensures that events lie within the SI acceptance and can be e�ciently searched for

secondary vertices�

����� The JADE Algorithm

This algorithm was �rst developed by the JADE collaboration '���( and is imple�

mented at OPAL with the �E�� recombination scheme '���(� A scaled mass 


yij �
�EiEj ��� cos �ij�

E	
vis

�
M	

ij

E	
vis

� �����

is used as the jet resolution parameter� where� Evis is the total visible energy in the

event and �ij is the angle between the pair of particles �i�j�� of energy Ei� Ej� making

an invariant mass� Mij� which is formed between between all possible particle pairs�

The pair with the lowest invariant mass are combined to form a pseudo�particle

bUnassociated electromagnetic clusters are de�ned in section ��������
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and if yij �ycut the procedure is repeated until no pairs of pseudo�particles satisfy

this requirement� A low value of ycut will therefore result in a large number of very

collimated jets� whereas a large value will eventually result in event being divided

into two hemispheres�

In bottom hadron analyses a quantity 


xmin � ycut E
	
vis� �����

is often used rather than ycut to ensure the minimum jet pair resolution is indepen�

dent of the total visible energy in the event�

In this thesis a value of xmin � �� �GeV	c	�	 is used� This gives jet masses of

the same order as the b hadron mass �� � GeV	c	��

����� The Cone Algorithm

The cone jet �nder was principally used at p
p collider experiments '���(� The

algorithm has only recently been made available for e�e� collider experiments '���(�

and has proved to be popular for bottom hadron physics due to its superior resolution

of the true jet axis direction vector� which is often used to estimate the b hadron

direction�

The cone algorithm simply de�nes a jet as a set of particles that have a total

energy greater than a cuto� � and momentum vectors that lie within a cone of half

angle R� The cone axis is described by the vectorial momentum sum of the particles�

In this analysis R � ���� radians and �� ��� GeV� The value of � is scaled by the

ratio Evis	Ecm� where� Evis� Ecm are the total visible energy in the event and the

centre of mass e�e� energy respectively� This reduces the sensitivity to ine�ciencies

in detecting all the visible energy in an event� Otherwise� events with smaller visible

energies will be more sensitive to the value of �� The full cone algorithm is described

in detail in '���(� including procedures to deal with overlapping cones�



�


��� Primary Vertex Determination

The primary vertex position is �tc on an event by event basis with two pseudo�

tracks introduced into the �t to provide a constraint to the average beam spot

position� The two pseudo�tracks are parallel to the x and y axes respectively and

have perpendicular errors given by the beam spot spreads� The pseudo�track in the

y direction essentially �xes the x position of the primary vertex� since the beam spot

spread in y is so small�

For Monte Carlo data� the beam spot position and spread are initially derived

from the constants �le used at the time the data was generated� This can also be

changed� at a later date� by the user�

For data� the beam spot position is derived by collecting events in chronological

order and making a �	 �t to a primary vertex once there are ��� or more quality

tracks� Quality tracks are de�ned as having pt 
���� GeV	c� jd�j �� cm� and

�d� ���� cm� The pt represents the track momentum in the plane orthogonal to

the beam direction and d� is the distance of closest approach of the track to the

co�ordinate origin� in the plane perpendicular to the beam direction� The track

contributing the largest �	 is rejected if �	 
�� and this process continues until all

tracks contribute �	 ��� to the vertex �t� A weighted average of �� such contiguous

vertices �corresponding to about ��� Z� decays� is formed� Finally� the neighbouring

vertex positions are joined together and the mean and associated error recalculated

as long as each new point is consistent with the running average up to that point�

The beam spot spread in data is calculated from di�muon events in the polar

angle region j cos �j � ���� This ensures the best possible tracking resolution� If the

mean of the beam spot position is known accurately and the experimental resolutions

on the d� and z� measurements for the di�muons are well understood� then the

intrinsic beam spot width can be estimated from the width of the residuals at the

point of closest approach to the mean beam spot position for the di�muon tracks�

The beam spread values obtained using this method are in excellent agreement with

the range of values expected from the LEP beam optics� assuming head�on collisions

and Gaussian bunch shapes '���(�

cThe method to �t the primary vertex follows
 almost exactly
 that used to �t secondary vertices

as described in section ����
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In the following analyses the values of the beam spot size and spread shown in

table ��� are used for Monte Carlo data� Table ��� summarises the intrinsic tracking

Position Spread

Monte Carlo x y z �x �y �z

�cm� �cm� �cm� ��m� ��m� �mm�

�Old� ������ ������ ������ ��� �� ����

�New� ������� ������ ������ ��� �� ���

Table �
�
 Beam spot positions and spreads for the two generations of OPAL Monte Carlo used
in this thesis� The Monte Carlo samples are described in more detail in section ������

resolutions �d� and z�� and the beam spot widths for OPAL running between ����

and ���� '���(� A more detailed description of the method used to obtain the beam

Year d� res z� res x width y width z width

��m� �mm� ��m� ��m� �mm�

���� ����� ��� ����� ���� ���� � ��� � ���� ���

���� ����� ��� ����� ���� ���� � ��� � ���� ���

���� ����� ��� ������ ����� ���� � �� � ���� ���

���� ����� ��� ������ ����� ���� � ��� � ����� ����

Table �
�
 Intrinsic tracking resolutions �d� and z�� and beam spot widths in x
 y and z for
di�erent years of OPAL running 
����� The changes in the intrinsic tracking resolutions re"ect the
commissioning of the r�� and z parts of the silicon microvertex detector and the changes in beam
spot widths re"ect changes in the operating modes of the LEP machine�

spot position and spread can be found in '���(�

��� Secondary Vertex Finding

A b hadron will travel a mean distance of approximately � mm before decaying

and on decay will produce an average charged particle multiplicity of ���� � ����

particles '���(� Displaced secondary vertices are therefore an excellent signature for

b hadrons�
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In this thesis two di�erent methods are used to group tracks into secondary

vertices in the plane perpendicular to the beam direction �r���� A �tear�down� vertex

�nder is used to identify secondary vertices� the properties of which are used as inputs

to a neural network algorithm which has been optimised to identify b
b events� This

b
b enrichment technique is common to all analyses presented in this thesis and is

described in more detail in the next section� In order to measure b hadron lifetimes�

the distance between the primary and secondary vertices �the �decay length�� must

be accurately measured� A �build�up� vertex �nder is used to do this� Both vertex

�nders are described below� More details can be found in '���(�

To be considered for either secondary vertex �nder� as well as passing the default

quality requirements detailed in section ���� tracks must also satisfy the following

requirements 


	 Maximum j d� j with respect to the event vertex � ��� cm�

	 Maximum error on j d� j �including event vertex ellipse� � ��� cm�

	 Maximum total momentum � �� GeV%c�

	 Minimum total momentum � ��� GeV%c�

��	�� The 
Tear�down� Vertex Finder

In this algorithm all tracks within a given jet passing the quality requirements are

considered in a �t to a secondary vertex in the r�� plane� The �tting technique is the

same as that used to reconstruct the primary event vertex� Tracks are discarded if

they contribute more than � to the vertex �	 and the remaining tracks are re�tted to

a new secondary vertex� This process continues until there are less than two tracks

remaining �in which case the vertex �nding fails� or no tracks contribute more than

four to the vertex �	�

This method will tend to resolve a displaced secondary vertex if the b hadron has

travelled a signi�cant distance before decaying and is more e�cient if the charged

track multiplicity from the b hadron decay is large� Figure ��� shows tracks measured

by the silicon microvertex detector formed into two secondary vertices using this

technique�
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Figure �
�
 A view of the e�e� � q�q event shown in �gure ��� with detail around the production
vertex shown� The two concentric layers of the microvertex detector are shown� The tracks have
been formed into two secondary vertices which are visible on each side of the event� The lower�most
track of the secondary vertex on the left hand side is the muon candidate shown as an arrow in
�gure ����
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��	�� The 
Build�up� Vertex Finder

This algorithm also works in the r�� plane to �t tracks to displaced secondary

vertex� but with a rather di�erent philosophy than the �tear�down� algorithm� Twod

precisely measured tracks �requiring at least one CV axial hit or a silicon microvertex

hit� with the most signi�cant separation from the primary event vertex are taken

as seed tracks� Precisely measured tracks� at least � standard deviations from the

primary vertex� are also taken as seeds� Separated vertex candidates are formed by

looping over all possible pairs of seed tracks to form a vertex nucleus� Other tracks

are added to this nucleus vertex as long as they match this vertex better than the

primary vertex and the vertex probability is 
��� Once associated to a vertex� a

track cannot be used again� The decay length is calculated for each vertex from

a �t to the primary vertex position and the seed vertex position� The r�� vector

momentum sum of the seed vertex tracks is used to constrain the decay length

direction� Such a constraint was also used in a measurement of the decay length

in ��prong � decays '���(� When �tting the decay length the uncertainty from the

primary vertex position is usually negligible� with the dominant error arising from

uncertainties in the track parameters for the seed vertex� If there is more than one

seed vertex� the best quality one is chosen using the following criteria �in order of

importance� 


	 The vertex with a decay length between � cm and � cm�

	 The vertex with the greatest number of precisely measured tracks�

	 If the number of precisely measured tracks is exactly two� then the vertex with

the largest number of tracks in the seed vertex is chosen� irrespective of how

well they are measured�

	 The vertex with the largest decay length signi�cance from the primary vertex�

This algorithm can reconstruct secondary vertices displaced from the primary vertex

even in light quark events� The vertices arising from non�b
b events are dominantly

due to charm hadron decays�

dThere must be at least two�
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��
 Tagging Z� � b�b Events

��
�� A Neural Network Algorithm for Z�
� b�b Tagging

The neural network forms part of the standard OPAL software for b tagging '���( and

is therefore treated like a �black�box� in this application� Appendix A gives details of

a similar neural network architecture that was developed to identify charged tracks

from bottom hadron decays�

Seven parameters of the secondary vertices found by the �tear�down� vertex �nder

were used as inputs to the neural network algorithm 


	 ��� The invariant mass of the charged particles assigned to the secondary

vertex� assuming pion masses�

	 ��� The number of charged particles assigned to the secondary vertex�

	 ��� The decay length signi�cance of the secondary vertex relative to the pri�

mary vertex�

	 ����� The impact parameter signi�cance with respect to the primary vertex of

the �nd� �rd and �th most separated trackse�

	 ��� The number of tracks in the jet containing the secondary vertex which have

been assigned to the primary vertex�

The output of the b tagging neural network varies between zero and one� when

the output is large there is a high probability that the secondary vertex was due to

a b hadron decay� as shown in �gure ����

��
�� Double Tagging Technique

To avoid unnecessary dependence on Monte Carlo modelling� the b purity was eval�

uated directly from the data using a double tagging technique '���(�

The event is divided into two hemispheres using the thrust axis� A hemisphere

is said to be tagged if a secondary vertex within the hemisphere produces a neural

network output greater than a prede�ned tagging value� The number of singly

eThe �rst most separated track was found to come predominantly from charm hadron decays�
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Figure �
�
 The output of the neural network used to enhance Z� � b�b events� The hatched
area shows that the light quark background is highly suppressed when the output of the neural
network is large�

tagged hemispheres �N�� and the number of events with two tagged hemispheres

�N��� in a sample of Nhad hadronic events can be expressed as 


N� � �
�
�b

+b�b
+had

& �c
+c�c
+had

& �uds
+u�u & +d�d & +s�s

+had

	
Nhad� �����

N�� �
�
Cb�

	
b

+b�b
+had

& �	c
+c�c
+had

& �	uds
+u�u & +d�d & +s�s

+had

	
Nhad� �����

The quark partial widths are denoted by +q�q	+had and Standard Model values

of ����� and ����� are used for the up and down quark values respectively� The

hemispheric tagging e�ciencies for b
b� c
c and lighter quark events are denoted by

�b� �c and �uds respectively� The values of �b and �c are extracted from the data

by solving equations ��� and ��� simultaneously� while �uds is obtained from Monte

Carlo� The coe�cient Cb describes the e�ciency correlation between hemispheres in

a b
b event� This is needed because the tagging probabilities for the two hemispheres

are not just correlated through the �avour of the initial quark pair� This coe�cient

is only evaluated for b
b events as the b
b event fraction is dominant� The numerical

value of Cb di�ers from unity for two reasons 


Physics E�ects � Hard gluon radiation can cause both the b and 
b jets to fall into
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one hemisphere �
Cb � �� and also produce a small correlation between the

b and 
b hadron�s momenta �
Cb 
 ���

Detector E�ects � The b and 
b hadrons are usually produced back�to�back� Geo�

metrical correlations will therefore be produced if the tagging e�ciency is not

uniform over the geometrical acceptance of the detector �
Cb 
 � or � ���

Also� the primary vertex position is common to both hemispheres �
Cb � ���

However� this is a small e�ect in comparison�

A non�uniform geometrical detector acceptance is expected to be the largest ef�

fect '���( and so� the relationship 


Cb �
���b
���b�

	
� �����

can be used to evaluate Cb� where� �
��
b and ��b are the double and single tagging

e�ciencies for b
b events� evaluated from Monte Carlo� where detector geometries

are well modelled�

Equations ��� and ��� are solved for �b and its error� The hemispheric b purity�

Pb� can be subsequently determined through the relationship 


Pb �
�Nhad +b�b	+had

N�

�b� �����

��� The Data and Monte Carlo Samples

����� Data

Only multihadronic events recorded from towards the end of ���� �when the silicon

microvertex detector became operational� until the end of ���� are used in this

thesis to ensure comparable environments for b quark taggingf � Data from the ����

physics run was not su�ciently well understood to warrant inclusion in this thesis

at time of writing� The data selection is described in section ����

fThe last two periods of the ���� data are omitted as the silicon detector was removed after an
accident�
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����� Monte Carlo

Two versions of the JETSET generator '��( were used to produce the Monte Carlo

samples that are used in this thesis� The work presented in chapter �� describing

the measurement of Br�b hadron� 	�X�� use JETSET release ���� The b hadron

lifetime measurements� described in chapters � and �� use JETSET release ���� In

both cases� OPAL uses private versions of JETSET parameters and decay tables to

tune the JETSET performance and give good agreement with data�

The Monte Carlo samples used in this thesis are detailed in table ���� The �new�

Thesis Name OPAL Name Type Nevents JETSET Version

�Old� R���� udscb ����� ���

�Old b
b� R���� b
b ������
 ���

�New� R�����R���� udscb ��������� ���

�New tune b
b� R���� b
b ����� ���

Table �


 The speci�cation for each generation of Monte Carlo sample�

Monte Carlo samples are superior to the �old� versions in many ways� Particle decays

have been updated to follow the results of the ���� Review of Particle Properties '��(

and the tuning of JETSET parameters is detailed in '���(� In particular� the intro�

duction of P�wave mesons has made the average charged track multiplicity from B�

and B� decays agree with measurements made at the $��s� more closely '���(� Also�

B meson decays to baryons have been implemented� This was a major short�coming

of the �old� Monte Carlo samples� A �new tune b
b� subset has a revised charm hadron

decay table and updated heavy �avour fragmentation parametersg� Peterson param�

eters of �b � ����� and �c � ����� are used to predict hxEiB � ������ which agrees

well with the value given in equation ����� More details on all these changes can be

found in '���( and '���(� Table ��� details the relative production rate and lifetime

of b hadrons in each of the Monte Carlo samples compared to recent experimental

results� The charged track parameters ��gen� �gen and d�gen�
h can be �smeared� to

gIn particular
 the e�ects of B�� production were included�
hSee section ������� for de�nitions�
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Relative Production Rate Lifetime �ps�

Bottom Monte Carlo Monte Carlo

Hadron �old� �new� Dataa �old� �new� Data '��(

B� ���� ���� ���� � ���� ��� ��� ���� � ����

B� ���� ���� ���� � ���� ��� ��� ���� � ����

Bs ���� ���� ���� � ���� ��� ��� ���� � ����

	�b ���� ���� ���� � ���� ��� ��� ���� � ����

aSee section ������� for calculation details�

Table �
�
 A comparison of the bottom hadron production features for data and each generation
of Monte Carlo sample�

give better agreement with data according to the following prescription 


�rec � �gen & 
��rec � �gen�� ������

�rec � �gen & ���rec � �gen�� ������

d�rec � d�gen & ��d�rec � d�gen�� ������

The track parameters tan� and z� are not smeared since the analyses in this thesis

make no use of information in the z direction� The track parameter error matrix

is also left unsmeared� For the �old� Monte Carlo� values of 
 � ���� � � ��� and

� � ��� were applied as detailed in '���(� The �new� Monte Carlo samples required

no additional smearing �
 � � � � � ���� due to the much improved modelling of

the central detectors '���(�





Chapter �

A Measurement of the ��

Production Rate in Z�� b�b

Events

��� Overview

Each multihadronic Z� decay passing the event selection described in section ���

is divided into two hemispheres using the thrust axis of the event� Properties of

the secondary vertex with the largest decay length signi�cance in each hemisphere

are used as inputs to a neural network algorithm� The neural network assigns a

probability that the secondary vertex was due to a b hadron decay� as described

in section ������ The awayside hemispheres from these candidate b hadrons are

used to provide a bias�free� b hadron enriched sample� to study 	� production� The

procedure used to reconstruct 	��s is described� Only the most energetic 	� on the

awayside is used� Both hemispheres can be used to calculate the branching ratio�

The 	� production rate in Z� � b
b events can be expressed as 


Br�b hadron� 	�X� �

�
N��

Pb Nhem �pcut

�
� �����

where 


	 N�� � Nsig�Nbkgd� The number of 	��s from b hadron decays and background

sources are denoted as Nsig and Nbkgd� respectively� The 	� momentum is

required to exceed a minimum momentum requirement�
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	 Pb is the b purity of the b tagged hemispheres�

	 Nhem is the number of hemispheres �on the awayside of a b tag� that are studied

for 	� production�

	 �pcut is the e�ciency for detecting a 	� from a b hadron decay through the

p�� decay channel� The 	� momentum must exceed a minimum momentum

requirement� This e�ciency includes the loss due to 	� decays into neutral

particles �	� � n����

The method used to measure the purity of the b tagged sample is described

in section ��� and the background estimation for the process b hadron � 	�X

is summarised in section ���� Finally� in section ��� the reconstructed momen�

tum spectrum for 	��s from b hadron decays is extracted and used to calculate

Br�b hadron� 	�X�� The product branching ratio� f�b� B�Br�	�b � 	�X�� is also

evaluated�

��� Event Sample and Selection

Data collected between ���� and ���� with the silicon microvertex detector opera�

tional were used in this analysis� The total data sample contained � ��� ��� events�

The �old� Monte Carlo data�set consisting of ��� ��� events was also used� Through�

out this chapter the pre�x �old� will be discarded when referring to the Monte Carlo

sample� All events were required to have at least two jets� with the two most ener�

getic jets �assumed to be the quark jets� in opposite hemispheres� as de�ned by the

thrust axis of the event� Jets were formed using the JADE algorithm discussed in

section ������ Secondary vertices were reconstructed using the �tear�down� algorithm

described in section ������ After all the selection requirements there were ������

data and ������ Monte Carlo events available for b tagging�

��� Tagging Z�� b�b Events

The method used to identify pure samples of Z� � b
b events has been outlined in the

previous chapter� A double tagging technique is used to evaluate the purity of the
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Figure �
�
 The hemispheric light quark
e�ciency �
uds�
 derived from Monte Carlo

as a function of a minimum requirement on
the output of the neural network used for
b tagging�

Figure �
�
 The hemispheric b e��
ciency correlation coe�cient �Cb�
 derived
from Monte Carlo
 as a function of a mini�
mum requirement on the output of the neural
network used for b tagging�

isolated b hadron sample from the data itself� as explained in section ������ When

evaluating the b purity in this way� �with reference to equations ��� and ���� the

values of the light quark e�ciency� �uds� and the hemispheric e�ciency correlation

coe�cient� Cb� need to be evaluated from Monte Carlo�

The variation in �uds for a range of minimum output requirements on the neural

network used for b tagging is shown in �gure ���� The e�ciency falls rapidly as the

minimum output requirement is increased� The neural network strongly suppresses

the contribution from non�Z� � b
b events� Using a default minimum neural network

output requirement of ���� the following values were derived from Monte Carlo for

the purity� Pq� and the e�ciency� �q� for di�erent quark species on the awayside of

a b tag 


Pb � ������ Pc � ����� Puds � ����� �����

�b � ������ �c � ����� �uds � ����� �����

Figure ��� shows the variation in Cb for a range of minimum output requirements

on the output of the neural network� Up to a neural network output of ���� Cb stays

close to unity� after which it starts to increase� The rate of increase is particularly

rapid for outputs exceeding ����
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Figure �
�
 The hemispheric b purity
�Pb�
 derived from data
 as a function of a
minimum requirement on the output of the
neural network used for b tagging�

Figure �
�
 The hemispheric b e�ciency
�
b�
 derived from data
 as a function of a
minimum requirement on the output of the
neural network used for b tagging�

Figure ��� and �gure ��� show the hemispheric purity and e�ciency measured

from data for a range of minimum output requirements on the neural network� The

purity �attens out above an output of ���� The e�ciency drops rapidly as the

requirement on the neural network output is decreased� As a consequence of this

behaviour� and in light of further systematic studies presented in section ���� a

default minimum neural network output of ��� is used� This yields 


Pb � ������ ������ �����

�b � ������ ������ �����

These results use Cb � ����� � ����� and �uds � ������ � �������� derived from

Monte Carlo studies�

��� Reconstructing ���s�

When a secondary vertex in one event hemisphere yields a b tag from the neural

network� the awayside hemisphere is searched for a 	�� The 	� particle consists of a

bound state of u�d and s quarks and is the lightest strange baryon with a nominal

mass of ������ GeV	c	 '��(� The dominant decay modes are 


Br�	� � p��� � ������ ������ �����

Br�	� � n��� � ������ ������ �����
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The e�cient reconstruction of 	� baryons on the awayside of a b tag is a common

link between the analysis presented in this chapter and the measurement of the

bottom baryon lifetime presented in chapter ��

����� The �� Reconstruction Algorithm

The 	� reconstruction algorithm follows the standard OPAL selection and is de�

scribed in detail in '���(a� The p��� decay products of the 	� are used to select

candidate 	��s using the following criteria �with reference to �gure ���� 


	 All oppositely charged pairs of tracks are considered and the higher momentum

track is assumed to be a proton�

	 Background is suppressed by using dE%dx information to check for consistency

with track mass assignments� To avoid cross�over regions in the dE%dx curves

�see '���( and �gure ���� momentum dependent dE%dx requirements are usedb�

This requirement heavily suppresses the background from K� � ���� decays�

where the �� is misidenti�ed as a proton�

	 To improve the 	� �nding e�ciency without seriously degrading the mass reso�

lution� no CZ hits are required for the p��� tracks� The polar angle acceptance

for 	��s is restricted to j cos �j ����� to ensure that tracks are well measured�

	 The proton �pion� tracks are required to have an impact parameter in the

plane transverse to the beam direction exceeding ��� ��� mm� This suppresses

tracks from the primary event vertex�

	 The proton and pion tracks must have an intersection between � cm and ��� cm

on the side from the interaction point to which the 	� momentum vector points�

	 The angle� 0� is de�ned in the plane transverse to the beam direction between

the 	� �ight direction from the primary event vertex to the assumed 	� decay

point and the reconstructed 	� momentum direction� The value of 0 must

be smaller than �� mrad� and also smaller than �� mrad & �� mrad % pt�	
���

aThe algorithm is referred to as �method ���
bThe dE�dx requirements are optimised for the momentum ranges �

p � �	�GeV�c
 ���� � p � �		�GeV�c and p � �		GeV�c�
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Figure �
�
 A schematic representation of the reconstruction of �� � p�� decays using the
central subdetectors of the OPAL detector �viewed in the plane perpendicular to the beam axis��



���

where pt�	
�� is the 	� transverse momentum with respect to the beam axis

in GeV	c� The latter condition accounts for multiple scattering� which is

enhanced for low 	� momenta�

	 The probability that the 	� decays before the measured radial decay distance

�r�� is de�ned as P � exp ���m��	pt���r	c���� For a 	�� c� � ���� cm '��(�

The probability must be less than ��� to exclude backgrounds� For 	��s with

small momenta �pt�	
���� GeV	c� the probability must be greater than �� to

exclude 	��s with unfeasibly short decay lengths�

	 Candidate 	��s with hits on both tracks more than � cm upstream towards the

collision point from the apparent 	� decay point are removed�

	 To remove � conversions� the invariant mass of the track pair� assuming e�e�

masses� must be greater than �� MeV�

����� The Mass Resolution for Reconstructed ���s

After the 	� decay point is found the z component of the momentum of the p���

tracks is recalculated under the constraint that the tracks originate from the 	� decay

point� This improves the reconstructed 	� mass resolution '���(� The reconstructed

	� mass distributions from data and Monte Carlo are shown in �gure ���� Both

mass distributions are well centred around the nominal 	� mass� However� the mass

resolution is too narrow in the Monte Carlo� This is due to the optimistic modelling

of the momentum resolution in the z direction for the central detectorsc�

For all pertinent studies presented in this thesis� the reconstructed 	� mass �m���

is required to fall in the range 


�����GeV	c	 � m�� � �����GeV	c	� �����

Either side of the signal region� � MeV wide sidebands 


�����GeV	c	 � m�� � �����GeV	c	 �����

cThis defect was recti�ed in the �new� Monte Carlo samples �which were not available for this
analysis��
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Figure �


 The reconstructed �� mass for data �points� and Monte Carlo �histogram�
 shown
normalised to each other� The Monte Carlo has a better mass resolution than the data�

and 


�����GeV	c	 � m�� � �����GeV	c	� ������

are used to investigate 	��s from combinatorial background �fake 	��s�� The side�

bands were chosen to be far enough away from the signal region so as not to contain

a signi�cant proportion of real 	��s but near enough to provide an accurate repre�

sentation of the background�

�
�
�
� Smearing the 	� Mass Resolution

The di�erence between the mass resolutions in data and Monte Carlo were substan�

tially reduced by smearing the mass of real 	��s in the Monte Carlo �mold
mc� to give a

new mass �mnew
mc � according to the prescription 


mnew
mc � K�mold

mc �m��� & m�� � ������

where� m�� is the nominal 	� mass and the amount of smearing is de�ned by a

factor K�
A �	 test was used to gauge the agreement between data and smeared Monte

Carlo in the signal and sideband region after normalising the distributions to each
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other� In the signal region test� the background was subtracted using a linear �t

constrained by the sidebands� Using the signal and sideband regions in the �	 test

provided a thorough test of the smearing and helped in the estimation of systematic

errors when using the smeared 	� mass�

The 	� mass resolution is momentum dependent� so� three 	� momentum ranges

�� � �GeV	c� � � ��GeV	c and �� � ��GeV	c� were investigated� A smear

factor was evaluated for each range� The momentum ranges were chosen to provide

adequately populated samples of 	��s at higher momenta� where the 	� production

rate is expected to have a signi�cant contribution from b hadron decays�

The central value of K for each momentum range was chosen primarily to min�

imise the �	 in the signal region� but a reasonable �	 for the sidebands was also re�

quired� The minimum �	 for the sidebands was used to de�ne the range of K values

for the systematic error estimate� Optimal central values of K � ����� ���� and

���� were found for the momentum ranges � � � GeV	c� � � �� GeV	c and

� � �� GeV	c respectively� Table ��� summarises the ranges of K used to smear

the Monte Carlo mass for each momentum range�

The normalised 	� mass plots for data and smeared Monte Carlo for each mo�

mentum range are shown in �gure ���� The same distribution for all 	� momenta is

shown in �gure ���� These 	� mass distributions show that the agreement between

data and Monte Carlo is signi�cantly improved after smearing the Monte Carlo 	�

mass�

����� The �� Reconstruction E�ciency

Figure ��� shows the e�ciency for detecting alld 	��s using the decay 	� � p��� as

a function of the 	� momentum� The percentage e�ciencies are extracted from the

Monte Carlo and are shown before and after smearing� The e�ciency rises rapidly

with 	� momentum� as the �� reconstruction e�ciency increases� A maximum

e�ciency is reached at � GeV	c before it falls again at higher momenta because of

the maximum 	� decay length requirement� described in section ������

On average� the smeared 	� mass gives a reduction in e�ciency of ����� com�

pared to the unsmeared 	� mass in the 	� momentum range � � ��GeV	c� The

dTo be clear � this includes all possible �� decay modes�
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Figure �
�
 A comparison of the reconstructed �� mass for data �crosses� and Monte Carlo
�histogram� for di�erent �� momentum ranges
 before and after the Monte Carlo mass is smeared�
The distributions are normalised to each other�
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Figure �
�
 A comparison
 over all �� momenta
 of the reconstructed �� mass from data �points�
and smeared Monte Carlo �histogram�� The distributions are normalised to each other�

reduction is ����� in the range ��� ��GeV	c�

����� Reconstructing ���s from Bottom Hadron Decays

A range of 	� minimum momentum requirements were used to study the stability of

the branching ratio measurement� For each minimum momentum requirement� the

	� detection e�ciency for 	��s from b hadron decays was evaluated� The generator

level Monte Carlo momentum spectrum for 	��s from b hadron decays was weighted

with the 	� detection e�ciency from �gure ���� The unavoidable ine�ciency due to

neutral 	� decays is included in this e�ciency� The e�ciency for detecting a 	� from

a b hadron decay for a range of minimum momentum requirements can therefore be

evaluated�

The resulting 	� reconstruction e�ciency� above a range of minimum momentum

requirements� is shown in �gure ����� The e�ciency is approximately constant at

���� up to a minimum momentum requirement of � GeV	c� before falling steadily

for larger momentum requirements�



���

Figure �
�
 The e�ciency
 determined
from Monte Carlo
 for detecting a �� as a
function of the �� momentum� The e�ciency
is shown before �solid points� and after �open
points� smearing the Monte Carlo �� mass�

Figure �
��
 The e�ciency for detecting
���s from the decay of b hadrons
 as a function
of a minimum requirement on the �� momen�
tum� The smeared Monte Carlo �� mass has
been used�

��� Backgrounds to the Measurement of

Br�b hadron� �� X


The background to the measurement of Br�b hadron� 	� X� is due to three sources

of 	� candidates 


	 Fake 	��se

	 	��s from non�Z� � b
b events

	 Fragmentation 	��s from Z� � b
b events

In order to measure Br�b hadron� 	� X�� the 	� momentum spectrum for each

of the background sources needs to be subtracted from the overall 	� momentum

spectrum on the awayside of b tagged events� The resulting 	� momentum spectrum

is assumed to come from b hadron decays�

In the work that follows� it is often necessary to normalise data and Monte

Carlo distributions� The normalisation factor is determined by considering the total

number of b tagged hemispheres in data and Monte Carlo�

eFake ���s arise when tracks are incorrectly identi�ed as p�� combinations�
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Figure �
��
 The momentum spectrum of reconstructed ���s in the awayside hemispheres of
b tagged events� The estimated contribution from fake ���s
 fragmentation ���s and non�Z� � b�b
events are indicated by the shaded areas�

����� Fake ���s

Fake 	��s dominate the 	� momentum distribution at low momentum and have a

tail extending to higher momentum� The sidebands of the 	� mass distribution

from data were used to estimate the momentum spectrum for fake 	��s� Monte

Carlo studies show that the fake purity in the sidebands is around ��� and weakly

momentum dependent� To compensate for this� a momentum dependent scale factor

derived from Monte Carlo was used to correct the sideband momentum distribution

extracted from data� in � GeV	c bins� The extracted momentum spectrum for fake

	��s on the awayside from a b tagged hemisphere is shown in �gure �����

����� ���s from non�Z�
� b�b Events

After the neural network selection of candidate b
b secondary vertices there is only

a very small contribution from non�Z� � b
b events to the 	� momentum spectrum�

Monte Carlo predictions were used to model the 	� momentum spectrum from this

source on the awayside of b tagged events�

Figure ���� shows the estimated contribution from this source compared to the
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overall 	� momentum spectrum on the awayside of b tagged events� These events

have a negligible e�ect in the region above � GeV	c where 	��s from b hadron decays

are the dominant contribution�

����� ���s from Bottom Fragmentation

The momentum distribution of 	��s from the fragmentation process in Z� � b
b

events is important at low momenta and also extends well into the region domi�

nated by 	��s from b hadron decays� It is therefore important to understand this

contribution as well as possible�

Monte Carlo generator information was used to identify 	��s from this source�

Figure ���� shows the estimated contribution� In section �������� further studies

that checked this contribution and reduced the dependence on Monte Carlo for this

important source of 	��s are discussed in some detail�

��� The Momentum Spectrum of ���s from

Bottom Hadron Decays

The three background sources described above are subtracted from the 	� momen�

tum spectrum on the awayside of b tagged hemispheres� The resulting 	� momentum

spectrum is attributed to b hadron decays and is shown in �gure ����� The signal is

compatible with the predicted shape from Monte Carlo �within statistical errors� in

the range � � �GeV	c giving con�dence that the large subtractions in this range

are realistic� The signal stays approximately constant from � � �GeV	c� before

falling at higher momenta� As a further check of the subtraction methods� the shape

of the extracted spectrum was compared to that expected from Monte Carlo predic�

tions� These distributions are normalised to each other and shown in �gure ����� to

enable the shapes to be compared�

The data agrees well with Monte Carlo over the entire 	� momentum range� This

implies that the background subtractions from the overall 	� momentum spectrum

have been performed correctly�



���

Figure �
��
 A comparison between the shape of the �� momentum spectrum from bottom
hadron decays extracted from the data and that predicted by the Monte Carlo� The errors are
purely statistical�

��
 Extracting the Branching Ratio

The fractional contributions to the overall 	� momentum spectrum from b fragmen�

tation� fake 	��s and b hadron decays� are shown in �gure ���� as a function of a

minimum 	� momentum requirement� The contribution from non�Z� � b
b events

is negligible and almost momentum independent� Therefore� it is not shown� The

contribution from b hadron decays rises with 	� momentum before stabilising at

� GeV	c� contributing approximately ��� to the overall 	� rate� The 	� contri�

bution from fakes and b fragmentation remains approximately constant over the

range ��� GeV	c and ��� GeV	c respectively� before falling at higher momenta

and stabilising at � GeV	c with each source contributing approximately ��� to the

overall 	� rate� The branching ratio value at a minimum momentum requirement

of � GeV	c is used as a central value for Br�b hadron � 	�X�� This maximises the

	� signal from b hadron decays whilst minimising the contribution from background

sources�

As a further check of the analysis method the branching ratio for a minimum

momentum requirement of � GeV	c was extracted from Monte Carlo� A branching
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Figure �
��
 The fractional contributions of ���s from b hadron decays �points�
 fake ���s
�solid histogram� and ���s from b fragmentation �broken histogram� as a function of a minimum
�� momentum requirement� The ���s are reconstructed on the awayside from a b tag�

ratio of ���� � ����� was obtained which is compatible with the generated value

of ����� The branching ratio extracted from Monte Carlo is independent of the

minimum 	� momentum requirement� Figure ���� shows the branching ratio and

statistical errors calculated from the data for a range of 	� minimum momentum re�

quirements� The larger errors at low momenta arise from the signi�cant subtractions

made in this momentum range� At higher momentum the error increases again due

to the limited number of energetic 	��s� The branching ratio error for each minimum

	� momentum requirement is highly correlated from bin to bin� The stability of the

branching ratio with varying minimum momentum requirement gives con�dence in

the background subtractions�

In conclusion� at a minimum 	� momentum requirement of � GeV	c� the branch�

ing ratio is measured as 


Br�b hadron� 	�X� � ����� ������ ������

where the error is purely statistical�
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Figure �
��
 The branching ratio
 Br�b hadron � ��X�
 derived from data as a function of a
minimum momentum requirement on the ���

��� Systematic Error Studies

In this section� possible systematic errors on the measurement of the branching ratio

arising from 
 the estimation of the b purity� the 	� reconstruction e�ciency and the

identi�cation of background sources of 	��s� are investigated� The �nal systematic

errors are summarised in table ����

Source of Uncertainty Systematic Error ���

Momentum spectrum of 	��s from b fragmentation �����
Monte Carlo 	� mass smearing ���	�

�����

Momentum spectrum of fake 	��s �����
Total �����

���
�

Table �
�
 A summary of the systematic errors on Br�b hadron� ��X��
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Figure �
��
 The single tagging b e�ciency from Monte Carlo as a function of the polar thrust
angle
 �t� The e�ciency starts to drop at the edge of the microvertex detector acceptance� The
maximum polar thrust angle used in this analysis is indicated by the dashed line�

����� b Purity

The systematic error on the b purity has been evaluated by considering the de�

pendence on Monte Carlo when evaluating the hemispheric b e�ciency correlation

coe�cient �Cb� and the light quark e�ciencies ��uds��

�
�
�
� Hemispheric E�ciency Correlations

When extracting Cb from Monte Carlo� it is assumed that the tagging probabili�

ties for the two hemispheres in a multihadronic event are correlated only through

geometrical e�ects� as described in section ������

The single tagging b e�ciency from Monte Carlo ���b� is shown as a func�

tion of the thrust angle �j cos �tj� in �gure ����� The e�ciency drops steadily for

j cos �tj 
����� which corresponds to the acceptance edge of the microvertex detec�

tor� The behaviour of ��b reinforces the assumption that any di�erence in Cb from

unity is primarily due to the reduction in the microvertex detector acceptance at

large j cos �tj� In �gure ����� Cb �for calculation details see section ������ is shown

for minimum neural network output requirements of ���� ��� and ���� as a function

of j cos �tj� A neural network output 
 ��� gives a substantially larger value of Cb

compared to the two lower output requirements� This can be understood from �g�

ure ���� which shows ��b as a function of �t� the azimuthal angle of the thrust axis�

The variation in amplitude of ��b increases as better secondary vertices are required

through larger minimum output requirements on the neural network� The peaks

in ��b at � � �� �� �� arise because one of the inputs to the neural network is the
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Figure �
�

 The hemispheric b e�ciency correlation coe�cient as a function of polar thrust
angle� Three minimum requirements on the output of the neural network used for b tagging are
shown� The maximum polar thrust angle used in this analysis is also shown�

Figure �
��
 The single tagging b e�ciency from Monte Carlo as a function of the azimuthal
thrust angle� Three minimum requirements on the output of the neural network used for b tagging
are shown�
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impact parameter signi�cance with respect to the primary vertex of the �nd� �rd and

�th most separated tracks� It is easier to have signi�cantly separated tracks when

the thrust axis lies along the x�axis because the beam spot is elliptical and the major

axis lies along the x�axis�

In order to reduce the dependence on Cb �and therefore Monte Carlo� it is clear

that 


	 The absence of the silicon detector at high j cos �tj� which produces unde�

sirable e�ciency correlations� can be avoided by only selecting events with

j cos �tj ������

	 A minimum neural network output of ��� �rather than ���� signi�cantly re�

duces hemispheric e�ciency correlations� as the � dependence of the tagging

e�ciency is reduced�

To check the sensitivity of the b purity to Cb� the b purity was recalculated from

data using values of Cb which were � standard deviations higher and lower than the

central value� These gave no signi�cant change in the calculated b purity� An error

from uncertainties on Cb was therefore not assigned�

�
�
�
� Light Quark E�ciencies

The light quark hemispheric e�ciencies ��uds� are extracted from Monte Carlo gener�

ator information� It has already been shown that the contribution of Z� � u
u� d
d� s
s

events for the default neural network output requirement is very small ����� and

not expected to a�ect the calculation of the b purity signi�cantly� The sensitivity to

�uds was checked by using values of �uds equalling zero and twice the values obtained

from Monte Carlo� These gave no signi�cant change in the b purity extracted from

the data� A systematic error from uncertainties on �uds is therefore unnecessary�

����� �� Reconstruction

The dominant systematic error in 	� reconstruction is expected to be due to the

uncertainty in the Monte Carlo 	� mass smearing factor �K� for a given momentum

range� Possible biases in the 	� selection procedure and potential e�ects from bottom

baryon polarisation are also considered�
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�
�
�
� Monte Carlo Mass Smearing

The numerical value of K a�ects both the 	� �nding e�ciency and the momentum

spectra of the various background sources of 	��s derived from the Monte Carlo�

Table ��� shows the range of K that was assigned to each 	� momentum range� as

described in section �������� The branching ratio has been recalculated at a minimum

momentum requirement of � GeV	c for a range of K valuesf � The results are shown

in table ���� An absolute change in the branching ratio of ���	�
����� � was observed�

This is used as the systematic error due to the uncertainty on the smearing of the

Monte Carlo 	� mass�

K 	� Momentum Range �GeV	c� Br at � GeV	c )Br

Range � � p� � � � � p� � �� �� � p� � �� ��� ���

Upper ���� ���� ���� ���� � ���� ����

Central ���� ���� ���� ���� � ���� 1

Lower ���� ���� ���� ���� � ���� ����

Table �
�
 The systematic error �#Br� on the branching ratio due to the uncertainty on the
Monte Carlo �� mass smearing factor
 K�

�
�
�
� Selection Biases

As stated in the introduction to this chapter� only the most energetic 	� from each

hemisphere is used in the calculation of the branching ratio� This is not thought

to introduce any signi�cant bias to the branching ratio result� Monte Carlo studies

showed that ��� of hemispheres contained only one 	� with momentum 
 �GeV	c�

In ��� of hemispheres with more than one 	�� the most energetic 	� was the decay

product of a b hadron�

�
�
�
� Bottom Baryon Polarisation

As described in section ������ bottom quarks from Z� decays are thought to be

produced with a large longitudinal polarisation� The resulting bottom baryon po�

fWhen estimating the systematic error the K values were varied between upper and lower limits
across all �� momentum ranges�
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larisation is estimated to lie in the range ���� � ���� '��(� The e�ect of bottom

baryon polarisation on the 	� �nding e�ciency was studied in '���(� The 	� momen�

tum spectrum from polarised bottom baryons was found to be slightly softer than

from unpolarised bottom baryons� The e�ect on the 	� reconstruction e�ciency was

minimal� A systematic error from bottom baryon polarisation is not included in this

analysis�

����� Background Sources to the �� Momentum Spectrum

In this section� the systematic errors that may arise in the evaluation of background

sources of 	��s are considered� The backgrounds are subtracted from the overall 	�

momentum spectrum on the awayside of b tagged events�

�
�
�
� Fake 	��s

The fake 	� momentum spectrum is derived from the sidebands of the 	� mass dis�

tribution in the data� Monte Carlo only provides a small correction factor to account

for the fake purity of the sideband� The normalisation of the fake 	� momentum

spectrum from data was checked� The normalisation was varied whilst keeping all

other background levels �xed and the momentum spectrum for 	��s from b hadron

decays was extracted� A �	 test was used to compare the shape of the extracted 	�

momentum spectrum to the Monte Carlo prediction�

A normalisation factor of ���� minimised the �	 and gave a branching ratio at

� GeV	c of ����� � ������� This is an absolute di�erence of ����� compared to the

result given in section ���� This di�erence was adopted as the systematic error due

to the uncertainty on the normalisation of the fake 	� spectrum�

The shape of the 	� momentum spectrum from this source and from b frag�

mentation are very similar� as shown in �gure ����� It is not possible to assign

a normalisation factor to the fake and b fragmentation 	��s separately� However�

the shape of the fake 	� momentum spectrum is essentially �xed from data� This

method for estimating a systematic error is therefore thought to be more suited to

fake 	��s� An independent study of the systematic error associated with 	��s from

b fragmentation is presented in the next section�
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�
�
�
� 	��s from b Fragmentation

There is a non�negligible tail in the momentum spectrum from this process and so

uncertainties in this rate will a�ect the extracted branching ratio� The branching

ratio is shown as a function of minimum momentum requirement in �gure �����

Although the result is fairly stable there is a small drop in the branching ratio in the

range ��� GeV	c� This is the region where the contribution from b fragmentation

to the overall 	� momentum spectrum changes rapidly� as shown in �gure �����

Therefore� the rate of this process may not be properly modelled in the Monte

Carlo�

There is no independent way of verifying either the normalisation or shape of

the 	� momentum spectrum predicted by Monte Carlo� The di�erence in measured

branching ratios at � and � GeV	c is therefore used to estimate the systematic error�

Adopting the entire di�erence as the systematic error seemed too conservative� The

b fragmentation contribution to the overall 	� momentum spectrum falls rapidly

between ��� GeV	c and so the systematic error would be expected to fall also�

The di�erence was therefore scaled by the ratio of the relative contributions from

b fragmentation 	��s at minimum momentum requirements of � and � GeV	c� From

this study� a systematic error of � ����� was assigned to the branching ratio result

at � GeV	c�

��� Results

After including all the systematic errors the �nal result becomes 


Br�b hadron� 	�X� � ����� ��� �stat��������� �syst���� ������

where the dominant error comes from the uncertainties on the 	� momentum spec�

trum from b fragmentation�

This result compares well to that published by the DELPHI collaboration '���(�

Br�b hadron� 	�X� � ����� ��� �stat�� ��� �syst���g� Their independent method

is outlined in section ��������

gStrictly speaking
 the DELPHI collaboration measure the average number of ���s produced
per b hadron decay
 n�b hadron� ��X�� This is equivalent to Br�b hadron� ��X� under the
assumption that only one �� is produced per b hadron decay
 this is not unreasonable
 as shown
in equation �����
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���� An Estimation of f�b� ��b
Br��
�
b � ��X


The branching ratio� Br�b hadron � 	� X�� can be expressed as 


Br�b hadron� 	�X� � f�b� 	�b� Br�	
�
b � 	�X� & ��� f�b� 	�b�� Br�B� 	�X��

������

The product branching ratio� f�b � 	�b�Br�	
�
b � 	�X�� can be derived using the

following measurements 


	 Br�b hadron� 	� X� is the measured value of �������������� �statistical and sys�

tematic errors combined��

	 Br�B� 	� X� � ���������� '��(� This result comes from $��s� experiments�

At LEP energies� B�
s mesons are also produced� The decay� B�

s � 	� X� is

assumed to have the same branching ratio as the mix of B mesons produced

from $��s� decays�

	 f�b� 	�b� � ����� ����� as shown in equation �����

Combining these measurements yields 


f�b� 	�b�Br�	
�
b � 	�X� � ��������������� ������

The uncertainty on Br�b hadron� 	� X� is the largest contribution to the error�

This result compares well to the value of ����� ����� derived by the DELPHI

collaboration and an independent estimate of ����� ������ Both these methods are

described in section ��������

���� Summary

In this chapter� a study of 	� production in awayside hemispheres from a b tag is

presented� A neural network algorithm using the properties of the secondary vertex

with the largest decay length signi�cance in the tagged hemisphere� is used to en�

hance Z� � b
b events� The 	� momentum spectrum was measured and background

contributions from fakes� b fragmentation and non�Z� � b
b events were subtracted�

leaving the 	� momentum spectrum from b hadron decays�
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The shape of the extracted momentum spectrum was consistent with Monte

Carlo predictions and the observed rate of 	� production was used to measure the

inclusive branching ratio � Br�b hadron� 	�X� � ����� ��� �stat��������� �syst����

The dominant systematic errors come from 


	 The dependence on Monte Carlo for the 	� momentum spectrum from b frag�

mentation� It may be possible to extract information on this momentum spec�

trum through studies of b tagged events with two 	��sh or a D�i on the away�

side� Such investigations were statistically limited using the ���� and ����

data�sets only�

	 Uncertainties on the smearing of the Monte Carlo 	� mass needed to give good

agreement with data� This error could be reduced with a more complete inves�

tigation into the fundamental causes of the data�Monte Carlo mass resolution

discrepancy� The �new� Monte Carlo samples address this de�ciency� as shown

in �gure ����

This measured value of Br�b hadron� 	� X�� the measurement of Br�B� 	�X�

from $��s� experiments and an estimate of f�b� 	�b�� described in section ��������

were used to extract f�b� 	�b� Br�	
�
b � 	�X� � ��������������� This value is consistent

with predictions from other estimates� as described in section ��������

hOne of the ���s must come from fragmentation �predominantly the less energetic one��
iThe D� is assumed to come from b hadron decay
 therefore a �� on the same side must come

from fragmentation�





Chapter 	

A Measurement of the Average

Bottom Hadron Lifetime

��� Overview

Events were resolved into jets using the cone algorithm described in section ������

Only events with exactly two jets were used in this analysis� The event is divided into

two hemispheres using the thrust axis of the event� Hemispheres are b tagged using

the neural network algorithm described in section ����� and the awayside hemispheres

were searched for secondary vertices using the �build�up� algorithm described in

section ������

The decay length between the primary event vertex and the secondary vertex

is converted into a decay time using an estimate of the b hadron momentum� A

novel technique based around a neural network algorithm is used to estimate the

b hadron momentum� The neural network allows charged tracks from the decay

of the b hadron and b fragmentation to be statistically separated� The average

b hadron lifetime is extracted from the distribution of reconstructed decay times

using a binned maximum likelihood �t�

��� Event Sample

Data collected between ���� and ���� with the silicon microvertex detector opera�

tional were used in this analysis� The �new� Monte Carlo data�sets were also used�
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The pre�x �new� will be discarded when referring to these Monte Carlo samples�

The �new tune b
b� Monte Carlo was used to evaluate some of the systematic errors�

��� The Decay Length Measurement

	���� Method

The decay length is calculated under the assumption that all tracks in a jet originate

from either the primary event vertex or from the secondary vertex formed when the

b hadron decays� Tracks that come from the decay of a charm hadron are not

accounted for� This is not an unreasonable approach� since the distance travelled

by the charm hadron is usually shorter than that travelled by the b hadron� The

measurement of the primary and secondary vertex positions leading to a direction

constrained decay length measurement has been discussed in section ������

Two track secondary vertices were not used in this analysis� as they behaved in a

systematically di�erent manner to other secondary vertex multiplicities� as shown in

�gure ���a� Two track vertices formed �� ����� of the Monte Carlo �data� sample�

A set of quality requirements are imposed on the secondary vertices used to form

the decay length measurement� Following the prescription described in '���(� the

following selection criteria were tuned �for this analysis� using b
b Monte Carlo�

	 The transverse miss distance signi�cance was required to be less than �� The

transverse miss distance is de�ned as the distance between the primary and

secondary vertices projected onto an axis orthogonal to the summed momen�

tum vector of tracks associated to the secondary vertex� This condition helps

to remove secondary vertices formed from random track combinations�

aThe following quality requirements for two track vertices were optimised in light of Monte
Carlo studies �

� The invariant mass of the secondary vertex tracks �using pion masses� was required to be
greater than 	�� GeV�c�


� For negative decay lengths
 the secondary vertex was rejected if it was more than � standard
deviation from the primary vertex�
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Figure 

�
 The reconstructed decay length resolution for two track secondary vertices
 derived
from Monte Carlo� The distribution is biased to positive values� This is because there is an
enhanced probability of faking a two track vertex near the primary event vertex because of the
large number of candidate tracks� Since the vertex quality requirements are tuned to remove such
fake vertices
 small decay lengths are suppressed� Two track vertices are not used in this analysis�

	 The decay length error �calculated from the parameters of the tracks making

up the secondary vertex� was required to be less than ���� cm�

	 The invariant mass of the secondary vertex tracks �under the assumption of

pion masses� was required to be greater than ��� GeV	c	� to suppress badly

reconstructed vertices�

	 For negative decay lengths� the secondary vertex was rejected if it was more

than � standard deviations from the primary vertex�

Table ��� shows the e�ect of each quality requirement on the e�ciency for recon�

structing a good secondary vertex from a b hadron decay�

To convert the two�dimensional decay length ��d� into the three�dimensional

quantity �L� needed for the estimation of the decay time� the polar angle of the jet

axis ��jet� was used 


L �
�d

sin �jet
� �����

The jet axis is assumed to model the b hadron �ight direction well� The uncertainty

on sin �jet leads to a negligible error on the calculation of three�dimensional decay

length�



��


Quality Requirement E�ciency Loss

Trans� miss distance sig� � � ��

Decay length error � ���� cm ��

Vertex mass 
 ��� GeV	c	 ��

Decay length sig� 
 �� ��

All of the above ���

� � vertex tracks ��

Total ���

Table 

�
 The e�ect of each quality requirement on the e�ciency for identifying secondary
vertices from bottom hadron decays in Monte Carlo�

	���� Performance

The performance of the decay length estimator was investigated using b
b Monte

Carlo samples� Approximately ��� of the vertices with more than two tracks passed

the selection criteria described above� The quality requirements remove a number

of the secondary vertices giving little correlation between true and reconstructed

decay time� as shown in �gure ���� The overall e�ciency for reconstructing a good

secondary vertex from b hadron decay that passed all the selection criteria was

measured from Monte Carlo to be ����� Figure ��� shows the distribution of the

di�erence between the reconstructed and true decay lengths� after all the quality

requirements� The distribution is well centred with a mean of ���� cm and the full

width at half maximumb is ����� cm�

��� The Boost Estimate

The technique used to calculate the boost needed to convert the decay length mea�

surement into a decay time is similar to that used in studies of B meson oscil�

lations '���( and B�� production '���( by the OPAL collaboration� The event is

treated as a two body decay of the Z�� This allows the total energy in the awayside

bThis will be referred to as the central width�
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Figure 

�
 The upper plot shows the correlation between the reconstructed three�dimensional
decay length and the true three�dimensional decay length before any quality requirements are made
on the secondary vertices� The lower plot shows the correlation after the quality requirements are
applied� Both plots are for Monte Carlo data�

jet� Eb jet� �the b jet�c to be estimated from the energy �ow of charged tracks and

unassociated electromagnetic clusters in the event� Within the b jet charged tracks

are classi�ed as coming from b decay or b fragmentation by a neural network algo�

rithm and unassociated electromagnetic clusters are similarly classi�ed using angular

information� The total fragmentation energy in the b jet is denoted by Eb frag� The

energy of the b hadron �Eb� can therefore be calculated as 


Eb � Eb jet � Eb frag� �����

	���� Method

The event is treated as a two body decay of an object of mass M� where M is

the mass of the Z� boson� ���� GeV	c	 '��(� The two bodies are the b jet� of mass

mb jet and momentum p� and the rest of the event� of mass mrest and momentum �p�

cReminder � The decay length measurement is performed in the awayside jet
 which is opposite
to the b tagged jet�
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Figure 

�
 The resolution of the three�dimensional decay length estimator derived from Monte
Carlo� All the quality requirements have been applied to the secondary vertices� The distribution
has been parameterised with three Gaussians and the full width at half maximum and mean are
shown�

The following relationships due to energy conservation can be used to estimate the

energy of the b jet 


M �
q
p	 &m	

b jet &
q
p	 &m	

rest � �����

solving for p	 



 p	 �

�
m	
b jet &M	 �m	

rest

�M
�	
�m	

b jet� �����

Using 


Eb jet �
q
p	 &m	

b jet �����


 Eb jet �
M	 &m	

bjet �m	
rest

�M � �����

The mass of the b jet is assumed to be the mass of the B�� B� meson� ���� GeV	c	 '��(�

The mass of the rest of the event is calculated from the energy and momentum of

charged tracks �using pion masses� ����� MeV%c	 '��(� and unassociated electromag�

netic clusters �zero mass� not assigned to the b jet�
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	���� Estimating the Bottom Fragmentation Energy

The fragmentation energy in the b jet is divided into charged and neutral com�

ponents� These components are treated separately for the calculation of the total

fragmentation energy in the b jet�
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�
� Estimating the Charged Fragmentation Energy

An arti�cial neural network was used to classify tracks as coming from b hadron

decay or b fragmentation� Full details are given in appendix A� Four characteristics

were used to classify each track presented to the neural network 


	 The d� signi�cance �d�%�d�� with respect to the primary vertex� where �d�

denotes the error on d��

	 The d� signi�cance with respect to the secondary vertex�

	 The track momentum�

	 cos �tb� where �tb is the angle between the track and the jet axis�

A neural network output near one indicates there is a high probability that the track

originates from b hadron decay� rather than b fragmentation�

The distribution of the di�erence between true and reconstructed charged b frag�

mentation energies was used to tune the estimation of the charged fragmentation

energy using the neural network� The best performance was found when a neural

network output 
��� was used to denote a track originating from b hadron decay�

The charged fragmentation energy resolution is shown in �gure ���� The distribution

has a mean of ���� cm and the width of the central Gaussian is � GeV�



�
�
� Estimating the Neutral Fragmentation Energy

The neutral fragmentation energy is much harder to identify as there is no track�

ing information to associate an unassociated electromagnetic cluster to either the

primary or secondary vertex� Only the angle of the unassociated electromagnetic

cluster relative to the jet axis �cos �cj� is used�
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Figure 

�
 The charged fragmentation energy resolution determined from Monte Carlo� A
neural network is used to determine whether charged tracks originate from b hadron decay or
b fragmentation� The distribution has been parameterised with three Gaussians� The central
width and mean are shown�

To optimise the cluster information� the distribution of the di�erence between

total true and reconstructed b hadron energies was used after the charged fragmen�

tation energy had been tunedd� The best performance was found with the following

rulese 


cos �cj � ����� �
 b fragmentation� �����

cos �cj � ����� �
 b hadron decay� �����

����� � cos �cj � ����� �
 weighted� �����

	���� Performance

Using the estimates of the b jet and b fragmentation energies� the b hadron energy

was determined and compared to the true value from Monte Carlo� To make the

calculation of the boost less sensitive to events where the visible energy is lower �due

to the presence of neutrinos for example� the mass of the rest of the event �mrest�

dThe OPAL Monte Carlo software does not allow an electromagnetic cluster to be simply asso�
ciated with a particular neutral particle�

e�Weighted� means that the cluster energy is shared between the b fragmentation ����� and
b hadron ����� energy sums�
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Figure 

�
 The resolution of the bottom hadron energy estimator
 derived from Monte Carlo�
The distribution has been parameterised with three Gaussians and the central width and mean are
shown�

is scaled by a factor �� GeV % Evis� where Evis is the total visible energy in the

event� Figure ��� shows the distribution of the di�erence between reconstructed and

true b hadron energies� The distribution has a central width of �� GeV and is well

centred� with a mean of ����� GeV�

��� The Performance of the Decay Time Estimator

The reconstructed decay time �t� of a b hadron is evaluated by combining the three�

dimensional decay length �L� and the b hadron energy estimate �Eb� with the B me�

son mass �mb� 


t �
mb Lq
E	
b �m	

b

� ������

Figure ���a shows the correlation between true and reconstructed decay times� The

decay time resolution shown in �gure ���b has a central width of ����� ps and is

well centred about zero�

In the next section the technique used to extract the b hadron lifetime from the

reconstructed decay time distribution is discussed�
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Figure 



 Plot �a� shows the correlation between reconstructed and true b hadron decay
times� Plot �b� shows the decay time resolution parameterised with three Gaussians� Both plots
are from Monte Carlo events�

��� Determining the Average Bottom Hadron

Lifetime

	�	�� Overview

A binnedf maximum likelihood �tting technique '���( was used to extract the av�

erage b hadron lifetime from the distribution of reconstructed decay times� The �t

was implemented using the CERN computer library routine MINUIT '���(�

	�	�� The Maximum Likelihood Technique

The distribution of reconstructed decay times can be parameterised into three com�

ponents 


	 A physics function which contains the average b hadron lifetime information�

fThe binning greatly increases the speed of the �tting procedure without a�ecting the accuracy
of the �nal result
 as shown in section ������
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	 A signal resolution function which describes the distribution of recon�

structed decay times� from real b hadron decays� for a given true decay time�

	 A background resolution function which describes the reconstructed de�

cay time distribution of non�b
b events on the awayside of the neural network

b tag� Monte Carlo studies have shown that this background is very small�

forming approximately ���� of the total awayside sample� There is also a

small background ����� of the total awayside sample� from events where both

the b quarks are in the same �b tagged� hemisphere due to the emission of an

energetic gluon� This background is suppressed by rejecting events with more

than two jets� In both these cases the reconstructed decay time distribution

is expected to contain very little lifetime information�

A generalised likelihood function �L� can be de�ned� for N reconstructed times�

as 


L�ti� �b��a� �
NY
i��

P�ti� �b��a�� ������

where 


�a � �ap & �as & �ab� ������

The normalised probability density function� P� is a function of 
 the average

b hadron lifetime� denoted by �b� the reconstructed decay time� denoted by ti� and

the parameters needed to describe the physics� signal resolution and background

resolution functions� denoted by vectors �ap� �as and �ab respectively �the parameters

are derived in a separate study� described below�� The estimate of �b that makes

the data most likely is given by a maximum value of L� In practice a log�likelihood

function 


� logL�ti� �b��a� � �
NX
i��

log P�ti� �b��a�� ������

is minimised�

The precise form of P is 


P�ti� �b��a� � z

�Z
�

P�t� � �b� �ap�Rsig�ti� t
�

� �as� dt
�

& ��� z�Rbkgd�ti� �ab��

������
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The physics function is denoted by P and the signal and background resolution func�

tions by Rsig and Rbkgd respectively� All the functions are individually normalised to

unity� The integration is performed numerically using the CERN computer library

routine DADAPT '���(� which employs the technique of adaptive Gaussian quadra�

ture '���(� The parameter z describes the amount of signal in the �tted sample and

is derived using a double tagging technique� as described in section ������

In the following sections the exact form of each of the constituent parts of the

likelihood function are described in more detail�

	�	�� The Physics Function

The physics function which describes the distribution of true decay times as a func�

tion of the average b hadron lifetime is given by 


P�t� � �b� �ap� � �

�b
exp��t�	�b� �

F�t�� �ap�N �t�� �ap�
� ������

where 


F�t
�

� �ap� � exp�a & bt
�

� & c� ������

�ap � fa� b� cg ������

and 


N �t
�

� �ap� �

�Z
�

�

�b
exp��t�	�b� �

F�t�� �ap�
dt

�

� ������

As well as a lifetime exponential� the physics function contains a correction

function� F � which is used to account for biases in the true decay time distribution

at small decay times� The bias corrected physics function is normalised by the

function N g�

The bias arises from two independent sources 


Secondary Vertex Quality Requirements � This e�ect dominates and shifts the

mean of the true decay time distribution by &���� ps� The e�ciency for detect�

ing a good secondary vertex that passes all the quality requirements decreases

gThis integral is also performed using DADAPT�
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as the true decay time tends towards zero� This is because it becomes harder

to form a good secondary vertex separated from the primary vertex when the

decay length is small�

The Neural Network b Tag � This e�ect shifts the mean of the true decay time

distribution by ����� ps� The b tagged hemisphere is on the awayside from

the one containing the secondary vertex used to calculate �b� The primary

vertex is common to quantities �such as decay lengths� calculated in either

hemisphere� Two pieces of information are needed to explain the source of

this bias 


�� The tagging probability is enhanced when the error on the primary vertex

position is small� giving signi�cantly displaced secondary vertices� Hence�

tagged events tend to have a smaller than average primary vertex error�

�� The primary vertex error will be reduced when there are more tracks

available for the primary vertex �t� This is more likely when the mean

decay length� and hence the true decay time� is small�

Combining these two points implies that the awayside b tag produces a bias

towards small decay times�

The bias e�ect is shown as a function of true decay time in �gure ���� The

bias correction function� F � is derived from the ratio between the true decay time

distribution after b tagging and secondary vertex quality requirements with the dis�

tribution before these selection criteria� The distribution of F is well parameterised

using the parameter values shown in �gure ���� The bias mainly a�ects the region

t
�

� ��� ps�

	�	�� The Signal Resolution Function

The reconstructed decay time deviates from the true decay time due to imperfect

secondary vertex reconstruction and b hadron energy estimation� Some vertices are

reconstructed near to the primary vertex� even though the true decay length may be

quite large� The relationship between the reconstructed and true decay time is not

trivial� and depends on the value of the true decay time� A b
b Monte Carlo sample is



��


Figure 

�
 The upper plot shows the e�ect of the neural network b tagging and secondary
vertex quality requirements on the true decay time �t

�

� in Monte Carlo� The mean true decay time
is increased� The lower plot shows the bias correction function
 ��F 
 as a function of true decay
time�

used to parameterise the function which describes the distribution of reconstructed

decay times for a given true decay time�

The shape of the reconstructed decay time distribution predicted by the reso�

lution function varies with true decay time� as shown in �gure ��� for �ve slices of

true decay time 
 ti � � ps� � ps � ti � � ps� � ps � ti � � ps� � ps � ti � � ps and

ti 
 � ps� The enhanced number of events around zero in reconstructed decay time

for large true decay times are due to events where the secondary vertex is recon�

structed near the primary vertex even though the true decay length is large� The

form of the resolution function is therefore rather complicated as it must account

for the peaks in the reconstructed decay time distribution around both zero and the

true decay time�

The precise form of the resolution function is 


Rsig�ti� t
�

� �as� � ��� n�

�
a G� & ��� a� G	

�
& n

�
b G
 & ��� b� G�

�
�

������
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where� Gn represents a normalised Gaussian and the parameters a� b� n are used to

ensure the resolution function as a whole remains normalised �� � fa� b� ng � ���

The Gaussians are described by 


Gn
n���	

�
�p
�� �n

exp

�
���

�

�
ti � t

�

i � kn
�n

�	�A ������

�n
n���	

� 
n & �nt
�

i ������

and 


Gn�	
n���	

�
�p

�� xn�yn
	

exp

�
���

�

�
ti � �n
�n�	

�	�A ������

�n�	
n���	

�


���
��

xn if ti��n 
�

yn if ti��n ��

������

where 


�as � fa� b� n� k��	� 
��	� ���	� ���	� x��	� y��	g� ������

Two of the Gaussians �G��	� parameterise a non�zero di�erence between the recon�

structed and true decay times and include widths that vary linearly with true decay

time� The other two Gaussians �G
��� are independent of true decay time and have

asymmetric widths to account for the di�erence in tails to negative and positive

reconstructed decay times�

The parameterisation of the reconstructed decay time distributions was imple�

mented using a maximum likelihood �tting technique� The true and reconstructed

decay times were calculated for each event and used as an input to the �t� which

was implemented with the MINUIT '���( package�

Figure ��� shows the reconstructed decay time in slices of true decay time and

the parameterisations from the resolution function are overlaid� At large true decay

times �t
�


 � ps�h the parameterisation of the reconstructed decay time distribution

is less accurate� This e�ect is investigated in section ������ Table ��� shows the

numerical value for each of the parameters used in the resolution function�

hApproximately ��� of the total sample�



���

Figure 

�
 Distributions of the reconstructed decay time shown for di�erent slices of true decay
time for signal events� The points represent Monte Carlo data and the shaded histogram is the �t
from the signal resolution function�
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	�	�� The Background Resolution Function

The distribution of reconstructed decay times from background sources �predom�

inantly u�d�s or c quarks on the awayside of a b tag� is shown in �gure ���� A

background resolution function� Rbkgd� consisting of � normalised Gaussians each

centred around a unique reconstructed decay time� accurately described the distri�

bution of reconstructed decay times from background sources 


Rbkgd�ti� �ab� � q

�
r G� & ��� r� G


�
& ��� q�

�
s G	 & ��� s� G�

�
�

������

where 


Gn
n����

�
�p

�� �n
exp

�
��

�

�
ti � xn
�n

		�
� ������

and 


�ab � fq� r� s� ����� x���g� ������

Figure ��� shows the parameterisation of the background using the parameter val�

ues shown in table ���� The parameterisation agrees well with the data points�

The reconstructed time distribution has very little lifetime dependence� since charm

hadrons are heavily suppressed by the awayside neural network b tag�

��
 Proof of Principle

The technique to extract the average b hadron lifetime� �b� was �rst tested with

Monte Carlo samples� To provide a test environment as close to data as possible�

all �ve quark �avours were used and neural network tagging was used to enhance

Z� � b
b events�

The sample used for the lifetime �t contained �� ��� reconstructed decay times�

The distribution of reconstructed decay times was divided into ��� bins between

����� ps� There were no reconstructed decay times ��� ps and �� reconstructed

decay times 
�� ps ����� of the total�� The numerical integration over true decay

time was performed over the range ���� ps� The proportion of signal events was

determined from Monte Carlo �cheat� information to be 


zmc � ������� ������



���

Figure 

�
 The reconstruction decay time distribution for background events� The points
represent Monte Carlo data and the dashed line is the �t from the background resolution function�
The distribution of reconstructed decay times for signal events is also shown for comparison� The
background forms approximately �� of the total sample�

The lifetime �t yielded 


�b � ������� ������ ps� ������

where the error is purely statistical� This �tted lifetime agrees very well with the

actual average b hadron lifetime in the Monte Carlo sample of ����� ps� The re�

constructed decay time distribution is parameterised as shown in �gure ����� The

bottom hadron composition of the �tted sample was compared to the default mix

in the Monte Carlo� to check for biases towards a particular b hadron species� The

results given in table ��� show there is no evidence of any bias in the �tted sample�



���

Figure 

��
 The reconstructed decay time distribution for Monte Carlo data
 including all
backgrounds� The solid line is the result of the lifetime �t�

��� Results

	���� The Signal Proportion

The signal proportion� z� was evaluated using the double tagging technique described

in section ������ As in the previous analysis� the output of the b tagging neural

network was required to exceed ���� However� the value of z was evaluated with new

values of Cb� the hemispheric e�ciency correlation coe�cient� and �uds� the light

quark hemispheric tagging e�ciency� as di�erent jet �nder and secondary vertex

�nding algorithms are used in this analysis�

The values of Cb and �uds were evaluated using Monte Carlo samples 


Cb � ������� ������� ������

�uds � ������� �������� ������

The double tagging technique was �rst tested with Monte Carlo samples� The

true value of zmc is given in equation ���� as zmc � ������� The double tagging result



���

Bottom Hadron Default Sample Fitted Sample

B meson ����� �����

B� ����� �����

B� ����� �����

B�
s ����� �����

b baryon ���� ����

	�b ����� �����

,�b ���� ����

,�
b ���� ����

Table 

�
 The composition of the bottom hadron sample in Monte Carlo� The generated and
�tted sample composition are shown�

was z
�

mc � ������ � ������� A small correction factor� c � &����� � ������i� was

applied to the double tagging result to account for a possible bias from secondary

vertex quality requirements enhancing the b purity in the sample used for the lifetime

�t�

In data� the double tagging result was z
�

data � �������������� All of the ������

data and the values of Cb and �uds from Monte Carlo were used to obtain this result�

The �nal result� after correcting by the Monte Carlo correction factor� c� is 


zdata � ������� ������� ������

	���� The Average Bottom Hadron Lifetime

The binning and integration ranges used in the Monte Carlo proof of principle study

were retained when evaluating �b for the �� ��� reconstructed decay times in the

������ data�set� There was � reconstructed decay time� �� ps and �� reconstructed

decay times 
 �� ps ����� of the total��

Using the central value of z given in equation ����� the result of the lifetime �t

is 


�b � ������� ������ ps� ������

iThe error comes from the uncertainty on the double tagging result�



���

Figure 

��
 The reconstructed decay time distribution in data� The solid line is the result of
the lifetime �t� The di�erence between the likelihood prediction and the data�points above ��� ps
is investigated in section ������

where the error is purely statistical� The reconstructed decay time distribution

is shown in �gure ����� There is a systematic di�erence between the likelihood

prediction and the data�points above ��� ps which is investigated in section ������

��� Studies of Possible Systematic Errors

In this section the systematic error on �b is evaluated� A summary is given in

table ����

The e�ect of reparameterising the resolution functions using Monte Carlo with

di�erent bottom fragmentation parameters and smeared track parameters �predom�

inantly a�ecting the boost and decay length estimates� respectively� is described�

Uncertainties from the bias correction function� the signal proportion �z�� the boost

estimate and the binning of the maximum likelihood �t are also discussed�



���

	���� Resolution Functions

Firstly� uncertainties in the Monte Carlo bottom fragmentation modelling were stud�

ied� Such uncertainties predominantly a�ect the boost estimate and therefore the

parameterisation of the resolution function� The �new tune b
b� Monte Carlo sam�

ple was used to reparameterise the resolution functions for this study� This Monte

Carlo sample is described in section ����� and provides superior modelling of hxEi
for bottom hadrons when compared to experimental measurements� The �tted life�

time result using the new resolution function was �b � ������ � ������ ps� Since

this result uses superior bottom fragmentation modelling� it was adopted as a new

central value�

A systematic error of ������ ps was assigned to account for the di�erence be�

tween this new central value and that presented in section ������ Unless stated� all

further systematic checks use the standard Monte Carlo samples which give better

statistical precision�

A �	 test was used to provide a cross�check of the �tted value of �b from Monte

Carlo and data� A series of likelihood predictions for reconstructed decay time

distributions were computed for both Monte Carlo and data� The average b hadron

lifetime was varied between ��� ps and ��� ps� Default parameters were used for z�

the resolution functions and the bias correction function� The reconstructed decay

time distribution from Monte Carlo �data� was compared to the likelihood function

prediction from Monte Carlo �data� after normalising above a low reconstructed

decay time cut�o�� A cut�o� of 
 � ps was used� to remove the known bias e�ects

shown in �gure ���� Finally� a �	 value was computed between the normalised

reconstructed decay time and likelihood distributions over the range � ps to �� ps�

The results from Monte Carlo and data are shown in table ��� and �gures ����a�b

respectively� In both cases the �	 minimum is compatible with the �tted lifetime�

which is denoted by the dotted line in the �gure� However� the �	 per degree of

freedom at the minima is approximately ��� in both cases indicating poor agreement

between the reconstructed decay time and likelihood distributions� The most likely

source of this is an imperfect parameterisation of the signal resolution functionj�

jThe low reconstructed decay time cut�o� of � ps excludes the contributions from the background
resolution function or the bias correction function�



��


Figure 

��
 Plots �a
 b� show the �� between the reconstructed decay time and likelihood
distributions in Monte Carlo and data respectively� The �� minima correspond well to the �tted
value of �b
 shown by the dotted line� The dashed lines show the e�ect of using smeared Monte
Carlo to reparameterise the resolution functions� In both cases the �� magnitude at the minima
indicates poor agreement between the distributions� Plot �c� shows that better agreement can be
obtained when the e�ects of the resolution function parameterisation are suppressed� The di�erence
between the �� minimum and �tted value is used as an systematic error due to uncertainties on the
parameterisation of the resolution function not covered by uncertainties in the track parameters�
The numerical results are given in table ����



���

Monte Carlo �	min �	min%dof �b at �	min

Default Res� ����� ���� �����������
Smeared Res� ����� ���� �����������
Fitted �b 1 1 �����������
Data �	min �	min%dof �b at �	min

Default Res� ����� ���� �����������
Smeared Res� ����� ���� �����������
Fitted �b 1 1 �����������

MC Res� % Data Res� ����� ���� �����������

Table 

�
 The �� results shown in �gure ����� There are �� degrees of freedom �dof�� The
error on the value of �b at the �

� minimum ����b�� is derived from #�
�
min � ��

To test this hypothesis the signal resolution function was reparameterised from

a smeared b
b Monte Carlo sample� This accounts for systematic uncertainties in the

charged track parameters� Section ����� details the smearing procedure� For this

study a �default '���(� ��� smear �
 � � � ���� was used� The �	 test was repeated

for the smeared Monte Carlo reconstructed decay time sample� and the results are

shown in �gure ����� Table ��� shows that the position of the �	 minimum in both

data and Monte Carlo have moved signi�cantly �
 ���b�	��� and the �	 value itself

indicates a worse �t�

To reduce sensitivity to the signal resolution function the �	 test was repeated

between the quantities S and L 


S�
Sdata
Smc � ������

L �
Ldata�� � ��� ps� ��� ps�

Lmc�� � ���� ps�
� ������

where� Smc�data
 and Lmc�data
 denote the reconstructed decay time distributions and

likelihood predictions from Monte Carlo �data�� Systematic e�ects from parameter�

isation imperfections in the signal resolution function will largely cancel� The �	

result is shown in �gure ����c and table ���� The �	 per degree of freedom at the

minimum is ����� indicating reasonable agreement between S and L� The di�er�

ence between the �tted data lifetime and this �	 minimum is ����� ps� and this is



���

assigned as a systematic error to account for uncertainties in the parameterisation

of the signal resolution function� even though the di�erence is compatible with zero

within the independent statistical error�

This error is independent of that due to uncertainties on the charged track

parameters� The signal resolution function was reparameterised using smeared b
b

Monte Carlo samples and a systematic error of ������ ps was assigned to account

for the di�erent �tted lifetime result�

Finally� in section ����� it was noted that the parameterisation of the signal

resolution function was less accurate for large true decay times �t
�


 � ps�� To check

this had no e�ect on the �tted lifetime� the form of the likelihood function for the

signal resolution function was slightly modi�ed with the aim of improving the large

true decay time behaviour� The modi�cation �with reference to equation ����� is 


n� n exp ��w t
�

�� ������

where� a new parameter� w� has been introduced� The new parameter allows the

contribution from G
�� in equation ���� to be reduced as the true decay time increases�

When the true decay time is large� there will be many tracks with signi�cant impact

parameters and so it is unlikely that a secondary vertex will be reconstructed near

the primary vertex� The new parameterisation is shown in �gure ����� and the

agreement with the data is signi�cantly improved compared to �gure ��� for large

true decay times� However� tests of this parameterisation with Monte Carlo samples

indicated that the mean of the likelihood prediction for the reconstructed decay time

distribution was biased and gave a biased lifetime result of �b � ������� ������ ps�

This is a shift of ������ ps from the default �tted lifetime value� In data� a lifetime

shift of ������ ps was observedk� The default resolution function was therefore

adopted as it introduced less bias in the Monte Carlo lifetime �t�

	���� Bias Correction Function

Systematic errors due to the parameterisation of the bias correction function were

evaluated in two ways� Firstly� the statistically independent �new tune b
b� Monte

kTherefore
 the bias corrected result using the modi�ed resolution function for the data is
consistent with the default result�



���

Figure 

��
 An alternate parameterisation of the signal resolution function designed to improve
the description of the reconstructed decay time distribution for t

�

� � ps� The points represent
Monte Carlo data and the shaded histogram is the �t from the resolution function� This �gure
should be compared to �gure ����



���

Year Signal Proportion� z ��� �b �ps�

���� ����� � ���� ����� � �����

���� ����� � ���� ����� � �����

���� ����� � ���� ����� � �����

���� ����� � ���� ����� � �����

������ �w�a�� ����� � ���� ����� � �����

������ �full� ����� � ���� ����� � �����

Table 



 The value of the signal proportion
 z
 evaluated for each year of data�taking using a
double tagging technique� The resulting �tted value of �b is also shown� The z and �b results for
������ are from an error weighted average of each individual year �w�a�� and a �t to all four years
together �full��

Carlo sample was used to re�parameterise the bias correction function� A systematic

error of ������ ps was assigned to account for the di�erence in the �tted lifetime�

The smeared b
b Monte Carlo sample was also used to re�evaluate the �t param�

eters� The e�ect on the �tted lifetime using this new bias correction function was

small� A systematic error of ������ ps was assigned to cover the change in the �tted

lifetime� This is a conservative estimate as the systematic error assigned from the

�	 study� described in section ������ also addresses this source of error�

	���� Miscellaneous Studies

A lifetime error of ������
������ ps was assigned due to the uncertainty on the proportion

of signal events� z� This was estimated using one standard deviation errors on the

value of z derived from double tagging �zdata � ������� ��������

The data�set was divided into four independent years ��������� and each year

was �tted separately� Data from ���� to ���� made up approximately ��� ���� ���

and ��� of the total data�set� The value of z derived for each year� from the double

tagging technique and associated Monte Carlo correction� is shown in table ��� with

the corresponding �tted lifetime� The lifetime �t results are shown in �gure �����

The �t result from each individual year is compatible with the lifetime �tted from

the combined sample� The �	 per degree of freedom between the individual results

and the combined result is ����� which corresponds to a probability of ����� Also



���

Figure 

��
 The �tted values of �b for each year of data�taking are shown by the solid points�
The value of z has been evaluated separately for each year
 using a double tagging technique� The
solid �lled area indicates the lifetime result �and statistical error� from the full ������ data�set

using a value of z evaluated from this full data�set� The dashed detail is the equivalent result
for Monte Carlo samples of comparable size to the individual data samples� Note that the �tted
lifetime from data is derived using the default resolution functions �see section �������

shown on �gure ���� is the result of a similar analysis of Monte Carlo data using

comparable statistics to the data sub�samples� The results in table ��� also show

that the error weighted average of individual lifetime results from each year are

consistent with the default central lifetime result shown in �gure �����

When reconstructing the decay time of the b hadron� the B�� B� meson mass�

���� GeV	c	� is used� The sensitivity of �b to this assumption was investigated�

Assuming a production ratio of B�
B�
B�
s 
	

�
b � ���
��
��
��� and using the bottom

hadron masses detailed in section ������ a higher b jet mass of ���� GeV	c	 was

derived� The reconstructed decay time distribution was calculated and the resolution

and bias correction functions were reparameterised� to reduce sensitivity to these

sources� A systematic error of ������ ps was assigned to account for the �tted value

of �b from data using the new b jet mass�

Finally� the extracted lifetime from the binned lifetime �t was checked against an



���

Systematic E�ect Correction �ps�

Bottom Hadron Fragmentation ������

Source of Uncertainty Systematic Error �ps�

Bottom hadron fragmentation in resolution function ������
Parameterisation uncertainties in resolution function ������
Track parameter uncertainties in resolution function ������

Parameterisation uncertainties in bias correction function ������
Track parameter uncertainties in bias correction function ������

Uncertainty on signal proportion ������
������

Mass of bottom quark jet ������
Total ������

Table 

�
 A summary of the systematic corrections and errors for �b�

unbinned �t� The unbinned �t yielded �b � ��������������� ps� which is compatible

with the binned result of ��������������� ps� The binned �t was adopted for all �ts

presented in this analysis as it took approximately ��� times less computer processor

time�

The systematic errors are summarised in table ���� The largest contribution

����� of the total systematic error� comes from uncertainties on the signal reso�

lution function� The uncertainties arise from the description of the charged track

parameters� the Monte Carlo b fragmentation scheme and parameterisation uncer�

tainties derived from a �	 study�

���� Summary and Discussion

The average bottom hadron lifetime is measured to be 


�b � ������� ����� �stat�� ����� �syst�� ps� ������

This result is shown in �gure ���� compared to the most recent measurements from

Z� experiments '���(� The world average result published at the HEP�� confer�



���

ence '��( is also shown� This weighted average is derived from the measurementsl

shown on the �gure with common systematic errors accounted for '���(� For example�

the impact parameter measurements have a common reliance on models describing

heavy quark semileptonic decays� The secondary vertex methods have systematic

errors largely uncorrelated to the other measurements and� so� provide a very useful

cross�check of �b�

The result from this analysis is ���� standard deviations from the world aver�

age result� This has a probability of ���� However� the mix of bottom hadrons

in the leptonic impact parameter analyses will di�er from that in the secondary

vertex analyses� The error weighted averagem of the �b measurements that use sec�

ondary vertex techniques are compatible with the result from this analysis within

���� standard deviations� which corresponds to a probability of �����

It is interesting to speculate over the apparent di�erence in measured lifetime

between the leptonic impact parameter and secondary vertex methods� A naive

analysis� taking no account of common systematic errors� indicates that there is a

���� standard deviation di�erence between the error weighted average of the two

lifetime measuring techniquesn� It has already been stated that the LEP leptonic

impact parameter methods have a common reliance on b decay models� Model im�

perfections could� in principle� cause all these �b measurements to be systematically

reduced�

However� this aside� if the partial semileptonic widths for B mesons and b baryons

are equal theno 


Brsl�B�

Brsl�	�b�
�

Br�B� ��X�

Br�	�b � ��X�
�

+sl�B�

+tot�B�

+tot�	
�
b�

+sl�	�b�
�

��B�

��	�b�
� ������

where� Brsl indicates a semileptonic branching ratio and +sl�+tot� indicate semilep�

tonic �total� partial widths� Current measurements indicate that ��	�b� � ��B�� as

shown in �gure ���� and therefore Brsl�	
�
b� � Brsl�B� is predicted� This means that

event samples used in leptonic impact parameter measurements of �b will contain

an enhanced number of B mesons compared to b baryons� and so the average life�

time should be greater than that seen in a truly generic b hadron sample� Clearly�

lExcluding this analysis�
mNo attempt is made to account for common systematic errors�
nThe lifetime result from this analysis is used in this study�
oThis idea is used in section ��������
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Average Bottom Hadron Lifetime
(from Z0 experiments)

τb (ps)

2d. sec. vtx. (91-94)
This analysis 1.637 ± 0.008 ± 0.034 ps

3d. sec. vtx. (91-93)
SLD

1.564 ± 0.030 ± 0.037 ps

2d. sec. vtx. (91-93)
DELPHI

1.600 ± 0.010 ± 0.028 ps

all track 2d. i.p. (91-93)
DELPHI

1.542 ± 0.021 ± 0.045 ps

lepton 3d. i.p. (91-93)
ALEPH

1.533 ± 0.013 ± 0.022 ps

lepton 2d. i.p. (91-92)
L3

1.535 ± 0.035 ± 0.028 ps

lepton 2d. i.p. (90-91)
OPAL

1.523 ± 0.034 ± 0.038 ps

HEP95 world average 1.567 ± 0.020 ps

1.4 1.5 1.6 1.7 1.8

Figure 

��
 A summary of average bottom hadron lifetimes from Z� experiments� There
are two types of measurement
 leptonic �charged track� impact parameters and secondary vertex
methods using the estimated bottom hadron decay length� Both of these methods are described in
section �������� The result from the analysis described in this chapter is also shown along with the
current world average result� The DELPHI collaboration have recently updated their secondary
vertex measurement to �b � ��	���� 			�� �stat� � 			�� �syst�� ps 
����� The CDF collaboration
have measured �b � ��	�� � 			� �stat� � 			� �syst�� ps using data from p�p collisions at a centre
of mass energy of ��� TeV� They use the decay vertices from b hadron � J��
 J�� � ���� to
extract �b 
�����



���

this prediction is contrary to the observations recorded in �gure ����� One possi�

ble interpretation of this result is that it indicates an anomalously high b baryon

semileptonic branching ratio� Recent �preliminary� semileptonic bottom branching

ratios from the $��s� and LEP collaborations are '��(p 


Br�b� c � � X� � ������ ����� �$��s�� ������

� ������ ����� �LEP�� ������

These results are compatible within ��� standard deviations� The $��s� measure�

ment contains no 	�b �or B�
s � decays� unlike the result from the LEP collaborations�

These results could also be consistent with a higher semileptonic bottom baryon

branching ratio� however� more work and data is needed to clarify this possible

discrepancy and to reduce dependence on b decay models�

pThese are the most recent preliminary results from the ���� Particle Data Group o��year
partial update and include an error to account for b decay modelling in the LEP results� The value
of Br�b� c � �X� used in section ������� comes from the ���� Particle Data Group review
 which
is solely derived from  ��s� measurements�





Chapter 


A Measurement of the Bottom

Baryon Lifetime


�� Overview

The procedure used to measure the bottom baryon lifetime has many aspects in

common with the analysis techniques used to measure the average bottom hadron

lifetime� The cone algorithm �described in section ������ was used to resolve jets and

events were divided into two hemispheres using the thrust axis� The hemispheres

were b tagged using the neural network technique described in section ������ If

there was only one jeta in the awayside hemisphere from a b tag it was searched

for secondary vertices using the �build�up� algorithm described in section ������ The

subsequent decay length measurement was converted into a decay time using an

estimate of the bottom hadron momentum� following the technique described in the

previous chapter�

In the measurement of the average bottom hadron lifetime� the reconstructed

decay time distribution is dominated by bottom mesons �in section ������� it was

estimated that f�b� 	�b� � ����� ������ To enhance the contribution from bottom

baryons� a 	� originating from bottom hadron decay is required in the hemisphere

used for the decay time measurement� This results in the decay time distribution

containing an almost equal contribution from bottom mesons and baryons� A binned

aThe jet�axis was used to associate a jet to a particular hemisphere�



���

maximum likelihood �t was used to extract the bottom baryon enhanced lifetime

from the overall reconstructed decay time distribution� Finally� an estimate of the

bottom meson component of the reconstructed decay time distribution was used to

extract the bottom baryon lifetime�


�� Enhancing the Bottom Baryon Component

In a generic sample of bottom hadron decays� the average bottom hadron lifetime� �b�

can be decomposed into bottom meson and bottom baryon lifetimes� denoted �B

and ���
b
respectively 


�b � f�B & ��� f����
b
� �����

where 


f � f�b� B� � ����� ����� �����

This value of f�b � B� is derived from the estimate of f�b � 	�b� described in

equation �����

The bottom baryon component is enhanced by requiring a 	� originating from

b hadron decay in the awayside hemisphere from a b tag� The resulting bottom

baryon enhanced lifetime� �b�� � can be expressed as 


�b�� � g�B & ��� g����
b
� �����

where 


g �
f�b� B�Br�B� 	�X�

Br�b hadron� 	�X�
� ����� ����� �����

The values of Br�B� 	�X� and Br�b hadron� 	�X� are detailed in equations ����

and ����� respectively�

Using equations ��� and ���� the bottom baryon enhanced lifetime can be pa�

rameterised in terms of the average bottom hadron lifetime and the bottom baryon

lifetime as 


�b�� �
g

f
�b &

�
�� g

f

	
���

b
� �����



���

where� the ratio g%f is derived from equations ��� and ��� asb 


g

f
� ����� ����� �����

As a cross�check� the value of value of g%f was recalculated� with the derivation

of Br�b hadron� 	�X� decomposed into bottom baryon and meson components 


g

f
�

Br�B� 	�X�

f�b� B�Br�B� 	�X� & f�b� 	�b� Br�	
�
b � 	�X�

�����


 g

f
� ����� ����� �����

In this derivation of g%f� the independent estimate of f�b � 	�b� Br�	
�
b � 	�X��

de�ned in equation ����� is used� It should be noted that this estimate is derived

under the assumption that the bottom baryon semileptonic branching ratio can be

obtained from the B meson semileptonic branching ratio scaled by the lifetime ratio

��	�b�	��B�� as described in section �����

The fractional error on both derivations of g%f is ����� The two values of

g%f are correlated through Br�B� 	�X�� so a simple error weighted average is not

appropriatec� A constrained �	 technique was therefore used to derive an �optimised�

value for g%f� where 


�	 �
�A� a�	

)A	
&

�B� b�	

)B	
&

�C� c�	

)C	
&

�D� d�	

)D	
�����

The upper case letters denote measured valuesd 


A � Br�b hadron� 	�X� � ����� ������ ������

B � f�b� B� � ����� ����� ������

C � f�b� 	�b�Br�	
�
b � 	�X� � ������ ������� ������

D � Br�B� 	�X� � ����� ������ ������

where� the sources of the numerical values have been referenced earlier in this sec�

tion� The lower case letters in the �	 expression denote the parameters which are

free to move in the �t� The descriptions of b and c are the same as the upper

bNote that the f�b� B� terms cancel when forming the ratio�
cFor reference
 an error weighted average yields g�f � 	��	�	�	��
dIn this nomenclature
 #A refers to the total error on A�



�
�

case equivalents� The parameters d and a are introduced to exploit the following

relationships 


d �

g

f
c

�� g

f
b
� ������

a � b d & c� ������

The result of the �t is 


b � f�b� B� � ����� ����� ������

c � f�b� 	�b�Br�	
�
b � 	�X� � ������ ������� ������

g

f
� ����� ����� ������

with �	 � ���� for � degree of freedom�


�� Event Sample and Selection

Data collected between ���� and ���� with the silicon microvertex detector opera�

tional were used in this analysis� The �new� and �new tune b
b� Monte Carlo samples

were combined �where appropriate� to increase the overall size of the Monte Carlo

data�set� As usual� the pre�x �new �tune�� is discarded henceforth�

All events were required to have at least two jets� with the two most energetic

jets lying in opposite thrust hemispheres� Events with more than one jet on the

awayside from a b tag were rejected� to suppress 	��s which do not originate from a

b jet�

The procedure detailed in section ��� was used to reconstruct 	��s from the p���

decay products� The Monte Carlo samples accurately model the reconstructed 	�

mass distribution seen in the data� as shown in �gure ���� This �gure should be

compared to �gure ���� which shows the equivalent reconstructed mass distribution

for the �old� Monte Carlo samples� The agreement between data and �new� Monte

Carlo is much improved� The mean of the Monte Carlo mass peak is slightly higher

than in data� This is a known artefact of the Monte Carlo sample due to a systematic

e�ect '���(� To enhance 	��s that originate from b hadron decay� the 	� momentum

was required to exceed � GeV	c� To reduce the contribution from fake 	��s� the

reconstructed 	� mass had to fall within the signal region shown on �gure ����
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Figure �
�
 The reconstructed �� mass for Monte Carlo �histogram� compared to data �points��
The distributions are normalised to each other� The shift in the mean reconstructed mass between
data and Monte Carlo is discussed in the text�


�� Sources of ���s

The reconstructed decay times on the awayside from a b tag can be divided into

three groups� as shown in �gure ���� Monte Carlo samples were used to investigate

each of these groups�

Signal decay times are produced in Z� � b
b events when a real 	�� associated

with the jet containing the secondary vertex used in the decay time estimation�

originates from a b hadron decay� Signal decay times account for approximately

��� of the total number of reconstructed decay times� The 	��s in signal events

originate from an approximately equal mix of bottom meson and baryon decays� as

shown by the estimate of g in equation ����

The time dependent background arises from two sources 
 �i� secondary vertices

in Z� � b
b events with an associated fake 	�� and �ii� the associated 	� is real and

from b fragmentation� In both these cases� Z� � b
b events are involved� and there�

fore� the reconstructed time distribution contains generic lifetime ��b� information�
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Figure �
�
 Sources of ���s in b tagged events� The vertical dashed line in each sub�gure
represents the boundary between hemispheres and J indicates the jet�axis of the awayside jet� The
numbers in brackets represent the fraction of the total sample due to the source in question
 derived
from Monte Carlo studies�
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When a primary bottom baryon is produced� a companion anti�baryon must also

be created� The companion baryon could be a 	� originating from b fragmentation�

This would enhance the bottom baryon component in the time dependent back�

ground and is discussed further in section ������ The time dependent background

accounts for approximately ��� of the total number of reconstructed decay times�

Fragmentation 	��s form approximately ��� of this background�

A time independent background arises in non�Z� � b
b events� Such events can

occur if a light quark event is b tagged or if both bottom hadrons in a Z� � b
b

event are in the b tagged hemisphere� due to hard gluon radiation� The reconstructed

decay time contains little lifetime information� The time independent background is

heavily suppressed compared to the time dependent background and comprises only

�� of the total number of reconstructed decay times� Light hadron events account

for approximately ��� of this background�


�� Determining the Bottom Hadron Decay Time

Each jet on the awayside from a b tag containing a 	� of momentum 
 �GeV	c

was searched for secondary vertices� The overall method for determining the bottom

hadron decay time follows that used in the previous chapter� The quality require�

ments for selecting secondary vertices were re�evaluated using awayside secondary

vertices in Z� � b
b events with associated real 	��s originating from bottom hadron

decay� The secondary vertex �nding was modi�ed to allow 	��s to be vertexed as

pseudo�tracks� This did not worsen the decay length resolution�


���� The Decay Length Measurement

The overall method for reconstructing secondary vertices follows that described in

the previous chapter� Two track secondary vertices formed ��� ���� of the total

data �Monte Carlo� sample and were not considered in this analysis�

A modi�ed �build�up� vertexing algorithm that allowed 	��s to be vertexed was

used to reconstruct secondary vertices� Since the 	� is neutral� a pseudo�track rep�

resenting the 	� was constructed from the p��� decay products of the 	� '���(� The

pseudo�track was treated as a standard charged track by the vertexing algorithm�
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Figure �
�
 The distribution of the �� pseudo�track d� signi�cance from Monte Carlo� The d�
measurement is de�ned with respect to the reconstructed secondary vertex� The d� signi�cance
distribution for �� pseudo�tracks originating from bottom hadron decay has the smallest width�
This indicates that the �� pseudo�track can provide useful vertexing information�

The 	� pseudo�track can provide useful vertexing information� The distribution

of the d� signi�cance �with respect to the reconstructed secondary vertex position�

for 	� pseudo�tracks from various sources is shown in �gure ���� Pseudo�tracks

reconstructed from 	��s that originate from b hadron decays yield a d� signi�cance

distribution with a smaller width compared to 	��s originating from b fragmentation

or fake 	��s�

Monte Carlo samples were used to determine how often the 	� pseudo�track

formed part of the secondary vertex for each of the 	� sources described previously�

The results are shown in table ���� Pseudo�tracks reconstructed from 	��s that

originate from b hadron decay are vertexed most often� This is explained by the

form of d� signi�cance distribution shown in �gure ����

The secondary vertex quality requirements are the same as those described in

section ������ The requirements were re�tuned using Monte Carlo samples� but no

signi�cant improvements were found by altering the cut values� Similar e�ciencies

for reconstructing secondary vertices in signal 	� events were observed as described in

section ������ for generic signal events� Figure ��� shows the decay length resolutione

eThe reconstructed two�dimensional decay length is converted to a three�dimensional quantity
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Source of 	��s Secondary Vertex Inclusion Rate ���

Signal �� � �

Fragmentation �� � �

Fake �� � �

Light Hadron �� � �

Table �
�
 The secondary vertex inclusion rate for ���s
 derived from Monte Carlo studies�

Figure �
�
 The resolution of three�dimensional decay length estimator
 derived from Monte
Carlo� All the quality requirements have been applied to the secondary vertices� The distribution
has been parameterised with three Gaussians and the full width at half maximum and mean are
shown�

for b
b Monte Carlo signal events� after all the quality requirements have been ap�

plied� The distribution is well centred with a central width of ���� cm�


���� The Performance of the Boost Estimator

The boost was determined exactly as described in the previous chapter� Figure ���

shows the distribution of the di�erence between the true and reconstructed bot�

tom hadron energies in Monte Carlo� With reference to equation ���� a factor of

�� GeV%Evis was determined to give the best performance when scaling mrest to make

using the jet axis
 as shown in equation ����



�



Figure �
�
 The resolution of the bottom hadron energy estimator
 derived from Monte Carlo�
The distribution has been parameterised with three Gaussians and the central width and mean are
shown�

the calculation of the boost less sensitive to the visible energy in the event �Evis��

The distribution is well centred and has a central width of �� GeV�


���� The Performance of the Decay Time Estimator

When converting the decay length measurement into a decay time using the boost

estimate� a bottom hadron mass of ���� GeV	c	 was used� This was derived from

the bottom hadron masses detailed in section ����� and the assumption that bottom

mesons and baryons populate the overall reconstructed decay time sample equally�

The decay time resolution is shown in �gure ���� The distribution has a central

width of ���� ps and is well centred�
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Figure �


 The reconstructed decay time resolution
 derived from Monte Carlo� The distribu�
tion is parameterised with three Gaussians�


�� Determining the Bottom Baryon Enhanced

Lifetime


�	�� Overview

A binned maximum likelihood �tting technique '���( was used to extract the bottom

baryon enhanced lifetime� �b�� � from the distribution of reconstructed decay times

on the awayside from a b tag� The �t was implemented using the CERN computer

library routine MINUIT '���(�

The bottom baryon lifetime� ���
b
� was subsequently estimated using the relation�

ship 


���
b
�

�b�� � g	f �b
�� g	f

� ������

where� the value of g%f comes from equation ���� and the value of �b was presented

in the previous chapter�

The likelihood function used to determine �b�� is much more complex than the

one used for the measurement of the average bottom hadron lifetime� The main dif�

ferences arise from the extra backgrounds that must be accounted for� As described

in section ���� the background makes up approximately ��� of the total event sam�
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ple and� moreover� approximately ��� of the background results in a reconstructed

decay time distribution with lifetime dependence�

The likelihood function used to describe the distribution of N reconstructed

times �t� on the awayside from a b tag can be expressed in terms of a normalised

probability density function �P� as 


� logL � �
NX
i��

log P�ti� �b�� � s� p��a�� ������

where 


�a � �ap & �as & �ab� & �ab� � ������

The precise form of P is 


P�ti� �b�� � s� p��a� � s

�Z
�

P��t
�

� �b�� � �ap�Rsig�ti� t
�

� �as� dt
�

& ��� s�p

�Z
�

P	�t
�

� �b� �ap�Rtdep
bkgd�ti� t

�

� �ab�� dt
�

& ��� s���� p�Rtindep
bkgd �ti� �ab���

������

Physics function P� describes the distribution of true decay times �t
�

� as a function of

�b�� � which is derived in this analysis� Physics function P	 describes the distribution

of true decay times� for time dependent background events� as a function of the

average bottom hadron lifetime� �b� The parameters s and p describe the composition

of the overall sample as follows 


s �
Nsig

Ntotal

� ������

p �
Nbkgd
tdep

Nbkgd
total

� ������

where� Ntotal� Nsig� N
bkgd
total and Nbkgd

tdep denote the number of all� signal� background

and time dependent background reconstructed decay times� respectively� The signal

and time dependent �independent� background resolution functions are denoted as

Rsig and Rtdep
bkgd �Rtindep

bkgd �� respectively� Finally� the parameters needed to describe

the physics functions and signal� time dependent �time independent� background

resolution functions are denoted by �ap� �as and �ab�� �ab�� respectively� All the functions
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are individually normalised to unity and the integration over true decay time is

performed numerically� as described in section ������

In the following sections the exact form of each of the constituent parts of the

likelihood function are described in more detail�


�	�� The Physics Functions

The signal physics function has the following form 


P��t
�

� �b�� � �ap� �
�

F�t�� �ap�Np�t
�� �ap�

�

�b��
exp��t�	�b���� ������

The physics function for time dependent background events can similarly be de�

scribed as 


P	�t
�

� �b� �ap� �
�

F�t�� �ap�Nb�t
�� �ap�

�

�b
exp��t�	�b�� ������

Both physics functions include the bias� described in section ������ through the

function 


F�t
�

� �ap� � exp�a & bt
�

� & c� ������

where 


�ap � fa� b� cg� ������

The bias corrected signal and time dependent background physics functions are

normalised by Np and Nb respectively� where 


Np�t
�

� �ap� �

�Z
�

�

�b��
exp��t�	�b��� �

F�t�� �ap�
dt

�

� ������

Nb�t
�

� �ap� �

�Z
�

�

�b
exp��t�	�b� �

F�t�� �ap�
dt

�

� ������

The parameterised bias correction function is shown in �gure ���� The bias

mainly a�ects the region t
�

� ��� ps�


�	�� The Signal Resolution Function

This resolution function describes the distribution of reconstructed decay times �for

a given true decay time� in Z� � b
b events with an associated 	� that originates
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Figure �
�
 The parameterised bias correction function
 ��F 
 as a function of true decay time�

from b hadron decay� The form of this resolution function follows that used for the

signal in the average bottom hadron lifetime analysis� described in section ������

The parameter values 


�as � fa� b� n� k��	� 
��	� ���	� ���	� x��	� y��	g� ������

used to describe the resolution function are re�evaluated for this analysis and are

shown in table ���� Figure ��� shows the shape of the reconstructed decay time dis�

tribution in slices of true decay time� with the resolution function parameterisations

overlaid�


�	�� The Time Dependent Background Resolution

Function

This resolution function describes the distribution of reconstructed decay times �for

a given true decay time� in Z� � b
b events with an associated fragmentation or

fake 	�� The form of this resolution function is exactly the same as the signal

resolution function� The parameter values 


�ab� � fa�� b�

� n
�

� k
�

��	� 

�

��	� �
�

��	� �
�

��	� x
�

��	� y
�

��	g� ������

used to describe the resolution function are shown in table ���� Figure ��� shows the

parameterised reconstructed decay time distributions in slices of true decay time�
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Figure �
�
 Distributions of the reconstructed decay time shown for di�erent slices of true decay
time for signal events� The points represent Monte Carlo data and the shaded histogram is the �t
from the resolution function�



���

Figure �
�
 Distributions of the reconstructed decay time shown for di�erent slices of true
decay time for time dependent background events� The points represent Monte Carlo data and the
shaded histogram is the �t from the resolution function�
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Figure �
��
 The reconstructed decay time distribution for time independent background
events� The points represent Monte Carlo data and the dashed line is the �t from the resolution
function� The distribution of reconstructed decay times for signal events is also shown
 as an inset

for comparison�


�	�� The Time Independent Background Resolution

Function

As in the average bottom hadron lifetime analysis� the time independent background

is very small� The awayside b tag heavily suppresses secondary vertices from u� d� s

or c quarks� which form the majority of this background� The form of the resolution

function follows that described in section ������ The parameter values 


�ab � fq� r� s� ����� x���g� ������

used to describe the resolution function are shown in table ���� The parameterised

reconstructed decay time distribution for the time independent background is shown

in �gure �����



���


�
 Proof of Principle

The technique used to extract the bottom baryon enhanced lifetime� �b�� � was �rstly

tested with Monte Carlo data� All �ve quark �avours were used and neural network

tagging was used to enhance Z� � b
b events� The Monte Carlo �tting sample con�

tained ���� reconstructed decay times� The reconstructed decay time distribution

was divided into ��� bins between ����� ps� There were no reconstructed decay

times ��� ps and � reconstructed decay times 
�� ps ������ of the total�� The

numerical integration over true decay time was performed over the range ���� ps�

Monte Carlo �cheat� information was used to determine that 


���
b
� ���� ps� ������

�b � ���� ps� ������

g	f � ����� ������

s � ����� ������

and 


p � ����� ������

The single exponential lifetime �t yielded 


�b�� � ������ ����� ps� ������

where the error is purely statistical� This is consistent with the value of ���� ps

derived from the Monte �cheat� information� The parameterised reconstructed decay

time distribution is shown in �gure �����


�� Results

In this section� values of s and p are derivedf for the data and the value of �b��

extracted from the lifetime �t in data is presented� The systematic errors on �b��

are evaluated and the ratio �b��	�b is derived to investigate the signi�cance of the

bottom baryon component in the reconstructed decay time distribution� Finally�

fSee equations ���� and ���� for de�nitions�
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Figure �
��
 The reconstructed decay time distribution for Monte Carlo data
 including all
backgrounds� The solid line is the result of the lifetime �t�

equation ���� is used with the estimate of g%f presented in equation ���� to mea�

sure ���
b
�


���� The Bottom Baryon Enhanced Sample Composition

The composition of the bottom baryon enhanced reconstructed decay time distri�

bution is described by the values of s and p� The overall bottom baryon enhanced

reconstructed decay time distribution is denoted by T � If Tsig and Ttdep �Ttindep�
represent the reconstructed decay time distributions from signal and time depen�

dent �independent� background sources� then T can be expressed �with reference to

equation ����� as 


T � s Tsig &
Mz �� �

��� s�p Ttdep & ��� s���� p� Ttindep� ������

However� s and p are correlated� The composition of the sample can be re�

expressed in terms of two uncorrelated parameters� z and k� which are described

below� The systematic error on �b�� � due to uncertainties in the composition of the



���

overall reconstructed decay time distribution� is derived from the uncertainties on z

and k�

An alternate formulation for T � in terms of the b purity� z� is 


T � z Tb�b & ��� z� Tlight� ������

where� Tb�b and Tlight denote the reconstructed decay time distributions in Z� � b
b

and light quark events� respectively� The fraction of Z� � b
b events where the 	�

originates from b fragmentation or is fake� can therefore be expressed as 


k �M	z� ������

Using these de�nitions� p and s can be de�ned� in terms of z and k� as 


p �
z k

�� z & z k
� ������

s � �� z k

p
� ������

The value for z is taken from data using the double tagging technique described in

section ������ A correction factor� �&�����������g� is derived from Monte Carlo

studies and the �nal value of z is 


z � ������� ������� ������

The value of k is derived from Monte Carlo studies� A conservative estimate of

the uncertainty on k is taken from studies of Br�b hadron � 	� X�� presented in

section ������ The �nal value for k is 


k � ����� ����� ������

The error is dominated by the uncertainty on the rate of 	��s from b fragmentation�

Using these values of z and k� the following values of s and p are derived 


s � ������ ������ ������

p � ������ ������ ������ ������

where� the �rst �second� error comes from the uncertainty on z �k��

gThe error comes from the double tagging result�
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Figure �
��
 The reconstructed decay time distribution in data� The solid line is the result of
the lifetime �t�


���� Measuring the Bottom Baryon Enhanced Lifetime

The binning and integration ranges used in the Monte Carlo proof of principle were

retained for the following studies using ���� reconstructed decay times from ������

data� There were no reconstructed times ��� ps and � reconstructed times 
�� ps

������ of the total��

Using the values of s and p derived above and �b � ����� ps� as measured in the

previous chapter� the result of the lifetime �t was 


�b�� � ������ ����� ps� ������

where the error is purely statistical� The parameterised reconstructed decay time

distribution is shown in �gure �����


���� Studies of Possible Systematic Errors

In this section� possible systematic errors on the measurement of �b�� are investigated

and these results are summarised in table ���� The statistical error on �b�� is larger
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Source of Uncertainty Systematic Error �ps�

Track parameter uncertainties in resolution function ������
Track parameter uncertainties in bias correction function ������

Companion baryon e�ects on �b ������
Uncorrelated systematic errors on �b ������

)z ������
)k ������
Total ������

Table �
�
 A summary of the systematic errors for �b�� �

than the total systematic error from all of these e�ects�

Firstly� the e�ect of charged track parameter uncertainties on the resolution and

bias correction functions is described� Uncertainties on �b� a�ecting the background

physics function� are also evaluated� Finally� the e�ect of uncertainties on the com�

position of the overall reconstructed decay time distribution �described by k and z�

and the sensitivity to the 	� minimum momentum requirement are investigated�

The error due to uncertainties on the charged track parameters was evaluated

using smeared Monte Carlo samples to re�evaluate the parameters in the resolution

functions� as described in section ������ A systematic error of ������ ps was assigned
to account for the change in �tted lifetime�

The bias correction function was also reparameterised using the results from a

smeared b
b Monte Carlo sample� A systematic error of ������ ps was assigned to

account for the change in �tted lifetime�

A 	� originating from b fragmentation can be the companion anti�baryon dur�

ing primary bottom baryon production� Monte Carlo studies indicated that the

bottom hadron composition for a b fragmentation event sample was ��� B me�

son%��� b baryon� compared to ��� B meson%�� b baryon for Z� � b
b events

with fake 	��s� The average b hadron lifetime for these two 	� sources �that form

the time dependent background� is ���� ps compared to ���� ps for a truly generic

sample� The lifetime is lowered due to b baryon enhancement in b fragmentation

events� A ratio� ���� ps%���� ps � ����� was used to scale �b in the �b�� �t� to check
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Minimum 	� Momentum �GeV	c� s p

� ��������� ���������
� ��������� ���������
� ��������� ���������

Table �


 Values of s and p for di�erent minimum �� momentum requirements� The default
requirement is � GeV�c�

the sensitivity to possible b baryon enhancement� Uncertainties on �b will a�ect

the background physics function� as shown in equation ����� The systematic error

assigned to cover the shift in the �tted lifetime was ������ ps�

An additional systematic error was assigned to account for the uncorrelated sys�

tematic errors on �b� ie 
 uncertainties in the Monte Carlo bottom fragmentation

modelling� parameterisation uncertainties in the signal resolution function and pa�

rameterisation uncertainties in the bias correction function� The values of these

systematic errors are shown in table ���� A systematic error of ������ ps was as�

signed to �b�� to cover the change in �tted lifetime when the central value of �b in

the time dependent background resolution function was moved by the uncorrelated

systematic errors detailed above�

The composition of the overall reconstructed decay time distribution is de�ned

in terms of s and p� Since s and p are correlated� the systematic error due to

the sample composition uncertainty is evaluated using the uncertainties on z and k�

which are uncorrelated� Systematic errors of ������ ps and ������ ps were assigned

to account for di�erences in the �tted value of �b�� due to the uncertainties on z

and k� shown in equations ���� and �����

Finally� as a cross�check of the overall method� �b�� was evaluated for minimum

	� momentum requirements of � GeV	c and � GeV	c� The values of s and p were

re�evaluated for this study and the new values are shown in table ���� The resolution

and bias correction functions were also reparameterised� The �tted lifetime results

were ����������� ps for the � GeV	c momentum requirement and ����������� ps

for the � GeV	c momentum requirement� Both of these results are consistent with

the default result� using a � GeV	c momentum requirement� of ����������� ps�
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���� Deriving the Bottom Baryon Lifetime

The �nal value for �b�� � including all systematic errors is 


�b�� � ������ ���� �stat�� ���� �syst�� ps� ������

A ratio� �b��	�b� can be formed using the �b measurement from the previous chapter 


�b � ������� ����� �stat�� ����� �syst�� ps� ������

All the systematic errors on the measurement of �b�� �apart from )k� are correlated

with the �b measurement and are treated accordingly to estimate 


�b��	�b � ����� ����� ������

which di�ers from unity by ��� standard deviations� This is consistent with a bottom

baryon lifetime signi�cantly smaller than the average bottom hadron lifetime�

An estimate of ���
b
is made using equation ����� The strong dependence of ���

b

on g%f is shown in �gure ����� The thicker central curve indicates the central value

of ���
b
and the thinner outer lines represent the total error� due to uncertainties on

�b�� and �b� The vertical band indicates the �optimised� value of g%f� presented in

equation ����� The �nal result is 


���
b
� ������ ���� �stat�� ���� �syst�� ���� �syst�� ps� ������

The �rst error is due to the statistical uncertainty on �b�� � the second error is due

to the systematic error on �b�� and �b and the �nal error is due to the uncertainty

on g%f�

Figure ���� shows this result compared to the most recent results from Z� ex�

periments '���(� presented at the HEP�� conference '��(� This result is consistent

with the current world averageh� which is derived taking correlated errors into ac�

count '���(� The ���
b
measurement presented in this chapter is the �rst not to use

baryon�lepton �	�c �� 	
�� or p�� correlations� It therefore provides a systematically

independent cross�check�

In section �������� a theoretical prediction for bottom hadron lifetime ratios was

described� The predictions are shown graphically in �gure ���� The ratio prediction�

hThe result from this analysis is not used to form the average�



���

τ(Λb) = 1.10 +0.23
- 0.24 ps

Figure �
��
 The estimate of ���
b

plotted as a function of g�f� The thick central curve indicates
the central value of ���

b

and the thinner outer lines indicate the total error� The �optimised� value

of g�f from equation ���� �shown as the shaded band� and the resulting value of ���
b

are indicated
on the �gure� The composition of the error on ���

b

is described in the text�

��	�b�	��B
�� � ���� � ����� is pertinent to the results from this analysis� under

the assumption that �b �� ��B��� Current lifetime measurements� presented at the

HEP�� conference� indicate that ��	�b�	��B
�� � ���������� The ���

b
result from this

analysis can be combined with the �b result from the previous chapter to estimate 


���
b
	�b � ����� ����� ������

The correlation between systematic errors common to �b�� and �b is accounted for

when forming the ratio� This result is consistent with the HEP�� results within ���

standard deviations� but� lies ��� standard deviations outside the predicted theoret�

ical range�
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Bottom Baryon Lifetime
(from Z0 experiments)

τ(Λb) (ps)

Λ (91-94)
This analysis 1.10 ± 0.19 ± 0.14 ps

p + μ (92)
DELPHI 1.27 +0.35

- 0.29 ± 0.09 ps

Λ + l (90-94)
OPAL 1.16 ± 0.11 ± 0.06 ps

Λ + l (91-94)
DELPHI 1.10 +0.16

- 0.14 
+0.05
- 0.08 ps

Λ + l (91-94)
ALEPH 1.21 ± 0.09 ± 0.07 ps

Λc + l (90-94)
OPAL 1.14 +0.22

- 0.19 ± 0.07 ps

Λc + l (91-94)
DELPHI 1.26 +0.26

- 0.22 
+0.03
- 0.05 ps

Λc + l (91-94)
ALEPH 1.24 +0.15

- 0.14 ± 0.05 ps

HEP95 world average 1.18 ± 0.07 ps

1 1.5

Figure �
��
 A summary of bottom baryon lifetime measurements� There are three types of
measurement � ��c � correlations
 �

�� correlations and p� correlations� Each measurement technique
is described in section �������� The result from the analysis described in this chapter is also shown

along with the current world average result� The DELPHI collaboration have recently updated
their ��c � result to ��	��

�����
����	

����

����	� ps and their �

�� result to ��	�	���������
 � 			�� ps� They also

describe a new result using ���� correlations
 which yields � ���
b

� ��	������������
����

������ ps 
�����



���


�� Summary

In this analysis� estimates of the bottom hadron decay length and momentum were

combined to estimate the bottom hadron decay time� The bottom baryon component

of the decay time distribution was enhanced by requiring a high momentum 	� to

be associated with the jet in which the decay length measurement was made�

A binned maximum likelihood �t was used to estimate the bottom baryon en�

hanced lifetime� �b�� � The bottom baryon lifetime was to be observed to be signif�

icantly smaller than the average bottom hadron lifetime from the measurement of

the ratio 


�b��	�b � ����� �����

where� �b represents the average bottom hadron lifetime� presented in the previous

chapter� This ratio di�ers from unity by ��� standard deviations�

The bottom baryon lifetime 


���
b
� ������ ���� �stat�� ���� �syst�� ���� �syst�� ps�

was derived from the measurement of �b�� using an estimate of the proportion of

the bottom baryon enhanced decay time distribution due to an average bottom

hadron lifetime component �g%f � ����������� The �rst error is due to the statistical

uncertainty on �b�� � the second error is due to the systematic error on �b�� and �b

�dominated by track parameter uncertainties in the resolution functions used in the

�b�� measurement�� The �nal error is due to the uncertainty on g%f�

This measurement of the bottom baryon lifetime is the �rst not to use baryon�

lepton correlations �	�c �� 	
�� or p�� and so provides a very useful cross�check of the

contemporary measurements shown in �gure �����

Finally� the ratio 


���
b
	�b � ����� �����

is derived� This is consistent with the prediction using lifetime results presented at

the HEP�� conference� It is not consistent with the range of QCD�based theoretical

predictions described in section ��������



Appendix A

Arti�cial Neural Networks

A�� Introduction

When analysing experimental data� selection requirements are often applied to vari�

ables in order to enhance a particular feature of the data� For example� the decay

length signi�cance �the decay length divided by its error� is often used in the study

of bottom hadrons to produce an enriched sample of Z� � b
b events� It is of�

ten desirable to use several selection variables to highlight a particular feature of

the data� Making optimal use of the selection variables is not a trivial matter�

Sophisticated algorithms� designed for multi�dimensional discrimination� are often

used '���(� Neural networks currently seem to be the most powerful and automated

of such algorithms '���(�

In this analysis� a neural network is used to determine whether a charged track

comes from bottom hadron decay or fragmentation� This information is vital for an

estimation of the charged fragmentation energy� which is needed for the decay time

estimation described in chapter ��

A�� Implementation

The neural network used in this study is implemented with the JETNET package '���(�

The neural network structure can be visualised as shown in �gure A��� Only one



��


Figure A
�
 A schematic representation of the neural network architecture used in this appli�
cation� The topology is referred to as �forward�feed��

hidden layer is shown but any number are� in principle� possiblea�

In this example of a �forward�feed� architecture� each neuron in the input layer

is connected to each neuron in the hidden layer� and each node in the hidden layer

is connected to the output node� Each node has an associated threshold �T� and

each input node is weighted ���� as shown in the �gure� The �processing� consists of

adding� with suitably adjusted weights� all the incoming information at a node and

�ideally� responding � or � depending if a given threshold is exceeded� In reality

�ie
 in computer code simulations� the response of the neuron is a smooth sigmoid

function that varies between � and �� In this implementation� the sigmoid response

function is of the form 


g�x� �
�

� & exp���x� � �A���

During the learning phase� the combination of weights and thresholds are opti�

mised as follows 


	 The desired properties of a track known to come from either bottom hadron

decay or b fragmentation are fed into the inputs of the neural network�

aAny task can be solved with a structure involving two hidden layers
 but many nodes may be
required�
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	 The response of the neural network to this input pattern is calculated�

	 This response is compared to the desired response� In this case� the response is

� for tracks from bottom hadron decay and � for tracks from b fragmentation�

The weights and thresholds are updated internally� as a result of this compari�

son� A back�propagation algorithm that minimises the summed squared errors

over all input tracks between the desired and actual neural network outputs is

used to do this�

This process is repeated a number of times to allow the learning process to con�

verge� It is important not to �over�train� the neural network� Otherwise� statistical

properties of the training sample may reduce the performance of the neural network

as measured by an independent testing sample '���(� In the JETNET implementation�

the temperature ���� learning rate ��� and momentum �
� of the neural network may

be altered� The temperature is used to set the gain of the sigmoid response function�

the learning rate a�ects the rate of gradient descent when minimising the error in

the back propagation algorithm and the momentum can make learning more e�cient

and less oscillatory by reducing sensitivity to local minima� Default values of ������

������ and 
���� were used�

In order to avoid biases� the neural network was presented with signal �bottom

hadron decay� and background �b fragmentation� tracks alternately� The total train�

ing sample consisted of �� ��� tracks of each type from the �old b
b� Monte Carlo

data setb� All tracks had to satisfy the quality requirements described in section ����

After training� the neural network was tested on a sample of �� ��� signal and �� ���

background tracks from a statistically independent Monte Carlo subsample�

To test the performance of the neural network during training and testing� a

��gure of merit� �F� parameter was de�ned '���(� The �gure of merit provides a

measure of the separation between the distributions S and B which describe the

binned neural network output for signal and background tracks respectively� The

value of F is de�ned as 


F �
�

Ntrks

NbinsX
i��

�Si � Bi�	
�Si & Bi� � �A���

bThe �new� Monte Carlo data sets were not available for this study�
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where� Nbins are the number of binning channels for S� B� and Ntrks is the number of

tracks presented to the neural network ��� ����� The parameter� F � can be thought

of as an inverted overlap integral� Therefore� if F�� then the S and B distributions

are identical and the neural network has not distinguished between the track classes�

If F�� the track classes have been completely distinguished between�

A�� Results

The best performance was achieved with a neural network architecture of � input

nodes� � nodes in the hidden layer and � output node� as shown in �gure A��� The

four inputs used were 


	 The d� signi�cance �d�%�d�� with respect to the primary vertex� where �d�

represents the error on d��

	 The d� signi�cance with respect to the secondary vertex�

	 The track momentum�

	 cos �tb� where �tb is the angle between the track and the jet axis�

Figure A�� shows these quantities for secondary vertices consisting of more than two

charged tracks� Clear di�erences can be seen between tracks from bottom hadron

decay and fragmentation� Adding more nodes to the hidden layer or adding more

hidden layers did not improve the performance of the neural network �evaluated

with F�� Figure A�� shows the behaviour of F as a function of the number of train�

ing or testing cycles� A peak value of F������ is achieved during training� which

drops to ����� for the testing sample� This behaviour is expected as the neural net�

work inevitably picks up statistical features of the training sample� At ��� training

cycles the training �testing� process is stopped� as F is not changing signi�cantly�

Figure A�� shows the output of the neural network for tracks identi�ed in the Monte

Carlo as coming from bottom hadron decay or fragmentation� The neural network

output peaks towards � for tracks coming from bottom hadron decay and towards �

for tracks from b fragmentation� The relationship between the purity and e�ciency

for identifying tracks from bottom hadron decay� by requiring a minimum output

from the neural network� is shown in �gure A���
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Figure A
�
 Neural network inputs for secondary vertices consisting of greater than two charged
tracks� The points represent tracks from bottom hadron decay and the hatched area represents
tracks from fragmentation in Z� � b�b events� All distributions are normalised to unit area�
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Figure A
�
 The evolution of the �gure of
merit during the training and testing of the
neural network�

Figure A
�
 The output of the neural net�
work
 after training
 for tracks from bottom
hadron decay �signal� and tracks from b frag�
mentation �background��

Figure A
�
 The e�ciency for identifying tracks from bottom hadron decay plotted against
the purity of such tracks� The purity and e�ciency values for a neural network output �	�� are
shown�
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The sensitivity of the neural network output to each of the inputs was investi�

gated by removing each of the inputs in turn and retraining and testing the neural

network� A variable S was evaluated 


S �
Fo � Fi

Fo
� �A���

where� Fi and Fo are the �gures of merit with input �i� removed and all the inputs

used� respectively� The sensitivity to each input is shown in table A���

Input Variable Sensitivity

d�%�d� w�r�t� primary ����

cos �tb ����

d�%�d� w�r�t� secondary ����

Track momentum ����

Table A
�
 The relative sensitivity of the neural network output to each of the inputs�
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