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Abstract

The branching ratio of the decay of the � lepton to �ve charged hadrons� B
�� ��
�h��h�
� 
����� �� has been measured with the OPAL detector at LEP using data

collected between ���� and ����� The branching ratio was measured to be

B
�� �� �h��h�
� 
����� � � 
����� 
���� 
�
��� �
��
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Chapter �

Introduction

All of the complicated interactions that are observed in the universe are combinations

of four underlying� fundamental forces	 strong� weak� electromagnetic� and gravita�

tional� each of which involves the exchange of a particular fundamental particle��

Through the study of these interactions� one attempts to reduce the complexities of

the macroscopic world to its most basic properties�

One of the ways in which this is done is by studying the behaviour of fundamental

particles� Fundamental particles include the particles that mediate the interactions

mentioned above� and also quarks and leptons which are the basic constituents of mat�

ter� While quarks are not observed individually� they do combine to form baryons


three bound quarks� and mesons 
bound states consisting of a quark and an anti�

quark� which are collectively known as hadrons� Protons and neutrons are examples

of baryons� while pions 
��� ��� are examples of mesons�

Leptons include electrons� e�� muons� ��� tau particles� ��� and their associated

neutrinos� �e� ��� �� � The electron is the lightest charged lepton with a mass of

me � ����� �
�� GeV�� The muon mass is m� � 
��
� GeV� it decays to an electron

�A fundamental particle is one with no observed substructure�

�In this work� the convention �h � c � � will be used�

�
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and two neutrinos with a lifetime of �����
�� �
�� seconds ���� The � is the heaviest

lepton� with a mass of m� � ���� GeV ���� it is the only lepton which is kinematically

allowed to decay to hadrons� in addition to decaying into lighter leptons with a lifetime

of ��
�
��
��� seconds ���� The neutrinos have been assumed to be massless� however�

recent evidence suggests that they may have non�zero but small masses ����

Precise measurements of the branching ratios of the di�erent decay modes of the

� can provide information about the strong� weak� and electromagnetic forces� The

branching ratio is de�ned to be the fraction of particles that decay via a particular

decay mode� In this thesis� a measurement of the branching ratio of tau decay to

�ve charged hadrons with or without a neutral pion� B
�� �� �h��h�
� 
����� �� is

presented� This rare decay mode of the � has a branching ratio of approximately 
�

��

and is not as well understood as the more common decay modes� for example� it is

not known whether this � decay mode proceeds through intermediate resonances� i�e�

very short�lived particles� Further information about this decay mode is important

because� for example� the kinematics of this decay have been used to determine one of

the current upper limits on the mass of the � neutrino 
for example� see ����� A non�

zero neutrino mass could be partly responsible for the missing mass 
dark matter�

in the universe ���� Chapter � provides a brief description of the Standard Model of

Particle Physics� the decay width of the � lepton� and its relationship to the branching

ratio�

The � leptons used in this work were created at the Large Electron Positron 
LEP�

colliding beam synchrotron at CERN� near Geneva� Switzerland via the reaction

e�e� � Z������� At LEP� electron and positron beams are accelerated around an

�The hadrons in this case are most likely to be pions or kaons�

�European Organisation for Nuclear Research
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underground ring and are made to collide in four separate interaction areas� one of

which houses the OPAL� detector� Chapter � describes LEP and the OPAL detector�

Chapter � describes the selection of e�e� � ���� events and Chapter � describes

the selection of �� �� �h��h�
� 
����� decays� Chapter � presents the branching

ratio calculation and the systematic errors� Chapter � compares these results with

those from other experiments� and summarizes this work�

�
Omni�Purpose Apparatus for Lep
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Theory

��� The Standard Model

The properties of fundamental particles and their interactions are described by the

Standard Model of Particle Physics ���� This model has had notable success in pre�

dicting measurable quantities such as cross sections� lifetimes� and branching ratios�

The fundamental particles of which matter is composed are fermions 
particles

with half�integer spin�� In particular� quarks and leptons are spin��
�
particles which in�

teract with each other via the exchange of fundamental bosons 
particles with integer

spin�� Each of the fundamental forces has its own exchange particle which mediates

the interaction� At the subatomic scales studied to date� the gravitational force has

no measurable e�ects and can be neglected� The mediating bosons� shown in Table

���� are the photons� W� and Z� particles� and gluons for the electromagnetic� weak�

and strong forces� respectively�

Force Mediating boson

Electromagnetic photons
Strong gluons
Weak W��Z�

Table ���	 Exchange particles for the fundamental forces�

�
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The six �avours of quarks and leptons are arranged into three generations� as

shown in Table ���� The table is divided horizontally into generations� for example�

the e� and �e leptons together with the u and d quarks form the �rst generation�

Each particle has an associated antiparticle with opposite electric charge�

Leptons Quarks
Flavour Charge Mass
GeV� Flavour Charge Mass

�e 
 � ��� �
�	 u ��
�

��� � � MeV
e �� ����� �
�� d ��

�
� � � MeV

�� 
 � ���� �
�� c ��
�

��� � ��� GeV
� �� 
��
� s ��

�
�
 � ��
 MeV

�� 
 � ��� �
�� t ��
�

������ ��� GeV
� �� ���� b ��

�
��� � ��� GeV

Table ���	 Some properties of the fundamental constituents of matter in the Standard
Model� Electric charge is given in units of positron charge� The masses given are the
Particle Data Book ���� evaluations ����

The electromagnetic force a�ects all charged particles� A graphic representation

of the fundamental interaction between these particles is shown in the Feynman di�

agram in Figure ���
a�� where a fermion interacts with an electromagnetic �eld by

the exchange of a virtual photon� Both quarks and charged leptons interact electro�

magnetically� however� only quarks can interact via the strong force� Figure ���
b�

shows a quark interacting with the strong �eld via the exchange of a gluon� All fun�

damental fermions interact via the weak force� Figure ���
c� illustrates the form of a

charged weak interaction� where a charged lepton l� interacts with the weak �eld via

the exchange of a W�� As a result� the outgoing lepton is neutral 
�l�� Quarks may

also interact via the charged weak force through a �avour�changing process� this is

illustrated in Figure ���
d�� The basic form of the neutral weak interaction is shown

in Figure ���
e�� where f stands for any fundamental fermion� The neutral leptons
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only interact via the weak force�

The form of the coupling between fermions is theoretically predicted by the gauge

invariance of the Standard Model� i�e� there exists a group of symmetry operations or

local gauge transformations under which the measurable quantities remain invariant�

For example� it is possible to exchange the colour of the quarks in an interaction

without changing any of the physics� The rules for interchanging the properties are

speci�ed by a gauge group�

The Standard Model is based on a combination of three gauge groups� SUc
���
SUL
���UY 
��� The couplings between strongly interacting particles by the exchange

of gluons is described by SUc
��� The other two groups� SUL
�� � UY 
��� together

describe the uni�ed electroweak interaction� In nature� the invariance of the uni�ed

electroweak group is not evident because of a process known as �spontaneous sym�

metry breaking�� The coupling strengths of the weak force corresponding to SUL
��

which proceeds via exchange of the W and Z particles� and that of the electromagnetic

force in which a photon is exchanged� are measured separately�

��� Properties of the Tau Particle

The � is a third generation lepton� di�ering from the other charged leptons only in its

mass which allows for hadronic decays as well as leptonic ones� The � decay modes

are categorised into either leptonic or semi�leptonic 
those including hadrons� decays

and are represented by Feynman diagrams as shown in Figure ����

In the semi�leptonic decay� the � decays to a �� and hadrons where the hadrons

will most likely be pions or kaons� In order to conserve charge� the � must decay to

an odd number of charged hadrons� About �� percent of � �s decay to one charged

particle 
��prong�� �� percent to three charged particles 
��prong�� and 
�� percent
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f

f

γ
(a) q

q

g

(b)

νl

l  −

W  −
(c) q′

q

W  −
(d)

f

f

Z  0

(e)

Figure ���	 Electromagnetic 
a�� strong 
b�� charged weak 
c�d�� and neutral weak 
e�
processes�
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to �ve charged particles 
��prong�� Some examples of these are shown in Table ����

Decay mode Branching ratio
�� � e��� ��e 

������ 
�


��
�� � ���� ��� 

������ 
�


��

�� � h�
� 
 neutrals��� 

������ 
�

���
�� � h�h�h�
� 
 neutrals��� 

������ 
�

���

�� � h�h�h�h�h�
� 
 neutrals��� 

�


��� 
�



��

Table ���	 Some of the decay modes of the � � with branching ratio values from the
���� Particle Data Book ���� Here� h� stands for �� or K�� and neutrals means any
neutral hadron whose decay products include ��s and�or ���s�

����� The Decay Width

The partial decay width is proportional to the transition rate of the particle from

the initial state to a particular �nal state� In general� a partial decay width can be

expressed as

d� �
jM j�
�m

dLips 
����

where dLips is the Lorentz invariant phase space factor and m is the mass of the

decaying particle� In the case of a ��body decay such as �� � �h��h��� � we have

dLips �

�
�Y
i
�

d�pi

�����Ei

�

����	�
p� � p� � p� � p� � p� � p� � p��� 
����

The pi�s 
pi��s are the four�vector 
three�vector� momenta of the six decay particles

shown in Figure ���
b� and the Ei�s are the corresponding energies�

The matrix element M takes into account the dynamics of the process such as

the strength of the coupling between particles� the phase space factor corresponds

to kinematic constraints such as conservation of ��momentum� The matrix element

for the leptonic � decays is well understood� however� the matrix element for the
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τ−

ντ

W  −

l  −

ν
–

l

(a)

τ−

ντ

W −

      hadrons

(b)

Figure ���	 Leptonic 
a� and semi�leptonic 
b� � decay� The blob signi�es our igno�
rance of the hadronization process�
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semi�leptonic � decays is complicated by the hadronization process� and is discussed

in the next section�

����� Semi�leptonic � Decay Width

For semi�leptonic decays of the � � the matrix element has the following form	

M �
�gw

�
p
�M�

W

��u����
�� ���u� �J
� 
����

where J� represents the hadronic current� At a more fundamental level� the W decays

into quarks which hadronize to form pions and kaons� There is no method for directly

calculating the contribution from this current�

The term ��
� � ��� in Equation ��� corresponds to the vector and axial vector

components of the weak charged current� The weak charged current has the following

properties ���	

Isospin G�parity 
G� SpinParity

Vector � �� ��

Axial�vector � �� 
�� ��

G�parity is de�ned to be charge conjugation followed by a rotation in isospin

space about the I� axis� i�e�

G � CR�� 
����

For multipion �nal states we have

Gjn� 
� 
���njn� 
 � 
����

Final states with an odd number of pions will be negative G�parity eigenstates� and

those with even numbers of pions will be positive G�parity eigenstates� As as result�

semi�leptonic � decays in general can be subdivided into vector decays if there is an
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even number of pions in the �nal state� and axial�vector decays if there is an odd

number of pions in the �nal state�

Axial�vector Decays

In the situation where the hadronization produces a single pion 
Figure ����� the

hadronic current becomes J� � f�p
� where p� is the four�vector of the pion� and

f� is the pion decay constant� The same W � � vertex occurs both in the decay

�� � ���� and in pion decay � � ����� A value of f� � ������ MeV is calculated

from the measurement of the pion lifetime ���� The partial decay width for the reaction

�� � ���� can be written

d� �
G�
Ff

�
� cos

� �C
���M�

�
M�

� �M�
�

��
� 
����

where �C is the Cabibbo angle� and GF � given by

GF �

p
�

�

�
gw
MW

��

����

is the Fermi coupling constant�

The matrix element of the �� � ������� axial�vector three pion decay mode has

been predicted by K uhn and Santamaria ��� and Isgur� Morningstar� and Reader ����

The decay is assumed to proceed through the a�
���
� resonance which subsequently

decays to a 
� state� This decay has been studied by a number of experiments and is

found to be reasonably well�modelled by the theoretical predictions 
see for example

��
���

There is only one calculation of the �� � �������� �ve pion decay current by

Pham ����� who estimated the branching ratio to be of the order of 
�
��
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τ−

ντ

W − d

u
–

π−

Figure ���	 �� � ���� decay�

Vector Decays

It is possible to use the conserved vector current 
CVC� hypothesis to theoretically

calculate the branching ratios for the vector decays� In the case of �� � 
���
�� Tsai

���� comments that �CVC is equivalent to the statement that the coupling of W to 


is obtainable from the �
 coupling�� More generally� �� �W � 
n����� decays can

be related to e�e� � � � n� if n is even� For example� the �� � ������ branching

ratio can be calculated using the I�� part of the e�e� � ���� cross section �����

Similarly� the �� � 
������ branching ratio can be obtained from the e�e� � ��

cross section� The �� � 
������ branching ratio cannot be determined as there are

no e�e� � �� data available�

����� The Branching Ratio

The branching ratio for a particular mode of decay can be expressed as a ratio of the

appropriate partial width to the total width� In this thesis� we are interested in the

�The two pion decay is dominated by the � resonance�
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branching ratio

B
�
�� �� �h��h�
� 
�����

�
�

�
�
�� �� �h��h�
� 
�����

�
��

� 
����

The total width �� in the denominator of Equation ��� is the inverse of the lifetime�

The partial width in the numerator must be found using the transition rate described

in section ������
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The OPAL Experiment

This chapter describes the experimental facility which created the � particles used in

this analysis� and the detector used to identify them�

��� The LEP collider

The LEP collider is a facility consisting of several particle accelerators which work in

stages to produce and store electrons and positrons� and collide them at high energies�

The collider has two main sections	 the injector chain� which produces� stores�

and accelerates electrons and positrons to �
 GeV� and the main 
LEP� ring which ac�

celerates them to approximately �� GeV� thereby providing the centre�of�mass energy

of approximately �
 GeV needed for Z� production�

Figure ��� shows the injector chain and the LEP ring� Positrons are produced by

bombarding the converter target with �

 MeV electrons from a linac� The electrons

and positrons are then accelerated in another linac 
LIL� to �

 MeV� after which

they are collected in the Electron Positron Accumulator 
EPA�� They are subsequently

injected in bunches� or pulsed� into the Proton Synchrotron 
PS� where their energy

is increased to ��� GeV� and then are transferred to the Super Proton Synchrotron


SPS� where they are accelerated to �
 GeV� The �nal stage of the process occurs in

��
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the LEP ring� where they are accelerated to �� GeV�

The LEP collider is operated in eight bunch mode� in which the electron and

positron beams are injected into the LEP ring as eight equally spaced bunches� Prior

to ����� four bunch mode was used� Each bunch has approximately ���
�� particles

and completes a revolution in ���� �
�� seconds� The beams are made to collide in

four interaction areas� one of which houses the OPAL detector as mentioned in the

introduction� The positions of the other detectors� ALEPH�� L��� and DELPHI� are

shown on Figure ����

��� The OPAL Detector

The OPAL detector is a solenoidal magnetic spectrometer composed of three main

parts	 the central tracking system� the electromagnetic calorimeter� and the hadron

calorimeter and muon chambers ����� Figure ��� is a schematic diagram of OPAL�

The central tracking system and the electromagnetic calorimeter will be described in

some detail� whereas the hadron calorimeter and muon chambers were not pertinent

to this analysis and will be described brie�y�

OPAL is a cylindrical detector� co�axial to a beam pipe with radius ���� cm 
see

Figure ����� The coordinate system is de�ned such that the x�axis is horizontal� with

�x pointing toward the centre of LEP� the y�axis is vertical� and the �z�axis is in

the direction of motion of the electron beam� The origin of the coordinate system

is located at the interaction point in the centre of the detector� The polar angle �

is measured from the �z�axis� the azimuthal angle � is measured from the �x�axis

�
Apparatus for LEP Physics

�
LEP � experiment

�
Detector with Lepton Photon and Hadron Identi�cation
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Figure ���	 Schematic view of the injection scheme and the LEP ring� along with the
locations of the four experimental areas�
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Figure ���	 A cut away view of the OPAL detector showing its main components�
The electron beam runs along the �z axis and the �x axis points to the centre of
the LEP ring�
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about the z�axis� The barrel region is the central portion of the detector� covering

approximately j cos �j � 
���� and the endcap region extends from the barrel region

to j cos �j � 
���� The detectors in the endcap region were not used in this analysis

and will not be discussed� The detector description begins at the vacuum beam pipe

and proceeds radially outward�

����� The Central Tracking System

The central tracking system includes a Silicon Microvertex Detector� followed by a

pressure vessel holding the central vertex detector� jet chamber� and Z�chambers� The

pressure vessel is held at a pressure of four bars� and is surrounded by a solenoidal

magnet which provides a magnetic �eld of 
���� T� The function of the central track�

ing system is to provide information which makes it possible to reconstruct the tra�

jectories 
tracks� of charged particles traversing the detector and to determine their

momentum�

Silicon Microvertex Detector

The innermost detector is the Silicon Microvertex Detector 
SI�� which consists of two

barrels of double�sided Silicon Microstrip Detectors at radii of � and ��� cm ���� ����

The inner layer consists of �� �ladders� arranged azimuthally around the beam pipe�

and the outer layer consists of �� ladders� The ladders overlap to avoid gaps in the

� coverage� Each ladder consists of three silicon wafers daisy�chained together� Each

wafer is a pair of single�sided silicon detectors �� mm wide and �
 mm long glued

back�to�back� One side has readout strips running longitudinally 
in the z direction�

in order to measure the � position� while the other side has readout strips running

azimuthally in order to measure the z position�



CHAPTER �� THE OPAL EXPERIMENT ��

A charged particle entering the silicon detector causes a current to �ow� which is

measured by electronic equipment at the end of each ladder� SI has a track position

resolution of �
 �m in � and �� �m in z� and helps to pinpoint the location of the

primary vertex� the point at which the e�e� collision occurred�

Central Vertex Detector

The � m long Central Vertex Detector 
CV� is the �rst of the detectors within the

pressure vessel and extends from the inner wall of the pressure vessel 
at a radius

of ��� cm� to a radius of ���� cm� It consists of an inner axial region and an outer

stereo region� each divided into �� sectors in �� The sectors of the inner region each

contain a plane of �� sense wires strung parallel to the beam and ranging radially

outwards from �
�� to ���� cm� The stereo sectors lie between radii of ���� and ����

cm� each containing a plane of � sense wires each of which is inclined at an angle

of approximately �� relative to the z�direction� A charged particle moving through

the detector ionizes the gas� The resulting ions drift to the charged wires� a precise

measurement of the drift time to the axial wires allows the r � � position to be

calculated to within �
�m ����� The time di�erence of the signal�s arrival at opposite

ends of an axial wire provides an estimate of the z position which is used by the

OPAL track trigger and in pattern recognition� An accurate z measurement is found

by combining the information from the axial and the stereo sectors� which provides

a resolution of �

�m�

Jet Chamber

The Central Jet Chamber 
CJ� is a large volume cylindrical drift chamber � m long�

with an inner radius of �� cm and an outer radius of ��� cm� The chamber is divided

into �� identical sectors in �� Each sector contains a sense wire plane extending
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radially outwards with ��� anode wires strung parallel to the beam direction� and

two cathode planes which form the boundaries between adjacent sectors ����� The

ionization of the gas caused by the passage of a charged particle results in charges

being collected on the anode wires� The integrated charge collected is measured at

each end of the wire� the ratio of these two measurements for a given wire determines

the z position of the particle�s track� The r�� position is determined by the position

of the wire and the drift time to the wire� respectively� This provides a resolution of

��� �m in r � � and � cm in z �����

The chamber is in a known magnetic �eld and hence the track curvature can be

used to �nd the momentum of the particle� The resolution of momentum measure�

ments was found to be

�p
p�

� ���� �
��GeV �� 
����

where momentum p is in GeV�

A particle loses energy as it ionizes the gas� The rate of energy loss� dE
dx
� is a

function of particle type 
electrons� muons� pions� kaons� and protons� and is momen�

tum dependent� It is measured using the total charge collected on the anode wires�

The four bar pressure of the gas was chosen to optimize the dE
dx

measurement� Figure

��� shows the dependence of dE
dx

on momentum for the particle species listed above�

The points are measured values which can be seen to be in good agreement with the

theoretical expectation�

The Z�chambers

The last of the subdetectors within the pressure vessel� the Z�chambers 
CZ� provide

a precise measurement of the z position of particle tracks� They consist of �� drift

chambers� each � m long and divided in the z direction into eight cells� Each cell has
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six anode wires running in the � direction and placed at increasing radii� Measure�

ments of the drift time to the wire� and the wire position give a z measurement with

a resolution of �

 �m�

The Overall Tracking Resolution

The tracking system without SI provides a resolution of �� �m in the r � � plane

and � mm in the r � z plane ����� With SI� the resolution of the impact parameter

measurement is �� �m in the r� � plane� and resolution in the z direction is �
� �


�m�����

����� Solenoidal Magnet and Time of Flight Detector

Immediately outside the pressure vessel lies the magnet� which consists of a solenoidal

coil and an iron yoke� The coil provides a uniform magnetic �eld of 
���� T aligned

with the electron beam and the magnetic �ux is returned through the iron yoke�

The time�of��ight 
TOF� system forms a barrel around the outside of the solenoid�

consisting of ��
 scintillation counters each ����
 m long at a mean radius of ����
 m�

These are used to measure the time of �ight of a particle from the interaction region�

allowing for rejection of cosmic ray events� The barrel region of the TOF system 
TB�

is used in the OPAL trigger� a TOF signal within �
 ns of a known beam crossing

time is required for a good event�

����� The Electromagnetic Calorimeter

The lead glass Electromagnetic Calorimeter 
ECAL� measures the energies and posi�

tions of electrons� positrons and photons� A photon or electron is expected on average

to lose all of its energy in ECAL� while a pion will lose about one�third of its energy�
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Before entering the lead glass Electromagnetic Calorimeter� particles pass through

approximately two radiation lengths� of material� due mostly to the solenoidal coil

and the wall of the pressure vessel� Thus� most electromagnetic showers begin before

the lead glass itself� To compensate for this� presamplers are installed immediately

in front of the lead glass to measure the position and energy of these electromagnetic

showers� The presampler is able to improve the electromagnetic energy resolution

of a shower because the pulse height observed by the device is proportional to the

number of charged particles entering it�

The barrel region of the presampler 
PB� is at a radius of ����� m� and is made

up of �� wire chambers each having two layers of drift tubes containing wires that

run parallel to the beam direction� The chambers are independently read out by

cathode strips on both sides of each layer of tubes which are oriented at ��� to the

wire direction to provide both � and z positions �����

The barrel region of the lead glass Electromagnetic Calorimeter 
EB� consists of a

cylindrical array of lead glass blocks of length �� cm 
equal to ���� radiation lengths��

positioned at a radius of ����� m ����� The longitudinal axes of the blocks point

towards the interaction region� The area of the blocks transverse to the longitudinal

direction is �
 cm � �
 cm� Each lead glass block is backed by a light guide� and then

a phototube which detects the !Cerenkov radiation produced in the glass by relativistic

particles� The energy resolution of the lead glass calorimeter without any material in

front was found to be �E�E � 
�

��
�
��GeV
�

� �
p
E� where E is measured in GeV

����� However� the two radiation lengths of material in front of ECAL substantially

degrades the energy resolution�

�A radiation length is the distance in which an electron	s energy is reduced by a factor of e by

bremsstrahlung radiation as it passes through a material�
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����� The Hadron Calorimeter and Muon Chambers

Outside the electromagnetic calorimeter is the iron return yoke of the magnet� which

provides four or more interaction lengths� of absorber� This is used as part of the

Hadron Calorimeter 
HCAL�� The yoke is segmented into eight iron slabs� alternating

with nine layers of wire detector chambers� from radii ���� to ���� m� Because of the

��� interaction lengths of material before the hadron calorimeter� the energy of a

hadron will include a component in the ECAL as well as the HCAL� Essentially all

hadrons will be absorbed at this stage� leaving only muons to pass on to the muon

chambers �����

Outside the HCAL are ��
 large drift chambers arranged in four layers in the

barrel region� which make up the barrel region of the muon calorimeter 
MB�� Each

chamber is ��� m wide� and �
 mm deep� Muons are identi�ed by matching tracks in

the central tracking system with tracks in the muon chamber�

�An interaction length is the mean free path of a particle before undergoing a nuclear collision�
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Tau Selection

This chapter describes the data set and the simulated events used in this analysis�

and then describes the selection of e�e� � ���� events�

��� The Data Sets

Data taken during the ���� to ���� running periods of LEP are used in this analysis�

The trigger identi�es events of interest which are then recorded for further processing�

Most subdetectors and other associated trigger hardware must be in good running

order at the time of data�taking for the measurements to be used in the � selection

criteria� To this end� there are four status levels de�ned for each	 
 indicates that

the status is unknown� � indicates that the unit is o�� � indicates that the unit is

partially operating 
some subdetectors may have regions that no longer operate�� and

� means the subdetector or trigger is fully functioning� The minimum levels required

for each subdetector and trigger used in the � selection are shown in Table ���� If

no requirement was placed on a particular trigger� the trigger status is left blank�

The top line names the pertinent subdetector� the abbreviations are de�ned in the

previous chapter except for EE which is the endcap region of the electromagnetic

calorimeter� and HS which refers to hadron calorimeter strips�

��
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CV CJ TB PB EB EE HS MB
Detector Status � � � � � � � �
Trigger Status � � �

Table ���	 Detector and trigger status levels required in the � selection�

Monte Carlo simulations of e�e� � ���� events are used to determine e"cien�

cies and backgrounds� A total of ����


 Monte Carlo e�e� � ���� events were

generated using KORALZ� a Monte Carlo program which creates four�vector quanti�

ties ����� Once the four�vector momenta of the � �s have been generated� the TAUOLA

���� program is called to simulate the decay of the � �s using the � branching ratios�

Although the branching ratios used in the simulations were the world averages at the

time the Monte Carlo programs were created� in this work� the numbers of events are

weighted to re�ect the current world branching ratio averages wherever those averages

for the background channels have changed in the intervening years�

The four�vectors produced by KORALZ and TAUOLA are then processed by

the OPAL detector simulation program GOPAL ����� which uses the CERN library

package GEANT ��
� to simulate the detector�s response to the Monte Carlo particles�

After this stage of processing� the simulated detector responses are in exactly the same

format as the OPAL data collected from LEP� and the simulated events are henceforth

processed using the same reconstruction program 
ROPE� as the data�

A total of ���

�


 Monte Carlo e�e� � qq events are produced in a similar

manner using JETSET and HERWIG ���� ����

��� Selection of e�e� � Z
 � ���� Events

At LEP� the collisions between the electron and positron beams result in the pro�

duction of Z� particles� The Z� can decay to charged lepton pairs 
e�e�� �����
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������ neutrino pairs 
�e��e� ������ �� ��� �� or quark pairs 
q�q� which produce multi�

hadron events� The branching ratio for each of these modes of decay is about �
��

percent for the combined charged lepton channels� �
 percent for the combined neu�

trino channels� and ���� percent for the combined quark channels ���� To begin the

analysis� it is necessary to select the ���� events out of all the Z� decays�

The Z��s are produced at rest� so that the ���� are produced with equal and

opposite momenta� The mean lifetime of the � is ��
�
 � ��� fs ���� it travels an

average distance of �c�� � ���� mm before decaying� hence most � �s decay inside the

beam pipe� This results in a characteristic � signature of two back�to�back sets of

tracks 
produced by the charged decay products� in the central detectors� which are

matched with areas of activity in the electromagnetic calorimeter 
produced by either

charged or neutral decay particles�� Further� the decay particles are boosted because

the � is highly relativistic� producing a collimated conical stream of decay particles�

or jet� Figure ��� shows a typical ��prong � decay in OPAL�

The � selection criteria place speci�c constraints on the properties of the tracks

and the areas of ECAL activity 
called ECAL clusters�� These requirements ensure

that the tracks and clusters are not from cosmic rays or interactions of the beams

with atoms in the beam pipe� The requirements are shown in Table ����

The standard OPAL � pair selection criteria ���� are outlined in Tables ��� and

���� Each event is required to have two jets� each with at least one good charged

track� The following algorithm is used to de�ne a jet� The jet direction is initially set

to the direction of the highest energy good track or ECAL cluster� The next highest

energy good track or cluster within a cone of half�angle ��� is added to the �rst track�

and the jet direction is rede�ned by the vector sum� The second step is repeated until

there are no more tracks or clusters to add that fall within the cone�
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Figure ���	 A typical OPAL event� showing a � ��prong jet and a � ��prong jet� The
view is along the beam direction� showing the transverse plane� The concentric rings
correspond to the outer edges of the beam pipe� vertex chamber� jet chamber� electro�
magnetic calorimeter� and hadron calorimeter� The rectangles in the electromagnetic
calorimeter represent energy deposits with the rectangle height being proportional to
the amount of energy deposited�
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Requirement Variable de�nition
Good track Nhits

CJ � �
 Nhits
CJ 	 number of hits in the jet chamber�

de�nition PT � 
�� GeV PT 	 the momentum transverse to the
beam direction�

jd�j � � cm jd�j	 distance to the beam axis at the
point of closest approach�

jz�j � �� cm jz�j	 track displacement along the beam axis
from the interaction point�

Good Barrel Nblocks � � Nblocks	 number of ECAL blocks in cluster�
ECAL cluster Eclusters � 
�� GeV Eclusters	 total energy in cluster�

Table ���	 Good charged track and ECAL cluster de�nitions for the � pair selection�

The total measured energy in the event� which includes the scalar sum of the

momenta of the good tracks and the total energy of the good clusters� must be at

least � percent of the beam energy Ebeam� The average value of j cos �j for the two jets

must be less than 
���� restricting the locations of the measurements to the barrel

region of the detector�

The background from leptonic and multihadron events needs to be removed�

These events have the following properties	

� Bhabha events 
e�e� � e�e�� are characterised by back�to�back high energy

charged particles which deposit almost the entire centre�of�mass energy in the

ECAL� These are screened out by requiring � pair candidates to have either

#Eclusters � 
��ECM or #Eclusters � 
��#Etrack � ECM � #Eclusters is the total

energy deposited in the ECAL� and #Etrack is the total energy deposited in the

jet chamber�

� Di�muon events 
e�e� � ����� are characterised by back�to�back high energy

charged particles� which deposit very little energy in the ECAL� These events

are removed by matching activity in the muon chambers or hadronic calorime�
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ter with tracks in the jet chamber� and then requiring that the total energy

deposited in the jet chamber and the ECAL is less than 
��ECM �

� Multihadron events 
e�e� � qq� at the LEP energy are characterised by large

track and cluster multiplicities� The � pair selection removes these events by

requiring the number of good charged tracks in the event to be between two

and eight� and the number of good ECAL clusters to be less than or equal to

�
�

Another type of background to the � sample is two�photon events� e�e� �

e�e��X� where X � e�e�� ����� ����� or qq� The e� and e� are emitted at

angles close to the beam and are often undetected� while the X represents particles

that have relatively little energy� and large acolinearity�� These events are rejected

by requiring the acolinearity to be less than ��� � and the visible energy Evis to be

greater than 
�
� ECM � The visible energy is the maximum of either the jet energy

measured in the ECAL� or the jet energy measured in the jet chamber� Furthermore�

if Evis � 
��
ECM � then the event must have energy greater than ��
 GeV deposited

in either the jet chamber or the ECAL�

Additional criteria are also used to reject cosmic rays 
see Table ����� using jd�j
which is the minimum perpendicular distance between the reconstructed track and

the interaction point� jz�j which is the minimum distance in the z direction between

the reconstructed track and the interaction point� and TOF information�

After the � selection� there are ����� data events 
������ individual � jets�� The

non�� background in the sample is shown in Table ��� �����

�The acolinearity between two vectors is �
�� minus the angle between the vectors�
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Requirements Variable de�nition
Good event Njet � � Njet	 number of jets satisfying the

total energy requirement�

j cos �j � 
��� j cos �j	 average value of j cos �j for
the two jets�

Ejet � 
�
�Ebeam Ejet	 total track and
cluster energy in jet�
Ebeam	 the energy of the LEP beam�

e�e� � e�e� #Eclusters � 
��ECM or Eclusters and Etrack	 energy of ECAL
rejection #Eclusters � 
��#Etrack � ECM clusters and charged tracks in event�

e�e� � ����
P

jets
Eclusters � Etrack� � 
��ECM if both jets originate from ��s�
rejection

Jets originating from ��s satisfy at least one of the following	
NMB

layers � � NMB
layers	 number of layers in MB

with signals associated to the jet�

Echarged
clusters � � GeV Echarged

clusters 	 energy of cluster associated
to the charged track�

NHCAL
layers � � NHCAL

layers 	 number of HCAL layers
with signals associated to the track�

NHCAL
outer � layers � � NHCAL

outer � layers	 number of layers hit in
the outer HCAL�

NHCAL
hits�layer � ��
 NHCAL

hits�layer	 average number of hits

per layer for the whole jet�
e�e� � qq � � Ntracks � � Ntracks	 number of good tracks in

the event�
rejection Nclusters � �
 Nclusters	 the number of good clusters

in the � pair event�

Table ���	 The � selection list of criteria�
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Requirements Variable de�nition
Two�photon �acol � ��� �acol	 the supplement of the angle
rejection between the two jets

and in the � pair event�
Evis � 
�
�ECM Evis	

P
jet Max 
EECAL� ECJ��

and at least one of the following �	
Evis 
 
��
ECM

or
EECAL 
 ��
 GeV EECAL	 total energy deposited in

or ECAL clusters�
ECJ 
 ��
 GeV ECJ	 total energy deposited in CJ�
jd�jmin � 
�� cm jd�jmin	 minimum jd�j of all tracks�

Cosmic ray jz�jmin � �
�
 cm jz�jmin	 minimum jz�j of all tracks�
rejection jz�javerage � �
�
 cm jz�javerage	 average jz�j of all tracks�

jtmeas � texpj � �
 ns jtmeas � texpj	
for at least one TOF counter� measured � expected TOF�

jti � tjj � �
 ns jti � tjj	 TOF di�erence for �
for some TOF counters i and opposite counters�

j with j�i � �jj � �����

Table ���	 The � selection list of criteria 
continued��

Background Contamination 
$�
e�e� � qq 
���� 
�
�
e�e� � ���� 
���� 
�
�
e�e� � e�e� 
���� 
�
�
e�e� � 
e�e��e�e� 
�
�� 
�
�
e�e� � 
e�e������ 
�
�� 
�
�

Total ��
�� 
��


Table ���	 Non�� background in the ���� sample�
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Selection of �� �� �h��h��� ������
Jets

This chapter describes the selection of �� �� �h��h�
� 
����� 
��prong� events�

which is applied to the e�e� � ���� sample described in Chapter ��

The �rst requirement is that one of the jets in the event has �ve good charged

tracks� and that the sum of the charges conserves the � charge� There are ���� jets

in the data sample that meet this requirement� The Monte Carlo simulation predicts

that approximately �
 percent of the ��prong decays pass these requirements� In the

other �
 percent of the ��prong jets� two tracks may fail to be resolved resulting in

a ��prong jet having four tracks� In addition� the conversion of a photon to an e�e�

pair or the interaction of one of the hadrons can add tracks to the jet�

The Monte Carlo simulation predicts that about �� percent of the ��track sample

is background� One of the dominant backgrounds is from the �� � h�h�h�����

decay� which has a branching ratio of 
�
��� The �� can either decay to two photons�

or to a photon and an e�e� pair� with branching ratios of 
���� and 
�
��� respectively�

In the �rst case� there is about a � percent probability that one of the photons will

convert to an e�e� pair in the material of the detector� causing this jet to end up in

��
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the ��track sample� In the second case� the jet goes directly into the ��track sample�

The other dominant background is from e�e� � qq events which were not rejected

by the � pair selection�

The ��prong selection criteria used to reject these and other types of background

events are outlined in Table ���� First� we identify and reject jets which include photon

conversions� Next� we reject jets in which there is a secondary vertex� i�e� where a pair

of tracks appears to originate from a position away from the e�e� or primary vertex�

Finally� a set of requirements is applied in order to remove the residual background�

Criterion Description

Select ��track jets


� Ntracks � � 

P
q � ���

Select �� �� �h��h�
� ������ jets


� Photon conversion rejection

� Rejection based on secondary vertices

� Electron rejection using dE
dx

� Mjet � ��� GeV

� NECAL
clusters � �

� E
P
� 
��

Table ���	 Inclusive ��Prong Selection Criteria

��� Photon conversion rejection

Most of the �� � h�h�h����� decays can be rejected by identifying jets that have

photon conversions� An OPAL photon conversion �nder was used to calculate the

probability that a given pair of tracks in the jet belongs to an e�e� pair created by
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a photon conversion�����

The algorithm determines this probability by relying on measurements of the

following input quantities	

� the distance between the two tracks at their point of tangency�

� the radius of the �rst measured hit 
in the tracking chambers� of both tracks�

and the radius of their common vertex�

� the reconstructed invariant mass of the pair assuming that the two tracks are

electron tracks�

� the impact parameter of the reconstructed photon with respect to the primary

vertex of the event�

� the momentum of both tracks times the sign of their charge�

� the output from an electron identi�cation algorithm�

Each track in the jet is paired with every other track� and the probability that

the pair results from a photon conversion is determined� If any pair of tracks has a

photon conversion probability greater than 
���� then the jet is rejected� Figure ���
a�

shows the probability for the pair with the highest photon conversion probability in

the jet� Events in the �nal bin of Figure ���
a� are rejected by this criterion�

Jets which are identi�ed as having photon conversions have a corresponding sec�

ondary vertex� In Figure ���
b�� the radial distance to the conversion vertex is plotted�

The peak at ��� cm corresponds to the inner wall of the pressure vessel� and the peak

at ���� cm corresponds to the boundary between the vertex chamber and the jet

chamber�
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A total of ��

 jets out of the ���� jets in the �ve�track sample are found to

contain a photon conversion� After rejecting these jets� the residual sample of ���

jets has a fractional background of 
��� according to the Monte Carlo simulation�

��� Rejection of background decays using a vertex

�nder

All of the tracks in a ��prong � decay nominally originate at the primary vertex�

If a pair of tracks originates from a position other than the primary vertex 
i�e� a

secondary vertex�� then the jet is assumed to be background and is rejected from the

sample� For example� ��prong � decays involving a K�
s which subsequently decays

to a ���� pair would be rejected by this requirement� In addition� a hadron in a

jet may interact with nuclear material in the detector and the particles subsequently

produced would appear to come from a secondary vertex�

In criterion three� we use an OPAL vertex �nding subroutine ���� to identify pairs

of tracks originating from a position other than the primary vertex� The subroutine

tags pairs of oppositely�charged tracks which appear to merge or to cross� and iden�

ti�es the position of the corresponding vertex� If any of the �ve good tracks in the

jet point only to one or more secondary vertices� and not to the primary vertex� then

the jet is rejected� Figure ��� shows the radial distance from the primary vertex to

the secondary vertex for the jets that are rejected by this criterion� All of the other

selection criteria in Table ��� have been applied� The peak corresponds to the position

of the inner wall of the pressure vessel� where particles interact with nuclear material

in the detector�
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Figure ���	 
a� The probability for the pair with the highest photon conversion proba�
bility� for jets in the �ve track sample� 
b� The radial distance of the photon conversion
vertex is plotted for jets with an identi�ed photon conversion� The points are data�
the clear histogram is Monte Carlo ��prong signal prediction� the hatched histogram
is Monte Carlo � background prediction� and the doubly hatched histogram is Monte
Carlo qq prediction�
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Figure ���	 The radial distance to the secondary vertices is plotted� for jets with an
identi�ed secondary vertex� All of the other criteria in Table ��� have been applied�
The points are data� the unshaded histogram is Monte Carlo ��prong signal predic�
tion� the hatched histogram is Monte Carlo � background prediction� and the doubly
hatched histogram is Monte Carlo q�q prediction�
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��� Electron rejection using dE�dx

A fraction of the residual background includes photon conversions that were not

identi�ed by the algorithm described in Section ���� In criterion four� the lowest mo�

mentum track is considered to be an electron track if it satis�es 
Nhits
dE�dx � �
 and p �

� GeV and dE
dx
� � keV�cm��

The ability to discriminate between various types of particles using dE�dx is

best at low momenta� and so the lowest momentum good track in the jet is used 
see

Figure ����� A reliable dE
dx

measurement requires that at least �
 of the ��� wires

have good individual measurements or hits� ie	 Nhits
dE�dx � �
� Figure ��� shows the

dE
dx

of the the lowest momentum track in each jet� where the track has Nhits
dE�dx � �


and p � � GeV�

��� Other background rejection criteria

Three additional criteria are applied to further reduce the background in the sample�

The mass of the jet is reconstructed using the measured momenta of the �ve charged

particles in the jet chamber� assuming that they are pions� For � jets� the jet mass

should be less than the mass of the � 
��� GeV�� In criterion four� the jet mass is

required to be less than ��� GeV� This helps to remove �� or ��prong jets which are

accompanied by at least one ��� as well as background from other � decays and from

qq events� Figure ��� shows the reconstructed jet mass for jets which satisfy all of the

other criteria in Table ����

In criterion six� the number of clusters in the electromagnetic calorimeter is re�

stricted to be fewer than or equal to eight� This reduces the background caused by

qq events which typically have more clusters 
see Figure �����
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Figure ���	 dE
dx

of the lowest momentum track� where the track has p � � GeV and
Nhits
dE�dx � �
 for jets which have passed all of the other criteria in Table ���� The

points are data� the unshaded histogram is Monte Carlo ��prong signal prediction� the
hatched histogram is Monte Carlo � background prediction� and the doubly hatched
histogram is Monte Carlo q�q prediction� The arrow indicates jets which are rejected
by the dE

dx
requirement�
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Figure ���	 The invariant mass of jets which satisfy all of the other criteria in Table
���� The points are data� the unshaded histogram is Monte Carlo ��prong signal
prediction� the hatched histogram is Monte Carlo � background prediction� and the
doubly hatched histogram is Monte Carlo q�q prediction� The arrow indicates jets
which are rejected by the mass requirement�
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Figure ���	 The number of ECAL clusters for jets which have passed all of the other
criteria in Table ���� The points are data� the unshaded histogram is Monte Carlo
��prong signal prediction� the hatched histogram is Monte Carlo � background pre�
diction� and the doubly hatched histogram is Monte Carlo q�q prediction� The arrow
indicates the jets which are rejected by the requirement on the number of clusters�
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Decay Channel fbkgd


������ 
��
�

���� 
�
��
Other � decays 
�
�

q�q 
�
��

Total 
����

Table ���	 Fractional Background in the ��prong Sample

A pion loses about �
 percent of its energy in the electromagnetic calorimeter�

Thus� for jets containing only pions� one expects the following	

E

P
	X

jet

Ecluster�
X
jet

j�pij 
 
��� 
����

where
P

jetEcluster is the energy measured in the electromagnetic calorimeter from

clusters which have a corresponding track in the jet chamber� and
P

jet j�pij is the total
scalar momentum measured for the �ve charged particles� Jets containing photons or

electrons� which deposit all of their energy in the electromagnetic calorimeter� have a

higher E
P
than jets which contain only charged pions� By requiring E

P
� 
��� criterion

seven screens out jets which contain extra photons� thus reducing the background due

to � decays in which a photon has converted 
see Figure �����

��� Results of the �� �� �h��h��� ��
���
Selection

The selection yields a sample of ��� ��prong candidates� with an e"ciency of 
���

and a fractional background of 
��� as estimated by the Monte Carlo simulation� The

main types of background are presented in Table ���� The error on the background

will be discussed in Chapter ��
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Figure ���	 E
P

for jets which have met all of the other criteria in Table ���� The
points are data� the unshaded histogram is Monte Carlo ��prong signal prediction� the
hatched histogram is Monte Carlo � background prediction� and the doubly hatched
histogram is Monte Carlo q�q prediction� The arrow indicates jets which are rejected
by the E

P
requirement�
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The ��Prong Branching Ratio

The ��prong branching ratio� B
�� �� �h��h�
� 
����� �� is de�ned to be the

number of � particles� N�p� which decay via the �� �� �h��h�
� 
����� decay

mode� divided by the total number of � particles� N� � and can be written

B �
N�p

N�
� 
����

The ���� sample includes a small fraction of background� Therefore� the true number

of � �s in the sample� N� � is

N� � Nobs
� 
�� fnon�� � 
����

where Nobs
� is the number of � candidates� and fnon�� is the fractional background in

the � sample�

The ��prong selection process removes some �� �� �h��h�
� 
����� jets� and

also allows some background jets into the sample� Thus� the true number of signal

jets� N�p� is

N�p �
Nobs

�p

��p

�� fbkgd� 
����

where

� Nobs
�p is the number of observed �� �� �h��h�
� 
����� candidates passing

the selection�

��
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� ��p is the e"ciency for selecting the �� �� �h��h�
� 
����� candidates�

� fbkgd is the fractional background in the sample�

The e"ciency and background are determined by the Monte Carlo simulations�

The � pair selection does not select all modes of � decay equally well� and therefore

introduces a bias into the measured value of B
�� �� �h��h�
� 
����� �� The bias

factor� Fbias� is determined using the Monte Carlo simulation� and is de�ned as the

ratio

Fbias �
B
�� �� �h��h�
� 
����� �

before

B
�� �� �h��h�
� 
����� �after

where before and after refer to the � selection process�

The branching ratio is determined by combining Equations ���� ���� ���� and

including the � pair selection bias to give	

B �
Nobs

�p 
�� fbkgd�

Nobs
� 
�� fnon�� �

�

��p

�

Fbias
� 
����

The background� fbkgd� can be determined directly from the Monte Carlo simu�

lations� in which case

fbkgd �

Pnbg
i
�N

mc
i �Nmc

q

Nmc
�p �

Pnbg
i
�N

mc
i �Nmc

q


����

where

� nbg is the number of background decay channels used in the Monte Carlo sim�

ulation�

� Nmc
i is the number of Monte Carlo candidates for the ith background decay

channel passing the selection�

� Nmc
q is the number of Monte Carlo q�q candidates passing the selection�
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� Nmc
�p is the number of Monte Carlo �� �� �h��h�
� 
����� candidates passing

the selection�

Alternatively� the background can be written as

fbkgd �

Pnbg
i
� �iBi �

Nmc
q

Nmc
�

��pB �
Pnbg

i
� �iBi �
Nmc
q

Nmc
�


����

which can be derived using the following de�nitions	

� �i 	 Nmc
i

N init�mc
i

is the e"ciency for decays of the ith type passing the selection�

where N init�mc
i is the 
initial� number of decays of the ith type�

� Nmc
� is the number of � particles in the Monte Carlo sample after the � selection�

� Bi 	 N init�mc
i

Nmc
�

is the branching ratio of the ith background decay channel�

Each of the branching ratios in Equation ��� must be modi�ed by the � selection

bias factor for that mode of decay� however� for all but the ��prong branching ratio�

the bias factor is very close to unity and can be neglected� The expression for the

background then becomes

fbkgd �

Pnbg
i
� �iBi �

Nmc
q

Nmc
�

��pBFbias �
Pnbg

i
� �iBi �
Nmc
q

Nmc
�

� 
����

Using Equation ��� to replace fbkgd in Equation ���� one �nds that B appears on

both sides of the equation� Solving for B yields

B �
K �Pnbg

i
� �iBi � Nmc
q

Nmc
�

��pFbias

����

where

K 	 Nobs
�p

Nobs
� 
�� fnon���

and other parameters are as de�ned above�
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	�� Results

The � ��prong branching ratio� B
�� �� �h��h�
� 
����� �� is determined using

Equation ��� with the parameters listed in Table ���� and is found to be

B
�� �� �h��h�
� 
����� � � 
����� 
���� 
�
��� �
��

where the �rst error is statistical and the second is systematic�

Parameter Value

Nobs
�p ���

Nobs
� ������

fnon�� 
�
�
� 
�

�
Fbias 
���� 
�
�
��p 
����� 
�
��

B 
����� 
���� 
�
��� �
��

Table ���	 Branching Ratio Parameters for B
�� �� �h��h�
� 
����� �

The statistical error includes components based on the total number of data

events� the predicted number ���� background events� and the predicted number of

q�q events�

The systematic uncertainty 
see Table ���� includes the uncertainty in the qq

background� and the error in the ��prong e"ciency due to the limited size of the

Monte Carlo sample� It also includes the uncertainty in the � background channels�

the error in the branching ratios of the background modes of � decay� and the errors

in fnon�� and Fbias�

The uncertainty in the qq and � backgrounds was investigated using a sample

of four�track jets� The composition of this sample 
��prong � decays with a photon

conversion� and qq events� is very similar to the background found in the �ve�track

sample� In Figure ���
a�� the mass of the jets in this sample are plotted� The jets
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Variable Error 
��
���
qq background 
�
��
E"ciency 
�
��
���� background 
�
��
Bias factor 
�
��
non�� background 
�

�
Total 
�
��

Table ���	 Systematic Uncertainties

were required to satisfy the photon conversion� secondary vertices� number of ECAL

clusters� and E�P requirements 
numbers �� �� �� and �� in Table ���� The mass

distributions for the � and qq jets are di�erent� As a result� the modelling of the

background can be checked by simultaneously �tting the normalization of the � and

qq distributions to the data shown in Figure ���
a�� The results of the �t are found

to be ��
� � 
��� for the � distribution� and 
��� � 
��� for the qq distribution�

and are shown in Figure ���
b�� Although the normalization factor obtained for

the qq background is signi�cantly less than unity� it has been noted in other OPAL

analyses ���� that the qq Monte Carlo simulation gives more low multiplicity events

than observed in the data� The errors from the �t are included in the systematic

uncertainties of the � and qq backgrounds 
see Table �����

As a further cross�check� the criteria applied to the variables in the ��prong

selection were varied� The resulting variations in the branching ratio were found to

be consistent with the quoted uncertainty� and are presented in Table ����
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Figure ���	 
a� The unscaled four�track sample� with criteria �� �� ��and � from Table
��� applied� 
b� The scaled four�track sample� with the same criteria applied as in 
a��
The points are data� the clear histogram is Monte Carlo ��prong signal prediction� the
hatched histogram is Monte Carlo � background prediction� and the doubly hatched
histogram is Monte Carlo qq prediction�
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Variable Range of cut Range of branching ratio 
��
���
Mjet ��� � ��� GeV ���� � ����
E�P 
�� � 
�� ���� � ����
NECAL
clusters � � � ���� � ����

dE�dx ��� � ��� keV�cm ����

Table ���	 Results of Variation of Criteria
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Conclusions

The branching ratio of the �� �� �h��h�
� 
����� decay has been measured using

OPAL data from ���� through ����� and is found to be

B
�� �� �h��h�
� 
����� � � 
����� 
���� 
�
��� �
���

where the �rst error is statistical and the second is systematic� Figure ��� shows how

this value compares with previous measurements from other experiments� as given

in the Particle Data Book ���� The solid band is the Particle Data Group �t of the

measurements from the various experiments� The ALEPH result shown on the �gure

was obtained by adding the branching ratios for the two exclusive modes of decay�

� � �h��h��� � and � � �h��h����� � and adding the errors in quadrature �����

The branching ratio measured in this work is consistent with previous measurements�

although it is signi�cantly lower than the previous OPAL measurement which was

based on ���� and ���� data �����

The results from this work have been used as the basis for an OPAL publication

����� in which measurements of the branching ratios for the two exclusive � ��prong

modes of decay are presented� as well as the branching ratio for the inclusive mode

measured here� In addition� an upper limit on the � neutrino mass has been measured

��
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This work
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Figure ���	 Measurements of B
�� �� �h��h�
� 
����� � are plotted with uncer�
tainties� The solid band is the Particle Data Group �t to the data�
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to be less than ���� MeV using OPAL data from ���
 to ����� and a ��prong sample

produced by a selection not unlike the one presented here ����
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