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Abstract

Precise studies of the decays of the tau (77) lepton have been made possible by the
availability of large. low-background tau samples. such as those produced in e”e”
collisions at the Z° resonance at LEP. This thesis describes a study of tau decay
modes containing charged kaouns. using data collected by the OPAL experiment
at LEP. A charged kaon (K7) is a meson composed of a bound state of a strange
quark and an up anti-quark. and has a mass of 0.492 Ge\'/¢2. Another example of
a meson is the charged pion (77) . which is composed of a down quark and an up
anti-quark. and has a mass of 0.139 Ge\'/¢2. Charged pions are often produced in
tau decays. but decays including charged kaons only oceur approximately 3% of
the time. One way to experimentally distinguish between the predominant charged
pions and the kaons in tau decays is to determine the energyv lost by the particle as
it traverses a gas and ionises molecules in that gas: the energy lost in this process
is a function of the particle mass.

The OPAL detector provides precise measurements of the ionisation energy
loss of charged particles. and it is primarily this capabilitv that is exploired in
this work to study these tau final states and obtain precise measurements of their

branching ratios.
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Chapter 1
Introduction

This thesis describes a study of the decavs of the tau lepton with one or three
charged mesons in the final state. where at least one of the mesons contains a
strange quark. This study is based on data collected by the OPAL detector at the
LEP e~¢~ colliding beam accelerator at CERN. which produced large numbers
of 7777 pairs at the ZY resonance. This large. low-background sample of rau
data. combined with the excellent charged particle identification capabilities of
the OPAL detector. enabled this study to extract precise branching ratios for the
tau lepton to these final states. and allowed one of the more comprehensive studies
of the properties of the three charged meson (‘three-prong’) final states to-date.

Chapters 1 and 2 of this thesis provide the background material necessary for
the discussion of this analysis. They include an overview of the Standard Model.
followed by a description of the properties of the tau lepton. and a summary of
previous measurements related to the work presented here. Chapter 3 describes the
LEP collider and the OPAL detector. with special emphasis on those portions of
the detector most critical to charged particle identification. Chapter 4 details the
parameterisation of the ionisation energy loss in the OPAL detector. the quantity
that is used in this analysis to distinguish between the various types of charged
particles produced in tau decays.

Chapter 3 describes the data sets used in this analysis. while Chapter 6 details



the Monte Carlo simulation of the decayvs of interest to this studv. Chapters 7 and
8 outline the methods used to determine the branching ratios of the tau lepton
to these final states. and Chapter 9 describes the study of the resonant properties
of the three-prong final states. Chapter 10 summarises the results of the analyvses
and compares them to the current world average results. and also to theoretical

predictions.

1.1 The Standard Model

Until the earlv 1930's. physicists viewed all matter as consisting of onlv three
‘fundamental’ particles: the electron. the proton. and the neutron. At that time.
quantum theory accounted well for the structure of the atom and for the radioac-
tive alpha decay of nuclei. The neutrino had vet to be observed. but had heen
incorporated by Fermi into a successful theory of neutron beta decay.

Less than two decades later. however. the discovery of three new particles (the
muon. pion. and positron) in cosmic ray and nuclear reactor experiments changed
forever this simplified view of elementary particles and their interactions. Since
this epiphany. many more particles (fundamental and otherwise) have been discov-
ered. and classification schemes based upon common properties of these particles
have been used to arrange them into groups. For instance. one can classify fun-
damental particles according to their spin: it has been found that all fundamental
constituent particles of matter are fermions with spin 1/2. while those that mediate
the interactions between them are bosons with spin 1.

There are four known forces through which particles can interact: the strong
force. the electromagnetic force. the weak force. and gravity. The Standard Model
describes how the fundamental fermions interact via the first three of these four
forces (no satisfactory quantum theory vet exists for gravity, and. in addition. the
force of gravity is so weak that it is irrelevant for high energy physics processes).

All known fundamental fermions are listed in Table 1.1 and are classified in the



Standard Model model by considering the forces experienced by them: the leptons

interact via the electromagnetic (EM) and weak forces only. whereas the quarks

can experience the strong, electromagnetic, and weak interactions. The neutral

Z% and the charged W= bosons mediate the weak force, while the photon and the

gluon mediate the electromagnetic and strong forces. respectively.

The leptons and quarks are both grouped into three “families™

(

e

|

)
;)

()
()

(L.1)

where. in general. each family is heavier than the former. but all otherwise share

similar properties. The number of such families is not predicted by the Standard

Model. but experimental evidence indicates that there are only these three.

LEPTONS

QUARKS

i interactions

natie svmbol | charge nass |
(€] NMeV/el |
electron e -1 0.511 EM. weak !
muon u -1 106 | EM. weak :
tau T -1 1777 EM. weak |
electron neutrino Ve 0 <153 % 107® weak
muon neutrino Vy 0 <0.17 weak
tau neutrino vy 0 <18 weak
up u +2/3 ~3 strong. EM. weak
down d -1/3 ~ 10 strong. EM. weak
strange s -1/3 ~ 100 strong. EM. weak
charm c +2/3 ~ 1200 strong. EM. weak
bottom b -1/3 ~ 4300 strong. EM. weak
top t +2/3 | 173.8 £ 5.2 Ge\'/c? | strong. EN. weak

Table 1.1: The known leptons and quarks. The corresponding anti-particles have
opposite charges but equal masses. Masses are taken from {1].



Particle interactions in the Standard Model are governed by various conser-
vation laws. For instance. in this model each lepton is assigned a lepton number
+1, with anti-leptons having lepton number —1. It is found that lepton number is
always conserved in all interactions. Similarly. all quarks in the Standard Model
are assigned a ‘barvon’ number of 1/3 (—1/3 for anti-quarks). and it is found
that the total barvon number is also conserved in all interactions. Additional
global conservation laws in particle interactions include conservation of charge.
energy. momentum. and angular momentum. Other conservation laws specific to
the strong. electromagnetic. and weak interactions will be discussed in the follow-
ing sections. In general. any conceivable particle interaction can occur. unless it 1s
expressly forbidden by some conservation law.

The calculational framework of the Standard Model of particle interactions
is built around a quantized. relativistically invariant theory known as quantum
field theorv. In this scheme. -fields’ are mathematical objects used to describe
particles and their interactions. Calculations of particle interaction observables
cannot generally be performed exactly in field theories. and thus perturbative
expressions are usually used to vield approximate estimates instead. Although the
mathematical expressions for the terms in the resulting perturbation series can
be rather complicated. their structure is such that thev can be represented by
graphs. which are referred to as Feynman diagrams. These diagrams can be useful
in visualizing the particle interactions. but further. thev are a calculational aid to
writing down the terms in the perturbative expansion. as each element of every
graph has an associated well-defined term in the mathematical expression of the
perturbation series.

Figure 1.1 shows examples of Fevnman diagrams used in the calculation of
the interaction probability in electron/muon elastic scattering. an electromagnetic
process. Figure 1.1(a) represents the lowest order or ‘tree-level’ diagram. and
Figure 1.1(b) displayvs the second order diagrams for this process. The terms in

the perturbation series for the interaction probability calculation corresponding to



the diagrams in Figure 1.1(b) only vield a correction to the tree-level calculation
of order 10% or less. Higher order terms contribute even less.

Many symmetries are observable in the interactions of fundamental particles
and the mathematical formalism that describes such symmetries is known as group
theory. Collections of particle fields that vield the same predictions for observables
when input to the interaction Lagrangian are classified into groups under this
formalism. and transformations that map (or ‘rotate’) one field in a group into
another field belonging to the same group are known as gauge transformations. If
the gauge transformations for a particular group of fields can be represented as
hermitian N x N matrices. the group is known as a unitarity group of degree N. or
U(N). If. in addition. the matrices are traceless. the group is known as a special
unitarity group. or SU(N).

The following sections describe the strong. electromagnetic. and weak quantum
field theories and the svmmetries inherent in each. These three theories. taken

together. form the Standard Model.

1.2 Quantum Chromodynamics

The theorv of quark and gluon interactions via the strong force is known as quan-
tum chromodynamics. or QCD. In this scheme. every quark has an associated
‘colour” charge. which can either be red. green. or blue. The colours are nomen-
clature only, and bear no relation to the real colours of evervday life. Since the
definition of which colour is which is arbitrary. the observable physical properties
of the strong interaction must be invariant under ‘rotations’ in colour space. which
corresponds to invariance under SU(3) gauge transformations. In addition to this.
the properties of this interaction are also invariant under parity transformations
(that is tosay. T — —IF and t — t) and charge conjugation (particle—anti-particle).

The mediators of the force between coloured particles are massless vector

bosons called gluons. The gluons also carry colour charge. and thus can self-
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Figure 1.1: (a) shows the first-order (‘tree-level’) diagram used in the calculation
of the elastic electron/muon scattering probability via the exchange of a photon.
indicated by the dashed line. (b) shows the second-order diagrams. The ff loop
in the bottom diagram in (b) represents the creation and annihilation of a virtual
charged fermion pair. The terms in the perturbation series for the calculation
corresponding to the diagrams in (b) only vield a correction to the tree-level cal-
culation of order 10% or less. The time axis in all diagrams points to the right.



interact. A direct result of this is the phenomenon known as asvmptotic freedom
of quarks: as quarks move apart. the strength of the quark/gluon coupling in-
creases. and further separation will cause a quark-antiquark pair to be produced.
The result is that quarks are only observed in nature in colourless bound states with
other quarks and anti-quarks. called hadrons. Hadrons consisting of a quark/anti-
quark pair or three quarks are called mesons and baryvons. respectively. \More
complicated combinations of quarks and gluons may possibly form bound states.
but such objects have vet to be positively identified.

Like any quantum-mechanical bound system. combinations of quarks forming
hadrons will have discrete energy spectra corresponding to the different modes of
quark excitations. rotations. vibrations. ete. These discrete states correspond to
the observable hadron states. In the case of a quark and an anti-quark forming a
meson. the total spin .J of the meson is obtained from the vector sum of the total
intrinsic spin S of the quarks and their relative orbital angular momentum L.
Different meson states can thus be classified using spectroscopic notation. *7'L .
The 1S, L = 0 ground state mesons composed of the light 1 and d quarks are the
charged and neutral pions. 7= and 7%, Ground state mesous containing a strange
quark are nearly four times heavier than the pions. and are called the charged and
neutral kaons. K=. K. and K.

Occasionally. the term "SU(3) flavour symmetry’ is used when discussing
hadrons composed of u. d. and/or s quarks (such as pions and kaons). This phrase
refers to the exact symmetry which would be observed in such hadron states if the
u. d. and s quarks all had exactly the same mass. This is not actually true. and
thus SU(3) flavour svmmetry is only approximate. but is nevertheless sometimes
useful when deriving theoretical predictions for various observables of these states.
It is completely unrelated to QCD colour SU(3). which is an exact symmetry of

fundamental origin.



1.3 Quantum Electrodynamics

Quantum electrodvnamics (QED) is a field theory with underlving U(l) gauge
svmmetry. and is perhaps the most familiar of all field theories. as it describes
the interaction of charged particles with photons. Like the strong interaction. the
electromagnetic interaction is invariant under parity transformations and charge
conjugation. Unlike the strong interaction. however. the photon does not carry
electric charge. and therefore does not self-interact. As a direct result. the electro-

magnetic coupling strength decreases as two charges are pulled apart.

1.4 Weak Interactions

The weak interaction is classified into the charged weak interaction. mediated by
the W= gauge bosons. and the neutral weak interaction. mediated by the Z% gauge
hosor.

It was found in earlty nucleon .J-decay experiments that the W~ boson prefer-
entiallv couples to leptons and quarks which have their spins. &. opposed to their
momentum vectors. 5. Such leptons and quarks are referred to as “left-handed”.!
This chiral nature of the charged weak interaction implies that it is not invariant
under parity transformations. because such transformations do not change the spin
of a particle. but do change the momentum (and thus a left-handed particle be-
comes a right-handed particle). For similar reasons. the charged weak interaction
is also not invariant under charge conjugation. However. to a good approximation.
the interaction is invariant under a combination of both charge conjugation and
parity (CP) transformations.

In analogy to the colour charge of the strong interaction. and the electric
charge of the electromagnetic interaction. the weak interaction conserves weak

hyvpercharge. Tgf . The left-handed leptons and quarks are therefore classified as

'The 11" also preferentially couples to right-handed anti-leptons and right-handed anti-quarks.



follows:

e T} T
Ve L Y/, vr /
(1.2)
u c t
dl ",I bl
L ; L L

where the upper and lower members of each doublet have I{ = +1/2 and
T;{ = —1/2. respectivelv.? The d-tyvpe quarks listed in Equation 1.2 are related
to the quark states that participate in the strong interaction by a unirary trans-

formation. parameterised by the Cabhibbo-Kobavashi-Maskawa (CKM) matrix:

d, | -ud | .u.s‘ { .ub d
S = Ve Voo Vi 5
v Ve Vi Ve h

For only two generations of quarks. the corresponding 2 x 2 matrix could be spec-
ified in terms of a single parameter. the Cabibbo mixing angle. ... while for three
generations, the full CKM matrix can be specified in terms of four parameters
(three mixing angles and a single complex phase).

The definition of which charge is which in each left-handed weak doublet is
arbitrary. thus the observable physical properties of the weak interaction must
be invariant under ‘rotations’ in weak hypercharge space. which corresponds to
invariance under SU(2) gauge transformations.

There are three gauge bosons which must be introduced to achieve invariance
of the weak interaction Lagrangian under SU(2) rotations. In the simplest form
of this theory. these gauge bosons must be massless to ensure that calculations of

phyvsical observables predicted by the theory remain finite. However. experimental

2The right-handed quarks and leptons are contained in singlets with Taf =0.



10

evidence indicates that the W= and Z° gauge bosons are some of the most massive
particles vet discovered.

An additional curiosity of the first attempts at deriving a model of weak in-
teractions was that the Z° gauge boson was hypothesized to couple to particles
with either electric charge or non-zero weak hypercharge. This dual electromag-
netic/weak nature of the Z° couplings suggested that perhaps electromagnetism
and the weak interaction are aspects of a unified ‘electroweak’ theory. in a manner
somewhat similar to the unified nature of the electric and magnetic interactions.

The formulation of a unified theory of the weak and electromagnetic interac-
tions in the 1960's by Glashow. Weinberg. and Salam (2] addressed the latter of
these issues. Again. in its simplest form. this theory still required that the gauge
bosons be massless. However. Higgs showed how the addition of a complex scalar
doublet of fields (and thus four additional degrees of freedom) to the electroweak
interaction Lagrangian could solve this problem {35! [6]: it was shown that the gauge
bosons would couple to this scalar doublet in a way which produced the required
effective mass terms in the Lagrangian for the W= and Z% bosons (using three of the
four extra degrees of freedom). while leaving the photon massless. In addition. the
leptons and quarks would also couple to the added scalar doublet with a strength
proportional to the fermion mass. and in a way which would produce mass terms
in the interaction Lagrangian for the fermions. The values of the fermion masses.
however. are not predicted by electroweak theory. and can only be determined by
experiment. In the most basic form of electroweak theory. the W=, Z%, and photon
are hypothesized to couple to all three lepton families equally. regardless of mass. a
phenomenon referred to as "lepton universality’. There is no corresponding "quark
universality” of the weak interaction because the quark states that participate in
the weak interaction are not the same as the quark states that participate in the
strong interaction.

The fourth degree of freedom added by the Higgs scheme should be observable

as a neutral scalar particle. called the Higgs boson. Electroweak theory again
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places no constraints on the mass of this boson. and it has yvet to be observed.
Calculations that relate the mass of the Higgs to experimental constraints on other
Standard Model parameters. however, indicate that the Higgs boson mass is about
17055 Ge\'/c® [7]. Despite the fact that the Higgs boson has vet to be observed.

the electroweak model has been dramatically successful.

1.5 Success of the Standard Model

In the 1970's. long before direct evidence for the W= and the ZY was obtained
from experiment. the first evidence for the weak neutral current was obtained
from electron/neutrino scattering experiments. [t was not until the early 198075
that direct evidence for W and Z bosons was obtained in data collected by the
UAL and UA2 experiments from proton/anti-proton collisions at the super-proton
svnchrotron {SPS) accelerator at CERN [8][9]. The estimates of the W= and Z"
masses obtained from these data were in agreement with the electroweak predic-
tions. confirming the success of the Standard Model.

More precise tests of the Standard Model required the low-background and
large data samples that could be obtained from a Z° factory. where electrons and
positrons are collided at centre-of-mass energies close to the Z° mass [10{. Fig-
ure 1.2 shows the probability. or "cross-section’. for hadron and muon pair pro-
duction in ee~ annihilation data collected over a wide range of centre-of-mass
energies. Note the large resonant enhancement in the cross-section at centre-of-
mass energies near the Z° mass. The overlaid curves in the figure represent the
Standard Model prediction for the cross-section. and are in agreement with the
data.

The Large Electron Positron (LEP) collider at CERN. which we will discuss in
further detail in Chapter 3. began colliding e*e™ beams at centre-of-mass energies
close to the Z® mass in 1989. and continued in this mode until 1995. Most of

the precision tests of aspects of the neutral and charged weak currents have been
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derived from the data collected during this period by the experiments at LEP [11].
A good overview of these results. and similar results from other experiments. can

be found on pages 63-67 of reference [1].
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Figure 1.2: Measured cross-sections for e“e~ —hadrons and e"e™—>pu~pu~ at var-
ious centre-of-mass energies. The overlaid curves represent the Standard Model
predictions.



Chapter 2

The Tau Lepton

In 1995. Martin Perl received the Nobel prize in physics for his discovery of the
heaviest known member of the lepton familyv. which he termed the . after the first
letter of the Greek word rpiror (third). heralding the first evidence of a third.
heavier generation of leptons and quarks.

This discovery was made in 1975 by searching for events of the tvpe
e e — pTe ™ (+ missing energy) (2.1)

in data collected by the MARK I detector at the SPEAR colliding beams facil-
ity of the Stanford Linear Accelerator Center (SLAC) {12] [13]. This experiment
co-discovered the J/v meson in 1974 and was primarily occupied with the inves-
tigation of this. and the newly discovered charmed mesons. in e~e™ collisions at
centre-of-mass energies close to the ¢/(3770) resonance. Although relatively lit-
tle was known about charmed mesons by 1975. they had never been observed to
decay purely leptonically. Thus the detection of events in the reaction seen in
Equation 2.1 could be viewed as indicative of the possible production and decay
of a pair of new high-mass particles, e*e™ — r*77.

In the initial search for the reaction shown in Equation 2.1. 105 events were

found. The angular distribution of the muons and electrons in these events was

14
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found to be consistent with that of decay products from a particle of fixed mass. and
the momentum spectrum of the electrons and muons was used to show that it was
very unlikely that the proposed fixed-mass parent particle was a boson. In addi-
tion. the electron and muon momentum distributions were consistent with those of
particles originating from a parent particle that most likely decayed to three parti-
cles in the final state. two of which exited the detector undetected. Studies which
svstematicallv eliminated other possibilities for the undetected particles showed
that theyv were most likely neutrinos. Since no eve”— p~e™(+ missing energy)
events were observed for an e“e” centre-of-mass energy less than 3.8 GeV'. it was
determined that the mass of the parent particle was approximatelv 1.9 Ge\'.

The threshold behaviour of the cross-section for the production of e”e™— 777
events in the MARK [ data was found to be consistent with the production of spin
1/2. pointlike particles. An example of additional subsequent experimental evi-
dence for this behaviour is shown in Figure 2.1. which shows the e7e™— 7777 pro-
duction cross-section versus centre-of-mass energy of data collected by the DELCO
detector in 1978 at the SPEAR electron-positron collider at SLAC [14]. Overlaid
on this plot are the best fits to the DELCO data assuming the 7 is a pointlike
particle of spin 0. 1/2. and 1.

All studies of the e"e~— p=e™ (+ missing energy) events therefore indicated
that. if they were to be explained by a single hypothesis. then thev must have
arisen from the production and decay of a pair of pointlike spin 1/2 particles.
each of which decaved to a charged lepton and two neutrinos. The new particle
was thus a candidate for being a heavy lepton. Acceptance of this new charged
lepton was somewhat slow at first. but subsequent experiments (for instance {14])
confirmed that production of anomalous ete™— p*e™(+ missing energy) events
occurred below the threshold for charm meson production. thus eliminating any
lingering possibility that this phenomenon was somehow associated with purely
leptonic charm meson decays. By the end of the 1970's. belief by the physics

community in the existence of the tau lepton was widespread.
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Since the confirmation of its discovery. the 7 has provided important oppor-
tunities for testing fundamental aspects of the Standard Model. such as lepton
universality and aspects of both the charged and neutral current weak interac-
tions. Moreover. as the only lepton heavy enough to decay into hadrons. tau
decays provide a favourable clean environment for the study of strong interaction
phenomena. such as meson resonances. without the usual large non-resonant effects
present in hadron collisions.

Although a complete overview of tau physics is bevond the scope of this thesis.
the following sections describe the current status of experimental measurements
and theoretical predictions for a few kev properties of the tau lepton. including
the tau mass. lifetime. and branching ratios. A “branching ratio’ is the probability
that the tau will decay into a particular final state. and is the partial width of the
tau to that final state divided by the total width. The rotal width of the tan is
inverselv proportional to the tau lifetime. Particular attention will be paid here
to the semi-leptonic tau decay branching ratios and resonant structure. especially
for those decay modes that include a charged kaon in the final state. as this is the

main focus of this thesis.

2.1 Tau Mass

The Standard Model does not predict the quark and lepton masses. The most
accurate experimental determination of the tau mass was obtained in 1995 from
a data-driven scan in the immediate vicinity of the tau-pair production threshold
by the Beijing Spectrometer (BES) at the Beijing Electron-Positron Collider [153].

The experiment searched for the threshold in the tau cross-section. us-
ing a technique which exploited the very low background in events from the
process e*e"—777~. where one tau decays to a muon and two neutrinos.
and the other tau decays to an electron and two neutrinos. Detection of

e"e”— pTeT(+ missing energy) events during the scan indicated that the centre-
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of-mass energy was above the tau-pair production threshold. whereas the lack of
such events indicated that the centre-of-mass energy was below threshold. The
tau mass obtained by this procedure was m, = 1776.96703+. The previous best
measurement of this quantity had an uncertainty almost an order of magnitude
larger {16]. The current world average of experimental measurements of the rau

mass is m, = 1777.05%338 MeV' (1],

2.2 Tau Lifetime

The lepton universality prediction for the lifetime of the tau lepton. 7. 1s

m,1? ~ _
=T, [—i] Br(r™ — e Tol:). (:
m.

1o
[ ™
—

where

7, is the lifetime of the muon. The current world average for this quantity is

7, = 2.19703 £ 0.00004 ps .

m, is the mass of the muon. The current world average for this quantity is
m, = 105.658389 £ 0.000034 Me\"

Br(r~ — e wur,.) is the branching fraction of the tau to an electron and
two neutrinos. The current world average for this quantity is

Br(r~ = e ;) = 0.1778 £ 0.0008.

All world averages are taken from the 1998 particle data summary [1]. Equation 2.2
vields the prediction 7, = 290.6 £ 1.1 fs. where the dominant source of uncertainty
is due to uncertainty in the electronic branching fraction of the tau.

The most precise measurements of the tau lifetime have been obtained by
experiments at LEP [17] [18]. All of these measurements rely. either directly or
indirectly. on the precise determination of the tau decay length. which is related

to the tau lifetime. The relatively high centre-of-mass energy of the e"e™ beams
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colliding at the Z° resonance boosts the tau leptons produced in the eTe™— 77
interaction such that the resulting average tau decay length in the lab frame is
about 2 mm.

The world average of the experimental measurements of the tau lifetime is
7r = 290.0 £ 1.2 fs [1]. which is in agreement with the lepton universality prediction
to within 0.40 of the combined uncertainties. Figure 2.2 shows the world average
tau lifetime versus the r~—e~7, v, branching ratio. along with the prediction of

equation 2.2.

2.3 Leptonic Tau Decays

The leptonic partial width of the tau can be analvtically calculated. allowing pre-
cision tests of lepton universality and the structure of the charged weak current.
Figure 2.3 shows the Fevnman diagram for the leptonic decays of the tau. and
the Fevnman diagram for the exactly analogous decay of the muon. Under the
assumption of massless neutrinos. the branching ratio of the decay of a lepton [,

that decays into another lepton /, is given by [19]:

a_

Br(l, — ly,in,) = G‘—g)’:—’i—‘—’ (1 = 8y, — 1207 log.ry = Sr), — 1-},_,) Y
where r;, = mj, /mj . and G is the Fermi effective coupling strength of lepton { to
the W gauge boson.

All comparisons of the experimental measurements of the r~—e 7, v-.
T —=uU,v;, and p~ — e"v,0 branching ratios to the theoretical predictions
calculated from Equation 2.3 have shown that the charged weak interaction is

consistent with coupling equally to all leptons [1] (G. =G, = G;).
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Figure 2.2: The world average tau lifetime versus the r~— e~ 7, v, branching ratio.
The line is the prediction under the assumption of lepton universality. and the
dotted lines represent the uncertainty on this prediction due to the uncertainty in
the measured tau mass.



Figure 2.3: Tree-level Fevnman diagrams depicting the fullv-leptonic decays of the
7~ and p~ leptons.

2.4 Semi-Leptonic Tau Decays

Figure 2.4 shows the Fevnman diagram for the decay of the 77 to a quark. an anti-
quark. and a neutrino. The tau only has enough mass to decay to the three lightest
quarks. therefore the final state of a 7~ decay to hadrons can only have strangeness
0 or —1. These are referred to as Cabibbo-enhanced and Cabibbo-suppressed final
states. respectively. The ratio of the tau branching fractions to Cabibbo-suppressed
and Cabibbo-enhanced final states is approximately tan®fe = 0.053. where 8. is
the Cabibbo angle.

The quarks in the final state of the tau decay combine to form mesons. and
this process is represented in Figure 2.4 by the hatched ellipse. Precise calculations
of this process are not vet possible because the current perturbative treatment of
QCD does not apply in the momentum regime of the quarks forming the final state
mesons. In theoretical calculations of the tau semi-leptonic decay width. however.
approximate descriptions of the decay can be achieved by the introduction of a
dependence on the momentum transfer. ¢°. to the partial width of the process.
This additional term is known as a spectral function. or form factor. and its func-
tional form is derived from phenomenological models of the intermediate resonant
structure of the final state hadrons.

Conservation of angular momentum requires that the ensemble of final state

hadrons produced in tau decays can only have total spin /=0 or .J=1. and. in
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general. these final states can have either positive or negative parity !. This limits
the number of possible unique spin-parity and strangeness combinations in the
final state to 8, which in turn limits the number of spectral functions we need to
consider to obtain a complete description of the partial width of the tau decay to
hadrons. The most general form of the partial width of the tau decay to hadrons

is therefore given by [19]:

GQ M-y 2 242

[(+~ — v.[hadrons]|” =—-—-—-,-/ dg3(m? — ¢*)?

(= — v-[hadrons|™) ot o qg-(m: —q°)
x cos® @ [(mf +2¢°) (vi +ay) + mi(vg+ ao)l

x sin” f¢ [(m',:’ +2¢°) (v +a}) + mi(vi+ad)l.
where

vi. a;. vg and ag are the spectral functions corresponding to the non-strange vec-
tor. axial-vector. scalar. and pseudo-scalar final states. respectively. All four

are functions of the momentum transfer. ¢-.

vi. aj. v§ and aj are the corresponding spectral functions for the strange final

states. Again. all are functions of the momentum transfer. ¢-.

In tau decays to non-strange final states. where the quarks involved are very
light. helicity considerations predict suppression of the scalar meson final state (ie:
vg ~ 0)[20]. in a manner somewhat analogous to the suppression of 7~ — e 7,
decays.? Experimental evidence supports this prediction {21]. These helicity con-

straints additionally imply that the non-strange axial-vector meson tau decay final

'The intrinsic parity of a meson describes how its wavefunction transforms under a parity
transformation. Axial-vector and scalar mesons have positive intrinsic parity. while vector and
pseudo-scalar mesons have negative intrinsic parity.

2Since the pion has spin 0, conservation of angular momentum implies that the spin of the
anti-neutrino must be opposite that of the electron. Since the anti-neutrino is necessarily right-
handed. this implies that the electron, if highly relativistic, must also be right-handed. Thus.
since the mass of the pion is much larger than the mass of the final state. and since the W~
preferentially couples to left-handed electrons. the decay is suppressed.



Figure 2.4: Tree-level Feynman diagram depicting semi-leptonic decavs of the 77

state will be completely duminated by the *F£; a;(1260) meson. rather than the
'P b(1235) meson. Helicity arguments in the light-quark limit also imply that
tau decays to an odd/even number of pions in the final state are completely dom-
inated by the axial-vector/vector part of the charged weak current. respectively.
Thus the intermediate resonance structure of the three-pion tau decay final state.
for instance. is dominated by the a, axial-vector meson. while the two-pion final
state is dominated by the p vector meson {22 23] 24]. Note that the higher mass
mesons produced in tau decavs. such as the p and a;. are extremely short-fived.
thus their existence is only observed as a resonance in the reconstructed mass
spectrum of the pions and/or kaons in the final state.

Helicity suppression is not as severe in the strange sector because the s quark
is heavier than the v and d. Thus some signal from the K*(1430) scalar meson
may possibly be present in tau decay final states (although this has not vet been
observed) [25] [26]. In addition. both the *P, and 'P, axial-vector K5 and K;g
mesons are expected to be produced in tau decayvs. mixing to form the physically
observable K(1270) and K,(1400) axial-vector mesons [25] [28]. The degree of
the mixing of these two states and the resulting relative ratios of K;(1270) and
K,(1400) in tau decays is intimately related to the degree of SU(3) flavour sym-
metry breaking introduced by the ‘heaviness™ of the s quark, and is thus of some

theoretical interest [29] {30].
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There are several theoretical constraints which can be used to either predict
the branching ratio of the tau to particular semi-leptonic decay modes. or to inter-

relate the branching ratios for various decays. A subjective list of the two most

useful of these is:

Conserved Vector Current (CVC) hypothesis: the CVC theorem relates
the vector part of the strangeness conserving weak current to the iso-vector
part of the total cross-section for e“e~ annihilations into hadrons [31] [32]
(33]. Thus the CVC hypothesis can be used to obtain predictions for the
branching ratios of tau decavs dominated by the vector current. such as tau

decavs into final states containing an even number of pions.

Das-Mathur-Okubo (DMO) sum rules: the DMO sum rules relate. through
SU(3) Havour svmmetry arguments. the strangeuess changing part of the
weak current to the strangeness non-changing current [34]. Thus. for exam-
ple. the DNO sum rules relate the 7= — . A'*(892) branching ratio to the

7~ = v.p(770) branching ratio.

Table 2.1 lists the dominant semi-leptonic tau decays. along with the current
world average branching ratio measurements taken from [1]. Also shown in the
table are the predicted branching ratios for thiese decays. some of which are derived
from either the C\V'C theorem or the DMO sum rules. For the 7~—v. K™ and
"= v, 7~ branching ratios there are well-defined theoretical predictions (see. for
instance. [19]}. but for the higher multiplicity final states assumptions usually must
first be made about the resonant structure of the decay. The resonant structure

assumptions used in the theoretical calculation of the predicted branching ratios

are also shown in Table 2.1.

2.4.1 Tau Decays to Final States with Charged Kaons

The study of tau decays to final states that include charged kaons is complicated by

the relative rarity of these decavs due to Cabibbo and/or phase-space suppression.
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In addition. there are experimental difficulties involved in the identification of
charged kaons and pions. Table 2.2 lists tau decavs with a charged kaon in the
final state. along with a summary of the current world averages and theoretical
predictions for the branching ratios of these decays.

The tau decays of this type which have the highest branching ratios are the
7-—= . K~ and 7~ — v. K70 decavs. Consequently. these are also the most exten-
sively studied decays in this class. The latter decay has been found to be dominated
by K*(892) production {36]. Although the heaviness of the s quark theoretically
makes it possible for the Kj(1430) scalar meson to contribute to the =~ — v, K™ 7"
chanuel. such an effect has not vet been observed [26]. There has perhaps been
some evidence for small K* (1410} vector meson contributions to the resonant struc-
ture of this final state [27]. but the difficulties involved in distinguishing between
the IN*(1410) and the Kj(1430) make the results difficult to interpret.

The 7= v. K™K decay is expected to occur through the high-mass tail of the
p(770) vector resonance and/or through the p(1700) vector resonance [32). thus the
theoretical prediction for the branching ratio to that final state is obtained from
the CVC theorem. There has been no satisfactory experimental exploration of the
resonant structure of this decay due to the difficuities involved in simultaneous
charged/neutral kaon identification {36} [26].

The resonant substructure of tau decayvs to three-meson final states that in-
clude kaons is even more complicated. As mentioned earlier. the 7= — v (Ix77)~
final state is thought to be dominated by the K, axial-vector resonances [37] 38].
Experimental evidence supports this prediction [40] [41]. However. unlike tau
decayvs to three pions. which are dominated by the axial-vector current in the
light-quark limit. the relative heaviness of the s quark implies that there may be
some contribution of the K*(1410) vector meson to the resonant structure of these
decays. However. this contribution is expected to be small [37] [38]. and is difficult
to distinguish from the K,(1400) intermediate state.

Again. because of the heaviness of the s quark. the 7= — v.(K#K)~ final
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state can possibly be dominated by either or both of the a, axial-vector or p vector
resonances. where each resonance subsequently decavs to (K*(892)K)~ [37] [38].
Distinguishing the two channels is difficult. however. and requires many more tau
events than have been collected by any experiment to date.

The wide range of predicted branching ratios seen in the three-meson tau final
states listed in Table 2.2 is due to various resonant substructure hypotheses used in
the various models. Thus the precise experimental determination of these branch-
ing ratios may aid theorists in distinguishing between the models and therefore give
some insight into the resonant structure of these decays. It has even been suggested

in reference [38] that the 7= — v, (K7 7)™ branching ratio is sensitive to the widths
of the K, resonances. parameters which hitherto have only been measured in the
high-background environment of hadron-collision experiments [39].

The resonant substructure of the heavily phase-space suppressed tau decavs
to four-meson final states which include kaons is unknown due to a dearth of
experimental data. As in the case of two-meson final states with kaons. the relative
heaviness of the s quark implies that these states need not be dominated by the
vector current. as they would be if only pions were present in the final state.
Bevond this. not much more is known.

As already mentioned. an important constraint on all tau decavs to kaons is
the fact that the 7~ can only decay to final states of strangeness 0 or —1. The
K~ and K™ mesons have strangeness —1 and +1. respectively. This implies that
a decayv such as 7"— v, -7 K™ cannot occur as a first-order weak interaction
because the final state has strangeness +1. and is therefore highly suppressed.
Table 2.3 lists strangeness suppressed decays of the tau where all the kaons in the

final state are charged. along with the current experimental limits on these decays.



7~ decay measured dominant | theoretical | comments |
mode BR (%) resonant BR (%)
structure Jl
R P 11.07 = 0.18 | none 1095 =20.12 | « f
= KT 0.694 £ 0.027 | none 0.705 £ 0.008 { b :
RPNV b 25.31 = 0.18 | p(770) | W23 +=0.77 | ¢ :
ARV N 0.449 £ 0.034 | K*(892) : 048x=0.02 d :
T~ — . 7 R 0.78 = 0.06 | K*(892) 0.97T = 0.04 | d
A YT S 9.57 £0.11 | a,(1250) 64208 ¢ |
77 = v.r 7Y .95 = 0.33 | a,(1230) i 64=081¢ !
VI 445 = 011 | unknown . 4272054 | o.f ,
LT = w2 1.22 £ 0.10 | unknown ! 1.05=0.10 l o f

* Theoretical calculation assumes ag(q®) x d(g° - m3)

b

4

Theoretical calculation uses the CVC theorem (32].

Theoretical calculation uses the DMQO sum rules [19].

19].

Theoretical calculation assumes af(q®) x d(q" = mi} 119].

* Theoretical calculation assumes a; intermediate resonant structure [335].

¢ . .. . . o gt . . .
4 No explicit charged pion/kaon identification in the experimental measurements.

Table 2.1: Measurements and theoretical predictions for the branching ratios of
the dominant tau semi-leptonic decav modes (BR> 0.3%). The experimental mea-
surements for modes without charged kaons are world averages taken from {1]. The
world averages for tau decay modes with a charged kaon in the final state are the
author's own calculation based on results appearing in references (1} and [36].
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7 decay { final State measured 1

mode | strangeness BR (%) |

T v, r a K (A% | +1 < 0.25 TPC/2~ 94[40!
L= v KTRK 77 (7Y) | -2 < 0.09 TPC/2~ 94[40} ;

Table 2.3: Branching ratio measurements of tau decavs with charged kaouns in the
final state which are forbidden due to strangeness constraints in first-order weak
decavs. The limits are the 35% confidence limirs.



Chapter 3

LEP and the OPAL Detector

3.1 The LEP Synchrotron

The LEP (Large Electron Positron) svnchrotron. located at CERN' near Geneva,
Switzerland (see Figure 3.1). accumulates and accelerates electrons and positrons
in an underground tunnel approximately 27 km in circumference. Between 1989
and 1995. during a period of operation known as LEP L. the synchrotron collided
the e“e™ beams near the Z° resonance at a centre-of-mass energy of roughly 91
Ge\'. )

Electrons and positrons circulate in the LEP ring in beams consisting of several
‘bunches’. each containing on the order of 10'' particles. The two beams are
brought into collision at four interaction regiens around the ring at which rhe
collaborations ALEPH. DELPHI. L3. and OPAL have detectors.

The rate. R. at which physics interactions occur at each beam crossing is given
bv R = Lo. where ¢ is the cross-section for an e7e~ collision to produce a given

physics process. and £ is the luminosity of the colliding beams. The luminosity

'European Laboratory for Particle Physics
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depends on the properties of the e*e™ beams:

I3k,

= m.

where

e is the electron charge.

fo is the orbit frequency. The value of f; at LEP is about 11.5 kHz.

I, is the bunch current. The maximum value of I, obtainable during the operation

of LEP I was about [ mA.
ky is the number of colliding bunches.

a; and o) are the typical bunch sizes in r and y. respectively. and are given in
terms of the width of the Gaussian profile of the bunch along those axes.
During the operation of LEP [. tvpical values of these parameters were

g, ~ 150 pm and o) ~ 12 pm.

The luminosity is measured at LEP by counting the number of small-angle
e“e” — e”e” events. The production of such events is dominated by Bhabha scat-
tering. and the cross-section for this process can be reliably calculated. Between
1989 and 1991. LEP operated as it was originally designed. colliding four bunches
of electrons with four bunches of positrons. Peak luminosities on the order of
11 x 10" em~2s~! were achieved in this 4 x4 scheme [43]. To increase the lu-
minosity further. LEP doubled the number of circulating bunches. running in a
8 x 8 configuration for most of the remaining period of LEP I operation. This
resulted in peak luminosities of 23 x 10%° ecm~%s~!. exceeding the original LEP

design luminosity of 16 x 103 cm~2s~!.
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Figure 3.1: LEP and environs.
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3.2 The OPAL Detector

OPAL (Omni Purpose Apparatus at LEP) is one of the four large detectors built
to record the e“e” interactions at LEP. and it was designed in the 1980°s using
detector technologies conventional at the time [44]. Since the physics topics at
LEP are quite varied. OPAL was designed to be a general purpose detector which
would satisfv the requirements of most topics of interest.

OPAL is built around the LEP beam pipe and has the cylindrical geometry
characteristic of most detectors at svmmetric colliding beam experiments. The
general lavout of the detector is shown in Figure 3.2, which indicates the location
and relative size of the various components. A right-handed coordinate svstem is
used at OPAL. with the +:z-axis in the direction of the circulating electron heam.
and the +.r-axis horizontal and pointing toward the centre of the LEP ring. The
LEP ring. and thus the :z-axis. is inclined at an angle of 13 mrad with respect
to the horizontal. The y-axis is therefore similarly inclined with respect to the
vertical. The angle @ is the polar angle with respect to the +:z-axis. and o is the
azimuthal angle with respect to the +r-axis.

The OPAL subdetectors used in this analvsis include:

e The tracking svstem. which measures the momentun. direction and ionisa-
tion energy loss of charged particles traversing the OPAL detector. lonisation
energy loss and momentum provide the only means of distingnishing charged

kaons from pions in the momentum range of interest to this analysis.

e The time-of-flight system. which is used in this analysis to reject cosmic-ray

backgrounds in the event samples.

e The electromagnetic calorimeter and presampler system. which is primarily
used in this analysis to identify tau decays which include a #° in the final

state.

e The hadronic calorimeter and muon chambers. which are mainly used in
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this analvsis to select control samples containing muons and to veto non-tau

backgrounds in the event samples.

Each of these subdetectors is connected. via fast-readout. to a hardware trigger
svstern which determines whether or not data from the event is to be recorded.
based upon variables such as the event visible energy and vertex position. resulting
in a data recording rate of approximately 1 to 3 Hz [43]. Once an event is flagged
as potentially interesting by the trigger. the informmation from the sub-detectors
is read out [46] and input to a filter system which acts as a second-level software
trigger [47]. For events which are retained by the filter. the data is compressed and
stored on disk. An online event reconstruction svstem then fetches this information
and reconstructs quantities such as track momenta and vertex positions using the
raw data from the various sub-detectors and pattern recognition algorithms 48]
These reconstructed quantities are then stored on disk or tape. ready to be analvsed
by members of the collaboration.

Further discussion of the OPAL detector components used in this analysis can

be found in the following sections.

3.2.1 Tracking Detectors

The OPAL tracking detectors are designed to precisely determine the trajectory of
charged particles traversing the detector. and also determine the ionisation energy
loss. dE/dx. of these particles. There are three multi-wire drift chamber compo-
nents to the central detector. all of which are contained within a pressure bell filled
with a mixture of 88.2% argon. 9.8% methane. and 2.0% isobutane at a pressure
of 1 atmospheres. The pressure bell is contained in a solenoidal magnetic field of
0.435 T. directed along the +z-axis. The three tracking components are the vertex
detector (r < 25 cm). the jet chamber (25 < r < 185 cm). and the z-chambers
(r = 183 cm). A brief summary of the properties and spatial resolution of the
tracking detectors is shown in Table 3.1. Detailed descriptions of each the tracking

detectors are given below.
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Figure 3.2: The OPAL detector.
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The Vertex Detector

The vertex detector is the drift chamber tracking component closest to the beam
pipe. and. as its name implies, it precisely measures the position of the tracks of
charged particles close to the e*e™ interaction point and therefore aids in deter-
mination of event vertex positions.

In addition to this detector, a two-laver silicon micro-vertex detector was in-
stalled around the OPAL beam pipe in 1991. This detector provides high preci-
sion measurements of track trajectories close to the interaction point. Originally
it only provided r — o information. but was upgraded in 1993 to also measure the
z-coordinate of hits and to extend the solid angle coverage.

The silicon micro-vertex detector greatly aids the study of short-lived particles
such as B and D mesons. and also benefits the determination of the lifetime of the

tau lepton.

The Jet Chamber

The primary purpose of the QPAL jet chamber is to sample. at regular intervals.
the r — o position of the path of a charged particle traversing the detector so that
the ‘track’ of the particle can then be reconstructed from these measured space
points. The transverse momentum of the particle is deduced from the the curvature
of the track in the magnetic field provided by the solenoid. The jet chamber is also
designed to aid in charged particle identification through the precise determination
of the energy loss of charged particles as they ionise the gas in the central detector.
The wires of the central jet chamber are approximately 4 m long and are orga-
nized in a jet-cell geometry. seen in Figure 3.3. where cathode wire planes divide
the detector into 24 identical azimuthal sectors. each of which contains 159 sense
wires to detect the ionisation produced by the passage of charged particles. All
wires lie parallel to the beam direction and the anode wires are slightly staggered
along the anode plane to resolve left/right ambiguities of particle trajectories.

The voltages of the wires within the central jet chamber are arranged to provide
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Figure 3.3: Schematic of the OPAL jet chamber and z-chambers.

a nearly constant electric field of about 1 kV/cm over the volume of the chamber.

As a charged particle traverses the gas inside the chamber. it ionises the gas.
and the electrons from this primary ionisation begin to drift towards high-field
amplification region close to the anode wires. Tvpical drift distances in the jet
chamber are 10 cm and the drift times are on the order of 2 us. As the electrons
approach the high field region near the anode. they accelerate rapidly. and begin
to cause secondary ionisation of the gas. These secondary electrons then cause
tertiary ionisation. and so on. thus producing an ionisation avalanche. The gas
gain of the chamber is approximately 10" electrons reaching the anode wires per
initial electron/ion pair.

The electrons produced by the passage of the charged particle initiallv acceler-
ate in the electric field of the chamber. but very quickly reach a constant velocity
known as the drift velocity. Thus the r-coordinates along the track are determined

by the radial positions of the wires in the chamber sensing the electrons from the
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ionisation. and the o-coordinate is determined from the time it takes the electrons
from the ionised gas to drift to the sense-wires. The spatial resolution in the r — o

plane of the jet chamber is 0,_, = 135 pm. which leads to a transverse momentum

resolution of

%o = \/10.028)2 + (0.0015p)2.
p

where p is in units of GeV'/c. The constant term inside the square root is due to
multiple scattering of the charged particle as it traverses the gas in the chamber.
and the second term is due to single hit resolutions.

The number of electron/ion pairs created by the charged particle as it traverses
the chamber is directly proportional to the energy lost by the particle. Thus the
integrated charge collected at the anodes is a measure of the ionisation energy
loss of the particle. A particle traversing the jet chamber vields Vg 4, indepen-
dent energy loss measurements (where Nyg 4, can be as high as 159) which are
approximately Landau distributed. as seen in Figure 3.4. The broad central peak
in this distribution is due to soft collisions of the charged particle with the detec-
tor gas material. The long tail at high d£E/dr is due to harder collisions. which
can “knock-off" electrons from the gas molecules to form o0 rays. a process which
involves a large energy transfer. It is the average energy lost by the particle to
soft collisions that vields useful charged particle identification information. rather
than the hard-collision energy loss.

Thus. to estimate the average energy loss in a way which minimises the impact
of the hard-collision d£'/dr tails. a truncated mean procedure is used. The highest
30% of the Nyg,q. energy loss measurements for the track are rejected. and the
mean of the distribution of the remaining dE/dr measurements is used to estimate
the energy loss of the particle. The resulting dE/dr resolution as a function of
V4E:dr is shown in Figure 3.5.

Various factors can cause non-uniform dE/dr response of the jet chamber.

The most important of these is the degradation of the dE/dx resolution in a dense
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track environment, such as hadronic Z° events. as is shown in Figure 3.5, which
compares the dE/dr resolution of isolated tracks to that of tracks in hadronic 2"
events. Figure 3.6 (a) shows the typical jet chamber wire response within a dense
track environment. The sense wires of the jet chamber are read out with a sampling
time of 10 ns. which corresponds to one bin in the plot. The integrated charge for
the track collected by a particular sense wire is calculated by integrating the wire
signal over a nominal period of 200 ns (20 bins). or until another leading edge of a
pulse is detected. whichever comes first. In a dense track environment. the pulses
overlap. making the determination of the total integrated charge for each pulse
more difficult. Figures 3.6 (b) and (¢) show an example of two overlapping jet
chamber pulse signals. The integration length for the first pulse is from its leading
edge. to the leading edge of the second pulse. In this case. this is shorter than
the nominal integration length of 200 ns. Thus. to determine the total charge.
the extrapolated charge from the first pulse lving under the second is determined
using an -average’ pulse shape. and this is added to the charge from the original
integration. In a similar fashion. the charge of the second pulse is integrated
over 200 ns. and the extrapolated charge from the first pulse is subtracted. Since
the ~average’ pulse shape may differ from the actual pulse shape. this procedure
results in somewhat worse dE/dr resolution than direct integration in a single-
track environment. and can even result in a mis-assessment of the measured dE/d.r
if the actual pulse shape happens to be quite different than the "average’ shape. In
addition. the effectiveness of this procedure is also limited by the detector efficiency
for double hit recognition.

Other factors can result in non-uniform jet chamber dE/dr response. The
most important of these are. roughly ordered from largest effect to least (shifts are

relative to the absolute dE/dr):

Charge saturation: Figure 3.7 shows two tracks within the OPAL jet chamber.
at large and small 6. respectively. The ionisation from the track at large ¢

has a large space charge density. which effectively screens the ionisation cloud
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Figure 3.6: (a) shows the typical jet chamber wire response within a dense track
environment. (b) shows an example of two overlapping pulses. The integrated
charge from the first pulse is determined from the actual integrated charge. plus
the extrapolated charge lving underneath the following pulse. (c) again shows an
example of two overlapping pulses. The integrated charge from the second pulse is
determined from the actual integrated charge. minus the extrapolated charge from
the preceding pulse.
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of electrons from the electric field of the jet chamber. Thus the gas gain of
the chamber is reduced for such a track. The ionisation from the track at
small # has a low space charge density. and does not suffer from this effect.

Charge saturation effects cause dE/d.r shifts of between 6% to 12%.

Gas density: Time-dependent changes in the gas density within the jet chamber
affect the dE/dr response. In general. higher gas density corresponds to
smaller measured energy loss. and vice versa. Gas density variations cause
up to 10% shifts in the dE/dur.

Electric field variation: The electric field within the jet chamber is nearly con-
stant over almost the entire volume of the chamber. However. close to the
entrance and exit to the chamber in r. there is non-uniformity in the field

which causes variations in the measured dE/dr on the order of 104

Cross talk: The pulses from the sense wires are corrupted with induced crosstalk
signals from neighbouring wires. A hardware crosstalk compensation net-
work compensates for first and second neighbour crosstalk. The remaining

crosstalk results in dE'/dr shifts on the order of about 6%.

All of these effects are corrected offline such that the overall svstematic variation
in the measured dE/dr is less than the statistical uncertainty obtained from the
truncated mean procedure. The overall combined uncertainty in dE/dr is ap-
proximately 3% of the mean dE/dr. The parameterisation of dE/d.r after the

application of the offline corrections is described in detail in Chapter 4.

The z-Chambers

The optimal spatial resolution of the central jet chamber is achieved in the r — o
plane. but some z-position information for the track is obtained from the division
of charge read out from each end of the anode wires. with a resolution of about

6 cm. To improve this measurement. information is used from a laver of wire
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Figure 3.7: Schematic (not to scale) showing two tracks in the : — y plane of the
OPAL jet chamber. The space charge density of the ion avalanche cloud from the
large € track is quite high as it moves towards the sense wire. thus screening the
charge in the cloud from the electric field of the chamber. This effectively reduces
the gas gain of the chamber for such tracks. lon clouds from tracks at small 6
have a much smaller space charge density. and thus do not suffer as much from
this effect.
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chambers immediately outside the jet chamber. with drift direction parallel to the
s-axis. These z-chambers consist of 24 modules in o which can provide up to
6 measurements of the :-coordinate of the track. The information from the :-
chambers improves the z-coordinate resolution of tracks in the central detector to
o. =100 — 135 gm.

The z-chambers cover the region |cosf! < 0.73. For tracks with polar angles
outside this region. some improvements in the measurement of # can be obtained
using the radius of the last wire hit in the jet chamber as the track exits the central
tracking detector. This extra information is used to constrain the regular track
fitting procedure. resulting in higher precision in the polar angle measurement of

the track.

3.2.2 Time-of-Flight

The OPAL time-of-flight svstem consists of 160 bars of scintillator attached to
photomultiplier tubes via light guides at each end. These are located in the barrel
region just outside the solenoid coil and measure the times of arrival of charged
particles with an accuracy of about 230 ps. Although this is not useful for measur-
ing the velocity of particles with momentum greater than a few Ge\V'. the system
does provide useful trigger information. The time-of-flight svstem is primarily used
in this analysis to veto cosmic ray backgrounds from the pre-selected tau decay

candidate sample.

3.2.3 The Electromagnetic Calorimeter

The OPAL electromagnetic calorimeter is mounted between the solenoid coil and
the magnet return voke. and is designed to measure the energies and angular
positions of electrons. positrons, and photons through the measurement of the
amount of Cherenkov light produced in lead glass blocks by the electromagnetic

showers of these particles.



Barrel og/E Endcap oz /E
Intrinsic | 0.002 & 0.063/VE | 0.03/VE
Measured | 0.015® 0.16/VE | 0.01890.22/VE
Corrected | 0.02230.13/VE |-

Table 3.2: Intrinsic and measured energy resolutions of the OPAL barrel and
endcap electromagnetic calorimeter. where E is measured in Ge\". The corrected
resolution for the barrel calorimeter is obtained using information from the pre-
sampler chambers.

The barrel portion of the calorimeter is constructed of lead glass blocks fitted
with photomultiplier tubes. Each block is approximately 10 cmx 10 em in the
transverse plane. and is more than 20 radiation lengths in depth. which is sufficient
to fully contain the electromagnetic showers tvpically encountered in tau decays.
There are also two additional lead glass assemblies mounted on the endcap resulting
in a total angular coverage of 98 of 4r.

The segmentation of the 11000 lead glass blocks used in the calorimeter could.
in principle. allow the positions of electromagnetic showers to be measured to
within about 1! mm. However. this resolution is significantly degraded by the
presence of two radiation lengths of materialin front of the calorimeter due to the
presence of the central tracking pressure vessel and the solenoidal coil.

The resolution is improved in the barrel calorimeter by the addition of multi-
wire pre-sampling chambers immediately in front of the calorimeter. These cham-
bers allow the positions of showers entering the calorimeter to be determined with
an accuracy of about 5 mm. The energy resolution of the barrel and endcap elec-

tromagnetic calorimeters is shown in Table 3.2.

3.2.4 The Hadronic Calorimeter

The iron return voke of the OPAL solenoid is instrumented with streamer tubes

to form the barrel hadronic calorimeter (|cosf| < 0.81). Additional hadronic
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calorimeters are located in the endcap (0.81 < |cos#| < 0.91) and poletip re-
gions (0.91 < jcosé| < 0.99). The energy resolution of the calorimeter is about
oe/E = 120%/VE. where E is measured in Ge\'.

3.2.5 The Muon Chambers

The OPAL detector is surrounded by several lavers of wire chambers designed to
identifv the position of charged particles leaving the hadron calorimeter. Since
hadrons and electrons are likely to be absorbed by the OPAL calorimeters. the
charged particles exiting the detector are predominantly muons. Hence these de-
tectors are referred to as the muon chambers.

The coverage of the muon chambers extends to | cos 8] < 0.98. However. there
are gaps in the acceptance caused by the presence of the OPAL beam pipe. detector
support legs. and cables. The resulting reduced coverage is about 93% of the full

solid angle.



Chapter 4

Calibration of Ionisation Energy

Loss

As detailed in the description of the OPAL jet chamber in the previous chapter.
a particle of charge ¢ and speed .3 traversing a medium. such as a gas. ionises
that medium and loses a small amount of energy in the process. The mean energy
loss per unit distance due to this ionisation is approximately described by the
Bethe-Bloch equation [49}:

dE/dr = —4;—(’ [+ 10 (+257) = # = 509)/2]. (4.1)

3

where 4, and 4, are constants that depend on the gas composition used in the
OPAL jet chamber. and 4{J) is a function that describes effects due to polarisation
of the gas.

The Bethe-Bloch ionisation energy loss parameterisation used by OPAL. Dpyq.
uses four parameters (.4;. ;. and two parameters used by the function d). plus
two extra parameters used to scale the momentum and 3. The uncertainty on

Dyreq is given by:

T+ T3 +TF

49
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where

I = 4. (-\'dE;"d.r/l'ag)b ' Fpath(g} - Glens - Dpred

T, = Hpay_h(g) ) Dprecl

aDpretl

~
1

and where:

Nug ar 15 the number of hits in the jet chamber used in the calculation of the

measured dE/dr {50].

A and b are constants which depend on the geometry and gas composition of the

OPAL jet chamber.
Fpam(f) is a path length correction.
Hoan(#) is an additional path length correction.
Gaens 1s a correction dependent on the track densitv in the event.
Ap is the uncertainty on the momentum measurement for the track.

Along with the six parameters used in the OPAL parameterisation. the quantities
A and b are obtained from a fit to the measured energy loss of charged particles
in hadronic Z° decays. yielding a dE/dr parameterisation. Dpreq. that is accurate
enough for nearly all analyses of OPAL data.

Figure 4.1(a) shows the dependence of d£/d.r on the momentum of various
particles in the OPAL jet chamber. as predicted by Dgyq. Figure 4.1(b) shows
the particle resolving pewer. R,,. versus momentum for various pairs of particle
species i and j. where

R, =|D; Dl edl /0.

pred



‘suonw pue ‘suoid ‘suoey 10] ) Snsias
WNIUSWOW Y3 SMOYS F' aInS1] 'SINSal L1030vJS1IeS SP[aLy & ut [etuwowsjod
19p10 puodss e se (¢)s Buisudlauwreied “sisA[eur syl 10 “(g)S§ 1030%} aan
-eardn[nu e Yiis U011091100 saxmbal P47 jery) sajedrpur “1aaa.m0Y “10(d S1
Ul U33S JIMIDNIIS 9] ~9UO 1B PIIaIU3D UL IBY © YILM JUIISISUOD 3q p[nom
uonnqunsip sy “sejdwes A3o1dnnui-wo] assyl ul syoen jo rp/ Fp painsesw
o1 saquasap sfjewndo P4g 31 sajduies aepipued (9 < @) 1 Ta M _1
pue (9 > () _7.1_s_ a4 _a.9 oyr ul sypen 10j (£ - 1)30]-=(£)D

sns1ay  PHdep /ST gwoys ¢f aInSig : P47 09 uo13031100 aanzeddiny

:aIe SU011901100 3911 Y T
cajdires sudop nea Buoid-saly) Jo $SO[ AGIoUs oY1 Ul Parlosqo OS[e ST INOLARYIQ
JR[UULS 1M "SUOTINOLIOD oY1 10} Pasul 31j1 2IRIISUOWAP 01 pasn alv sojdwes [011U0D
Fuoid-euo ‘uonwiusseld jo LI 104 o pue P -fjuiviiedun s11 pue UOIIRS]
srowtered rp/Fp TY4O A 01 pue “SUg csso) 810U0 palnsealll oY1 01 potjdde
JI0 SUOTINNLI0N 901Y) "SISA[RUR S[Y1 U] IUSUUOILAUS ARISP NE oY) Ul UoNRIYNULPI
apatiied 0IRINIOE 10] PO1I01I0D 9 1SN 1RY1 SIUSWHOILATY OM 39Sl UL P/ TP poIns
RO A1 UIIM1AY SODUAIOPIP JIRIWOISAS [[RUS UL SISl SIY T "SARI9P (7 JUOIPRY
ur poanpoid asoqy ueyy sl Jomodrruy pur QAR Jomo] AQ paslivlavlryy o1
“19A0MOY SABIAD NBL "SARIIP 7 2UOIPRY Ul sojotired poSIvyw JO $S0[ A81aug paIns

“eotl off) 03 paunl st uonesunauered Ip/Fp TyJO 9t “8a0qe pauonulll Sy

JusWIUOIIAU Aed3d(] NeL dYyj ut rp/gp 1'%

JuauIizadxa Auw AQ poaslide 134 189q
a1} Juoure sI 1010919p TYJO 32 JO uonnjosel rp/Fp oyl -{1¢] 9ouaIsje1 woy
1oy} 'SI012319p sep-jussald Snolres 10j uOLIN(OSal IP/FP Smoys g’ 9Indig

"2/ A9 (g pue g 1moqe
usamiaq sa(ariaed 10j og 1swa| 1e Jo uonieiedas uory/uoid e sppais Jaquieyd 18f TYJO

a1 1Byl 910\ 'P‘”‘?a pue P47 jo seniureizsdun Ayl jo ueaW JY) S O JIAYM pPueR

1€



(W]
[SV]

.

— L L LR II L3 T L L] T T L3 r]’ L T ¥ B
5 F ]
S~ -
>nugp @ 3
@ C ]
= - .
A N e -
TI0OE :
“ -
=] C
9
8 F
7F
o
6 L
1 10
Momentum (GeV/c)
‘6 :- E T T T T 3 l] IR T 11 14 L T l‘[‘ L T 4 é
£ 45 = (b) e/T separation E
T 4F =
2 .z F ;
s 35 3 n/K separation E
= 25 F 3
x 3 E
2 ......................... .._:
= 3
1.5 B \-
i z_ Wn separation =
0.5 =
0 i L L L¢:l L 3 - R NP N & »1 l L —

1 10
Momentum (GeV/c)

Figure 4.1: (a) shows the ionisation energy loss Dyq as a function of the mo-
mentum for various particles in the OPAL jet chamber. (b) shows the resolution
power R,, expressed in terms of the dE/dr resolution ¢. for various pairs of particle
species ¢ and j.
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Multiplicative correction to o: Figure 4.5 shows the stretch d£/dr under a
muon hypothesis. S,,. for tracks in the 77— p~7, v, candidate sample. The
stretch dE/dr is defined as

Sl = (Dmeas - D;red)/a:-

where ¢ is the particle hypothesis used to calculate Dpreq and o. For a pure
sample of particles such as this. the stretch dE/dr in Figure 4.5 should
be distributed as a unit Gaussian: the non-unit width of this distribution
indicates that a multiplicative factor s is needed to correct . The non-

zero mean of this distribution is corrected by the factor s(.7). discussed above.

Additive correction to Dy, : Figure 4.6 shows D, versus local o (the track
position within a jet chamber cell) for tracks in the e"e”— 7 p~ candidate
sample. The strong dependence of Dpeas on local o is similar for all low-
multiplicity samples. and requires correction to improve the d£/dr resolution

in low-multiplicity events.
The corrections to the OPAL parameterisation are obtained as follows:

1. The local o dependent corrections to the measured d£/dr. f(0). are obtained
directly from a \* fit to the measured dE/d.r of the e"e — ™y~ candidate

sample.

2. The resolution correction. $,e,. is obtained from a fit to the measured energy

loss of tracks the 77— u~7, 1/, sample.

3. The three parameters of the J dependent correction to Dgeeq. 3(J3). are ob-
tained in a fit to the energy loss of the data ¥=— 77, v- sample and muons
from the two-photon process e"e"—re"e"u~u~. These provide a fairly pure

sample of muons over a wide range of @ (3.75 to 13.0).

4. Steps 2 and 3 are then repeated twice more. although convergence of s, is

obtained after only one extra iteration.
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Figure 431  Dpyeas/Dprea versus Q = —log (1 — ) for tracks in the
e"e"—eTe " u” (Q < 6) and TT—u"T, v, (Q > 6) candidate samples. Dpreq
is the uncorrected OPAL dE/dx parameterisation. The structure in this distribu-
tion indicates that Dyeq does not optimally describe the measured d£'/dr of these
low-multiplicity samples. A multiplicative factor s(.J) is used to correct Dpreq to
resolve this discrepancy. For this analysis. s(3) is parameterised as a second order
polynomial in Q.
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Figure 4.5: Stretch dE/dr under the muon hypothesis S, = (Dmeas = Djreq) /T
of tracks in the 7~— u~7, v, candidate sample. The predicted dE/dr and o are
calculated using the uncorrected OPAL parameterisation. For a pure sample of
particles such as this one, the stretch dE/dz should be distributed as a unit-
Gaussian. The non-unit width of this distribution is corrected with a multiplicative
factor s,.s to 0. The non-zero mean is corrected with a multiplicative factor s(.3)

to Dpred~
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Figures 4.7 (a) and (b) show the S, distribution of tracks in one-prong tau
decays before and after corrections to Dpred. Dmeas. and o. respectively. The de-
scription of the d£/dx of this sample is significantly improved after the application

of the dE'/dx corrections.

4.1.1 dE/dz in the Three-Prong Tau Decay Environment

Although the application of the above corrections significantly improves the pa-
rameterisation of dE/dr in the three-prong tau decay environment. the energy
loss distriburion of tracks in three-prong tau decayvs. unlike the dE/dr distribu-
tion of tracks in one-prong tau decavs. contains a significant non-Gaussian com-
ponent. This feature is most apparent in the corrected dE/dr stretch distribution
of the unlike-sign tracks of tau decavs classified as 7= v, 7 7" X" (7") *. The
T o v. 7 7 X7 (7% control sample is selected using the requirement that both
like-sign tracks have Sk > 2.0 to identifv three-prong tau events with two like-sign
pion candidates in the final state. Since the 7~ — v, 7 7 K~ (5% final states are
highly suppressed. the unlike-sign tracks in this sample are expected to be over
99.7% pure in pions. The stretch dE/dr distribution under a pion hypothesis of
this sample is seen in Figure 4.8(a).

The non-Gaussian component is large in the region of the dE/dr distribu-
tion expected to be populated by kaons. Parameterisation of the non-Gaussian
component would therefore lead to verv large statistical and svsternatic uncer-
tainties in the measurement of the "= v, K™5 7% (7%) and 7 > v. K ="K~ (7Y)
branching ratios. The tail is dramatically reduced in the d£/dx distribution of
tracks in three-prong tau decays that lie closest to the anode plane. as shown in
Figure 4.8(b). When tracks are spatially close together in the jet chamber cell.
the tail of the pulse from the track closest to the anode can shift the pedestal of

the pulse of the second track. leading to an incorrect determination of deposited

'The unlike-sign track is the track in the three-prong decay with charge opposite that of the
initial tau.
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Figure 4.7: (a) shows S, of tracks in data one-prong tau decays (points) before the
application of corrections to Dpreq. Dmeas. and 0. The components of the predicted
distribution are normalised using world average branching ratios taken from [1].
The x* per degree of freedom between the data and predicted distributions is
1006/47. (b) shows S, of the same sample after the application of corrections to
Dyred. Dieas- and o. The x? per degree of freedom between the data and predicted
distributions is 52/47.
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charge for that track. and the observed tails in the dE/dr distribution. The low-
end non-Gaussian tail exists in the measured energy loss of charged particles in
hadronic Z° events. but is more pronounced in three-prong tau decays due to the
tighter collimation of the particles in the decay.

The simplest method to minimize this effect is to only consider the dE/dr of
the track in the three-prong tau decay closest to the anode plane. Tracks meeting
this requirement will be referred to as the “first-track’ three-prong sample. Further.
the effect of pulses following the first is reduced by only considering first pulses
separated from the second by more than 1 cm [50].

The corrected stretch dE/dr distribution of unlike-sign tracks in the first-
track "= v- 77~ X " sample. seen in Figure {.8(h). is consistent with a Gaussian
of zero mean and unit width.

Figures 4.9 (a) and (b) show the S; distribution of first-tracks in the three-

rong tau decavs before and after corrections to Dyreq. Dimeas- and a. respectively.
=) A pred meas
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Figure 4.8: (a) is the stretch dE/dr distribution under the pion hypothesis for
the unlike-sign tracks in the data 7~— v, 7~7~ X" (7%) candidate sample (points).
This sample is expected to have less than three kaons present. The curve is a unit
width Gaussian of zero mean, whose normalisation is fit to the central part of the
distribution. A significant non-Gaussian component is evident. (b) is the same
distribution for the unlike-sign tracks in the data first-track 7~ —v. 7~ 7~ X*(79)
candidate sample. The y? per degree of freedom between the data and the Gaussian
is 13/18.
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Figure 4.9: (a) shows S; of data first-tracks in three-prong tau decays (points)
before the application of corrections to Dgreq. Dmeas. and o. The components
of the predicted distribution are normalised using world average branching ratios
taken from (1]. The \? per degree of freedom between the data and predicted
distributions is 1547/20. (b) shows S, for the same sample after the application
of corrections to Dpreq. Dmeas. and o. The x* per degree of freedom between the
data and predicted distributions is 67/21.



Chapter 5

The OPAL Data Sample

This analvsis uses the full data set collected by the OPAL detecror hetween the
vears 1990 and 1995 at e”e” centre-of-mass energies close to the Z' resonance.
Table 5.1 shows the vear-bv-vear integrated liminosity delivered by LEP during
this period. Oniy data for which the tracking chambers and the electromagnetic

catorimeter were fully operational are retained.

5.1 The Tau-Pair Sample

-

The topology of e”e”— 777~ events is characterised by a pair of back-to-back.
narrow jets with low particle multiplicity (Figures 5.1 and 3.2 show tvpical =77~
events in the OPAL detector). Jets are defined in this analysis by grouping tracks
and electromagnetic clusters into cones of 35° half opening angle. where each cone
is assumed to contain the decay products of one of the tau leptons. Tau pair
candidates are selected by requiring two low multiplicity jets. Background events
from other lepton pairs. hadronic Z% events. and two-photon events are reduced
with further cuts on the event topology and total visible energy. Details of the tau

pair selection are:

1. Each tau-pair candidate must have exactly two jets with an average polar
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vear | centre-of-mass | [ £ (pb~!)
energy (Ge\’)
1990 | 88.2 to 94.2 6.6
1991 | 88.5 to 93.7 12.9
1992 91.3 23.9
1993 ¢ 89.4 to 93.0 33.3
19944 91.1 38.0
1995 | 89.3 10 92.9 33.6

Table 5.1: Integrated luminosity delivered by LEP between the vears 1990 and
1995.

angle of {cosf,..] < 0.68 for barrel events. and 0.68 > |cos8,.] < 0.90 for

endceap events.

2. Each of the jets must contain at least one charged track. Tracks used in the
jet definition must have ! :
e pr > 100 MeV/c.
o dy <2 cm
e ) < THcm
3. Electromagnetic calorimeter clusters used in the jet definition must have
recorded energies of at least 100 Me\ in the barrel. or 200 Me\ in the
endcap. Clusters in the endcap are also required to extend over at least two

lead-glass blocks. with no one block contributing more than 99% to the total

cluster energy.

Backgrounds are reduced in the tau-pair sample with the following additional

selections:

1. Background from hadronic Z° events is reduced by allowing a maximum of

'see Appendix B for a description of the OPAL track parameters
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6 charged tracks and 10 electromagnetic clusters in each event. Figure 5.3

shows a typical hadronic Z° decay in the OPAL detector.

2. The background from two-photon events such as ete™ — (e7e™).X. where

the final state electron and positron escape undetected at low angles and
the svstem .\ is mis-identified as a tau pair event. is reduced by rejecting
events with a separation angle between the two charged jets of less than 165°.

Further rejection is obtained with cuts on the visible energy of the event.

3. Minor sources of backgrounds from cosmic ravs and beam-gas interactions

are suppressed with simple requirements ou the location of the primary event
vertex and on the time-of-Hight signals associated with the tracks. Figure

3.4 shows a typical cosmic ray event in the OPAL detector.

. Most eTe”—e"e” events are removed by rejecting events with two collinear
tracks with large associated energy deposition in the electromagnetic
calorimeters. consistent with the passage of electrons. Figure 5.5 shows a

typical eme”—e~e” event in the OPAL detector.

Most muon pair events are removed by rejecting events with two collinear
tracks with associated activity in the hadronic calorimeters and/or muon
chambers. and with small associated energy deposition in the electromagnetic
calorimeter. consistent with the passage of muons. Figure 5.6 shows a typical

e"e"— u~u” event in the OPAL detector.

The barrel tau selection yields 110326 tau pair events with background

fron=7 = 1.56 £ 0.10%. estimated by data control samples and Monte Carlo back-

ground samples. The background from hadronic Z° decays in this sample (which
is included in fr°"-7) is f2°=99 = (.28 + 0.04%.

The combined barrel and endcap tau selection vields 147926 tau pair events

with background fr"~7 = 2.73 £ 0.27%. estimated by data control samples and

Monte Carlo background samples. The background from hadronic Z° decays in

this sample (which is again included in f*""7) is fE°98 = 0,68 = 0.17%.



7~ Decay Pre-selection
Mode Bias

T, KT 1.009 = 0.010
T, Km0 0.992 +£0.012
T v, K™KY 1.013 £ 0.015
T =, K 7070 1.016 £ 0.037

T =, KN RK%° 1.001 = 0.020
7=, K- 7%%% 1 1.009+0.037
T~=v, K K%7%% | 0.995 + 0.020
FERE N 72 (Nt ko 0.935 £ 0.012
rT=r-Koaok” 0.925+£0.013
TT=u, KRR ] 0.908 £ 0.012
T =, K7r K77% [ 0.898 £ 0.013 |

Table 5.2: Tau-pair selection bias factors for various tau decay modes with charged
kaons in the final state.

The tau-pair selection does not select all tan decay modes with equal effi-
ciencies. The “selection bias factor” for signal channel / is the enhancement of
that channel (relative to all channels) caused bv the tau-pair selection procedure.
Thus. if there are a total of .V tau decay channels. and B, and 4, are the number
of decays in channel ¢ before and after the tau-pair selection. the selection bias
factor for that channel is (B, ¥ A4,)/(4, T B,). where the summation is over the
N channels. In general the selection bias factors are close to unity for most tau
decay channels. but they tend to be somewhat less than unity for three-prong tau
decays. largelv due to the requirement that selected tau-pair candidates must have
no more than 6 tracks. Table 5.2 shows selection bias factors for various one- and
three-prong tau decay modes that include charged kaons. as determined from a
Monte Carlo generated tau-pair sample.

A more complete description of the tau-pair selection. including the details of

the background assessment. can be found in reference [17] [52].
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Figure 5.1: A typical e*e"— 777~ event in the OPAL detector (shown in the r—o
plane). The dark shaded boxes represent energyv deposition in the electromagnetic
calorimeter. The size of the boxes are proportional to the energy deposited by
the particle. The lightly shaded boxes represent energy deposition in the hadron
calorimeter. The central radial lines represent reconstructed charged particle tracks
in the jet chamber. and the arrows on the outer radius of the event display represent
hits in the muon chambers. The interpretation of this particular event is a tau-pair
decay where one of the tau decays includes an electron. and the other includes a
muon.
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Figure 5.2: Another typical ete™— 777~ event in the OPAL detector (shown in
the r — ¢ plane). The interpretation of this particular event is a tau-pair decay
where one of the tau leptons decays to one meson. and the other decays to three
mesons.



Figure 5.3: A typical hadronic Z° decay in the OPAL detector (shown in the r — o
plane). Note the large number of tracks and calorimeter clusters associated with
the event.



Figure 5.4: A typical cosmic ray event in the OPAL detector (shown in the r — o
plane). Note that the two tracks are collinear and do not intersect with the origin.
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Figure 5.3: A typical eTe"—eTe™ event in the OPAL detector (shown in the
r — o plane). Note the large energy deposition in the electromagnetic calorimeter
associated with the two tracks in the event.



Figure 5.6: A typical e*e"— pu~u~ event in the OPAL detector (shown in the r — o
plane). Note the hits in the muon chambers and the small energy deposition in
the electromagnetic and hadron calorimeters associated with the two tracks in the
event.



Chapter 6
Monte Carlo Simulation

The simulation of e“e™—= 777~ production for this analvsis is performed using
the KORALZ 4.0 Monte Carlo generation package {33]. This program takes into
account QED bremsstrahlung radiation from the initial state e”e™ and the final
state 7777, and O(a) electroweak radiative corrections to the cross-section. The
tau lepton decay process for the dominant tau decay modes is simulated by the
TAUOLA 2.4 decay package [33]. which includes both longitudinal spin polariza-
tion effects in the tau decay process. and single bremsstrahlung from the final state
of the tau decay. except for tau decavs to more than four mesons.

The KORALZ/TAUOLA program generates four-momenta of the final state
particles of simulated tau decavs. The file also includes codes identifving the type
of each particle. as well as a data structure containing the history of the particle
decayvs within each event. These four-vectors are input to the detector simulation
program known as GOPAL [534]. which provides a detailed description of the OPAL
detector geometry to the GEANT [53] program. and uses Monte Carlo methods to
simulate the passage of particles through the detector material. The results of this
simulation are recorded in data structures identical to those read out by the front-
end electronics of the OPAL detector. These data structures are then processed
with the same software used to reconstruct the data. except thart the information

used to associate reconstructed quantities with the underlyving particles in the event

T4



is retained.

To estimate backgrounds in the candidate samples and the biases introduced
to the branching ratios by the tau-pair selection procedure. we use a sample of
600000 simulated tau-pair events generated by the KORALZ/TAUOLA Monte
Carlo package. The input branching ratios of the various tau decay modes sim-
ulated by TAUOLA 2.4 are derived from current world averages and theoretical
predictions.

In order to precisely determine the branching ratios to tau final states with
kaons and to study the resonant structure of ¥ "= v, K 7 7~ and 7= v. K77 7K~
decays. large Monte Carlo samples of signal events are also produced. Table 6.1
shows the primary aud secondary intermediate resonances used in the Monte Carlo
generated sets of 77 — v.(Kam)™. 77 = vAKsK})". 77 — v(Kar7)™. and
77 = v.(KaKs)” decay modes that are used in this analvsis. Entries marked
with an A are the samples used to evaluate the efficiencies used in the calculation
of the branching ratio central values. All other samples are either used to evaluate
the resonant structure of "= v- K7 77 and 7> v. K™ 77K~ decavs. or as cross-
checks in the branching ratio analyvses.

The generation of the special samples used as cross-checks in this analyvsis con-
fronts the somewhat uncommon complication of the severe phase-space restrictions
in tau decay chains such as 7= — v, K;(1270) — v (p(770)K)~. Modifications to
the default version of Tauola are therefore made to take these restrictions into
account using the method suggested in reference [36]. Appendix A discusses this
method in detail.

Decays of the K,(1270) with more than three mesons in the final state. such as
K,(1270) - Ko — K=ww., are not generated for this study. The relative branching
ratios of the K,(1270) to the decays which are generated. as seen in Table 6.1. are
thus re-weighted to sum to 1. Interference effects between the various IX,{1270)
decay chains are neglected.

All Monte Carlo generated event samples used in this analysis are passed
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through the full detector simulation and subjected to the same analysis chain as

the data.



7~ Decay Mode | Primary Resonance Daughters Commnients |
v.(Knw)~ K,(1400) (p(TT0)K)~ Aa
(K*(892)m)~
K, (1400) (K*(892)7)~ b.c
R, (1270) (p(TT0)K)~ (19%) b.c.d
(K*(1430)7)~ (32%)
(K*(892)7)~ (19%)
non-resonant (p(7T7O)K)~ b
non-resonant (K°(892)7)~ b
non-resonant non-resonant 1 b

v-(KaK)~ 2,(1250) and p/(1700) (K"(892)K)~ Aa
non-resonant (p(770S) b
non-resonant (K*(892)\)~ h
non-resonant NON-resonant b
vo(Kram)™ NON-resonarnt OnN-resomant | A
| non-resonant ~K- | h
| vo(K7Km)™ non-resonant non-resonant I Ab
non-resonant (K*(892)Kk=1~ i h

A Used to caleulate central vatues of the branching ratios.

¢ Default version of Tauola 2.4.

* Modified version of Tauola 2.4.

¢ Phase-space limitations in the decay chain are taken into account.

¢ Interference effects between the A’ (1270) decay chains are neglected.

Table 6.1:

T—

= v.(Kram)~

— v.(Krm)~

Intermediate resonant structure assumptions made in the gener-
ation of special Monte Carlo samples of - 7 = v (KaK)~.
.and 77 = v (KrKnr)~ decay modes. Entries marked with an

A are the samples used to evaluate the efficiencies used in the calculation of the

branching ratio central values. All other samples are either used to evaluate the

resonant structure of 7 = v K™ 777" and 7> v, K™ 7K™ decays. or as cross-

checks in the branching ratio analyses.



Chapter 7
One-Prong Branching Ratios

Measurements of the branching ratios of one-prong tau decavs to final states with
a charged kaon may be used to test the theoretical predictions for those hranching
ratios. as shown earlier in Chapter 2 in Table 2.2

One-prong tau decay modes with a charged kaon in the final state are dom-
inated by the 7"—v. K~ and r~— v, K™ 7Y decay modes. Measurement of the
7= v. K~ branching ratio at OPAL relies upon the good charged particle identi-
fication capabilities of the jet chamber. Unfortunately. the electromagnetic shower
shape resolution and energy resolution is too poor at OPAL to allow precise mea-
surements of the branching ratios of other exclusive one-prong tau decay modes
with charged kaons. such as 7= v, K~ 7%, and thus such studies are not attempted
here.

Measurement of the 7~— v, K~ branching ratio begins with the determination
of the number of 1= wv. K~ > 0h® decays in the one-prong tau decay sample.
where the h® notation refers to either a #° or a K°. Information provided by the
electromagnetic calorimeter is then used to determine the number of 77— v- K~
decays in this sample. The 7~— v, K~ branching ratio is obtained by correcting

this number for backgrounds and selection inefficiencies.



7.1 Event Selection

Event selection begins with the barrel tau-pair candidate sample described in
Chapter 5.

One-prong tau decays are selected from this sample by choosing tau decay
cones containing only one well-reconstructed charged track. Tracks in this sample
are required to have at least 40 jet chamber hits used in the calculation of the
measured dE/dr. to have at least 3 hits in the :—chambers. and to have recon-
structed momentum between 2 and 50 Ge\'/c. The number of candidates in the
sample selected by this procedure is 143528,

The number of charged kaons in the sample is determined by maximising a
likelihood function based on dE/dr. After correction for backgrounds and selec-
tion inefficiencies. this vields the 7=—= v, K~ > 0h" branching ratio. As a cross-
check. to ensure that the 7~ —v. h~ > 0hY efficiency estimates are accurate. the
"= . 7~ > 0h" branching ratio is also determined in an analogous fashion. and

cotnpared to the world average.

7.2 Inclusive 7= v. K~ > 0h’ Branching Ratio

The tracks in the one-prong tau decay candidate sample consist of electrons.
muons. pions. and kaons from both tau decays and non-tau sources. To deter-
mine the number of charged kaons in the sample. a maximum likelihood fit to the
ionisation energy loss distribution of the tracks in the sample is performed. The

likelihood function used in the fit is:

]

L=exp|-3 (L’t_j—#ﬁ)- 11 Yoo WL (7.1)

)=L.N k=epurs K
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where 117%7 is the dE/dr weight of charged particle j under particle hypothesis A.
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and where,

fr is the fraction of particle tvpe & in the sample. where k is either pion. kaon.
muomn. or electron. The values of fi are constrained to be non-negative. and

the sum is constrained ro be 1.

. and Af) are the fraction. and uncertainty on the fraction. of muons in the

sample. as estimated by Monte Carlo generated events. corrected using in-
formation from data and Monte Carlo muon control samples that are selected

using information from the OPAL muon chambers.
Vs the total number of particles in the sample.
Di ... is the measured dE/dr of the ;™ charged particle.

Dﬁﬁm, is the predicted dE/dr for charged particle j. calculated with the OPAL
parameterisation under particle hvpothesis & . as derived from the measured

dE/dr of charged particles in hadronic Z° events.

o, is the dE/dr uncertainty. calculated using the OPAL parameterisation. as

derived from the measured dE /dx of hadronic Z° events.

Sres is the multiplicative correction to oy,. as determined from the one-prong con-

trol samples as described in Chapter 4.

s(J) is the J dependent multiplicative correction to Dyeq. as determined from the

one-prong control samples.

f(o) is the o dependent correction to the measured dE/dr. as obtained from the

one-prong control samples.
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Efforts are made to obtain a d£/dr parameterisation for the tau decay envi-
ronment that is optimal for many particle species over a wide range of momenta.
However. it is possible that the dE/dx corrections described in Chapter 4 may be
somewhat more (or less) optimal for pions than they are for kaons in the momen-
tum range of interest. Thus. to correct for any possible species-dependent quality
differences in the parameterisation of d£/dr. an extra factor. Ck. is allowed 1o
multiply the kaon predicted energy loss. D;',"md. and is allowed to vary freelv in the
fit using the likelihood function found in Equation 7.1. The value of C returned
by the fit is Cx = 0.9943 = 0.0009.

Independent likelihood fits are performed in 13 momentum bins of variable
size from 2 to 30 GeV/c. A test of the fit with Monte Carlo generated samples
verifies that the resulting estimates for the kaon fraction have biases within the
range —0.25a,, to 0.75a, at the 95% confidence level. where oy is the tvpical
statistical uncertainty returned by the fit. Thus. biases resulting from the fit
procedure are neglected.

The number of charged kaons and pions found in the sample. summed over all
momentum bins. is given in Table 7.1. and the stretch d £ /d.r distribution of tracks
in all momentum bins of the sample is shown in Figure 7.1. The normalisation of
the predicted distributions of the kaons. pions. muons. and electrons in the sample
is obtained from the results of the likelihood fit. The momentum distributions of
the charged kaons and pions in the sample. as estimated by the likelihood fit. are

shown in Figure 7.2.

7.2.1 The Branching Ratio Calculation

To determine the v~— v, K~ > 0h° branching ratio. the number of charged
kaons found by the dE/dx likelihood fit in the one-prong candidate sample is

corrected for backgrounds and selection inefficiencies:

VK VK
NToTar — Vokgnd
€k- o0 V-(1 — fron=r)’

BK"ZOhU =



# of 7 candidates 220652
fron=v 1.56 = 0.10%

# in one-prong sample

143528

e
'\T()'l".»\l.

1566 = 389 £ 246
89 = 16

- gkgn(i

€5 ~ont 0.721 £ 0.001 = 0.001
‘\'i‘”-“' 2326.2 £ 64.0 £ 52.0
N 88+38

€K - o 0.762 = 0.006 = 0.007 |

Table 7.1: Pion and kaon composition of the one-prong tau decay candidate sample.
as estimated by the likelihood fit to the measured dE/dr of tracks in the sample.
The first uncertainty on Niypa and NF .o is the statistical uncertainty from the
fit. and the second is due to the systematic uncertainty in the dE/dr correction
factors. Also shown are the estimated backgrounds in N7y, and V¥ p,; . along
with the efficiencies for signal events to contribute to the one-prong tau decay
sample. The first uncertainty on each efficiency estimate is due to the limited
statistics of the Monte Carlo generated samples. while the second is due to the
uncertainty in the various branching ratios used to calculate the efficiency. as
listed in Table 7.3.
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Figure 7.1: (a) is the stretch d£/dr distribution under a pion hypothesis for tracks
in the data 7~—v-h~ > 0h® candidate sample (points). The overlaid curves are
the predicted distributions for kaons. pions. muons. and electrons in the sample.
The normalisation of the curves is obtained from the results of the likelihood
fit described in Section 7.2. (b) is the distribution of the data points in plot (a)
divided by the predicted distribution. The shaded area represents the approximate
one sigma dE/dr systematic uncertainty envelope on the predicted distribution.
The \? per degree of freedom between the data and a line centred at y = 1. taking
into account both statistical and dE/dz systematic uncertainties. is 36.3/47.
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Figure 7.2: (a) and (b) are the momentum distributions of charged kaons and
pions. respectively. in the data one-prong tau decay sample (points). as estimated
from the results of the dE/dr likelihood fit described in Section 7.2. The his-
tograms are the momentum distributions predicted by Monte Carlo generated
= v, K~ > 0h% and 7= v, 7~ > 0h® events. The overall normalisation of the
predicted distributions comes from the results of the dE/dx likelihood fit. while
the relative normalisation of the exclusive decay modes contributing to the sample
is taken from the relevant world average branching ratios appearing in reference

[1].
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where

N, is the number of tau decay candidates. There were 220652 tau decay candidates
recorded in the barrel region of the OPAL detector between the vears 1990
and 1995.

f7°"~7 is the estimated background from non-r sources in the tau decay candidates
(fror-7 = 1.56 = 0.10%).

NToraL is the total number of kaons in the one-prong tau decay sample. as esti-
mated bv the likelihood fit. The number of kaons summed over all momentum

bins in the sample is shown in Table 7.1.

.\'l[;;\.wl is the number of background kaons in the one-prong tau decay sample.
as estimated by Monte Carlo generated tau decay and hadronic Z° samples.
The number of background kaons sununed over all momentum bins in the

sample is shown in Table 7.1.

i »ono 18 the efficiency for 77— K™ > 0h? decays in the tan-pair candidate
sample to contribute kaons to the one-prong tau decay sample. and is shown
in Table 7.1. The efficiency has heen corrected for biases introduced by the
tau-pair selection procedure. and the uncertainty on the efficiency includes

the systematic uncertainty arising from this correction.

The result of the branching ratio calculation is
Br(t~—= v, K~ > 0h%) = 1.525+0.039 £0.036%.

where the first uncertainty is statistical and the second is systematic. A summary
of the systematic uncertainties. all of which will be described in proceeding sections.
is shown in Table 7.2.

As a cross-check to ensure that the 7~— v, h™ > 0h? efficiency estimates de-

rived from the Monte Carlo generated events are accurate. we also determine the



86

Branching Ratios (%)

Bi->on0 | Bi- oo Bk-
Central value 48.17 1.525 0.651
o (stat) +0.25 | £0.039 | £0.026
o (dE/dr svs) +0.16 | £0.031 | £0.018
o (E/p and N, modelling) - -1 £0.009
o (MC stat) +0.09 | +£0.012} +0.006
o (efficiency svs) +£0.05 | +£0.014! =x0.010

Table 7.2: Summary of the branching ratio central values and sources of uncer-
tainties. The last uncertainty is due to the svstematic uncertainty in the efficiency
correction arising from the uncertainties in the various branching ratios used in
the weighted average calculation of the 77— v, K~ > 0h. 7~ —v. 7~ > 0h". and
T -, K™ > 1hY efficiencies.

r~— .7~ > 0h® branching ratio. Thus. in a completely analogous fashion to rhe
7 — -k~ > 0h? branching ratio calculation. the total number of charged pions
found in the one-prong tau decay sample by the likelihood fit is corrected for

backgrounds and the 7=— v, 77 > 0hY efficiency to vield:

Brir——=wv. 7~ > 0h") = 48.17 =

H
jan]
[ 2%)
(W)
H
]
S

where the first uncertainty is statistical and the second is systematic. The linear
correlation coefficient between the OPAL r~= v, K~ > 0h® and 7 ~—v, = > Oh"
branching ratios is approximately —20%. The OPAL 7~— v, =~ ><ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>