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Chapter 1

Introduction

The Standard Model describes the interaction of particles under the influence of the strong,
weak and electromagnetic forces. The strong interaction is described by the theory of
Quantum Chromodynamics, while the weak and electromagnetic interactions are described
by the unified electroweak theory. This thesis will test aspects of the electroweak theory of
the Standard Model through the study of the weak decay of the tau to an electron and two
neutrinos.

Leptons are fundamental particles of nature having no observed substructure. Charged
leptons can interact both through the weak and electromagnetic interactions, while the
neutral leptons or neutrinos only interact via the weak interaction. Currently there are three
known charged leptons: e™, = and 77; and three known neutrinos: v, v,, and v,. The
first observed elementary particle, the electron, was discovered in 1897 by Thomson. The
muon was detected in cosmic rays in the 1930’s [1], and the last discovered charged lepton,
the tau, was observed in high energy e~ e™ collisions by M. Perl e. al. in 1975 [2] . The
electron neutrino was postulated by Pauli around 1931 [3] and was observed by Reines and
Cowen in 1953 [4] by studying inverse beta decay. The existence of the muon neutrino has
also been confirmed while the tau neutrino has not been experimentally verified.

The interaction of leptons with the electroweak force is shown symbolically in Fig. 1.1.
A lepton [~ may emit or absorb a photon (Fig. a). An example of this interaction is the

photoelectric effect, where an atomic electron absorbs a photon. Similarly a lepton [~ may
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emit or absorb a Z° (Fig. b). In addition, a lepton [~ may emit or absorb a W~ (Fig. ¢). In

this case the outgoing lepton v; carries no charge.

(@) (b) ©

Figure 1.1: Lepton transitions through gauge boson interaction, where g, g’ and e are the

coupling constants.

The Standard Model predicts the form of the interaction between the leptons, but not
the strength of the coupling between them. The coupling constant must be measured
experimentally. The coupling constants for the three lepton transitions are indicated in
Fig. 1.1, where g and ¢’ are the weak coupling constants for the W+ and Z° interactions
respectively, and e is the electromagnetic coupling constant. The Standard Model assumes
that the couplings are not dependent on the lepton family, i.e. g. = g, = ¢-. This is known
as lepton universality. Any deviation from the Standard Model assumption could indicate
new physics.

Lepton universality can be tested by several methods. Electron-muon universality can
be tested by studying the decays of the pion, W boson, and the tau lepton, while tau-muon
universality can be tested by studying the decays of the W boson and the tau lepton. This
analysis will examine lepton universality by studying decays of the tau lepton. If the tau is
a heavy version of the electron or the muon leptons, then the coupling of the leptons to the
W boson should be the same. Electron-muon universality can be examined by comparing
the decay widths of the 7= — e™ rer, decay and the 7~ — pu~ v, v, decay. Note that the
decay notations used throughout this thesis also imply the charged conjugate decays, i.e.
7t — etver, and 7t — pty,.. The Feynman diagrams of these decays are given in

Fig. 1.2. Similarly, tau-muon universality can be examined by comparing the decay widths
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Ve Vy

(a) (b)

Figure 1.2: Feynman diagrams of 7~ — e~ vev, and 7~ — p~ v v, decays.

of the 7~ — e rer, decay and the p~ — e~ vev, decay. The Feynman diagrams of these
decays are given in Fig. 1.3.

The probability of the 7~ decaying to e~ vev, is related to the decay width I'(r~ —
e vev,). The decay width depends on kinematic factors, and the form and strength of
the interaction. The width of the 7= — p~ v, decay, I'(r~ — p~v,v,), has the same
form as I'(7~ — e~ v, ), except that m. and g. must be replaced by m,, and g,. Conse-
quently the ratio of the widths I'(7~ — e~ ev,)/I'(r~ — p~ v, ) gives a measurement
of g./g,. Similarly, tau-muon universality can be tested by comparing the decay widths of

the 7~ — e ver, and p~ — e~ vev, decays, giving a measurement of g, /g,,.

(a) (b)

Figure 1.3: Feynman diagrams of 7~ — e~ vev, and p~ — e~ ey, decays.

The tau can decay into many different final states. The branching ratio B(r — z) is
defined to be the fraction of times a particle decays into a particular final state. For example,
the tau decays to the e vev, final state approximately 18% of the time. This thesis will

present a new measurement of the 7= — e~ ver, branching ratio, and use that branching
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ratio, along with measurements of 7~ — p~ 1, v, and p~ — e~ vev,, from OPAL ' and other
experiments, to test the hypothesis of lepton universality.

At LEP 2, tau leptons are produced through the reaction ete™ — Z% — 7t7~. LEP is
an ete™ colliding beam synchrotron which is presently capable of providing beam energies
up to 55 GeV. It has been in operation since August 1989 at a centre-of-mass energy of
about 91 GeV, which is approximately the mass of the Z° resonance. Four multipurpose
detectors, DELPHI 3, ALEPH %, L3 ®, and OPAL, are installed at beam interaction regions.
The data used in this analysis were accumulated by the OPAL detector between 1991-1994.

An outline of the rest of the thesis will now be presented. In chapter 2 a further
description of the Standard Model will be given. The decay width and the formulation of
the charged current universality relations between g., g, and g, will be described. Chapter
3 describes the OPAL detector used to take the data that were analysed in this analysis.
Chapter 4 describes the OPAL data, the simulated (Monte Carlo) data and describes the
tau pre-selection. Chapter 5 describes the 7= — e~ vev, selection requirements. Chapter
6 discusses the background in the 7= — e~ ver, sample. In chapter 7, the 7= — e~ ver,
branching ratio is calculated, and the error analysis of the branching ratio is discussed.
Chapter 8 will compare and contrast the results of this analysis with other recent results and
discuss lepton universality and chapter 9 has some concluding remarks about the analysis

of the 7= — e™ rev, decay and lepton universality.

1Omni Purpose Apparatus for LEP

%Large Electron Positron collider

3Detector with Lepton Photon and Hadron Identification
* Apparatus for LEP Physics

SLEP 3 experiment



Chapter 2

Theory

In the first section of this chapter the Standard Model will be reviewed. The 7= — e~ vev;
decay width is discussed in the second section. The third section showshowthe ™ — e v,
decay width can be used with other measurements to test lepton universality. The last section

describes how the 7~ — e~ ver, branching ratio can be determined.

2.1 Standard Model

The Standard Model [5, 6] describes the interaction of elementary particles. This interaction
is mediated by the four fundamental forces of nature: electromagnetic, weak, strong and
gravitational forces. The electromagnetic interaction is characterised by the emission or
exchange of a photon which couples to the electrical charge of the interacting particle. The
weak force occurs by exchanging one of three intermediate vector bosons. The strong force
is mediated by gluons which are responsible for binding quarks together into hadrons. The
gravitational force is the weakest force, having no measurable effects on a subatomic scale.

The elementary particles can be categorised as leptons or quarks, whose masses are
shown in Table 2.1. The charged leptons, such as the electron, can interact via both the
weak and electromagnetic interactions, while the neutral leptons or neutrinos only interact
via the weak interaction. Hadrons, such as the pion are composed of quarks and can interact

through the strong interaction, in addition to the weak and electromagnetic interactions.
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Leptons | Mass (GeV/c?) | Quarks | Mass (GeV/c?)
Ve <5.1x107° U 0.33
e 5.11 x 10~* d 0.34
v, | <27x10% | ¢ 1.55
u 0.106 s 0.54
vy < .03 t 176
T 1.78 b 4.80

Table 2.1: Lepton and Quark masses. The Quark masses given refer to constituent quark

masses ([S] p. 444, [7] p. 1436).

The form of the forces between the elementary particles is determined by the principle of
local gauge invariance, that is, the particles have some properties which can be interchanged
without changing the force. For example, quarks have colour (red, green or blue) and the
colours can be interchanged without changing the strength of the strong interaction. The
rules for interchanging the properties are specified by a gauge group.

The Standard Model is based on the gauge group SU.(3) x SUL(2) x Uy (1). The SU.(3)
colour group generates quantum chromodynamics (QCD), while the SU(2) x Uy (1) group
is responsible for the electroweak interactions. The SUL(2) group is responsible for the
weak interactions, and together with the Uy (1) group can be shown to generate QED, the
theory of electromagnetic interactions. The quantum number associated with the Uy (1)
group is called the weak hypercharge Y.

The subscript L on SUL(2) is due to the experimental observation that the charged
currents in weak interactions couple only to fermions with left-handed helicity. Helicity is
defined as H = 2.J - P, where J is the particle’s spin and p is a unit vector in the direction
of the momentum. The left-handed helicity charged lepton and its associated neutrino
form a weak isospin doublet under SUr(2) (see Table 2.2). Similarly, pairs of quarks with

left-handed helicity form weak isospin doublets. The fermion charge, @), is related to Y
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Fermions T Ts Y Q
Ve v, v, 1/2 1/2 -1 -1
e . T 1/2 —1/2 -1 0
u ¢ t 1/2 1/2 1/3 2/3
s ), b 1/2 —1/2 1/3 —1/3
€R LR TR 0 0 -2 -1
UR CR tr 0 0 4/3 2/3
dr SR br 0 0 —-2/3 | —1/3

Table 2.2: Standard Model particles grouped into left-handed weak isospin doublets, 75 =
i%, and right-handed singlets 75 = 0. Y is the weak hypercharge and @) is the electric

charge in units of the positron charge.

and T3, the third component of the weak isospin, by

Y
Q:T3—|-§-

The right-handed fermions are put into the theory as weak isospin singlets. There are no
right-handed helicity components for massless neutrinos.

Glashow, Salam, and Weinberg [8] unified the weak interactions with electromagnetism
by postulating the electroweak force. The electroweak force has to include the three gauge
fields associated with the SUL(2) group (Wj,Wj,Wj’) and another associated with the
Uy (1) group, B,. But the associated gauge bosons are massless, in contradiction to the
experimental observations by both the UA1 and UA2 collaborations [9] of the very large
masses of the physical W and Z bosons. The problem is solved by having an underlying
vacuum, or the lowest energy state, that contains a field, called the Higgs, with a non-zero
expectation value. The Higgs particle couples to mass but the coupling constant and Higgs
mass itself are not specified by the theory. This process, referred to as the Higgs mechanism,
gives mass to the gauge bosons.

The Higgs mechanism generates a non-diagonal mass matrix for the two neutral gauge
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bosons. Diagonalising the mass matrix gives the physical fields,

Z, = cost‘)WWS—l—sin(‘)WBM

A, = COSGWBM—siHGWWS, 2.1)

where A, is the photon field and Z,, is the Z° boson. The other two gauge bosons, the

W+ and W~ bosons, are given as linear combinations of the first two fields of the SUL(2)
group,
1 :
W+ = \E(Wj TiW)). (2.2)
The mixing angle 8y is related to the intrinsic SUr(2) and Uy(1) couplings, g and ¢,
respectively by

gsin Oy = ¢’ cos by = e = Vira, (2.3)

where « is the fine structure constant and e is the positron’s electric charge. The mixing
angle Oy is called the Weinberg angle and has been determined experimentally to be
sin? Oy = 0.2311 £ 0.0009 [7].

The Standard Model specifies the coupling constants between the fermions (f) and
gauge bosons (v, W*, Z%) in terms of sin #y,. The Feynman diagrams for electromagnetic,
charged and neutral weak couplings are given in Fig. 2.1, where y* are the Dirac matrices.
The term (1 —~®) in the charged weak interaction represents the fact that this interaction is
purely left-handed. The neutral weak interaction contains vector (v¢) and axial-vector (ay)
factors which indicate that there are both left-handed and right-handed components in this

interaction.

2.2 The Decay Width

The rate of decay of the tau is given by its total width I';. The mean lifetime of the tau is
inversely proportional to the total width. The tau can decay to many different final states, so
the total width is the algebraic sum of the individual, or partial decay widths. The branching
ratio of the tau to a particular final state is the ratio of the partial decay width to the total

decay width. For example, B(t~ — e vev,) = (77 — e vev,)/T.
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f
v Qu(Fr ulf) A,
f
f
W LA (1 =" Ju(HW,
#
f
A rear 8D (vs — ay*)u(f) Za
f

Figure 2.1: The form of the coupling is shown for the electromagnetic, charged and neutral

weak interactions.
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The differential width for the decay of any particle can be written as [6]
1
dl' = —|M|?dLips, 2.4)
2m

where M is the transition amplitude, or matrix element, and d Ltps is the Lorentz invariant
phase space factor,

d3P2 d3P3 d3P4

dLips =
P2 = (2n)32E, (27)*2E; (27)*2E,

(271')45(4)(1’1 — P2 — P3 — P4),

where the p; are the four-vectors of the particles (see Fig. 2.2).
The matrix element, M, for the 7~ — [~ v, decay can be derived from the Feynman

diagram given in Fig. 2.2. It can be written as

M= g[8y (= )] [d = utw)], @)

2
8miy

where © and @ are Dirac spinors.

Figure 2.2: Tree-level Feynman diagram where the particle labelling is shown for the matrix

element M.

Assuming a point interaction, the spin averaged square of the matrix element is

2
IM[* =2 (ngT) (p1- p2)(Ps - pa)s (2.6)

myy
where the p; are the four-vectors of the particles (see Fig. 2.2).

The integration of the differential in equation (2.4) gives [10, 11],

2.2 5 2
B o g’z m> . m
I(r~ — "ow,) = (87;17)2967r3f(m—l2) 2.7

where f(z) = (1 — 8z + 8z® — z* — 12z% In z) and the masses of the neutrinos are taken

2
e

as zero. For the 77 — e ey, decay, f(£) = 1.0000 and for the 7= — u~v,v, decay,

F(Z2) = 0.9726.
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2.2.1 Higher Order Corrections

The tree-level Feynman diagram is the dominant contribution to the decay width. However
there are higher order Feynman diagrams that also contribute to the width of the 7~ — [T pu,
decay. The largest type of higher order correction is from electromagnetic radiative emission

(see Fig. 2.3).

-

14

Figure 2.3: An example of a first order Feynman diagram with radiative emission.

Radiative corrections can be represented by Feynman diagrams, as in Fig. 2.3, with
extra photons added to the tree level diagram as either a real bremsstrahlung photon or a
virtual photon loop. The fractional change in the width due to all radiative corrections is

calculated to be [12]

6T a(m,) (25 y
T  2r <I_ﬂ->’ 2:8)

where a(m. ) is the fine structure constant evaluated at the mass of the tau. Thus for a(m.) =
1/133.3, the radiative correction suppresses the rate of the tau decay by approximately 0.4%.
Note that the probability of a 7= — e~ er, decay accompanied by photons is estimated
using simulated data (Monte Carlo).

The decay width calculation can also be corrected for the finite W boson mass. The
corrections to the W propagator have been in studied in considerable detail in references

[13, 14]. The tree-level corrections for the 7~ — [~ v, decay width has the form

3 m2 m2
14 ——F —2— 2.9
+5m%v miy, 2.9)

Using my = 80.22 GeV [7] and the lepton masses from Table 2.1, the W boson mass
correction increases the decay rate by approximately 0.03% for both the 7~ — e~ v, and

T~ — p~ v, decays.
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2.2.2 The Total Width

The total width of the 7~ — [~ #,v, decay, including electromagnetic radiative corrections
and tree level corrections to the W propagator, is [14, 15]

2.2 5 2 3 2 2 2 - 25
= S () 1 - ) 22 (3]

(8m32,)? 9673 2 5m%, m% 27 4
(2.10)

Note that I'(r~ — [~ 5,v,) includes both the lepton and photons in the final state. Marciano
and Sirlin [16] have shown that most of the electroweak corrections can be absorbed in the
couplings, and the remainder absorbed in the fine structure constant a(m..). Corrections up

to order (a/2m)m? /m? have been included.

2.3 Lepton Universality

Lepton universality traditionally has been used to describe the fact that, neglecting mass
effects, the electron, muon and tau leptons all exhibit identical properties. In the standard
model, universality implies that the three generations of leptons all have the same SUL(2) x
Uy (1) transformation properties and quantum numbers. As a result, their intrinsic gauge

couplings given in equation (2.3) must be identical:

9e =9u=9r =9, (2.11)

9.=9,=9,=4"

One can test the universality of the g coupling by comparing the lepton decay modes
of the tau and muon. A comparison of the 7= — e~ ver, and p~ — e~ vev, decays gives a
measure of ¢, /g, while a comparison of the 7~ — e~ v, and 7~ — p~ v, decays gives
a measure of g./g,. Any deviation from unity in either of these quantities would imply new
physics.

The ratio of the widths for the 7= — e ver, and 7~ — p~ v v, decays, which equals

the ratio of the respective branching ratios, including electromagnetic radiative corrections
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and tree level corrections to the W propagator, is related to g. and g,, through

I(r~ »ewr,) Bir-—ewy,) g |f (3)
P(r~ —pvuvy)  B(r™ —pvur) g |f <7n_§>

m

(2.12)

The ratio of the widths for the 7~ — e ver, and p~ — e~ rer, decays can be written as

2 5
— g7 (2.13)

T'(p~ — e vev,) gi mi

I'(r~ — e vevy)

where

N

F(23) (14 28 2 ) [y o) (3 %)
f<,’,’i> <1+ S —2%) 1+ 2lza) (3 o))

w

K = = 1.00039.

The ratio of the tau and muon couplings can therefore be written in terms of the electronic
branching ratios of the tau and muon and their lifetimes, 7}, and T'. respectively, to obtain

5

2 T
I C i (2.14)

T — _EB(r- “ev,) | —=
g KT, (r——e z/ez/)[

where we have used ['(7~ — e vev;) = B(r~ — e ver;)/T; and I'(p~ — e ev,) =
B(p~ — e vev,)/T,, and where it is assumed that B(u~ — e~ vev,) = 100% [7].

In this thesis we measure the 7~ — e~ v, branching ratio, B(r~ — e vev,). To-
gether with other measurements of the tau lifetime and mass, muon lifetime and mass and
B(r~ — p~v,v,) one can test lepton universality. The next section will describe how the

T~ — e~ eV, branching ratio is determined in this analysis.

24 The r — e 7.v, Branching Ratio Formulation

The B(r~ — e~ vevr, ) branching ratio is defined to be the number of 7~ — e~ v, decays,

N,, including radiative decays, divided by the total number of tau decays N, in the data:

N,
B(r~ — e ev,) = v (2.15)

The sample of tau decays, N?¢, was selected by applying the tau-pair selection algo-

rithm, as will be described in Chapter 4, on the full data sample. This selection allows a
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small fraction of non-tau decays, fy ;. into the selected tau decay sample, N s¢l Therefore,

the true number of tau decays in the sample can be written as
N, = (1= f.d) N2 (2.16)

The f5.,q and N2 will be determined in Chapter 4.

Next, the selection of the 7= — e~ vev, candidates from the tau-pair sample is done.
This will remove some of the 7~ — e Pev; events from the sample, and will also allow some
non-electron events into the final event sample. The actual number N, of 7= — e vev;,
events in the selected tau decay sample will therefore be given by the number of selected
7~ — e~ v, candidates, N, corrected for the background contamination, f§, g4d» and the

selection efficiency, e.. Therefore

N;el

€

The selection efficiency, €., is determined by observing the fraction of true 7= — e~ v,
events that are removed when the 7= — e~ vev, selection are applied to the tau-pair simu-
lated data (Monte Carlo). The efficiency is corrected for the observed differences between
the data and Monte Carlo after some geometry requirements are applied.

Finally, the tau-pair selection requirements may preferentially remove certain event
topologies, altering the apparent branching ratios in the selected tau sample. The measured
branching ratio must be corrected for the selection bias, Fj,,, in order to determine the
true branching ratio. This quantity has been determined by applying the tau-pair selec-
tion requirements to the tau-pair Monte Carlo and observing the ratio of the fraction of
T~ — e eV, events before the tau-pair selection to the same fraction after selection. This
ratio is Fy,,, = 1.0036 + 0.0022 [34].

Therefore the 7= — e~ v, branching ratio is determined by combining equations
(2.15),(2.16) and (2.17), and correcting for the tau-pair bias, resulting in

Nl = foal 1
B(r~ —m e ev,) = —= fbkgd—

- hgd == (2.18)
N = flrgd €e Fiias

The 7= — e~ vev, branching ratio and its uncertainty will be calculated in Chapter 7.



Chapter 3

The OPAL Experiment

This chapter will describe the experimental facility used to collect the data that were used
for this analysis. The first section will describe the Large Electron Positron (LEP) [17]
collider facility at CERN just outside Geneva, Switzerland. The second section describes

the OPAL detector and its components which were used to collect the data for this analysis.

3.1 The LEP Collider

The LEP collider facility consists of several different particle accelerators that are used to
create high energy electrons and positrons and bring them into collision. The injector chain
produces and accelerates electrons and positrons to 20 GeV, while the main ring accelerates
the particles to approximately 45 GeV, providing the centre-of-mass energy of 90 GeV
required for Z° physics.

Fig. 3.1(a) shows a schematic diagram of the LEP injector chain. Positrons are produced
by directing electrons from a 200 MeV linac onto a converter target. The electrons and
positrons are then accelerated in a 600 MeV linac and collected in the Electron-Positron
Accumulator (EPA). After accumulation in the EPA, the electrons and positrons are injected
into the Proton Synchrotron (PS) where they are accelerated to 3.5 GeV and then transferred
to the Super Proton Synchrotron (SPS) which then accelerates the particles to 20 GeV. The

final acceleration to 45 GeV is done in the LEP ring.

15
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The LEP ring is 26.66 km in circumference and is buried between 100 m and 150 m
underground (see Fig.3.1(b)). The collider was designed to provide a peak luminosity of
1.6 x 10*cm™2s7! at an average beam current of 3 mA. LEP has been operated in four
and eight bunch mode. In four bunch mode there are four equally spaced bunches each of
electrons and positrons which are made to collide at eight intersection points, four of which

are instrumented with large detectors.

3.2 The OPAL Detector

OPAL is one of four large detectors whose purpose is to detect all types of interactions
occurring in eTe™ collisions at a centre of mass energy of about 90 GeV. A full description
of the detector can be found in reference [18] and a schematic of the OPAL detector is
shown is Fig. 3.2.

The coordinate system used by OPAL is illustrated in Fig. 3.2; the z-axis is horizontal
and points toward the centre of LEP, the y axis is vertical, and the z-axis is in the e~ beam
direction. The origin of the coordinate system is at the nominal interaction point at the
centre of the detector. The polar angle, 8, is measured from the z-axis about the z-axis, and

the azimuthal angle, ¢, is measured from the z-axis about the z-axis.

3.2.1 The Central Tracking System

The central tracking system consists of a silicon microvertex detector and three drift chamber
devices: the vertex chamber, the jet chamber and the z-chamber. The central tracking system
operates at a pressure of 4 bar and is therefore contained inside a pressure vessel whose
cylindrical structure provides mechanical support to the solenoidal magnet mounted around
it. The solenoidal magnet maintains a uniform field strength of 0.435 Tesla. Only two of
these detectors are used in this analysis: the vertex chamber and the jet chamber. They are
described below.

The Central Vertex chamber (CV) is a high resolution cylindrical drift chamber which

extends radially from 80 mm to 235 mm from the interaction point. The detector is
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[
DELPHI

(b)

Figure 3.1: (a) Schematic view of the injection scheme for LEP. (b) The main LEP ring

along with the locations of the four experimental areas.
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Figure 3.2: The Overview of the OPAL Detector.
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composed of an inner layer of thirty-six axial wire cells, each composed of twelve anode
sense wires, and an outer layer of thirty six stereo cells inclined at 4°, each with six anode
wires. The drift time to the axially placed sense wires can be measured precisely enough so
that the position of a track in the » — ¢ plane is calculated with a resolution of 55 gm. The
time difference between signals at either end of the sense wires gives a fast but relatively
coarse z coordinate measurement which is used by the OPAL track triggering and in pattern
recognition. A measurement of this quantity to a precision of 0.1 ns allows the z-coordinate
to be determined to ~ 4 cm. The vertex chamber has stereo layers, which are tilted at a
small angle with respect to the axial layers. The combination of stereo layer and axially
placed sense wire information provides an accurate z measurement for charged particles
close to the interaction region, with a combined resolution of 700 gm.

The Central Jet chamber (CJ) is a large cylindrical drift chamber with a length of
approximately 4 m with conical end planes and is divided into 24 identical sectors in ¢
each containing a sense wire plane with 159 anode wires and two cathode wire planes that
form the boundaries between adjacent sectors. The anode wires are located between radii
of 255 mm and 1835 mm, equally spaced by 10 mm and alternating with potential wires.
To resolve left-right ambiguities, the anode wires are staggered by 4100 pgm alternately to
the left and right side of the plane defined by the potential wires. A schematic drawing
of a section of a jet chamber sector is shown in Fig. 3.3. Similar to the vertex chamber,
a measurement of the drift time determines the coordinates of wire hits of a track in the
r — ¢ plane with a resolution of 135 pm at the mean drift distance of 7 cm, and the ratio of
the charges between the signals at either end of the wires gives a measure of the z-position
with a resolution of 6 cm. The ionization energy loss of the charged particles, dE /dz, is
measured by integrating the charge received at each end of a wire allowing identification of
particles by determining the velocity and momentum simultaneously. The dE/dz will be
discussed in further detail in the next section.

The momentum of the particle is obtained by measuring the curvature of the particle

track in the magnetic field. The momentum resolution for the jet chamber is given by

pPT
Ier _  /(0.0004 +(0.0015 x 2),
\/( ( pr)?)
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where pr in GeV/c is the momentum component transverse to the beam direction [19]

3.2.2 The dE/dz Measurement

The energy loss of a particle is measured as it travels through the gas in the Central Jet

chamber (CJ). The CV, CJ and CZ detectors are all contained in a pressure vessel

maintained at a pressure of 4 bar, optimised to provide the best dF/dz resolution for
particle separation.

As stated in the previous section, the charge deposited on each wire is proportional to
the energy loss of the particle as it travels through the OPAL jet chamber. The independent
energy loss measurements are distributed according to a Landau distribution from which

the mean energy loss for each particle can be measured. The resolution of the dE/dz

20
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Figure 3.4: Specific ionization measurements (dE/dz) for various particle species.

measurement for the OPAL jet chamber has been determined to be [21]

o(dE/dz) 159 \**
i = () G

where Nyumypie is the number of wire hits in the CJ detector that are used to measure dE /dx
and o159 is the resolution obtained when all the 159 dE/dz samples are used in the energy
loss measurements. Typically the dE /dz resolution is from 3-4%. Note that most tracks do
not have 159 hits due to the application of hit quality criteria. Fig. 3.4 shows the dependence

of dF /dz on the momentum for various particle species.

3.2.3 Time-of-Flight System

Surrounding the tracking detectors and magnet is the time-of-flight (TOF) system. The
TOF system covers the barrel region (TB), | cos 8| < 0.82, of the OPAL detector. It is
comprised of 160 scintillation counters, at an average radius of 2.36 m. It generates trigger
signals and allows charged particle identification in the range 0.6 — 2.5 GeV. The TOF

provides a timing resolution of 460 ps for muons and a z-resolution of 5.5 cm. The z-
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position is measured by comparing the time difference between the signals at the ends of

the scintillators. In this analysis the TOF detector is used for cosmic ray rejection.

3.2.4 Electromagnetic Calorimeter

The electromagnetic calorimeter at OPAL (ECAL) is outside both the pressure vessel of
the tracking system and the coil of the magnet. It consists of a pre-shower counter (pre-
sampler) and a lead glass calorimeter. The electromagnetic calorimeter is designed to
contain and measure the energy and position of electrons, positrons, and photons. Muons
leave very little energy, while hadrons may leave a substantial fraction of their energy in
the electromagnetic calorimeter.

It is convenient to measure the thickness of the ECAL material in units of the radiation
length Xy, the mean distance over which a high energy electron loses all but 1 /e of its energy
by bremsstrahlung. It is therefore an appropriate scale of length for describing high-energy
electromagnetic cascades [7]. The material in front of the calorimeter (i.e. the solenoid,
central detector and pressure vessel efc.) is approximately two radiation lengths thick and
causes a slight degradation of the energy and spatial resolutions because of electromagnetic
showering before the lead glass.

The electromagnetic pre-sampler is located immediately in front of the electromagnetic
calorimeter. It consists of two concentric cylinders of limited streamer tubes with wires
parallel to the beam axis and cathode strips oriented at +45° with respect to the wires.
The pre-sampler samples the energy of a particle after it passes through the magnetic coil,
enabling one to make a correction if the shower has started in the coil.

The barrel region (EB) of the electromagnetic calorimeter covers | cos 8| < 0.82 and
the endcap region (EE) covers |cos 8| from 0.81 to 0.95. For this analysis, only those
events fully contained in the barrel region are used. The barrel electromagnetic calorimeter
consists of two half-ring sections that form a cylindrical array of 9440 lead-glass blocks
with 59 blocks in the z-direction and 160 blocks in the ¢ direction. Each block is 24.6 X,
thick (where Xy = 1.5 cm for the lead-glass) with an area of approximately 10 cm x 10 cm.

Located 2455 mm from the beam, this corresponds to an angular coverage of approximately
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40 mr x 40 mr. The blocks are oriented so that they point back toward the interaction point
with a slight offset to minimise the possibility that a particle will pass through a crack
between the blocks. Note that where the half-ring sections come together, the calorimeter
measurements may not be accurate. To solve this problem, this region of the electromagnetic
calorimeter is excluded from the analysis. The energy resolution of the electromagnetic
calorimeter including the material between the calorimeter and the interaction region is
op/E = (1.8% + 23%/VE), where E is measured in GeV [22]. Lead-glass was chosen
for the electromagnetic calorimeter because of its excellent intrinsic energy resolution
(cg/E ~ 5%/ \/E), linearity, spatial resolution (~ 1 cm), granularity, electron-hadron
discrimination, hermiticity and gain stability. Cerenkov light produced by relativistic

charged particles in the blocks is detected by phototubes at the base of each block.

3.2.5 Hadron Calorimeter

Outside the electromagnetic calorimeter is the iron return yoke of the magnet, which
is instrumented using streamer tubes with pads and strips to form a hadron calorimeter
(HCAL). The hadron calorimeter consists of three parts: the barrel (HB) covering | cos 8| <
0.81, the endcap (HE) covering 0.815 < |cosf| < 0.91, and the pole tip (HT) covering
0.91 < |cos | < 0.99. In this analysis, only the barrel hadron calorimeter is used in the
electron selection. The iron of the return yoke is divided into eight 10 cm thick slabs
which provide over four interactions lengths of absorber material (an interaction length is
the mean free path between hadronic interactions). These slabs are interleaved with nine 25
mm thick streamer tubes, usually called HCAL layers, which act as the active material of
the calorimeter. The HCAL strips (HS) give signals which are used to count the number of
particles reaching each layer. Since there is a high probability of hadronic interactions being
initiated in the 2.2 interaction lengths of material before the hadron calorimeter, the overall
hadronic energy is measured by combining the signals of the electromagnetic calorimeter
and the hadron calorimeter. The energy resolution of the hadron calorimeter is 120% //'E,

where F is in GeV.
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3.2.6 Muon Chambers

Outside the hadron calorimeter are four layers of drift chambers, which identify muons by
range. Most electrons, hadrons and photons are stopped by the calorimeters. The chambers
measure the position and direction of all charged particles leaving the hadron calorimeter.
Ninety-three percent of the solid angle is covered by at least one layer of the muon chamber,
with some gaps in the acceptance due to the beam pipe, the supporting legs and the cables.
Each layer is constructed of 110 large-area drift chambers, 1.2 m wide and 90 mm deep.
The barrel region (MB) covers |cos | < 0.68 for at least four layers; the endcap region

(ME) covers 0.67 < | cos 6| < 0.98.



Chapter 4

Tau Selection

This chapter will present the selection of the tau events used in this analysis. The first
section describes the OPAL data as well as the Monte Carlo simulated data samples that
were used to estimate efficiencies and backgrounds in the data sample. The second section

discusses the selection of tau pair decays of the Z° from the full data set.

4.1 Event Samples

4.1.1 OPAL Data Sample

The data used in this analysis were taken during the 1991-1994 running periods of LEP.
The OPAL detector information is read out when the trigger identifies some activity that
coincides with the beam crossing [18]. The raw data are processed in real time so that
background from beam-gas interactions and cosmic rays are reduced. The data are then
passed through a reconstruction program (ROPE) [23] which converts the raw information
(eg. drift times) to physical quantities (eg. tracks).

It is important that only reliably measured quantities be used for the selection criteria.
Therefore the subdetectors used to make the measurements are required to be in good
running order during the data taking period. There are four status levels defined for each
subdetector: O indicates that the subdetector status is unknown, 1 indicates that it is off,

2 means that the detector is partly on, and 3 indicates the detector is fully on. Table 4.1

25
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CV|CJ|TB | PB | EB | EE | HS | MB
detector | 3 3 3 2 3 3 3 3

trigger - 2 - - 2 3 - -

Table 4.1: Detector and Trigger Status Requirements

shows the levels required for each detector used in this analysis; if there is no status level

indicated then no requirement was placed on that particular trigger.

4.1.2 Monte Carlo Event Sample

Monte Carlo simulated data were used to estimate the selection efficiency and backgrounds
in this analysis. The primary Monte Carlo event sample of four-vector quantities for the

reaction ete™ — 777~ was generated using the KORALZ [24] simulation program. KO-
RALZ simulates tau pair production and decays at the Z° centre-of-mass energy, including
higher order corrections.

Decays of the taus produced by KORALZ are simulated using the TAULOAL1.5 [25]
program. The branching ratios used in KORALZ were the world averages at the time that
the Monte Carlo data sample was created, however the selection method does not rely on
their particular values.

A total of 300,000 tau-pair events were generated. The four-vectors of the particles were
processed by the OPAL detector simulation program, GOPAL [26], which uses the program
GEANT [27] to track the particles through the volume of the OPAL detector. GOPAL
produces output in an identical format (with the addition of the initial four-vectors) as the

data that are extracted from the OPAL detector. The Monte Carlo sample is then passed

through the same reconstruction procedure as the real data.
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Requirements Variable Description
Track definition NEits > 20 hits | N2%*: number of hits in the jet chamber.
pr > 0.1 GeV pr: momentum transverse to the beam
direction.
|do| <2 cm |do|: point of closest approach of the track

to the interaction point in the z — y plane.

|20] < 75 cm |20]: point of closest approach of the track

to the interaction point in the z-direction.

R <75 cm R,nin: radius of the first jet chamber hit.

Cluster definition Nitocks = 1 Niioeks: number of calorimeter blocks

in the cluster.

Eoysters > 0.1 GeV | E.pysters: total energy in the cluster.

Table 4.2: Good track and cluster definitions.

4.2 Selection of eTe~ — 777~ Events

This section describes the procedure used to reduce the full event sample to a relatively pure
sample of events containing tau-pairs produced in Z° decays. This tau selection algorithm
was developed by the OPAL tau working group. Complete details of the tau pair selection
criteria can be found in references [28, 29].

The final state of the e e~ — Z® — 777~ reaction is characterised by two back-to-back
taus. The taus are relativistic and their decay products are collimated, so it is convenient to
treat each tau as a jet which is defined as a cone of half-angle 35° [30]. Each tau decays to
1-5 charged tracks and 1-5 clusters, where the definitions of a track and cluster are given
in Table 4.2.

The selection criteria for tau-pair events is given in Table 4.3. To begin the tau-pair
selection, a tau-pair candidate must contain exactly two jets, each with at least one charged
track and with a total track and cluster energy that exceeds 1% of the beam energy. The

average value of | cos 6| for the two charged jets must satisfy | cos 6],,. < 0.68 to avoid the
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interface region between the barrel and endcap of the lead-glass calorimeter.
The tau-pair selection must eliminate the other Z° decays, such as quark-antiquark (qq),
ete™, or ptu~ final states; and also from other reactions, such as the two photon reaction

te” — (ete™)X, where X is any lepton pair. These background contaminations of the

€
tau-pair sample will be discussed below.

Multihadronic events, ete™ — gq are reduced by limiting the number of tracks and
clusters in the event, as previously discussed. Multihadronic background is easier to
discriminate at LEP than at lower-energy experiments because the particle multiplicity in

et

e~ — qq events increase with E¢ps, while for tau-pair events it remains constant.

Electron-pair final states, ete~ — ete™, can be identified by the presence of two high-
momentum, back-to-back charged particles with the full centre-of mass energy (Ecar)
deposited in the lead-glass electromagnetic calorimeter. This background can be reduced
by requiring tau-pair candidates to satisfy either > Fiyster < 0.8FEcpr or Y. Epuster +
0.3 Eiract < Ecom, where Eqqter 1S the total energy in the lead-glass calorimeter and
B, qck 1s the total energy of the charged tracks in the event.

Muon-pair final states, ete™ — utu~, can be identified by the presence of two high-
momentum, back-to-back charged particles but with very little energy deposited in the
lead-glass electromagnetic calorimeter. Events are rejected if they pass the muon-pair
selection as given in Table 4.3.

Two-photon events ete™ — (ete )ete™ ,ete™ — (ete” )utp™ and ete™ — (ete™)
717~ contain a final state electron and positron that escape undetected at low angles. These
backgrounds are small because they lack the enhancement to the cross-section from the
Z° resonance and because the visible energy (the sum of the charged track and lead-glass
cluster energies) of the two-photon system is in general much smaller than that from a
tau-pair event.

Cosmic rays are the final background contamination of the tau-pair sample. The Cosmic
ray background is negligible with simple requirements on the time-of-flight detector and

on the location of the primary event vertex. A complete description of all the tau-pair

requirements is shown in Table 4.3
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Requirements Variable Description
Good event Njes =2 Njes: No. of jets satisfying the Ej;.; requirement.
| cos Bqpe < 0.68 | cos 84y average value of | cos 8] for the 2 jets.
E;e; > 0.01Ep.qm E;.;: total track and cluster energy in the jet.
Epeam: the beam energy.
Multihadron Rejection 1< Ngpaek <6 Nirack: No. of tracks in a jet.

Nclusters S 10

Neiysters: No. of clusters in a jet.

ete™ Rejection

E Ecluster S OSECM

or E Ecluster +0.3 E Etrack S ECM

utp~ Rejection

Ejets(EZ‘%(slier

+ Eirack) < 0.6 Ecpr and a jet is a muon.

A jet is a muon if one of the following is true:

MUON
Nlayers

> 2

NMUON.

layers - total No. of layers in the barrel or endcap

muon detector with signals associated to the track.

Ecluster < 2GeV

Eiyster: Energy of the ECAL cluster ass. to the track.

NLGAL >4 N G4 number of hadron calorimeter layers with
signals associated to the track.
e S tayers = 1 e g layers - NO. Of signals in 3 outer HCAL layers.
and NC ﬁ{;ye” < Ho ﬁgye”: total number of calorimeter signals
assigned to the jet divided by NS4
Two-photon Rejection Oocor < 15° 8.c01: the angle between the 2 jet directions

and the jet directions are given by the

momentum sums of the tracks and clusters.

Eyis > 0.03Ecn

Eyis = Econe Maa:(EclusteTa Etrack)

Eoym = 2Eveam

If Eyis < 0.20E ¢ then

pr(cluster) > 2.0 GeV
or pr(track) > 2.0 GeV

Cosmic ray Rejection

|do|min: minimum dg for all tracks in the event.

|20|min < 20 cm

|20 |min: minimum zo for all tracks in the event.

|2z0|ave < 20 cm

|20]ave: average zo for all tracks in the event.

— tesp| < 10 18

|tmeas

tmeas and tzp: measured and expected times of

flight assuming the event is created at the origin.

If |¢; — ¢;| > 165° then reject the event if [¢; — ;| > 10 ns.

Table 4.3: Tau-pair selection requirements.
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4.2.1 Final Tau Pair Sample

A total of 83474 tau-pairs were selected from the 1991-1994 data and 162879 tau-pairs
were identified by the tau-pair selection from the Monte Carlo sample giving a tau-pair
selection efficiency of 54.3 & 0.1%, which corresponds to an efficiency of 93% within the
geometrical acceptance of the detector. The background contamination estimated from
the Monte Carlo event samples is found to be 0.0183 + 0.0030 [31], with the individual

contributions described above, summarised in Table 4.4.

Background

Contamination

ete” — ete”
e” —ptp”

e —qq

ete” — (eTe )ete

e — (ete Jutp

0.0024 +£ 0.0007
0.0100 +£ 0.0028
0.0042 £ 0.0008
0.0009 +£ 0.0002
0.0008 £ 0.0002

Total

0.0183 £ 0.0030

Table 4.4: Non-tau background in the tau pair sample.




Chapter 5

Electron Selection

This chapter will describe the electron selection algorithm used in this analysis. The first
section discusses the various topologies of a 7~ — e~ vev, decay and the methods used
to find these 7~ — e~ ver, decays. The second section explicitly describes the technical
details of the 7= — e~ e, selection requirements used. The last section summarises the

results after the 7~ — e~ vev, selection requirements have been applied to the tau-pair data.

5.1 The 7™ — e 7., Decay

In a perfect detector the 7= — e v, decay would appear as a single charged track
that points to an energy deposition in the ECAL. Any additional photons would appear
as distinct energy depositions in the ECAL. Most of the 7= — e”ver, decays appear
with this topology in the OPAL detector. However, the OPAL detector is not perfect; it
contains material that causes photons to convert to e~ e pairs; the magnetic field bends
the low momentum electrons away from the ECAL; the coil of the magnet can prevent low
momentum electrons from reaching the ECAL; and there are problems reconstructing the
charged tracks when a particle passes close to the anode plane of the central drift chamber.

In Fig. 5.1 we show the topologies that are identified by the electron selection. We
assume that each jet corresponds to a tau decay (see Section 4.2). Each topology represents

the activity of the detector within a jet. Each consists of a primary track which is the highest

31
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momentum track in the jet. Additional tracks in the jet are labelled track #2 and track #3,
and are ordered in descending momentum. If the position of a track at the front face of the
ECAL is close to the centroid of an ECAL cluster then the cluster is assumed to have been
created by the charged track and is considered to be associated to the primary track. Other
clusters that are not-associated to the primary track are called neutral clusters.

Approximately 95% of the 7= — e~ vev;, fall in the first or dominant topology shown
in Fig. 5.1(a). Only one charged track is found in the jet and it is associated to an ECAL
cluster. There may or may not be a neutral ECAL cluster in the jet.

About 1.5% of the sample fall in the second (Fig. 5.1(b)) and third (Fig. 5.1(c)) topologies
in which a photon in the jet has converted to an et e™ pair. In the first of these topologies one
of the tracks from the photon conversion is undetected. The fourth topology (Fig. 5.1(d)),
corresponding to about 3% of the sample, are jets where the primary track is either too low
in momentum to reach the ECAL (bends back toward the vertex) or not energetic enough
to penetrate the magnetic coil located in front of the ECAL. The final topology (Fig. 5.1(e))
occurs when a track crosses an anode plane of the jet chamber (see Fig. 3.3) causing the
track reconstruction program to form two tracks instead of one track. This latter topology
is quite rare, comprising only ~ 0.1% of the final sample.

The selection of 7~ — e~ e, candidates through the dominant topology will be dis-
cussed first. The primary track is required to have a d £ /dz measurement that is compatible
with that expected from an electron. As shown in Fig. 3.4 , muons and hadrons can be easily
separated from electrons at low momentum. The ratio of E/p, the energy of the associated
ECAL cluster divided by the primary track momentum, is then used to remove muons and
hadrons. The number of neutral clusters is required to be 0 or 1 to reduce the background
from tau decays that include ©’s. It is required that the electron candidate penetrate no
further than 2 of the 9 layers of the HCAL. Finally, the background from ete™ — ete”
events is reduced by requiring that the angle between the primary track in this jet with the
primary track in the opposite hemisphere is greater than 0.10 degrees.

The two photon conversion topologies follow a similar selection procedure. The primary

track must pass the same requirements as the dominant topology. The remaining tracks
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(a) Dominant 7~ — e~ vev, decay:

associated cluster

primary track (e™)

neutral cluster

(b) Photon conversions, case 1:

associated cluster

primary track (e™)

e " neutral cluster

() L

track # 2

(c) Photon conversions, case 2:

associated cluster

primary track (e™)

track #2 (). . . ‘
TEesIiiooees ( 7) ] neutral cluster

track # 3 (,y) T J
(d) No associated cluster case:
no associated cluster

primary track (e™)

' neutral cluster

(e) Split track case:

split track (e™) % associated cluster
'/ 1 ' neutral cluster

Figure 5.1: The 7= — e rev, decay topologies.
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must pass a simple photon conversion identification algorithm. For jets containing 1 extra
track, that track must pass dF /dz and momentum requirements. For jets with 2 extra tracks,
both tracks must pass dE/dz and momentum requirements, as well as a mass requirement
to ensure that both tracks originated from a photon.

The fourth 7~ — e~ rer, decay topology studied in this analysis results from tracks that
have no associated ECAL cluster. In these cases, the jet is considered to be an electron
candidate if the primary track passes the above requirements for the dominant topology,
with the E/p requirement removed as there is no associated cluster.

The fifth 7= — e~ v, decay topology studied in this analysis is the split track case
which is caused by the track crossing the anode plane of the central drift chamber. After
being identified as a split track candidate, the particle must then pass the electron selec-
tion requirements for the dominant topology. The 7= — e~ rev, selection for the above

topologies will now be discussed in the following section.

5.2 Electron Selection Specifications

The technical aspects of the 7= — e~ ver, selection algorithm will now be discussed.
We will describe the 7= — e~ ver, decay topologies in the same order as presented in
section 5.1. In section 5.3 the overall efficiency and the number of 7~ — e~ v, candidates

found will be discussed.

5.2.1 The Dominant 7~ — e~ v, Topological Decay

The dominant 7~ — e~ vev, topological decay requirements are given in Table 5.1. The
variables listed in the Table will now be described in greater detail so that it becomes evident

why the particular selection requirements were made.
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Requirements Variable Description
Niracks < 3 Niracks: No. of tracks in the jet.
89.75° < ¢ < 90.25° 0.213 < |cos 8] < 0.216 | 8 & ¢: ECAL entrance angles.
269.75° < ¢ < 270.25° 0.596 < |cos 0| < 0.598
dE/dz () Né‘g/sdz > 40 Né‘g/‘dz: No. of CJ hits used to calculate dE/dz.
(ii) NgE/dz > -3 NgE/dz: Normalised value of dE/dz.
Npeutrar <1 Npeutrar: No. of EB clusters in the jet with
no associated track.
NLGAL <2 N AL No. of HCAL layers containing a signal
E/p>0.3 p<5GeV p: Momentum of the primary track.
E/p: Ratio of the associated cluster
energy E to the track momentum p.
Ng,,>—35 p>5GeV Ng,,: the normalised value of E/p.
Bacoplanarity > 0.1° p> 30 and zopp > 0.75 | Bucopianarity: Acoplanarity angle between the
primary tracks in the two jets.
Zopp: Momentum of the primary track
of the opposite jet divided by the beam energy.
Table 5.1: Dominant electron selection topological requirements.
Niracks

In Fig. 5.2, we plot the number of tracks in each jet, Ny.q.ks, that pass the electron selection
excluding the Ny,q.1s requirement. In this analysis it is required that 1 < Nyqers < 3.
Electromagnetic Calorimeter Geometry Requirements

If the extrapolated position of any of the tracks fall in the regions where the half-ring sections

of the ECAL come together, the jet is rejected. These regions are listed in Table 5.1.
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Figure 5.2: The number of tracks per jet (Ny.qcks) passing all of the other electron selection
cuts is plotted both linearly and logarithmically. The points are the data, the open histogram
is the Monte Carlo prediction for the 7= — e~ rer, decays, the hatched histogram is the
Monte Carlo prediction for the background. The arrow indicates where the selection cut is

applied.

Energy Loss (dE/dz) Requirements

The energy loss measurement, dE /dz, is used to distinguish between electrons, muons
and pions at low momentum. We first apply requirements to ensure that dE/dz is well

measured, then a normalised value of dE /dz is created. These are described below.

Number of dE/dz hits: A track in the central Jet Chamber can have up to 159 hits. The
energy loss is considered well measured in OPAL if there are at least 40 wires with good
individual measurements of the energy loss. In this analysis it was required that all tracks

in the jet satisfy Njz7, > 40.
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Data Set (dE/dz)corr S-factor
Data

1991 0. 1.0

1992 0. 1.0

1993 -0.05 1.03

1994 0.03 1.10

MC 93

electrons 0.02 1.03
pions -0.10 + 0.0026 p | 1.02 + 0.0004 p

Table 5.2: Correction factors for N7 Jdz

Nig Jdit The dE/dz', the energy loss of a charged particle, and its error ogg /de (€€
eq. 3.1), are used to create a normalised Vg, expression, defined as

(dE/dz)meas — (E/d)eap
S x OdE /dx

g

dE/dz —

5.1)

where S is a scale factor, (dE/dz)meqs is the measured dE/dz value, and (dE/dz)ey,p is
the expected value. The Ngg ;. distribution will have a mean of zero and a width of one.
This allows one to make a simple momentum-independent requirement.

The values for (dE/dz)corr = 9.95 — (dE/dx)eqp and the S-factor were determined
from control samples of electrons and pions which were created from the tau pair data and
Monte Carlo. Note that the S-factor and (dE/dz)co» are evaluated for both electrons and
pions with the Monte Carlo. The (dE/dz)corr and S-factors are given in Table 5.2. In
Fig. 5.3 NJg,q4, 18 plotted for jets that pass the electron selection, except for the N7z ;.
requirement. It can be seen that removing events with N7, < —3 will reduce much of

the background while keeping a majority of the electron candidates.

Lin units of keV/cm
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Figure 5.3: The value of N7z, is plotted both linearly and logarithmically for data (solid
points) and Monte Carlo (open histogram) passing the other electron selection requirements.
The hatched histogram represents the Monte Carlo prediction for the background and the

arrow indicates where the selection cut was applied.
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Figure 5.4: The number of clusters associated to a track, N,., passing all of the other
electron selection cuts is plotted both linearly and logarithmically. The points are the data,
the open histogram is the Monte Carlo prediction for the 7= — e ver, decays, and the

hatched histogram is the Monte Carlo prediction for the background.

Cluster Requirements

This analysis uses a clustering algorithm optimised for 7 decays [32]. Clusters are limited to
a maximum of four EB blocks in a 2 x 2 configuration in (6, ¢). The clusters are associated
to the tracks using x2-type parameters defined as

2

(etrack - ecluster)
g

X =

(¢’track - ¢’cluster)2

2
T

Xo =

where (8iracks Prrack ) AN (Octuster , Petuster ) are respectively the extrapolated track and cluster
positions at the ECAL; o4 and o4 are approximately 9 mr and include both the track and
cluster uncertainties. A cluster is considered to be associated to a track if it satisfies x5 < 8

and xj < 8.

The variable N, is the number of clusters associated to the primary track. In Fig. 5.4,
the number of clusters associated to the primary track is plotted for jets that pass the electron

selection. Tracks with N, > 2 are rejected.
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Figure 5.5: The number of neutral clusters passing all of the other electron selection cuts
is plotted both linearly and logarithmically. The points are the data, the open histogram
is the Monte Carlo prediction for the 7= — e~ rer, decays, the hatched histogram is the
Monte Carlo prediction for the background and the arrow indicates where the selection cut

is applied.

The variable N,euirq; 1 the number of neutral clusters in the jet, as shown in Fig. 5.5.

Up to one neutral cluster is allowed into the sample.

E/pand Ng

The E/p variable, the energy of the associated ECAL cluster divided by the primary track
momentum, is used in two different ways, depending on whether the track momentum is
above or below 5 GeV. There is little background after a dE/dz requirement for events
with track momentum less than 5 GeV, as can be seen in the plots on the left hand side of

Fig. 5.6. Therefore only a loose requirement of /p > 0.3 is applied for those events.

The normalised E /p variable, Nz, . is used for tracks with p > 5 GeV and is defined

/p
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|cos)| A B C D E

0-025 | 1.0069 | -0.2075 | 0.0620 | -0.055 | 0.133
0.25-0.50 | 1.0027 | -0.2815 | 0.0530 | -0.027 | 0.188
0.50-0.72 | 0.9881 | -0.3046 | 0.0472 | 0.043 | 0.195

Table 5.3: Parameters for N7, /p

as

Ne — (E/p)meas _ (E/p)empected

Blp TE/p

where (E/p)meas is the measured E/p value and o/, is uncertainty on (E/p)meqs. AS
mentioned earlier, the normalised variable is independent of momentum so a simple re-
quirement can be applied. The variables (E/p)ezpectea are determined from control samples
of electrons created by applying tight criteria to the tau data sample [33] and then by fitting
the F /p distributions with gaussians for ten momentum bins and three |cosf| bins. For each

|cosf| bin, the mean could be described by a function of the form

B
(E/p)empected =A + ?7

while the width could be described by a function of the form

D E
og;p=C + 71_0 + ;
The results of the fits obtained from reference [33] are displayed in Table 5.3. Table 5.4
includes the correction factors for electrons in the Monte Carlo. The ,u%"/g factor is added
t0 (E/P)ezpectea and the a%"/g factor is divided into o/,. In the right plots of Fig. 5.6, the
N/, variable is plotted for the nominal electron selection for tracks with p > 5 GeV, and

it can be seen that a cut at V7 /p > —3.5 will keep most of the electron candidates while

removing most of the background.
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Figure 5.6: The plots on the left side show the variable E/p for p < 5 GeV (excluding
the requirement in question), while the plots on the right side show the variable Nz, both
linearly and logarithmically. The points are the data, the open histogram is the Monte
Carlo prediction for the 7= — e~ vev, decays, the hatched histogram is the Monte Carlo

prediction for the background and the arrows indicate where the selection cut was applied.
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|cost| ,u%‘r/g U%I/g

0-0.25 0.0047 | 0.864
0.25-0.50 | 0.0065 | 0.890
0.50-0.72 | 0.0072 | 0.965

Table 5.4: Monte Carlo Correction Factors for Electrons

Hadron Calorimeter Requirements

It is highly unlikely that an electron will reach the hadron calorimeter (HCAL) since there

are ~ 26.5 radiation lengths of material in front of it. To make use of this fact, a quantity

NHCAL

layers

is defined to be the number of HCAL layers (up to 9 layers) containing a signal.
The response of the HCAL to electrons and hadrons is not well modelled by the Monte
Carlo, hence corrections must be made to it. Compared to an electron control sample
created by applying tight criteria to the tau data sample, it was found that the number of
electrons that penetrate into the HCAL must be increased in the Monte Carlo. This is done
by increasing NZSCAF by one for a small fraction of events. In Table 5.5 the first column
gives the fraction of electrons that have one layer added. The hadron correction was slightly
more complicated and two corrections were employed. The first takes the hadrons that do
not reach the HCAL, and adds between 1-5 layers (randomly and with equal probability)
to some fraction of the tracks in the Monte Carlo; these values are in the second column of
Table 5.5. For hadrons that reach the HCAL, the Monte Carlo gives a smaller mean number
of layers than the data, so the number of HCAL layers for randomly selected jets in the
Monte Carlo is corrected by adding a factor based upon a Poisson probability function. The

values for the means used for this correction are shown in the third column of Table 5.5. In

NHCAL

layers

NHCAL :

Fig. 5.7 the uncorrected layers 18

is plotted on the left hand side. The corrected

plotted on the right hand side of Fig. 5.7.
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Figure 5.7: NHCAL is plotted before (left side) and after (right side) corrections are applied

layers

for jets passing all of the other electron selection cuts. N;ZCAL

layers

is plotted both linearly and
logarithmically. The points are the data, the open histogram is the Monte Carlo prediction
for the 7= — e~ ver, decays, the hatched histogram is the Monte Carlo prediction for the

background and the arrow indicates where the selection cut is applied.



CHAPTER 5. ELECTRON SELECTION 45

p range | e Fraction | h Fraction | h Mean
0-10 0.035 0.24 0.40
10-20 | 0.065 0.30 0.35
20-30 | 0.043 0.35 0.55
> 30 0.050 0.30 0.55

Table 5.5: Correction factors for NZCAL

layers

Bhabha Rejection Requirements

The variable 04copianarity 1s defined for this analysis as the angle between the primary track
in one jet and the primary track in the opposite jet, calculated in the plane transverse to the
beam direction. Tau events have at least two neutrinos per event and S0 84coplanarity 1S @ broad
distribution. However eTe™ — ete™ events, a background in the tau pair sample, tend to
have a small 0,.opianarity for high momentum tracks. In Fig. 5.8, 0,coptanarity 15 plotted for
events selected by the electron selection. In addition we require that the primary track has
p > 30 GeV and the momentum of the primary track in the opposite hemisphere satisfies
p > 0.75 Epeqrn. The Monte Carlo does not include bhabha events and so a clear excess of
data with Iow 8,copianarity 15 Observed in the plot. Therefore jets with high momentum and

B acoplanarity < 0.1° are removed from the sample to suppress the bhabhas.

5.2.2 Photon Conversions

In addition to requirements listed in Table 5.1 for the dominant 7~ — e~ e, decay topol-
ogy, there are additional requirements applied to jets with 2 or 3 tracks (see Table 5.6).
Photons may be present in 7~ — e~ ver, decays. One source of photons is from final state
radiation where the tau emits a photon. Another source is from bremsstrahlung photons
that are created as the electron passes through the material in the detector. Photons have
a probability of approximately 3% of converting to an ete™ pair due to the material in

the detector. Consequently there are 7~ — e~ Pev, decays with one or two extra charged
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Figure 5.8: The acoplanarity angle for events selected by the nominal electron selection,
where the track has momentum p > 30 GeV and the track in the opposite hemisphere
has p > 0.75Epeqm is plotted linearly and logarithmically. The points are the data, the
open histogram is the Monte Carlo prediction for the 7= — e~ vev, decays and the hatched
histogram is the Monte Carlo prediction for the background and the arrow indicates where

the selection cut was applied.
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Niracks | Requirements Description
2 ps < 3GeV p2: Momentum of track #2.
2 Nigjas(2) 2 =3 | Nig, 4,(2): Normalised value of dE /dz for track #2.
3 P2+ ps < 5 GeV | pp & ps: Momentum of track #2 and #3 resp.
3 Nigjas(2) 2 =3 | Nig, 4,(2): Normalised value of dE /dz for track #2.
3 Nig1as(3) 2 =3 | Nig, 4, (3): Normalised value of dE /dz for track #3.
3 M2, < 0.01 GeV | M3;: Squared invariant photon mass.

Table 5.6: Extra Requirements for photon conversions

tracks. Both the et and e~ tracks are observed in about 45% of these events, while for
the remaining events one track is lost in the detector. Additional requirements for photon
conversions are applied to the momenta, d E/dz and the mass of the second and third tracks.
Fig. 5.9 shows the momentum and N g4, for these second and third tracks in 2 and 3 track
jets, as well as M2, the squared invariant mass of the second and third tracks from the
photon conversion. Approximately 1.5% of the final 7= — €™ e, sample contains jets

with 2 or 3 tracks.

5.2.3 77 — e v.v,; Decays With No Associated Cluster

The fourth 7~ — e~ Zer., decay topology, one in which the primary track has no associated
cluster, can be detected by using the selection requirements listed in Table 5.1, with the
exception of the E/p requirements. In addition to those requirements, the momentum of
the primary track cannot exceed 5 GeV. The E/p requirements are not required because the
primary track is either too low in momentum to reach the ECAL (bends back toward the
vertex) or not energetic enough to penetrate the magnetic coil located in front of the ECAL.
Approximately 3% of the final 7= — e~ ver, sample are electron candidates that have no

associated cluster in the ECAL.
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jets for events that pass all of the other electron selection cuts. The sum of the momenta

and the N7, are shown for the second and third tracks for 3 track jets. The last plot gives

the squared invariant mass of the second and third tracks in 3 track jets. The points are the

data, the open histogram is the Monte Carlo prediction for the 7= — e~ ver, decays, the

hatched histogram is Monte Carlo prediction for the background, and the arrows indicate

where the electron selection cut was made for that particular variable.
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Requirements Description
NEte(1) + NEte(2) < 200 | N&%: No. of CJ hits for tracks #1 and #2.
6.5° < mod(¢,15) < 8.5° | ¢: Angle of track position.

Table 5.7: Extra Requirements for split track jets

5.2.4 Split Tracks

The final 7= — e~ ver, decay topology examined in this analysis is the split track case.
A split track is defined as a single charged track that is reconstructed as two tracks, see
Table 5.7 for split track requirements. This occurs when the track passes close to one of
the anode planes of the jet chamber (see Fig. 3.3). The signals on the wires are sensitive
to field effects and the position resolution is degraded as a particle passes very close to an
anode plane. Split tracks generally have hits on both sides of the anode plane, but as the
track crosses the anode plane a discontinuity arises splitting the track into two, thus causing
the tracking software to reconstruct two tracks in the jet.

Fig. 5.10(a) shows the number of C'J hits for the primary and secondary tracks for all
2-track jets, it shows that a peak occurs around 160 in the data while no such peak occurs in
the Monte Carlo. Thus it is required in the selection that if any 2-track jets have a C'J hit sum
of less than 200, these particles will be kept, pending further cuts. Note that those 2-track
jets with more than 200 hits are assumed to be photon conversions. The Jet Chamber has 24
sectors with 15° separating the cathode planes. In Fig. 5.10(b) the position of a track with a
given sector, mod(¢, 15°), is shown for events with N2 (1) + N2%#(2) < 200. To keep the
data with tracks near the anode plane, a cut is applied on either side of the peak in this plot.
The track with the highest number of C'J hits will be kept as the electron candidate. There
are 362 split track candidates in the tau data sample. After being identified as a split track
candidate, the particle must then pass the electron selection requirements for the dominant
T~ — e rev, decay topology, with or without an associated cluster in the electromagnetic
calorimeter. Approximately 0.1% of the final 7= — e~ ver, sample are identified as split

track jets.
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Figure 5.10: (a) The number of CJ hits added together for all two track jets in the tau-pair
data (NJ#2(1) + NE%2(2)), where split track candidates have NJ##(1) + N%2(2) < 200.
(b) The mod(¢,15°) for two track jets and NZE*(1) 4+ N&%(2) < 200. As can be seen the
Monte Carlo does not model the data near the anode plane (mod(¢, 15°) = 7.5°); the data
between the arrows are the split track candidates and are kept for further analysis. For both

plots the points are the data and the open histogram is the tau Monte Carlo.
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5.3 Electron Selection Results

After the 7~ — e~ rev;, selection as outlined in this chapter, a total of 29738 7= — e~ vev;
candidates, including photon conversions and split track candidates, were selected out of
the 166948 taus identified by the tau-pair selection.

The overall 7~ — e~ rev;, selection efficiency for the requirements listed in the previous
section is calculated to be (96.13 +0.10)%. This efficiency was obtained from studying the
Monte Carlo. The efficiency for the ECAL geometry and N, é‘ﬁj 4 requirements were checked
by using tau-pair data samples. The efficiency found for the ECAL geometry requirement
using the data sample, 0.9891 + 0.0003, was in good agreement with the Monte Carlo
sample, 0.9899 + 0.0002, consequently no correction was applied. The efficiency for the
N é‘gjdm requirement obtained from the data sample, 0.9930 £ 0.0003, was found to differ
slightly form the Monte Carlo efficiency, 0.9946 + 0.0002. This difference was found to be
dependent on the momentum of the particle. As a result a momentum dependent correction

was applied to the overall selection efficiency.



Chapter 6

Background Analysis

This chapter discusses the background in the electron sample. The largest background
in the electron sample is from hadronic tau decays: 7= — h~v, and 7= — A~ > 17%,,
where A~ is either a 7 "ora K~. Hadrons remain in the electron sample for a number
of reasons. The dE/dz of high momentum electrons and hadrons is nearly identical. In
addition the loose requirement on the number of HCAL layers allows hadrons to enter the
sample. Hadrons accompanied by 7%’s can have an E/p value similar to an electron if the
two photons from the 7° decay overlap the associated cluster.

There are also contributions from the ete™ — ete™ and ete™ — (ete™)ete™ reac-
tions. The ete™ — ete™ background remains because an electron emitting a photon can
cause the resulting track to have a larger O,copianarity angle. There are no requirements in
the electron selection to remove low energy ete™ — (ete™)ete™ background events.

The backgrounds in the electron sample are given in Table 6.1. The backgrounds were
estimated using Monte Carlo samples. The modelling of each of the backgrounds by the
Monte Carlo was checked by creating subsamples from the electron candidates enriched in
the background. We calculate a correction factor,

Ndata - NMC—other

Obkgd — ) (6 1)

Nuyc—vrgd
where Narc_vkga = Narc — Nmc—other are the enhanced background events, Ngq4, are the
integrated numbers of events from the data sample, and Nasc_otner are the other Monte

Carlo background events that are also present. The numbers of events are obtained from a
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BACKGROUND ANALYSIS
Channel Monte Carlo Corrected
Background Background

T~ — h™ > 17%,
T~ = hy,

other 7 decays

0.0303 £ 0.0007
0.0098 £ 0.0004
0.0022 £ 0.0002

0.0310 £ 0.0019
0.0103 £ 0.0015
0.0022 £ 0.0006

ete™ — efTe™

et

e” — (ete )ete”

0.0044 £ 0.0003
0.0054 £ 0.0003

0.0057 £+ 0.0012
0.0054 £ 0.0015

Total

0.0456 £ 0.0012

0.0546 £ 0.0031

Table 6.1: The backgrounds in the 7= — e~ ver, sample. The numbers given are fractions
of tau decays. The first column displays the fractions taken directly from the Monte Carlo
while the second column displays the corrected fractions after the data and Monte Carlo

have been compared.

reference distribution with the integration region chosen so that the statistical error on Cppgq
is minimised. The statistical error on Cyrgq is added to the uncertainty of the background

estimate. The following sections will discuss the individual backgrounds.

61 7 — h > 17%,

The largest background in the electron sample is from tau decays to hadrons accompanied
by any number of 7°’s. One third of these events have one 7° with the remainder having
two 70 ’s.

The modelling of the 7= — h~ > 17%, background can be checked by examining
the mass distribution for jets with one neutral cluster. The jet mass is calculated using
track information for one four-vector, and cluster direction and energy for the second four-
vector (we assume that both particles are pions). The invariant mass of the jet for electron
candidates is shown in Fig. 6.1(a) when Nyt = 1 and p > 5 GeV. The shaded part of

the histogram is the electron contribution. The p > 5 GeV requirement is added as there is
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Figure 6.1: The left plot shows the jet mass for electron candidates with Npeyirar = 1
and p > 5 GeV; the points are hadron candidates, the open histogram is the Monte Carlo
prediction for hadrons and the hatched histogram is the electron contribution. The right plot

shows a similar plot but with the NZg, 4, requirement reversed so that hadrons are selected.

no background in our electron sample in this region.

Fig. 6.1(b) shows the same quantity except that the requirement on Ngg ;. has been
reversed so that it selects hadrons rather than electrons (Ngg,4, < —3.0). The 7= —
h~ > 17°v, background will be estimated using Fig. 6.1(b). The number of hadrons in the
data (Vgqie) are 894, the number of hadrons in the Monte Carlo (Nar¢—skgq) are 873 and
there are 4 other Monte Carlo particles (Nar¢—other), consequently Chprgg = 1.02 £ 0.06.
Therefore the 7~ — A~ > 17%, background is estimated to be 1.02 times the Monte Carlo
background and 6% is added in quadrature to the uncertainty. Thus the 7= — A~ > 17%,

background in the 7~ — e~ ver, sample is 0.0310 + 0.0019.
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Figure 6.2: The normalised E/p variable, N, , for electron candidates with Nyeytrar = 0

/p

and p > 5 GeV but with the N7, requirement reversed so that hadrons are selected. The
unhatched part of the histogram is the 7~ — h~ v, contribution, while the hatched part is

from hadrons accompanied by 7%’s.
62 7T — h v,

A control sample of 7~ — h™ v, decays was created using the electron selection with
Noeutrar= 0 and p > 5 GeV, but with the N7 Jde requirement reversed so that hadrons are
selected. The normalised E/p variable, N /p» for this control sample is shown in Fig. 6.2.
The unshaded part of the histogram is the 7~ — h~ v, contribution, while the shaded part
is from 7= — A~ > 17%, decays. The correction factor was calculated for the region
—-3.5 < Nj /p < 0., the lower bound of which corresponds to the lower bound of the
electron selection. There were 193 7~ — h~ v, candidates selected from the data (Ngazq),
185 7= — h~v, selected from the Monte Carlo (Npc_pkga) and 19 7= — A~ > 17%,
candidates (Nar¢—_other). Therefore Ciprgq = 1.04 £ 0.15. Consequently the 7= — h7 v,
background is scaled up by 4% and 15% is added in quadrature to the uncertainty. Thus

the 7~ — h~ v, background in the 7~ — e~ ver, sample is 0.0103 £+ 0.0015.
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6.3 Other 7 decay modes

The background from other tau decay modes is quite small. However, the uncertainty from
these modes is scaled to three times the combined uncertainty from Monte Carlo statistics
and the uncertainty in the Monte Carlo branching ratios. The uncertainty is conservatively

increased by three because we do not check these backgrounds as we do for the other cases.
64 ete” —efe”

A Monte Carlo sample of 197950 bhabha events was used forthe eTe~ — e*e™ background
analysis. The ete™ — ete™ events were passed through the tau-pair and 7~ — e~ Zev; se-
lection algorithms and a total of 60 e* e~ events remained. This bhabha sample corresponds
to a luminosity of 47.5 pb™*. Scaling the number of events to match the luminosity of the
tau-pair Monte Carlo gives a e"e™ — ete™ background of 0.0044 + 0.0003(stat.) in the
T~ — e eV, sample.

This background estimate can be verified by comparing distributions of data and Monte
Carlo. The shower energy, X FE s/ Ebeam, is plotted after the 7= — e~ v, selection in
Fig. 6.3(a), where X E;,,, 1s the total ECAL cluster energy in the jet and Ejpeq,, 1S the beam en-
ergy. Fig. 6.3(b) shows an expanded view of the region where the et e~ — e™e™ background
is large. The points are the tau data, the open histogram is the combined ete™ — 717~
and ete~ — ete™ Monte Carlo and the hatched histogram is the ete™ — eTe™ Monte
Carlo. The predicted background fraction ete™ — ete™ in the 7= — e ver, sample
is modified using the results illustrated in Fig. 6.3(b). There are 1638 taus (Ngq14), 220
ete™ — eTe™ Monte Carlo (Narc—prga) and 1349 tau Monte Carlo (Npro—other ) jets, conse-
quently Cprgg = 1.3140.26. Hencethetotal ete™ — ete™ backgroundinthe 7~ — e vev,

sample is estimated to be 0.0057 + 0.0012.
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Figure 6.3: (a) The shower energy, X E s/ Fpeam after the 7= — e~ vev, selection. (b)
Expanded view of the shower energy. For both plots the histogram is the combined
ete” — 77~ and eTe” — eTe” Monte Carlo, the points are the data and the hatched

histogram is the ee~ — ete™ background.
6.5 efe” — (efe)ete

A Monte Carlo sample of 186042 e*e~ — (eTe™)eTe™ events was used for the two-photon
background analysis. Cuts are applied inthe 7~ — e~ e, selection, such as the 8 ,copianarity
requirement, that reduce the ete™ — ete™ background, however no cuts are applied to
remove the ete™ — (ete™)ete™ background. Thus almost all of those events that passed
the tau selection also passed the electron selection, giving269 e*e~ — (ete™)eTe™ events.
These events were then scaled to match the luminosity of the tau-pair Monte Carlo giving a
ete” — (eTe )ete background of 0.0054+0.0003(stat.) inthe 7~ — e~ rer, candidate

sample.
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Figure 6.4: (a) The visible energy, (X Ecus + XPirack) / Ecur after the 7~ — e” vev, se-
lection. (b) Expanded view of the visible energy. For both plots the histogram is the
combined ete™ — 777~ and eTe™ — (ete™)ete™ Monte Carlo, the points are the data

and the hatched histogram is the ete™ — (e*e~)ete™ Monte Carlo background.

This background estimate can be verified by comparing distributions of data and Monte
Carlo. The visible energy, (X Ecus + XPtrack) / Ecm, is plotted after the 7= — e~ vev,
selection in Fig. 6.4(a), where Xps.qcr 1S the total track momentum of the jet and Ecpy
is twice the beam energy. Fig. 6.4(b) shows an expanded view of the region where
the ete™ — (ete)ete™ background is large. The open histogram is the combined
ete” — 777~ and ete™ — (ete”)ete” Monte Carlo, the points are the data and the
hatched histogram is the ete™ — (ete™)ete™ Monte Carlo background. In the region
from 0.03 to 0.15 we observe 1326 jets in the data sample (Ng.:q), 1165 tau Monte
Carlo jets (Npro—other) and 114 ete™ — (ete™)ete™ Monte Carlo jets (Nar¢—prga)- This
suggests that the ete™ — (ete”)ete™ Monte Carlo is consistent with the data at the
level of nearly 30% (i.e Cyrga = 1.0 £ 0.3). Therefore the error on the background for
tem — (ete)ete™ is scaled up by this amount, thus giving 0.0054 + 0.0015 as the

€

ete” — (ete )ete™ background in the 7~ — e~ e, sample.



Chapter 7

Branching Ratio Determination

This chapter describes the measurement of the 7= — e~ rer, branching ratio. The first
section gives the 7~ — e~ ver, branching ratio result and the second section discusses the

errors on the 7~ — e~ vev, branching ratio.

7.1 Branching Ratio Results

Table 7.1 gives the results of this analysis used to calculate the branching ratio of the

T~ — e rev, decay from equation (2.18). The result is
B(r~ — e ver,;) =0.1778 £+ 0.0009 + 0.0011 ,

where the first error is statistical and the second is systematic. The statistical error is
determined by propagating the binomial error on the number of events selected in the final
sample. The estimated systematic errors discussed in more detail below are calculated from

the errors on the backgrounds, efficiencies and the bias factor.

7.2 Systematic Errors

The breakdown of the systematic errors is given in Table 7.2. The uncertainty from

the non-electron background was discussed in chapter 6. The uncertainty in the non-tau
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sel
NT
Nsel
e
fe
bkgd

flz-kgd
€e

e
Fbias

166948
29738
0.0546 £ 0.0031
0.0183 £ 0.0030
0.9613 £ 0.0010
1.0036 £+ 0.0022

B(r~ — e ver,) | 0.1778 £+ 0.0009 + 0.0011

Table 7.1: Branching ratio data

Efficiency

4-0.00072
—0.00051

Non-electron Background | 0.00059
Non-tau background 0.00054

Bias factor

0.00039

Monte Carlo Statistics 0.00014

Photon conversions

0.00002

Total

0.0011

Table 7.2: Systematic Errors

60

background was taken from reference [31]. The uncertainty in the bias factor Fy;,, was

taken from reference [34]. The uncertainty for the Monte Carlo Statistics is a quadratic

combination of the statistical error on the selection efficiency, ef S and the uncertainties

on the correction factors due the electromagnetic calorimeter geometry requirements and

the IV é‘gjdm requirements. The photon conversion and efficiency systematic errors will be

discussed in greater detail below.
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7.2.1 Photon Conversion Uncertainty

The probability for a photon converting to an e™e™ pair depends critically on the amount of
material the photon passes through. The Monte Carlo includes our best knowledge of the
detector material but is is impossible to know this precisely. If the Monte Carlo conversion
probability is different than the real conversion probability, then the efficiency may not be
correct.

As a systematic check we artificially raise and lower the photon conversion probability
in the Monte Carlo by +=10%. This is done by re-weighting the events and then calculating
the efficiency. The branching ratio was re-calculated for both cases and observed to change
by +0.0002. The small change is not unexpected as we accept jets with up to 3 charged

tracks. Changing the photon conversion probability just shifts the data within the sample.

7.2.2 Electron Selection Efficiency

The uncertainty in the efficiency of the electron selection is evaluated separately for each
variable used in the selection. To determine the errors on the branching ratio the variable in
question is varied above and below the best cut value, while all the other variables remain
the same. The individual systematic error bounds determined for each variable are shown
in Table 7.3.

The ranges that each variable was changed to determine the systematic error bounds
are shown in the second column of Table 7.3. Figs. 7.1 and 7.2 show the variation in the
branching ratio for the electron selection requirements listed in Table 7.3. The solid line
is the 7~ — e~ v, branching ratio using the regular electron selection requirements. The
error bars are calculated from the quadratic difference between the different cut values and
the 7~ — e~ vev, branching ratio using the nominal cut values.

The systematic errors from Table 7.3 are summed in quadrature, giving a total systematic

error for the electron selection efficiency of 7390072,
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Figure 7.1: The 7~ — e rev, branching ratio versus different cut values. The points are
the branching ratio values, including the relative systematic errors between the different cut

values and the best cut value. The solid line is the electron branching ratio.
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error bars are smaller than the data points in all four plots.
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Variable Range varied | 6B~ dBT
Nyeutral 0to6 0.00047 | 0.00038
NHECAL 2105 0 |0.00032
NS5/ as —2to —4 0 |0.00053
Ng/p, p>5 —2to -5 0.00014 | 0.00007
8 acoplanarity 0.1°to 0.4° | 0.00014 0
Nt 0to4 0 0.00007
E/p, p<5 0 to 0.4 0 | 0.00010
Nige | —2to—4 | 0.00006 | 0.00004
Total 0.00051 | 0.00072

Table 7.3: Efficiency Systematic Errors
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Chapter 8

Discussion of Results

This first section of this chapter compares the 7= — e~ er, branching ratio result with
T~ — e~ vev, branching ratio measurements from other experiments. The second section
will discuss lepton universality and compare the results of this analysis with other recent

results.

8.1 Branching Ratio

The 7~ — e~ e, branching fraction measured in this analysis is B(t~ — e tev,) =
0.1778 £+ 0.0009 + 0.0011 , where the first error is statistical and the second is system-
atic. Fig. 8.1 shows this value in comparison with previously published measurements of
the 7= — e~ vev, branching ratio. The statistical and systematic errors are combined in
quadrature for each of the branching ratio values. The vertical band in the figure indicates
the error range of the average branching ratio from the Particle Data Group [7]. The Particle
Data Group number is a weighted average of measurements up to 1994, all shown below
the dashed line in Fig. 8.1. The result from this analysis agrees well with the Particle Data
Group value of 0.1790 + 0.0017, and also with the recently published OPAL result based
on 1990-1992 data.
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B(t—evv) (%)

o This work 17.78 £ 0.14

1 ALEPH 95351  17.79 + 0.13

el DELPHI 95361 17.51 + 0.31

e OPAL 951(311  18.14 + 0.33

Lo PDG 1994 (7]  17.90 + 0.17
””””””””””””” ol ] 1319931371 17.90 + 0.56

. DELPHI 92 [38] 18.6 £ 1.0

5 CLEO I1'139] 17.97 £ 0.27
[ ARGUS [40] 17.30 £ 0.64
. e CLEO 11411 19.10 £ 0.72

ALEPH 92 [42] 18.09 + 0.64

L e OPAL 19911431 1/7.4 £ 0.6
. HRS [44] 17.0 4+ 0.8
o Cello [43] 18.4 £ 0.9
IR N IRTERTI BR
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Figure 8.1: The electronic branching ratio of this work is compared to other recent mea-
surements. The errors are the quadratic sum of the statistical and systematic errors. The
band represents the error specified for the Particle Data Group 7~ — e~ vev, branching
ratio value. The Particle Data Group number is a weighted average of measurements up to
1994. Those measurements below the dashed line are included in the Particle Data Group

number.
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8.2 Lepton Universality

The results of this analysis allow one to directly test lepton universality. Electron-muon
universality can be tested using equation (2.12). Using this equation and the OPAL
T~ — p~ v, branching ratio of 0.1736 £ 0.0027 [31] one obtains

Je _ 0.9981 + 0.0085,

9u

where the statistical and systematic errors have been added in quadrature. This result
supports the hypothesis of electron-muon universality. Fig. 8.2 displays g./g, for this
analysis and compares it against results from other experiments. Electron-muon universality
from the other tau-decay experiments was determined by entering the 7= — e™ e, and
T~ — p~ v, branching ratio results from those experiments into equation (2.12). The
ratio g. /g, can also be measured by comparing the rates of the 7~ — e e and 7~ — p~ v,
decays, and also by using the W~ — e~ v, and W~ — p~ve decays. One can see from
the figure that the most precise tests of electron-muon universality have been made by
measuring the pion leptonic branching ratios [47, 48].

Tau-muon universality can be tested using equation (2.14). Using the OPAL measure-
ment of the tau lifetime 7', = 288.8 4+ 2.2 + 1.4 fs [46], the world average muon lifetime
T, = 2.19704 £+ 0.00004 us [7], and the 7= — e~ ver, branching ratio from this analysis
one obtains

97 _ 1.0023 + 0.0058.
9u

This result supports the hypothesis of tau-muon universality. As above, the statistical
and systematic errors of the branching ratio have been combined in quadrature and then
combined with the lifetime and mass uncertainties to estimate the final error. Fig. 8.3
displays g. /g, for this analysis and compares it to measurements from other experiments.
The 7= — e ver, and 7~ — p~v,v, branching ratio results from the other tau-decay
experiments are entered into equation (2.14) for consistency. Note that g /g, can also be
tested by comparing the rates of the W~ — 777, and W~ — pu~ v, decays.

The 7= — e~ ver, branching ratio from this analysis and the tau lifetime are displayed

in Fig. 8.4. Also shown in this plot is the band representing the standard model relationship
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g/ g, from t decay:

+ This work 0.9981 £ 0.0085

+ ALEPH 95 [35] 0.9998 + 0.0051
i DELPHI 95 [36] 1.000 + 0.013
. OPAL95[31]  1.005%0.013

4 PDG 1994 [7]  0.9991 + 0.0081
I B L3 1993 [37]  0.994 +0.024

R DELPHI 92 [38] 1.02 +0.04

4.? ARGUS [40]  0.989 +0.024
ALEPH 92 [42] 1.007 +0.024

OPAL 1991 [43] 1.004 +0.025

I Cello [45] 1.006 £ 0.018
g e/gu from 1 decay:
. TRIUMF [47]  0.9970 £ 0.0023
‘ PSI [48] 1.000 + 0.002
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; UAL1 [49] 1.00 £ 0.08
. CDF [50] 0.99 + 0.048
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Figure 8.2: Electron-muon universality results of this work compared to other measure-
ments. The pion and W decay results are taken directly from the references. The dotted

line gives the value assuming electron-muon universality.
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: ngM from t decay:
+ This work 1.0023 + 0.0058
* ALEPH 95 [35] 0.9943 £ 0.0065
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Figure 8.3: Tau-muon universality results of this work compared to other measurements.
The results that use B(7~ — e~ ev,) are calculated using equation (2.14). The W decay
results are taken directly from the references. The dotted line gives the value assuming

tau-muon universality.
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Figure 8.4: The OPAL lifetime measurement is plotted against the tau electronic branching
ratio. The band displays the standard model relation between these quantities for a tau mass

of m, = 1777.17%4 MeV.

between these quantities (see eq. (2.14)), which is calculated assuming lepton universality.
The small width of this band reflects the high precision of the tau mass measurement, since

theoretical uncertainties on the prediction are negligible.



Chapter 9

Conclusion

The 7~ — e~ vev, branching ratio was measured using data taken with the OPAL detector

at LEP from 1991-1994 and has been determined to be
B(r~ — e vev,) =0.1778 4+ 0.0009 + 0.0011 ,

where the first error is statistical and the second is systematic. This result is the most precise
determination to date and is consistent with previous measurements.

The 7= — e~ rev, branching ratio has been used together with other properties of the
tau and also properties of the muon to test the principle of lepton universality. The ratio of
the electroweak coupling constants, g. /g, was determined to be 0.9981 + 0.0085, while the
ratio g, /g, was determined to be 1.0023 + 0.0058. Together these results show consistency

with the hypothesis of lepton universality to better than 1%.
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