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ABSTRACT
Parity violating effects of the neutral weak current as seen in the process e*e™ —
Z° — 7t~ with the OPAL detector at LEP are presented in this thesis. The unequal
coupling of the Z° to left-handed and right-handed e* and 7* produces the tau polarization
asymmetries, (P,) and Agﬁ, that are related to the ratios of the effective vector to axial-
vector couplings, g7/g7 and g&/gc. The values resulting from the analysis described in this
thesis are,
(P,) = —0.1243 £ 0.0197 and ATH = —0.0931 + 0.0189
giving the ratios of the effective vector to axial-vector couplings
g7 /47 = 0.0639 + 0.0100 and 9c/gc = 0.0639 £ 0.0127.
They are in excellent agreement with previous measurements. These results are consistent
with the assumption of lepton universality and so are combined to extract
sin? LeF" = 0.2340 + 0.0020.
The parameters presented in this thesis are a significant contribution to the world average
values that test the validity of the Standard Model theory of the electroweak interaction.
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Chapter 1

Introduction

The Standard Model [1, 2] describes the current understanding of the interactions between
matter via the electromagnetic, the strong nuclear, and the weak nuclear forces. The
interaction between two particles is explained classically by a potential or field due to
one particle acting on another particle. However, this ma~roscopic description of particle
interactions is inadequate when explaining the interactions between elementary point-
like particles. A quantum mechanical description is needed. The quantum mechanical
interpretation has two particles interacting through the exchange of quanta -recific to
the type of interaction. These quanta exist for a time governed by their energy through
the Heisenberg uncertainty principle AEAt > h. For example. electromagnetic fields
are quantized in the form of photons. The strength of the interaction between particles
is determined by the coupling of the exchange quanta to matter and the range of the
interaction is limited by the mass of the quanta. This thesis investigates aspects of the

coupling of the neutral weak force to matter.

1.1 The Standard Model

The Standard Mod=l makes a clear distinction between matter and the exchange quanta
which are the mediators of the interactions. Matter and interactions are classified by spin.

Matter consists of half-integer spin particles called fermions that obey Fermi-Dirac
statistics so are subject to the Pauli Exclusion Principle. Quarks, g, and leptons, ¢, are

the fermions believed to be the building blocks of matter (see table 1.1). There are six




] Quarks | Charge Mass (MeV/c?) Interaction
u 2-8
c 2/3e 1000-1600 EM, strong, weak
t (168 — 192) x 10°
d 5-15
8 -1/3 ¢ 100-300 EM, strong, weak
b 4100-4500
[ Leptons | Charge Ma-s (MeV/c®) Interaction
e 0.51099u6 + 0.00000015 ]
o —e 105.658389 + 0.000034 =M, weak
T 17771494
Ve < 0.0051
v, 0 < 0.16 Weak
7 < 31

Table 1.1: Table of quarks and leptoi's of the Standard Model. The current quark masses
and lepton masses are taken from [3].

types of quarks u, d, s, c, b, and t along with their oppositely charged antiparticle partners
%,d,3,¢,b, and {. Three quarks can bind to form baryons such as the proton (uud) or
quark-antiquark pairs can bind to form mesons such as the 7+ (ud). Leptons either can
be charg.d (e, ut, and %) or neutral (the neutrinos v., v, and v, and their antiparticle
partners 7, U, und 7).

Tne mediacors of the interactions are integer-spin particles called bosons. Bosons obey
Bose-Einstein statistics so are not subject to the Pauli Exclusion Principle. The exchange
quanta for the electromagnetic interaction is the massless particle called the photon. The
weak interaction is mediated by massive charged particles, the W, and a massive neutral
particle, the Z° The mass of the wweak bosons implies a limited range of inte-action The
exchange of bosons between fermions can be calculated using Feynmun diagrams. For
example, figure 1.1 shows the Feynman diagrams describing muon decay and 7, — e~
scattering, processes that involve the exchange of a W~ and a Z°.

The effects of the strong force can be observed in several ways. The confinement
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Figure 1.1: Examples of the charged weak and neutral weak interactions. This figure
shows the decay of the muon through W exchange and v, — e~ scattering through Z°

exchange.

of quarks within the mesons and baryons by the exchange of massless particles called

gluons is a manifestation of the “fundamental strong force". Single quarks cannot be

extracted from nucleons. They only exist in pairs or triplets. The “residual strong force"

is responsible for the binding of protons and neutrons within the nucleus. The force can

be described by an effective theory of meson exchange. The mediators of the forces are

summarized in table 1.2.

The Standard Model provides mass to the fermions aid bosons through the Higgs

Force Mediator Mass
EM ¥ 0
Weak W=*,2° | 80.33 GeV/c?,91.187 GeV/c?
Strong fundamental g 0
Strong residual mesons > 135 MeV/c?

Table 1.2: Table of the mediators of the electromagnetic, weak, and strong forces. Mass

values are taken from [3].




mechanism. This rnechanism is based on the idea that there are symmetry relations
between the quantum numbers of the quarks and leptons that are broken by choosing an
underlying vacuum state that does not preserve the symmetry. The quantum numbers and
the symmetry groups will be discussed later in this chapter. As well as giving the particles
mass, the Higgs mechanism creates a relationship between the masses of the weak bosons,
My and Mz, through the Weinberg mixing angle, 6w

sinfw =1 — % ~ 0.23. (1.1)
The Weinberg angle is not predicted by the theory and must be determined experimentally.
The Higgs mechanism also results in the existence of a Higgs boson. The mass of the
Higgs boson is also not predicted by the theory. It has not been observed yet but its mass,
My, is expected to be less than 1000 GeV/c? and a mass less than 58.4 GeV/c? is ruled
out by experiment [3].

The interactions between fermions are understood in terms of the exchange of bosons
between Dirac currents that represent the fermions. The coupling of bosor< to fermions
is dependent on the quantum numbers of the fermions such as the charge (¢4). The weak
interaction also depends on the helicity of the particle where helicity is the component
of the fermion’s spin along the direction of moticn. Relativistic fermions exist in 1
helicity states where a positive (negative) helicity fermion is referred to as a right-handed
(left-handed ) particle.

The coupling strength of bosons to left-handed particles, gi, is not necessarily identical

to the coupling strength to right-handed particles, g§. The total coupling strength can be

written as

ao [n{ﬁv‘;(] — 5 ~5L n{.‘v‘;ﬂ 4 'vs\] (TN
gr [9}7*(1 = 4°) + afr* (1 + 7)) (1.2)
wh

where g}: g are the left and right dimensionless coupling constants, v* and v#4* are Dirac
matrices, and gp 1s an overall coupling strength. 1he superscript =t indicates that the

coupling may be different for each type of fermion. The terms in the square brackets can

be rearranged to collect all the terms in +* and 11 the terms in y#4® giving

29r [gi7* + 91777 (13)




Force | Couples Coupling strength

EM | ~toq,¢ ge = Vara,a ~ 1/129
Strong | gtogq g, = Vira,,a, ~1/8
Weak | W*to g, ¢ | gw = VaAraw,aw =~ 1/30
72°w0q,l | gz = VAraz,az ~1/23

Table 1.3: Tabie of the coupling strengths of bosons to fermions. Values are given at the
scale of the mass of the Z°. The calculation of the coupling strengths gw and gz uses
equation 1.4.

where ¢} = %(g{i +g})and gf = %(g,{ — g%). The terms with 4# produce Dirac currents
that transform as vectors under spatial inversions (also called parity transformations) while
the terms with 4v#~+® produce axial-vector currents.

The electromagnetic and strong forces conserve parity. They are indifferent to the
“handedness" of the fermions, in other words gi = g,fz in equation 1.2 resulting in a
purely vector-like vertex factor. The overall coupling, gr, represenis the electromagnetic
coupling constant, g., und the stronyg coupling constant, g,, listed in table 1.3.

The weak force violates parity. The coupling strength depends on the handedness of
the fermion. The charged weak force violates parity maximally because the W boson only
couples to left-handed fermions. Therefore, g4 = 0 and gf = 1 in equation 1.2 creating
a vector minus axial-vector vertex factor known as V-A. The overall strength is related to
the charged weak coupling constant, gw. For examnle, the exchange of a W can then be
seen as converting a neutrino, which is always left-handed, into the corresponding left-
handed charged lepton. The left-handed charged leptons and corresponding neutrinos can
therefore be arranged in weak isospin doublets as shown in table 1.4, the third component
of the weak isospin, I3, being given in tatle 1.4 for each doublet. The three generations of
doublets (for example e~, p~, 77) are referred to as families. The right-handed charged
leptons are included in the theory as weak isospin singlets. The charged weak force
interacts identically with all the left-handed fermion doublets. This invariance of the

charged weak force under weak isospin is known as the SU(2), symmetry.




Left handed fermion doublets qf I
Ve v, \ [ v 0 1/2
e” Jo\ # )L ), —e —1/2
(u) (c) (t) 2/3e 1/2

df \s/ . \b/, -1/3e | -1/2

Right handed fermion singlets qs I
(e7)r (w7 )r (v7)r —e 0
() ()r  (t)r 2/3e )
(ddp  {(s)r (D)r ~1/3e 0

Table 1.4: Table of the fermion charge, qy, and the weak isospin, I.

The work of Glashow, Weinberg, and Salam [4, 5, 6] showed that 8w not only relates
the masses of the weak bosons, but also unifies the electromagnetic and weak forces into
what is referred to as the electroweak force. The coupling strength of the e'ectromagnetic
force, g., is related to the weak coupling constants, gw and gz, through the Weinberg

angle

ge ge
= = —, 1.4
gw sin By 92 sin @w cos Oy (1.4

The neutral weak force couples unequally to left-handed and right-handed fermions im-
plying parity violation. The couplings which depend on the Weinberg mixing angle, 6w
are given by

9f g = 20I3% — 2q;sin® by (1.5)

I:f ‘R is the third component of the weak isospin for left-handed and right-handed

where
fermions and ¢y is the charge for each type of fermion. Another way of presenting th~
parity violation in weak interactions is in terms of vector and axial-vector components to

the couplings. Equation 1.2 can be expressed, in the case of the neutral weak vertex, as
—igz
—— (9l - 97°) (16)

where gf = %(g{z + g,{) and g} = %(gi — g,) are the vector and axial-vector coupling

constants summarized in table 1.5. They are related to the Weinberg angle through




) |
Fermion ok 9 i ol
VeyVp,Vr 0 1 % %
T 2sin? 8y = .46 | -1 + 2sin? 8y =-.54 -% + 2sin? 0w =-.04 -%
uyc,t | -3sin’ Oy ~-31 | 1— $sin’ Oy ~ .69 | 1 —sin®Oyw =~ .19 | ]
d,s,b %sin2 fw ~ .15 | -1+ Zsin® Oy ~-.85 -3 + 2sin® Oy ~-35 -%

Table 1.5: Tabie of the couplings gk, g3, ¢, and glevaluated at sin® 6y = 0.23. g}, # g
indicates parity violation for all quarks and Ieptons.

equation 1.5

!
g-u qf 2
= =1-2=%sin’ . (.7
M Iy

The relative strengths of the charged weak and neutral weak coupling constants, gw and

gz, are listed in table 1.3. Note that the neutral weal. coupling depends on the charge
and the weak isospin of the fermicn. The three charged leptons therefore are expected to
have the same coupling. This is referred to as lepton universality and will be tested in this
thesis.

The Weinberg angle, 8w, is an important quantity because it relates different quantities
to the same parameter of the Standard Model. Measuring sin? §y several different ways
tests the consistenicy of the theory. In particular, any physics process which measures the
relative coupling strength of vector and axial-vector components of the neutral weak force
measures the Weinberg angle.

For example, neutrino-electron scattering, 7, —e~ — 7, — e~ as depicted in figure 1.1,
measures these relative couplings. The Weinberg angle has been extracted to a precision
of four percent [3] from this process. The Weinberg angle can also be determined by
measuring the masses of the carriers of the weak force, the W and the Z°, with the
use of equation 1.1. From this method, the value of the Weinberg angle is known to one
percent [3].

The measurements of the ratios of the vector and axial-vector couplings, g7 /g7 and




95/9¢, as given in equation 1.7 from the process ete™ — 7%~ with the OPAL detector
at the LEP accelerator are presented in this thesis. The expectation that the Z° couples
equally to all leptons (known as lepton universality) is tesied by comparing the two ratios
g7/g: and g2/gt. A 0.8 percent measurement of the Weinberg angle is made in this thesis
by using equation 1.7 and the expectation of lepton universality. Other measurements
of the Weinberg angle through the process ete™ — 77~ at OPAL are combined to
extract this value with a 0.6 percent precision. The results of this thesis are a significant

contribution to the measurement of the Weinberg angle.

1.2 Procedure for the Measurement of Parity Violating
Effects

The LEP collider in Geneva, Switzerland produces the carrier of the neutral weak currents
by colliding electrons and positrors through the process ete™ — Z° — ff where the
fermions ff can be lepton-antilepton pairs: ete™, ptp~, r¥17, v, ¥,, v,7,, and vV,
or quark-antiquark pairs with total mass less than the mass of the Z% wam, dd, s3, cz,
and bb. The final state particles produced in these collisions are observed and recorded
by the OPAL detector at LEP. The measurement of the ratio of the vector and axial-
vector couplings using the process ete™ — 7 r~is presented in this thesis work. The
unequal coupling of the Z° to left-handed and right-handed e* and r* produces an unequal
amount of left-handed and right-handed 7*. This asymmetry can be quantified by the tau
polarization, P,: the difference in the number of r’s with right and left spin orientation
over the total number of 7’s in the sample. The tau polarization is dependent on the angular
separation, 6, between the incoming e~ and the outgoing 7. This angular dependence is
quantified by the forward-backward polarization asymmetry, A73, which is the difference
in the nolarization of a forward scattered r~, cos 8 > 0, and a backward scattered ™,
cosd < 0.

In this thesis, the 7* — p* v, channel is used to determine these asymmetries because
of its large branching ratio and good sensitivity to an extraction of the tau polarization. The

tau polarization information is extracted from the kinematics of the tau decay products.




Unlike the other leptons, the tau has a short lifetime and therefore it decays within the
OPAL detector. Conzequently, it is the only lepton whose polarization can be measured
at LEP. Quark-antiquark pairs are unsuitable for a polarization measurement because the
transfer of the spin from the quarks to the decay products is perturbed by the strong
interaction.

The formalism necessary to extract the polarization asymmetries of the ete™ — 7+7-
process is explained in chapter 2. The radiative corrections which affectthe ete™ — 77~
process are also discussed. The polarization asymmetries are extracted from the r* —
p* v channel by measuring polarization sensitive observables which depend on the angular
distribution of the 7% decay products. These are also introduced in chapter 2.

A description of the OPAL detector at the LEP accelerator is given in chapter 3.
Special emphasis is given to the central tracking detector system and the electromagnetic
calorimeter which are essential to the identification of 7+ — ptv, events.

The 7% pairs are identified with the OPAL detector by isolating events which have
the expected topology of ete™ — r+7~ decays. The selection criteria used to identify
7% pairs are given in chapter 4. The electromagnetic calorimeter is used to identify 7%
particles which have decayed to p’s. A special emphasis is given to the identification of
p’s through the reconstruction of 7°’s, one of the decay products of the p. The polarization
sensitive variables developed in chapter 2 are reconstructed with the identified 7+ — p*v,

cvents.

FB

The extraction of the asymmetries, (P,) and Asab

is discussed in chapter 5. Systematic
errors of these measurements are assessed by estimating the uncertainties in the response
of the OPAL detector and the limitations on the theoretical knowledge of the process.
The ratios of the vector and axial-vector couplings, g7 /gl and gt/g¢, are extracted
from the polaﬁzation asymmetries in chapter 6. A test of lepton universality is made and
the results are then used to measure the Weinberg angle. The results of this thesis are
compared to the similar results of the other LEP experiments of the tau poiarization and

polarization asymmetry. The resuits reported in this thesis are currentiy the nost precise

values.




The results of this thesis are summarized in chapter 7.
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Chapter 2

Formalism of the Process ete™ — +77—

This chapter develnps the formalism that describes the production of tau pairs in the
reaction e*e™ — v, 2° — 717~ at the LEP collider. The theoretical description of the
extraction of the average tau polarization, (P, ), and its forward-backward asymmetry,
AR, from the 7* — p*v, decay channel is explained.

A Born-level calculation of the differential cross section and total cross section of the
process ete™ — 717~ isrelated to measured asymmetries and the amount of parity viola-
tion in the neutral current weak interaction. The sensitivity of the measured asymmetries
to sin? §w is given. Radiative corrections to the Born-level cross section are discussed.
Finally, an analysis of the spin properties of the decay ¥ — p*v, is made and observables

sensitive to the tau polarization are introduced.

2.1 The Bern Approximation for the Processete™ — 717~

The Feynman diagrams of the first-order (Bcrn approximation) processes contributing to
the reaction ete~ — r+r~ are shown in figure 2.1. A 7%~ pair can be produced by
the annihilation of an ete™ pair to a photon, 4, or to the neutral weak boson, Z°. Both
processes can be described in terms of an amplitude which is constructed by the application
of the appropriate Feynman rules. The total amplitude forete~ -+ 4, Z° — ¥~ process

is M = M, + Mz. The amplitude for the photon exchange contribution is given by | 7]

My = (@ Vign* o) -2 (ot igemu(e)) . @)
q

11
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Figure 2.1: The Born level Feynman diagrams of the processete™ — r*r~include photon
exchange and Z° exchange.

The first (last) square-bracketed term is the coupling of the 7(e) to the 4 and the mid-
dle square-bracketed term is the photon propagator. The u and v terms are the parti-

cle and antiparticle wavefunctions of the e* and 7%. Similarly, the amplitude for the

ete — Z° — 7% process is [7)
. .
M = (3t )22 - st )) | L B M)
(st~ Znatst - gm]u(e-)) @2)

where the first (1ast) squar=-bracketed term is the coupling of the 7(e) to the Z° and the
middle square-bracketed term is the Z° propagator. The differential cross section for the
production of a T pair is proportional to |[M|? = | M., + Mz|?. There will be terms that
depend on | M. |2, |Mz|?, and interference between the two terms. Averaging over the
initial eleciron spins, as electrons and positrons are unpolarized in this experiment, the

differential cross section for ete~ — 717~ assuming a massless tau?, is [8]

0(9 8hy-)=— [(Fo(s) — ho-Fy(s))(1 + cos® ) + 2(Fy(s) — k- Fy(s)) cos 0]
(2.3)

dco

where the 7 helicity states are h..- = £1. There are four nonzero helicitv combinations
for the exchanze of a vector particle in the 1imit of massless electrons ard taus. They are

shown in figure 2.2. The scattering angle, 6, also shown in figure 2.2, is defined as the

1 The massless approximation is appropriate for tau leptons produced at L &P where the velocity of a tau
isfB=v/c=.9992.
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angle betwee 2 the incoming e~ flight direction and the outgoing v~. The four functions

in equation 2.3
Fo(s) = 1+ 2R[x(s)lgsgr + Ix(s)*(95* + 9%)(90" + 957

Fi(s) = 2R[x(s)lgsgl + Ix(s)*(29595)(297 97)
Fi(s) = 2R[x(s)lgsgz + Ix(3)I*(95” + 95°)(29797)
Fy(s) = 2%[x(s)lgsay + Ix(s)*(29595)(90” + 927).
are dependent on the center-of-mass energy, /s, through the Breit-Wigner term

\/iGpAG s
Ao s— ML +isTz/Mz

x{s) = (2.4)

which is introduced to approximate the finite width of the Z° boson. The constant, G,
is the Fermi coupling constan’: Gp = —@—5"{—, 'z is the width of the Z°, and My is its
mass. Because the e*e™ annihilation occursp;’n a spin 1 state, the 7+ (with spin 1/2) has
the opposite helicity to the 7~ in the same event so the helicity of the 7% is the negative of
the helicity of the 7~. The photon exchange contribution appears as the first term in the
function Fy(s). The interference terms include 2 factor R[x(s)] (where R is the real part)
and the Z° exchange terms have a factor of |x(s)|.

The *otal cross section of the process ete™ — 717~ is found by summing equation 2.3

over the possible final helicity states and integrating over cos 8 resulting in

47 a* .
0'(3) = ?—S-Fo(s) (2.5)

The total cross section has contributions from the photon exchange, the Z° exchange, and

the v — ZO interference terms
g = 0’7+0'Z + Oyz

as shown in figure 2.3. Atthe \/s = Mg, the Z° boson exchange completely dominates
the process by a factor

92 . 200.
Oy
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Figure 2.2: The possible helicity states of the tau. The double arrows indicate the helicity
of the e* and the T*. Figures a) and d) show right-handed (positive helicity) T~ while
figures b) and c) show left-haiided (negative helicity) r~. The scattering angle, 9, is defined
as the angle between the incoming e~ flight direction and the outgoing r~. Figures a)
and b) show the predominance of the production of forward scattered T~ for the helicity
configurations shown while tigures c) and d) show the predominance of the production of
backward scattered T~ for the corresponding helicity configurations.
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Figure 2.3: The totul cross section of the process ete™ — r+r~. Near the Z° pole, the
+ — Z° interference is a factor of 102 smaller that the Z° exchange term and is identically
zero at the Z° peak.
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The differential cross section, equation 2.3, can be writteii as

do
dcos 6 50 =

A(1 + cos 6) + Bcos . (2.6)
The first term is symmetric in cos 8 while the second term is asymmetric. The asymmetric
term does not have a contribution from the purely electromagnetic interaction and is a
manifestation of the parity violation of the weak interaction. The forward-backward
asymmetry is defined as the difference in: the cross sectior for forward scattered final state
taus (cos® > 0) and backward scattered final state taus (cosf < 0) summed over both
helicities normalized by the total ete~ — ¥~ cross section.

Fy(s)

Fo(s)

AFB _ jo mdcos 0 f—l md CGS 0
fa mdcos 6+ f° mdcos 6
At the Z° pole, the R[x(s)] = 0. Therefore, only the Z° exchange term contributes and

_3
T 1

the forward-backward asymmetry is given by

3ﬂ€g€ngT 3
AFB o zvJadvTa =ZAA, 2.7
(95 + 9293 +g2%) 4 @7

where

2gt4t
A= — 2 for £ = e, 7 (2.8)
(9." +92)
is equivalent to the pelarization analyzing power of leptonic neutral current decays. Fig-

ure 2.4 shows the forward-backward asymmetry as a function of the center-of-mass energy
in the Standard Model for a vaiue of sin? fy = 0.23. Near the Z° pole, the approximation
Ay~ 22; is valid so it follows that AFB measures the ratio of the vector coupling to the
axial-vccl;or coupling, but not the relative signs of the couplings.

The parity violation of the neutral current interaction produces a forward-backward
polarizaticri asymmetry because the unequal coupling of the left-handed and right-handed
initial state slectrons to the Z° produces a polarized Z°. When the Z° decays to two
fermions, the unequal couplings of the two final state fermions to the Z° also produces
a polarized final state. In the case of the Z° decaying to taus, it is possible to measure

this polarization by analyzing the kinematics of the decay products of the tau. If the

contribution from photon exchange is neglected, the relations g¢ = 1(gh + gf) and
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Figure 2.4: The forward-backward asymmetry, A®, the average tau polarization, |P,),
and the forward-backward polarization asymmetry, AEB, as a function of the center-of-
mass energy. The forward-backward asymmetry is almost zero at \/s = M-, A¥8(\/s =

M3z) = 0.02 for a value of sin? 8y = 0.23.
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gt = 1(g% — gh) can be used to write the differential cross section explicitly for each
helicity combination in terms of left-handed and right-handed couplings. At the Z°

pole {2]

2 (crek = 7ir) = " (1 4 cos6) x(s) ookl 29)
di:e(eie; — TLTR) = "_;_2(1 + cos 6)*|x(s)I*|9z9z (2.10)
3%,0;5(‘3562 — Ty Th) = %(1 — cos 8)*|x(s)|*|9ngL |* 2.11)
dj:sg(eie?i — TRTL) = fz—a;(l — cos 8)*|x(s)|9t9RI? (2.12)

corresponding to the four diagrams in figure 2.2. The polarization of the Z° induces an

angular dependence in the polarization of the 7 which can be expressed as

do _ _do
Py(cosf) = —S"IR a?sz L (2.13)
o o
dcos 8 R+ dcosf|,

where E'cdg?ﬁ LR is the differential cross section for producing left-handed (equations 2.10
and 2.11) and right-handed (equations 2.9 and 2.12) 7~ particles. The two taus in the
same event have opposite polarizations so in general P,- = — P+ = P, . This polarization
asymmetry as predicted by the Standard Model for a value of sin? 8y = 0.23 is plotted as
a function of cos  in figure 2.5. The figure illustrates two interesting characteristics. At
cos§ = —1, P.(—1) «x g§2gR*— 9%%97%. A non-zero value of P,(—1) implies that the Z°
couples differently to electrons and taus violating lepton universality, i.e. thc expectation
that the Z° couples equally to all leptons. At cosd = 1, Pr(1) x g32g:*— 932912 # 0
which is a clear indicaiion of parity violation. Neglecting radiative corrections and the
contribution from photon exchange, at \/s = Mj:

A,(1+ cos?8) + 2A, cos b

P (cosb) =~ — .
( ) 1+ cos?28 + gAFB cos

(2.14)

The average tau polarization can be constructed from the differential cross sections for
each helicity integrated over the total solid angle

(p,) = R_L (2.15)

oRr+ g
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Figure 2.5: The T polarization as a function of cos 8 for a value of sin 6y = 0.23. Lepton
universality requires the function to be zero at cos § = —1. The general nonzero value of
P,(cos 8) indicates parity violation in the neutral weak interaction.
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where o, g is the cross section to produce left-handed and right-handed 7~ particles. Near

the Z° pole

—29,9.
P., =~ —:——-!)—-91_— = "‘A-,-. (216)
(Pr) Tt

The dependence of (P ) on the center-of-mass energy is shown in figure 2.4. (P,) depends
only on the tau coupling strength to the Z° as opposed to A¥® which also depends on
the electron coupling. Moreover, the relative sign of A, and A, is accessible in the
measurement of (P.).

Another asymmetry combining AFB and (P, ) can be constructed. It is the forward-

backward polarization asymmetry defined s the forward-backward asymmetry of the

polarization
[fl do - do ] _ [fo do yy do ]
FB 0 dcosBlp Y0 dcosb|, “ldcosflp -1 dcosb|,
Apel = i do_ | + do + [0 do | + [0 do (217
0 dcosé R 0 dcosd L -1 dcosb|, -1 dcos @ L

do . . . ' . . : e
where Tcosd . is the differential cross section for producing left-handed (equations 2.10

and 2.11) and right-handed (equations 2.9 and 2.12) 7~ particles. At /s = Mz

are o 3 206 3, (2.18)

AFE s a function of the center-of-mas.. erergy is shown in figure 2.4. It only depends on
the electron coupling strength.
To summarize, three asymmetrics can be constructed from the production of tau pairs

through the process ete™ — 777, “=ar the Z° pole, these asymmetries are

AFB %A,A, (2.19)

(P.)x —A, (2.20)
. 3

At~ - ZA.. 2.21)

A measurement of these asymmetries gives thc ratio of vector to axial-vector coupling
throvgh equation 2.8. Of these measurements, only (P, ) and ATH provide a relative sign
between the couplings. A measurement of (P.,.) and Agﬁ would also expose a violation

of lepton universality.




The vector and axial-vector couplings are related to anc the Weinberg angle

gt

=% =1—4sin’ Oy (2.22)
9a

which can be used with equation 2.8 to relate the asymmetries to sin? §y resulting in

_ (1 — 4sin’ 6w)

N 1- 4sin® Oy + 8sint Ow)'

A, (2.23)

If ., = sin? 8y, then the sensitivities of each asymmetry to a measurement of sin? §y

can be written as

8 (3
FB ., 9 (342 ~ .
SATR o ( 4A,) Sy & —1.9620 2.24)
§(P,) ~ 5‘2— (=Aq) by ~ —T.8624 (2.25)
o [ 3
SATE ~ 5 (~ZA,) 52, ~ —5.562,, (2.26)

where lepton universality has been assumed A, = A, = A, The sensitivity of A;
to sin? fw in these equations is calculated for sin? 8y = 0.23. Figure 2.6 shows these
asymmetries for a range of values for sin? fy. The steep slopes at sin? 8y = 0.23 show

that (P,) and AEB are the most sensitive asymmetries to measurements of sin” 6.

2.2 Radiative Corrections to the Process e’e™ — 7177
The Improved Born Approximation

The Born approximation of the cross section of the process ete™ — 77~ as given in
=quation 2.5 is not adequate to describe the measured data. The charged particles in the
initial and final states can radiate photons. These photonic corrections will be discussed
in the next section followed by a discussion of the non-photonic corrections. The higher-
order processes also affect the strength of the photon and Z° exchange contributions
and there are important vertex corrections where heavy bosons are exchanged between
the final and initial state charged particles. The measured cross section of the process
ete™ — r¥7~ is the sum of the Born level diagram plus all of the radiative corrections.
The electroweak theory is a renormalizable gauge theory which implies that the cross

section can be calculated via a perturbation expansion. The QED radiative corrections
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Figure 2.6: The sensitivity of the forward-backward asymmetry, AF®, the T polarization,
(P,), and the forward-backward polarization asymmetry,AT3, to sin’ fwas calculated
using equation 2.8 with equations 2.7, 2.16, and 2.18 respectively where no radiative
corrections have been included.
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Figure 2.7: The photonic radiative diagrams associated with the process ete™ — +, 2°
— 7%r~. a) Initial state bremsstrahlung has a 30% effect on the cross section. b) Other
less important radiative diagrams.

which include the initial and fiz.al state radiation as well as photon exchange between
the fermions depend only on particles whose masses are less than the energy scale of
the process. These corrections are exactly calculable to all orders. The weak radiative
corrections which include the Z° loop corrections as well as the vertex corrections depend
on particles of all masses; even above the energy scale of the process. This allows the
indirect observation of physics which would not normally be accessible because the energy
scale of the physics is above the available energy of colliders.

The photon and Z° exchange corrections make the QED and weak coupling constants
energy dependent. However, unlike QED, the electroweak theory is non-abelian (i.e. the
weak gauge bosons can couple to themselves) and therefore the weak coupling strength
decreases with energy while the QED coupling rises with energy.

The diagrams associated with the radiative processes for e*e~ — 717~ can be classi-
fied into two types: purely photonic corrections and non-photonic corrections. These are
described in the next two sections and are incorporated in an Improved Born Approxima-

tion of the cross section.

2.2.1 Photonic Corrections

Examples of the photonic diagrams associated with the process ete~ — 7+7~ are shown
in figure 2.7 [9). The dominant correction at the Z° pole is initial state Bremsstrahlung
(figure 2.7a) which has a 30% effect [9] on the cross section as shown in figure 2.8. Initial

state radiation changes the effective center-of-mass energy of the system. These QED
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Figure 2.8: The effect of initial state bremsstrahlung on the cross section of the
ete™ — t*r~ process is shown with the use of the ZFITTER package [10].
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radiative effects are taken into account by convoluting the ete~ — 7= cross section
with a radiator function. This functicn is completely calculated to O(a) with leading
O(a?) terms and soft exponentiation. The theoretical uncertainty on this function is of
order 0.1% [9].

2.2.2 Non-photonic Corrections

The non-photonic radiative effects ure taken into account by using the Improved Born
Approximation approach [9]. In this approximation, sin? 6y = 1 — M, /M3 is taken to

be correct to all orders while the coupling constants become energy dependent couplings.

The photon vacuum polarization diagram where a fermion-antifermion pair is created
and destroyed is shown in figure 2.9a {9]. The vacuum polarization of the photon makes
the QED coupling energy dependent

«

1 - Aa(s)

a— as) =

(2.27)

where at the Z° pole a( M%) = 1/128.82 [3]. The dominant uncertainty in this correction
(of the order of 0.0009 on Aa(s) [11]) comes from the contribution of light quarks in the
vacuum polarization loop.

The vacuum polarization of the Z°is shown in figure 2.9b [9]. The fermion-antifermion
pair of the Z° vacuum polarization can be either leptons or quarks including the top quark,
t, whose miass is above that of the Z° This is an interesting aspect of these radiative
corrections. Weak radiative corrections provide information about particles whose masses
are above the energy scale of the process. An indirect measurement of the mass of the top
quark can be made from the weak radiative corrections. A Higgs-antihiggs pair can also
be formed in the Z° vacuum polarization loop. The Z° vacuum polarization correction
creates an s-dependent Z° width
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which causes the Z° cross section to peak 17 MeV below the Z° pole [12]. The Z°

Tz(s) = —5Tz(s = M)

vacuum polarization also modifies the weak coupling as do other radiative corrections due
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Figure 2.9: The non-photonic radiative diagrams associated with the process ete™ —
v, Z° — rtr~. a) photon vacuum polarization, b) Z° vacuum polarization, c) v/Z°
mixing, heavy gauge boson exchange, W+ W ~ production, and other diagrams.
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to v/ Z° interference and heavy gauge boson exchange shown in figure 2.9c [9]. These
can be expressed in terms of a small correction, Ar,,:

ra(Mj) ( 1 )
Gr = . .
V7Y 2sin? Ow cos? fw \1 — Ary, @28

The Z° vacuum polarization and vertex corrections can be expressed by replacing the
vector and axial-vector coupling constants, g, and g,, by effective energy dependent

couplings or form factors

gl — §1(s) — §i(s). (2.29)

However, these effective couplings are nearly constant near the Z° pole. For leptons on
piing y p P

the Z° peak, these effective couplings replace the Born level couplings with

= /plt 3t = \/p(I5 — 2q,5in’ Bw) (2.30)

where at the Born level the ratio of the strength of the neutral current to the strength of the

charged current, p, is equal to one. In the Improved Born Approximation, p becomes [13]

A
\/ﬁz\/1+Apz1+—§E 2.31)
where
Ap 1r2\/- 2M MZ sin? 8w In Mz (2.32)

From this, it can be seen that Ap depends quadratically on the mass of the top quark,
M,, but only logarithmically on the mass of the Higgs beson. My. The quadratic de-
pendence of Ap on the mass of the top quark, M,, has enabled an indirect determina-
tion of the mass of the top quark using measurements made by the LEP experiments?:
M, = 180*3 *35 GeV/c? [14] which is in agreement with the recent direct measurement
by the CDF collaboration [15] and the DO collaboration [16] resulting in an average mass
of M, = 180 + 12 GeV/c? [3]. The logarithmic dependence of Ap on the mass of the
Higgs boson is not strong enough to set any stringent limits on My. Using the LEP results

in conjunction with the direct measurement of M, from CDF and D0, a limit on My of

3The results reported in this thesis are used in this indirect determination of the top quark n.ass.
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750 GeV/c? at a 95 percent confidence level has been set within the context of the Standard
Model. Direct searches for the Higgs at LEP set a lower limit of 58.4 GeV/c2.

The effective lepton vector and axial-vector couplings can be used to generate an
effective sin® Oy
Jo _ 1 _ gsin? 6.5 =1 4(1 + Ak)s? (2.33)

-

L

;
a

where s2 is sin? 6w corrected only for pure QED effects so Ak takes into account only

the weak effects. In the limit of the quadratic M, behavior, the radiative corrections Ap,

Ar,, and Ak are all related

2
Co

2 2 .2
Ap =~ —igArw ~— (c" 8°) Ak (2.34)

o

where ¢ = 1 — s?. These radiative corrections have been completely calculated at the

one-loop level including O(G%M}) [9].

2.2.3 Summary of the Radiative Corrections

The electroweak non-photonic radiative diagrams modify the Born level cross section of
the process ete~ — 7+7~ in equation 2.5 by replacing a) the fine structure constant. a,
by an s-dependent coupling, b) the vector and axial-vector couplings g, and g, by s-
dependent effective couplings §,(s) and §.(s) and c) the Z° width, I'z, by an s-dependent
width. These corrections result in the Improved Born Approximation. This corrected
cross section, convoluted by a radiator function to take into account the purely photonic
radiative diagrams, compares favorably to the ete™ -= 77+~ cross section measured at
LEP.

Neglecting photonic corrections and v and v — Z° contributions, the asymmetries AF®,

(P,), and AT at the Z° pole are

3 39,929+ 9a :
APB xS A A, = — vZa7v"a 2.35
4 (3% + 6432 + 82°) 23
—2a7a"
(Pr)=—A, = 5:5'3_"—{]‘3—2 (2.39)
3, o3 2 3
S () =
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Tau decay channel | Branching Ratio

T — pv 0.2488 + 0.0051
T — evb 0.1790 4+ 0.0017
T — pUv 0.1744 + 0.0023
7 — 3hnnv 0.1425 + 0.0025
r— hv 0.125 + 0.004

T — h2n°: U.0931 + 6.0034
T — K*'v 0.0145 £ 0.0012
T — h>27°% | 0.0142 £ 0.0016

Table 2.1: Table of the important decay products of the tau taken from the Particle Data
group [3] and the Tau 94 Workshop [17]. The particle h refers to both pions and kaons.

where
2945
(68 + 3%

Figure 2.10 shows the effects of radiative corrections on these asymmetries. (P,) and

A= forf{ =e,r. (2.38)

ATD are the asymmetries least sensitive to radiative corrections because they vary most

slowly with energy. This thesis presents a measarement of (P..) and AFB at the Z° pole.
pol

2.3 Polarization Dependent Observables of the 7+ — p*v,
Decay

A calculation of (P, ) and Af,‘fl using equations 2.15 and 2.17 requires the knowledge of the
helicity of the tau. This helicity cannot be measured on an event-by-event basis. Instead,
(P,) and AT} are extracted from kinematical observables sensitive to the polarization.

The most significant decay products of the tau are listed in table 2.1. This work focuses
on the extraction of (P,) and A8 from the 7* — p*v, channel because it has a large
branching fraction and the decay kinematics are sensitive to the polarization.

The angular distribution of the tau decay products depends on the po:arization of the
tau. A diagram of the weak decay of the tau 0 a p is shown in figure 2.11. The tau can
have either positive (right-handed) or negative (left-handed) helicity. The p is a sp™~ 1
meson with three possible spin projections: +1, 0 and -1. However, the requirement that

the neutrino helicity is al'ways left-handed implies that a p spin projection of +: is not
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Figure 2.10: Thke effect of applying the photonic corrections to the calculation of the
asymmetries A¥®, (P.), and ALY are shown by using the ZFITTER program [10] to
calculate radiative corrections (the dashed lines in this figure).
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Figure 2.11: The weak decay r* — p¥v,.

allowed. The possible spin projections of the decay 7+ — p*v, are shown in figure 2.12
where 8~ is the opening angle of the p with respect to the tau flight direction in the tau rest
frame. Figure 2.12a shows that the probabilities of left-handed taus decaying to p’s with

spin projection 0 and -1 are [18]

2 - -
IM_JJ? = /ﬁr_) [1—cos0 ] IM——|2=2[1+COS0 ] (2.39)
\m, 2 2

respectively. The subscripts on the M :efer to the helicity of the r and the spin projection
of the p. The probabilities of right-handed taus decaying to p’s with spin projection 0 and
-1 as shownin 2.12b are [18]

2
2 mr 1+ cos 8" 2 1 —cos8*
Jr=1—] |—— f=2]- .
el = (22) |52 Mo =22 @40
respectively. The total probability for taus to produce p with a spin projection of zero is
2
oL 2 OR s 1 (m, .
-0 oll==|—1 1+ (P, 6 41
Mt Tl = 3 (2 P eoss] 4D

where (P.) was defined in terms of o g in equation 2.15. Similarly, the probability te
produce p’s with a spin projection of -1 is

oL OR

IM__|* +

P=1-(P, 6. .
e 0'L+URIM+ 1 - (P,) cos (2.42)

The p can be in either spin projection so equations 2.41 and 2.42 mus¢t be summed to

provide the normalized decay distribution of the process 7* — p*v, [18]

1 dN 1 m2 — 2m?
2 = =(1 + .+(P,) cos 8" M "M o .
N deos6" 2(1 + «(P,) cos 6~) a mi ¥ 2m? 0.46 (2.43)
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Figure 2.12: The possible spin projections of the decay r* — p*v,. The double arrow
indicates the spin state of the particle [18]. Taus can be either left-handed (figure a) or right-
handed (figure b). |M_,|* and | M _|?* produce predominantly backward scattered p’s
while |[M__|? and | M, |* produce predominantly forward scattered p’s. The subscripts
on the M refer to the helicity of the T and the spin projection of the p.
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where the mass of the p is m, = 769.9 MeV/c? [3] and the mass of the 7 is m, =
1777.1 MeV/c? {3]. The sensitivity of the variable cos 8* to the tau polarization in the
7% — p*y, channel is diminished relative to a spin zero particle by a factor a because
the final spin projection of the p is not determined. This is to be compared with the
7% — x*y, channel which has the value & = 1 because the charged pion is a spin zero
particle. Figure 2.13 shows these decay distributions of the 7+ — 7%y, and 1% — ptu,
channels. The loss of sensitivity in the 7¥ — p*uv, can be regained by determining the
spin projection of the p. This is accomplished by measuring the angular distribution of
the decay products of the p. The p* decays to n#*x° with a branching ratio of nearly
100%. Both the charged and neutral pion are spin O particles and therefore the final state
pions have one unit of orbital angular momentum. The possible spin combinations of
the p decay are shown in figure 2.14 where v is the opening angle of the =* to the p
flight direction in the p rest frame. The probability of the p* — m*x“ decay with a p spin
projection of zero is [18]

[Noo|? o< cos? ¢ (2.44)

while the probability of a p spin projection of -1 is [18]
IN-o|? o sin? 4 (2.45)

where the subscripts on the A refer to the spin projection of the p and the spin projection
of the ==,
A Wigner rotation of angle 7 is performed to transform these amplitudes from the tau
rest frame to the laboratory frame where the observables are measured [18)
(m2 — m2) + (m?2 + m2)cos 6

for E, .
(m2 + m2) + (m? — mZ)cos 6" or B 2> m

cosn =

The resulting 7¥ — p* v, decay distribution is [19]

1__&N + -
NdorGdoosy — 7 1+ (F))+ W (1~ (Pr)) (2.46)
where
3 0' 0" 0.
T P . LA Y 2. 20"
W+ = B(mZ +2m2) [sm () [(mf sin7 cos - — m, coe sin )? + m? sin 2]
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Figure 2.13: The decay distribution of the T* — w*v, process where a = 1 in equa-
tion 2.43 (solid line) and the v* — p*v, process with a = 0.46 from equation 2.43
(dashed line) for (P,) = +1. The sensitivity of the ¥ — p*v, channel is diminished
because the spin projection of the p is not determined.
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Figure 2.14: Possible spin projections of the p* — w*w® decay [18]. The p can have
either a spin projection of zero (figure a) or a spin projection of -1 (figure b). The final state
has one unit of angular momentum. The subscripts on the N refer to the spin projection

of the p and the spin projection of the =+,
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Figure 2.15: The two-dimensional distribution of equation 2.46 when (P,) = 1, (P;) =
and (P,) = -,13. The greatest sensitivity of cos §* and cos 3 to a measurement of (P, )

at|cos *| = 1 and |cos 9| = 1.

6~ 6
+2cos? 9 | m, cos 1) cos ) + m,sin 7 sin 3

»*

6 6* *
W~ = m [sin2 ' [(m., sin 7 sin 0] + m, cos 7 cos 3)2 + m? cos® 0l

6~ o
+2cos? 9 (m., €os 7 sin 5~ m, sin 1) cos -2—) .

The angles cos 8* and cos % in the 7* — p*v, decay can be expressed in terms of

laboratory frame energies, the energy of the p (E,) and the energy of the tau (E,),

(2E,/E, — 1)m? — m?
£ (mF = 3] £ ~2E,/Epeam — 1 (2.47)

cos 6* =

2m2E,+ — (m2 +mly —mk)E, ~ E.+ — E,.
2 2} [1n2 2]\ E,
Po ([mp — (Mgt — My )?] [mp — (Mpt + Myo) ])
assuming E, = Ep.0m >> m,.
Figure 2.15 shows the decay distribution of equation 2.46 when (P,) = 41 and -.13.

(2.48)

costp =

This figure shows that right-handed taus peak at cos §* = 1 characterized by the existence
of high energy p’s while left-handed taus create softer p’s. Equation 2.44 shows thata p
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Tau decay channel | Sensitivity | Branching ratio | Weight
T — hv .60 125 33
T — pv 52 250 50
T — h2nv 24 0931 04
T — evi 22 1788 06
T — pUv 22 1746 06

Table 2.2: Table of sensitivities of some decay products of the tau to an extraction of (P..)
taken from [19). The weight is the sensitivity *x branching ratio.

with a spin projection of zero favors large |cos #| indicating a large difference in the energy
between the 7+ and the 7° while equation 2.45 shows that a p with a spin projection of -1
favors small |cos | and hence equal splitting between 7% and 7° energy.

Table 2.2 shows the sensitivity of different tau decay channcls to an extraction of
the tau polarization [19). Although 7* — w*y, is the most sensitive channel to an
extraction of (P,), the large 7* — p*v, branching ratio dominates to give this channel
the greatest weight of all decay channels. This work will extract (P,) and Agﬁ from
the 7¥ — ptv, channel. This will be accomplished by fitting the reconstructed cos 6*
and cos ¢ distributions from the OPAL data set with Monte Carlo samples which obey
equation 2.46 and extracting (P, ) in five bins of the tau scattering angle, cos 8. The values
of the tau polarization, (P,.), and the forward-backward polarization asymmetry, Asﬁ, of
the 7% — p*v, data sample are extracted by fitting the resulting (P.) vs cos 8 distribution
to a modified version of equation 2.14. Equation 2.14, which gives the dependence of the

tau polarization as a function of the angle 6, can be rewritten as

4
PT(COS 0) sy — A-r(l + Cosz 0) + 2.A¢ cOs 0] ~ [(PT>(1 + c°82 0) + 2 (BAS‘?‘) 0080

14 cos?8 + %AFB cos 0 1+ cos?b + gAFB cosd
(2.49)

A two parameter x? fit is made of the OPAL 7+ — p*w, tau polarization data as a function

of cos 8 to extract (P.) and AFER,




Chapter 3
The OPAL Detector at LEP

The European Centre for Nuclear Research (CERN) is iocated in Geneva, Switzerland.
Several particle accelerators have been operated at the CERN complex including the pp
collider which first produced the weak vector bosons W= and Z° in 1983 and the Large
Electron Positron collider, LEP [20], which was commissioned in 1989. The 27 km
circumference LEP accelerator, shown in figure 3.1, was designed to accelerate electrons
and positrons to center-of-mass energies between 80 and 200 GeV. So far, it has operated
with center-of-mass energies in the range 88 to 95 GeV producing particles through the
reaction ete™ — 4, Z° — ff wherc the fermions, f, are quarks or leptons. The electrons
and positrons accelerated in LEP collide at four equally spaced interactions points around
the LEP ring where the collisions are recorded by the four general-purpose detectors
ALEPH [21], DELPHI [22], L3 [23] and OPAL [24]. This chapter will provide details on

the LI'P accelerator and the OPAL detector.

3.1 Iaiection into LEP

Positrons are produced by pair production using a 200 MeV e~ beam directed onto a
target. The positrons are stripped off and stored with electrons from a second source in the
electron-positron accumulator (EPA). The particles emerge from the EPA collected into
bunches and are accelerated in the proton synchrotron ring (PS) to an energy of 3.5 GeV
and then in the super proton synchrotron ring (SPS) to 20 GeV where they are then

injected in to the LEP accelerator. LEP accelerates these electron and positron bunches

38
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LEP

LINAC
CONVERTER

Figure 3.1: Diagram of the LEP accelerator complex at the CERN laboratory in Geneva
(Not to scale). The LEP accelerator is a nearly circular ring with a 27 km circumference.
There are four instrumented interaction points: ALEPH, DELPHI, L3, and OPAL;
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N

to eneigies of approximately 45 GeV before they are brought into collision. The beams
are constrained to a nearly circular orbit by dipole magnets while quadrupole magnets
with alternating poles have the net effect of focusing the beam in both the horizontal and

vertical plane.

3.2 LEP Operation

The rate, R, of the process ete~ — ff depends on the cross section, o, of the process
and the property of the beam of particles called the luminosity, £. The luminosity of
the electron-positron collisions in LEP varies linearly with the current of the beams and
depends on the revolution frequency of LEP (11.25 kHz), on the number of particles in
each beam, and on the size of the beams. A typical luminosity for LEP is 1 x 103! cm~2s~!
with a record peak lu-ninosity of 2.2 x 10%* cm~2s~*. The rate of the process ete™ — ff
is R = Lo. A detector at LEP typically records 1 multihadronic Z° decay every 2 seconds
when LEP is operating at its design luminosity of 1.6 x 103! cm~32s~1,

From 1989 to 1992, LEP operated in the “4 x 4 bunch mode” where four bunches of
electrons 22 us apart and 4 bunches of positrons with the same spacing were accelerated
in opposite directions and collided at each of the four interaction points simultaneously.
There were typically approximately 102 particles per bunch. LEP operated from 1992-
1994 with the “8 x 8 pretzel scheme” where the number of bunches was increased from
four to eight. Outside of the four interaction regions, the bunches were separated to prevent
unwanted collisions.

The LEP collider has operated at various energies near and on the Z° pole but most of
the data has been collected at the Z° peak (91.3 GeV) and at +2 GeV from the Z° peak
(at 89.4 GeV and 93.0 GeV).

The measurement of the mass of the Z° and its width depends on an accurate deter-
mination of the LEP beam energy. Since 1993, the LEP beam energy has been calibrated
using the method of resonant depolarization [25]. Synchrotron radiation causes a trans-
verse polarization of the electrons in a direction opposite to the dipole magnetic field

(Sokolov-Ternov effect [26]). The electron spin precesses in the magnetic field with a




41

characteristic frequency. The number of spin precessions per orbit around LEP is given

by the spin tune v which is related to the beam energy

E am
V= a.y = g, —2 (3.1)

e
where a, is the electron anomalous magnetic moment. An oscillating radial magnetic field
from «n RF magnet is used to perturb the spin alignment. If this radial field is in phase
with the precession of the electron spin vector, the polarization vector is rotated into the
horizontal plane and the vertical polarization is lost. The energy is determined through
equation 3.1 because the spin tune is related to the ratio of the depolarization frequency
to the revolution frequency. This method of obtaining the beam energy has an intrinsic
resolution of about 200 keV. The largest errors come from extrapolating the value of the
beam energy in between the measurements with resonant depolarization. This gives an

uncertainty on the beam energy of 1 to 2 MeV.

3.3 The OPAL Detector

The OPAL detector was designed as a magnetic spectrometer capable of measuring the
momentum of charged particles and capable of identifying particles through their mass
and as a hermetic apparatus which provides calorimetry information to determine the
energy of leptons, photons, and hadrons. It is a cylindrically shaped detector with a barrel
region covering approximately 0 < |cos 6| < 0.81 and two endcap regions covering the
remaining solid angle (see figure 3.2). The e*e~ collisions occur within a vacuum which
is contained by a 10.7 cm diameter berylium pipe at the core of the OPAL detector. The
inner detector operates within a 4.36 m diameter solenoidal magnet providing a 0.435 T
magnetic field along the z-axis® of the detector. The charged particle tracking detectors
which make up the inner detector operate within this magnetic field. The electromagnetic

and hadronic calorimetry and the muon detectors make up the outer detector.

1The z-axis is along the e~ beam direction while 8 and ¢ are the polar and azimuthal angle as shown in
figure 3.3.
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Figure 3.3: z-y projection of a quarter of the central tracking detector system. The
coordinate system of the OPAL detector is also shown.

3.3.1 Central Tracking Detector System

The central tracking detectors are a series of cylindrical, concentric charged particle
trackers surrounding the beam pipe. Diagrams showing the z-y and r-z projections of
the central tracking detectors are shown in figures 3.3 and 3.4 respectively. The central
detectors measure or “track” the trajectory of charged particles as they curve under the
influence of the solenoid’s magnetic field. A straight line extrapolation of the trajectory is
made when the charged particles leave the influence of the magnetic field. The trajectory
of the charged particle is referred to as its track.

Nearest to the beam pipe is the silicon strip microvertex detector (SI) consisting of
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Figure 3.4: r-z projection of the OPAL central tracking detector system. This assembly
is approximately 8 meters long.

two concentric barrels of silicon wafers. The inner barrel contains eleven ladders of
three wafers while the outer barrel has fourteen similar ladders. .ncident charged particles
passing through the wafers are measured in the z-y coordinates with an intrinsic resolution
of 4 pum. The silicon microvertex detector was upgraded in 1994 with back-to-back silicon
wafers providing both an r-¢ and »-z measurement of charged particles.

Surrounding the silicon microvertex detector is the central vertexing detector (CV),
a one meter long cylindrical drift chamber extending in radius from 10 cm to 24 cr.
It consists of an inner layer of 36 cells with axial wires (parallel to the beam) and an
outer layer of 36 cells with stereo wires at a 4° angle to the z-axis. It operates in a
88.2% argon, 9.8% methane, 2.0% isobutane gas mixture within a 4 bar pressure vessel.
An r-¢ measurement of charged particles 1s made with the axial wires with a resolution
0.4 = 55 pm while a z measurement of #,, ~ 700 um can be made with the stereo wires.

Concentric to CV and operating in the same pressure vessel is the central jet chamber
(CJ). It is a drift chamber approximately 4 m in length with an inner radius of 25 cm and

an outer radius of 185 cm. There are 24 identical sectors where each sector consists of
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an anode plane of 159 sense wires separated by two cathode planes. The wire planes are
radial and the wires run parallel to the z-axis. CJ can provide », @, and z information on
charged tracks from the position of the wire collecting the charge, the drift time to the
wire, and the ratio of charge accumulated at both ends of the wire respectively. CJ has
an r-¢ resolution of 135 um and an z resolution of 6 cm. The 159 sense wires provide
multiple sampling of the position of the charged particles as they curve through the jet
chamber due to the influence of the magnet. This enables a measurement of the curvature
of the particle and, knowing the strength of the magnetic field, the particle’s momentum.

C! has a momentum resolution of

9_121 ~ 1073GeV!.
p

The sum of all the charge accumulated gives a measurement of the specific energy
loss, dE/dz, of a charged particle passing through the gas of the chamber. The specific
energy loss of a charged particle is vslocity dependent. Therefore, a measurement of
dE /dz combined with a measurement of the momentum provides a measure of the mass
of the charged particle and hence particle identification over the momentum range of
approximately 0.1 GeV/c 1o 45 GeV/c.

A precise measurement of the z-coordinate of charged particles is made with the z-
chambers (CZ) also contained within the pressure vessel. CZ consists of twenty four 4 m
long by 50 cm wide by 59 mm thick drift chambers arranged concentrically about CJ.
Each chamber is divided into 8 cells along the z direction. There are 6 sense wires at the
the center of each cell running perpendicular to the z direction. Drift time and ire position
provide a z measurement with a resolution of approximately 300 pm. Charge division

along the wire hit can provide an approximate ¢ measurement with a resolution of 1.5 cm.

3.3.2 The Outer Detector

The sulenoidal coil surrounds the central tracking chambers. The first detector outside the
coil is the Time-of-Flight (TOF). The TOF consists of 160 scintillating counters arranged

concentrically around the inner detector. The TOF records the time of flight of particles
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coming from the interaction point. The TOF’s primary function is to identify cosmic ray
background which will have « different timing than particles originating from the ete~
interaction point.

The remaining subdetectors in the barrel region also have analogs in the endcap.
These are the electromagnetic calorimeters followed by hadronic calorimeters and muon
chambers. The hadronic calorimeters are made of 8 layers of iron slabs interleaved with 9
layers of streamer tubes. The iron provides a return yoke for the magnetic field. The barrel
electromagnetic calorimeter is magnetically shielded by the barrel hadronic calorimeter.
This is not the case for the endcap electromagnetic calorimeter.

The electromagnetic calorimeter (ECAL) is designed primarily to measure the energy
and position of electrons, positrons, and photons. The barrel calorimeter (EB), shown in
figure 3.5, consists of a cylindrical array of 9440 10 cm x 10 cm x 37 cm lead glass
Cerenkov counters of 24.6 radiation lengths in depth surrounding the TOF detector and
covering the region | cos 8] < 0.82. These blocks are oriented in a near-pointing geometry
such that the face of each block points to 3 cm to the side of the interaction region. EB
is segmented into 59 blocks along the z-axis and 160 blocks in ¢; each block covers
40 mrad in ¢ with similar coverage in 8. The endcap electromagnetic calorimeters (EE)
are dome-shaped arrays of 1132 lead glass blocks oriented along the z-axis covering the
region 0.81 < |cos 4| < 0.98.

Particles entering the lead glass undergo electromagnetic interactions that produce
dense showers of photons and electron-positron pairs due to bremsstrahlung -adiation of
the particles and pair production of the photons. The charged particles from the showers
emit Cerenkov radiation if the velocity of the particle is greater than ¢/n (the speed of
light/index of refraction of the lead glass blocks) which is observed by the phototubes. The
lead glass blocks have an intrinsic energy resolution of og/E ~ 5 — 6%/ E. However,
the two radiation lengths of the solenoidal coil in front of the ECAL can cause particles
to start showering before entering the ECAL thereby degrading the resolution to og/E ~
12%/VE. For this reason, presampling devices exist in front of the ECAL blocks in

both the barrel and endcaps to sample the energy, measure the position, and identify
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Figure 3.5: An r-¢ quadrant of the OPAL barrel electromagnetic calorimeter. The ECAL
blocks point 30 mm to the side of the interaction point to avoid the loss of particles through
the cracks of the ECAL.




48

the electromagnetic showers which were initiated in the coil. The barrel electromagnetic
presampler (PB) consists of a cylinder of 16 chambers having two layers of limited streamer
mode tubes with the wires running along the beam direction. The endcap electromagnetic
presampler (PE) has 32 thin multiwire chambers arrar.ged in an umbrella shape.

The electrons and photons generally are completely absorbed in the ECAL. However
hadrons may or may not interact in the ECAL and usually emerge from the ECAL.
Immediately after the ECAL, the iron return yoke of the solenoidal coil is 1astrumented
to provide hadro.ic calorimetry (HCAL). Hadronic showers result from the interaction of
hadrons with nuclei. The hadronic calorimeter consists of 8 alternating layers of 10 cm
thick iron and 9 layers of limited streamer chambers both in the barrel and endcaps of
OPAL providing approximately 4 interaction lengths of absorber. The energy resolution
of this calorimeter is approximately og/E ~ 140%/ VE.

Most hadrons are absorbed by the HCAL, but some may leak out or “punch through"
to the muon chambers. Muons do not interact strongly and are massive enough that
electromagnetic showers are suppressed at LEP energies. A system of wire chambers
surrounds the HCAL to detect the penetrating muons. The barrel muon detector (MB)
consists of 110 large area drift chambers surrounding the HCAL while the endcap muon
detectors (ME) have four layers of limited streamer tubes perpendicular to the beam.
Muons are identified by matching tracking information with muon chamber detection
information providing a position measurement of muons of o4 ~ 1.5 mmand o, ~ 2 mm

in the barrel and a resolution of 3 mm in the endcaps.

3.3.3 Luminosity Detectors

The luminosity of tiie electron-positron beams is measured in the forward and backward
region of OPAL from the small angle Bhabha scaitering process ete™ — ete™. A
lead-scintillator forward detector FD was first installed in OPAL providing a luminosity
measurement with an error of 0.6%. In 1993, a high precision silicon-tungsten sam-
pling calorimeter was installed which reduced the luminosity error to < 0.1%. A precisc

measurement of the luminosity is crucial to the proper determination of the overall normal-
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ization of cross sections. It will however cancel out of the calculation of the polarization

and forward-backward polarization asymmetry.

3.3.4 Data Acquisition

A triggering system selects e* e~ collisions and synchronizes the recording of information
from various subdetectors into what is referred to as an event. The central tracking
chambers, TOF, ECAL, and muon chambers provide signals to the triggering system
which decides if a collision has occurred at the interaction point. Each subdetector has
one or more local system crates (LSC) which read in the data coming from the subdetector
for every triggered event. The information from each detector’s LSC is sent to an “event
builder" which collates the data into a single event record. The event is passed on to the
“filter system" where a partial interpretation of the information or “reconstruciion” of the
event is performed to classify the event as a valid physics event or as a background event,
such as a cosmic ray or the interaction of a particle with residual gas in the beam pipe.
Events are stored onto recording media. A full reconstruction of the event is perforraed
with the ROPE system (Reconstruction of OPAL Events) both during data taking (online),
to verify data quality, or later with the latest calibration constants. The data are subject to

multiple passes of the ROPE system with the most recent calibration constants.

3.3.5 OPAL Performance

The OPAL detector first started recording e*e™ collisions in August 1989 and has contin-
ued to accumulate data until the end of phase I of LEP in October 1995. It has collected uata
at center-of-mass energies between 88 GeV and 95 GeV. The e* e~ collisions generated by
LEP in 1992 and 1994 were produced solely at the Z° peak. A total of 5.1 million visible
Z%s (4.5 million multihadronic events and 0.6 million charged leptons) were produced at
the OPAL interaction point for a total integrated luminosity of 173 pb~?. Figure 3.6 shows
the integrated luminosity recorded at OPAL as a function of time. This thesis studies

ete” — 711~ events recorded at OPAL between 1990 and 1994.
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OPAL Online Data—Taking Statistics
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Figure 3.6: Integrated luminosity recorded at the OPAL detector between 1991 and 1995.
The "Week number" refers to the number of weeks since the start of the LEP run in a

particular year.




Chapter 4

The 7* — pEu, Selection

An event selection is presented which isolates the resonance p*(770) in the barrel region
(] cos 8] < 0.68) of the OPAL detector. The decay chain of the % is shown in figure 4.1.
A colliding e*e™ pair can produce a 77~ pair where a tau can decay to a p* and a
neutrino with a branching ratio of 25 percent. The p* almost exclusively decays to a
charged pion and a neutral pion. The neutral pion subsequently decays to two photons
nearly 100 percent of the time.

The two photons coming from the decay of the #? deposit ail of their energy in the
electromagnetic calorimeter while the charged pion may or may not deposit a measurable
amount of energy in the ECAL. The event selection identifies clusters of energy in the
ECAL and associates these clusters either to the charged pion or the neutral pion of the p
decay. Whenever possible, a 7° is reconstructed based on information from the ECAL and
the barrel presampler. The p events are reconstructed based on the tracking information
for the charged pion and ECAL information from the neutral pion.

A tau preselection defined by OPAL [27] isolating the e~ — 717~ decays from the

ete~ — ff process is first presented followed by the 7+ — p* v, event selection.

4.1 The Tau Preselection

The first step in identifying 7* — p*v, events from the ete~ — ff process at LEP is
to isolate a pure sample of ete™ — 77~ events. The tau preselection [27] is based

on the expected appearance of the topoiogy of tau pair events. Tau pair events coming
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Figure 4.1: The decay chain of the p* (770) to a charged pion and neutral pion with the
subsequent decay of the neutral pion to two photons.

from the decay e*e~ — 7%~ are observed in the OPAL detector as two back-to-back
narrow jets of particles with a charged particle multiplicity of one to six per jet. There is
a sizable missing energy and an unbalanced transverse momentum due to the presence of
undetectable neutrinos in the decay of the tau.

Therefore, the following selection criteria are used to identify tau pairs coming from
the process e*e™ — 7+7 7. All candidate tau events must have exactly two jets of particles
where the tracks of charged particles and clusters of energy observed in the ECAL are
found inside a cone with a half-angle of 35°. Each tau jet must have at least one charged
track with the following quality criteria: it must have a) at least 20 hits in the CJ detector
with the first hit occurring at a distance » < 75 ¢m, b) a minimum momentum transverse
to the beam axis of 100 MeV/c, c) the distance of closest approach to the beam axis in the
r — ¢ plane of |d,| < 2 cm and the distance along the beam axis of the closest approach
10 the interaction point of |z,] < 20 cm. The total track momentum and ECAL energy
associated with a candidate tau jet must be greater than one percent of the beam energy.
The average | cos 8] of the jets is required to be less than 0.68 corresponding to the barrel
region of the OPAL detector. This fiducial requirement discards over 40% of the tau pair

events but ensures a region of uniform calorimeter response.
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Several requirements are imposed to reject background events contaminating the

ete™ — 77~ preselection.

Cosmic Ray Rejection

Cosmic ray particles do not come from the interaction point so are rejected by requiring
tracks to originate at the interaction point. A tau candidate is kept if at least one of the
charged tracks has a |d,| < 0.5 cm, a |2,| < 20 cm, and the magnitude of the average of
the z measurements of all tracks at their closest approach to the beam is less than 20 cm,
There must be at least one TOF signal occurring within 10 ns of the expected value for a
track originating from the interaction point. All events which have a pair of TOF signals
separated by more than 165° in ¢ and have a time difference more than 10 ns are discarded.

This ensures that back -to-back tracks are not created by the same cosmic ray particle.

Two Photon and Extreme Radiation Rejection

Two photon events and events with extreme radiation are removed by exploiting the fact
that the tau pair jets are back-to-back or “collinear”. These background events are rejected
by requiring that the acollinearity of candidate tau events be less than 15° where the
direction of the jets is given by the momentum sums of the tracks 2ind clusters. An event is
rejected if the visible energies of the jets (the maximum of the scalar sum of the momenta
of the charged tracks plus the ECAL energy) is less than 3% of the center-of-mass energy
(Ecm) or if the visible energies of the jets is less than 0.2 E¢pr and the missing transverse

momentum of the event is less than 2 GeV/c.

Rejection of Multihadronic Events: ete™ — ¢g

The expected low charged track multiplicity of tau pair events is used to reject the mul-
tihadronic background ete~ — ¢q. The number of charged tracks in a candidate tau jet
must be less than seven with no more than 10 ECAL energy clusters associated with a jet.
The average charged particle multiplicity of a e*e™ — ¢g event at LEP is approximately
20.
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Rejection of Electron Pair Events: ete™ — ete”

Electron pair events e*e~ — e*e™ leave a considerable fraction of the beam energy in
the ECAL. Candidate tau events are rejected if the total ECAL cluster energy is greater
than 0.8 E¢ s or if the total ECAL cluster energy plus 30% of the sum of the charged track

energy is greater than the center-of-mass energy.

Rejection of Mu Pair events: ete™ — ptpu~

A candidate tau pair event is rejected if both jets satisfy a muon hypothesis and if the scalar
cum of the charged track momenta plus the sum of the most energetic ECAL cluster in
each jet is greater than 0.6 E¢pr. The muon hypothesis requires at least one charged track
in a jet and one of the three requirements a) more than one signal in the muon chambers
associated with the highest momentum track in the jet, b) more than 3 signals in the HCAL
with at least one in the outer three layers and the total number of HCAL signals in the jet
divided by the number of layers hit less than two, and c) less than 2 GeV of ECAL energy

associated with the track.

4.2 The Monte Carlo Data Set

Monte Carlo simulated data are used to estimate the efficiency and purity of the tau
preselection as well as that of the 7* — p*v, selection. The ete~ — 77~ Monte Carlo
is generated with the KORALZ [28] generator using versions 3.8 and 4.0. Version 3.8
(dataset MC1508) takes into account initial state bremsstrahlung to O(a?), final state
bremsstrahlung and electroweak corrections to O(«) as well as single bremsstrahlung in
tau decays to leading log approximation. Version 4.0 (datasets MC1513, MC1515, and
MC1516) encompasses all of the radiative corrections of version 3.8 but extends the final
state bremsstrahlung correction to O(a?) and calculates the leptonic decay radiation to
O(a).

The multihadronic decay e*e™ — g is simulated with the JETSET [29] Monte Carlo

generator with tuned parameters based on OPAL multihadronic data [30]. Muon pair and
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Non-tau background | Percent
ete” — ete” 0.24 £+ 0.07
ete” — utp~ 1.00 £+ 0.28

ete” — qg 0.42 + 0.08
Two photon 0.17 £ 0.03
TOTAL 1.83 +0.30

Table 4.1: Table of the non-tau contamination of thee* e~ — 11~ preselection from[34].

electron pair events are generated with the KORALZ and BABAMC [31] generators.
The response of the OPAL detector is simulated with the GOPAL [32] simulator
program which is based on the GEANT [33] package. GOPAL simulation is applied to

all Monte Carlo generated particles.

4.3 Estimation of Tau Preselection Efficiency

The application of the tau preselection given in this chapter to the tau pair as well as non-tau
pair Monte Carlo events predicts a tau preselection efficiency of 93% within the fiducial
acceptance of |cos 8| < 0.68. The composition of the estimated non-tau background
totaling 1.8% is listed in table 4.1 [34].

169000 tau events are selected from the 1990-94 OPAL data sample measured near the
Z° pole of which 3% of the events are collected at a center-of-mass energy of 89.4 GeV,
93% of the events at 91.3 GeV, and 4% of the events at 93.0 GeV. 708000 Monte Carlo
tau events generated in the same proportions at each of the three center-of-mass energies
are used to compare with the data (MC1515 at 89.4 GeV, MC1508 and MC1513 at
91.3 G.V, and MC1516 at 93.0 GeV). The different tau decay channels of the Monte
Carlo are reweighted to reflect the most up to date branching ratio measurements of each

tau channel (see appendix A).
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i ECAL]

Figure 4.2: A schematic of the decay ete™ — 7+r~ with the 7* — p*v, decay in one
tau jet and a three-prong tau decay in the other jet.

4.4 The Identification of 7+ — p*v, Events

The tau lepton decays to the p*(770) with a branching ratio of approximately 25%. The
p then immediately decays hadronically to a charged pion and neutral pion with the
subsequent electromagnetic decay of the neutral pion to two photons. This decay chain
is shown schematically in figure 4.2. The two photons interact in the electromagnetic
calorimeter depositing all of their energy and creating cluster. of energy. The charged

pion on average deposits one third of its energy in the electromagnetic calorimeter but
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may deposit as much as 100% or as little as an undetectable amount.

An algorithm which identifies clusters of energy in the electromagnetic calorimeter is
presented in this section. When possible, the tracks of the charged pions in the central
tracking system are associated with the clusters of energy in the ECAL while the remaining
clusters are candidate photons coming from the decay of the #°. The ECAL cluster energies
are corrected to account for the possible loss of energy by the photon before it reaches
the ECAL. The momentum and energy resolutions of the Monte Carlo data are adjusted
to match the resolutions of the OPAL data. When possible, the corrected energy of the
candidate photons are used to reconstruct the #°. The p*(770) is reconstructed with
ECAL information generated by the =% and the central tracking information produced by

the charged pion.

Electromagnetic Clustering Algorithm

'The kinematics of the decay to two bodies indicate that the minimum opening angle in the

laboratory frame of two photons coming from the decay of the x° is

o ~1 [ Mae
0;’pm_2tan ( )

Pro
as shown in figure 4.3a. The mass of the 7°, m,., is 135 MeV/c? and p,. is the momentum
of the 7°. The decay of the p* to a charged pion and neutral pion has no minimum opening
angle in the laboratory frame because the decay products of the p* are massive. However,

t

the majority of the p* — w¥x° events do have an effective minimum opening angle of

R LB 2}

open
Po

shown in figure 4.3b. The mass of the p, m, is 770 MeV/c?. The mass of the charged and
neutral pions are approximately the same, m,=135 MeV/c?, and p, is the momentum of
the p. Most of the charged and neut:al pions are always separated by at least 3() mrad.
However, the photons will be less than half an EB block apart if the 7° energy exceeds
approximately 15 GeV thereby overlapping the showers and making the two pheton

separation difficuit orimpossible. A clustering algorithm had been devised [35] to optimize
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the identification of photons in the ECAL coming from the decay of the x°. Electron
electromagnetic showers in the lead glass leave on average 94% of their energy in two
EB blocks while pion showers leave 96% of their deposited energy in four blocks. The
clustering algorithm limits the size of ECAL clusters to a 2 x 2 grid (2 blocks in 6 x 2
blocks in 9).

The clustering algorithm is applied to the ECAL for all events which meet the tau
preselection criteria. The centroid of each cluster ((6), (#)a) is determined through a

weighted average over the n blocks in the cluster

"0 W;
_ =1 V1771
(9)':' - n . W,

=

XL oW

<¢')cl = m

. . i
where 6; and ¢; are the center coordinates of block 1 in the cluster and W; ; = E}; is the

weighted energy in each block.

Track-cluster Association

All clusters found in the ECAL are classified as either hadronic clusters associated with
the charged pions or electromagnetic, neutral clusters associated with the photons coming
from the decay of the x°. Hadronic clusters are identified by matching position information
from the cewtral tracker to ine calculated position of clusters in the ECAL. A 7% — p*v,
produces one charged track in the central tracker or possibly two or three tracks if one of the
photons from the 7° decay converts in the material of the detector to an electron-positron
pair. For this reason the 7* — p* v, selection requires only one charged track or less than
four charged tracks if the extra tracks are consistent with coming from a displaced vertex
identifying them as a conversion. The charged track of the candidate =% is matched to all

clusters in the ECAL through a x? criterion

2 0: - 0: ; th — [ 2
xi = G ) a; )y - BB a§¢)‘) (4.1)

where 6, and ¢, are the measured @ and ¢ coordinates of the charged particle at the
entrance to the ECAL based on central tracking information. The denominators of the two

x? are determined by a special study made in this thesis of the tau decay to a single hadron.




| Tracks with no CZ Information |

Data Set | oy (mrad) | o4 (mrad)
1990-92 24.6 9.5
1993 29.6 10.4
1994 29.7 83
MC1508 26.0 89
MC1513 245 89
| Tracks with CZ Information |
Data Set | 0 (mrad) | o4 (mrad)
1990-92 8.9 89
1993 89 8.8
1994 8.9 9.0
MC1508 8.7 9.2
MCI1513 8.7 9.1

Table 4.2: Table of widths of the Gaussian fit to the distributions 6y, — (6) o and ¢u. — ()l
of Tt — =%y, events for the different years of data taking and Monte Carlo detector

configuration.

The clustering algorithm is applied to a 7* — w*wv, selection. The difference besween
the tracking information and the cluster ceitroid information is shown in figure 4.4 for
pion events where only one ECAL cluster is found by the clustering algorithm. These
distributioris are fit to Gaussian distributions to extract their widths for the different years
of data taking and Monte Carlo detector configurations siiown in table 4.2. These widths
are the oy and o, used in the x? criterion of equation 4.1. Both xj and x} must be
less than 8 for cn ECAL cluster to be associated with a track. If several ECAL clusters
satisfy this criterion, then the cluster with the smallest x? is taken to be the hadronic
cluster. All remaining ECAL clusters are candidate neutral clusters from the decay of
the 7% to two photons. Approximately 70% of all 7* — p*v, events satisfy this track
association criterion. Half of the remaining events fail the association mostly because a
photon located near the charged pion is skewing the centroid of the hadronic cluster. The

remaining hadronic events fail to leave enough energy in the ECAL to form a cluster.
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Figure 4.4: This figure shows the difference between the tracking information and the
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from the CZ chambers from the 1994 data set and some pion events from the on peak
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Photon Energy Measurement Correction

Some photons begin producing an electromagnetic shower in the coi! located in front of the
ECAL and hence lose some of their energy before reaching the ECAL. The ECAL energy
clusters of these photons must be corrected for this energy loss. The barrel presampler,
PB, is used to determine if the showering occurs before the ECAL. It is assumed that a
shower in the coil has occurred if there is activity in PB within 120 mrad of an ECAL
neutral cluster centroid.

A study has been made by the OPAL collaborators responsible for the electromagnetic
calorimeter [36] to determine a corrected energy, E., for the raw ECAL energy, E.,., if an
electron showers in the coil. A separate study is made in this thesis to establish a correction
factor, a., for the corrected energy, E., when photons instead of electrons shower in the
coil. This separate study is based purely on Monte Carlo events and compares “generator
level quantities” (kinematic quantities before detector effects are applied, also referred to
as “four-vector quantities") with raw ECAL cluster energies. A sample of isolated photons

is identified in 7t — p*», Monte Carlo events by requiring that

o the four-vector angle between the charged pion and the candidate isolated photon

be greater than 100 mrad

o the four-vector angle between the candidate isolated photon and the other x° photon

be greater than 100 mrad.

Figure 4.5a shows the difference, (E4, — E,qw)/ Eraw, between the four-vector energy of
the isolated photon, E,,, and the uncorrected energy it deposits in the ECAL, E,,,,, when
some PB activity is associated with this isolated photon. A Gaussian fit to this distribution
shows a mean shifted from zero and that the data is from an asymmetric distribution.
Replacing the raw energy by the corrected energy, E., yields a more symmetric distribution
(figure 4.5b) but a mean still displaced from zero. The shift of the mean is reduced if the
corrected energy is scaled down by a factor a, = 0.91. Figure 4.5¢ shows a Gaussian
fit to the distribution ( Es, — .91E.)/ E.. The corrected energy, E., although appropriate

for electrons showering in the coil, requiies a scale factor of ¢, = 0.91 to be appropriate
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Figure 4.5: Figure of the isolated photon study comparing generator level energies with
ECAL cluster energies which have PB activity associated with them. a) (E4, — Erqw)/ Eraw
b) (E4v - Ec)/Ec C) (E4,, — .glEc)/Ec




| PB information available |
Number of PB Percent Corre-ted neutral
neutral clusters | information | of events cluster energy
No PB hits for 10 E, = E,au1 E2 = E g2
either cluster
2 PB hits for 48 E; =091FE, E, = E,qu2
one cluster
PB hits for 42 E,=091E, F, =091FE,,
both clusters
1 No PB hits 9 El = Erawl
PB hits 91 E,=E,
[ No PB information available ]
2 Ei» = 034F,,, +0.66 x 0.91F,
1 E, =0.09F, 401 + 0.91F,

Table 4.3: Table of the energy correction scheme for two neutral clusters with raw energies,
E,au1 and E,,.», and corrected energies, E.; and E.,, or one neutral cluster with raw
energy, E.qu1, and corrected energy, E.,, with and without PB information being available.

for photons showering in the coil. This is likely due to the eiectrons beginning to shower
earlier on average in the coil than the photons.

The topologies of the decay of the x° to two photons must be understood before
the scale factor a,, found from the isolated photon shower study can be applied to all
photons of the #° decay. Figure 4.3a shows that the two photons may appear as well
separated clusters in the ECAL or they may overlap producing only one cluster in the
ECAL. Table 4.3 shows the breakdown of these topologies based on whether or not there
is PB activity associated with the neutral clusier and gives the corrected energy for the
neutral cluster. This study has shown that two overlapping photon showers interact in the
coil in a similar way as an electron in the coil so the full corrected energy, E., is applied
when there is only one neutr-1 cluster with PB activity associated with it. An estimate of
the energy correction is made when the barrel presampler is not functioning based on the
probability of PB information when it was functioning. Table 4.3 shows that when PB
information is available and two neutral clusters are found then (10 +48/2)% = 34% of the

time one of the two neutral clusters will not interact in the coil while (48/2+42)% = 66%
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of the time a neutral cluster will interact in the coil. Hence, when two neutral clusters
are found but PB information is not available, the energy of each cluster is corrected
to be E = 0.34F,,, + 0.66 x (0.91E,). Similarly, when only one neutral cluster is
found and no PB information is available, the neutral cluster energy is corrected to be
E =0.09E,,, + 0.91E.. Figure 4.6 shows the improvement in the reconstructed mass of
the 7® when using the energy correction scheme.

A further correction of the ECAL energy is made. The energy from the electromagnetic
calorimeter is corrected to agree with a 7 — ev¥ sample by forcing the ECAL energy
associated with the electron divided by its momentum (E/p) of the Monte Carlo data to
match that of the data as a function of energy. This correction factor modifies the Monte
Carlo energy to be:

0.978 x E for E < 3GeV

0.993 x E for (3 < £ < 21)GeV. (4.2)

where E is the corrected energy. There is a 0.28 pei.ent statistical error associated with

this energy correction

Tracking and ECAL Resolutions

The Monte Carlo track momentum and ECAL energy resolutions are generated to be
better than those of the data so that any later recalibration of the data does not result in
resolutions better than that of the Monte Carlo. Therefore, an ad-hoc correction must be
made to adjust or smear the Monte Carlo resolutions to match those of the data.

The tau working group at OPAL has calculated extra smearing factors for the Monte
Carlo track momentum. These are determined by comparing the generated (gen) and
measured (meas) values of z,, the transverse momentum of the track divided by the
beam energy, for ete™ — p*u~ events [37]. A scaling factor is determined from the
1/2{*" — 1/z™e** distribution when z{*" — 2 > 0 and the z{" — z}**** distribution

gen

when z{" — z{*** < 0. These scaling factors are determined for the different years of data

taking and different Monte Carlo detector configurations. The magnitude of the scaling
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Figure 4.6: Figure of the reconstructed mass of the n° from v* — p*v, decay when a)

only raw energies (E,q.,) are used, b) only corrected energies (E.) are used, and c) the

energy correction scheme of table 4.3 is used.
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factor is momentum dependent but a typical scaling factor for the difference between
generated and measured resolutions is 1.40 + 0.05.

A separate study [38] is made in this thesis to determine the ECAL energy smearing
terms specific to the clustering algorithm used in this work. The barrel electromagnetic
calorimeter energy resolution is extracted from a 7+ — e*vv sample with the energies of
the electromagnetic showers in the ECAL ranging from 0.1 GeV up to 45 GeV. This is
accomplished by comparing the difference between the ECAL cluster energy associated
with the electron and its momentum (E — p). The energy resolution is extracted by
subtracting in quadrature the momentum resolution from the (E — p) resolution. The
momentum resolution of the jet chamber is measured from the momentum distribution of
muons pairs from a ete™ — p*p~ sample. The availability of the z-coordinate of tracks
from the z-chambers is taken into account in this study.

The momentum resolution of the data is extracted from the width of the distribution

(9,-0),

where p,+ and p,- are the momenta of the positively charged and negatively charged
muons respectively. The distributions for the 1993 data are shown in figure 4.7a for tracks
with no z-chamber information (CZ = 0) which applies to approximately 13 percent of the
data and figure 4.7b for tracks with z-chamber information (CZ > 0) and are compared to
the equivalent distributions coming from the ete~ — u*p~ Monte Carlo in figures 4.7¢c
and 4.7d. The momentum resolution is taken as the standard deviation of a Gaussian fit
to the distributions. In figures 4.7a and 4.7c, the non-Gaussian tails for events with no z-
chamber information are evident. These tails are ignored when extracting the momentum
resolution. The momentum resolutions, o, are extracted as a function of data taking years
and for the ete~ — ptpu~ Monte Carlo sample. An additional term which estimates the
multiple scattering term, o5, dominant at lower momenta, is included in the momentum

resolutions
(0p)%, = (5) + (oms)?, where oums = 1.0 x 107%GeV/c. (4.4)

An iterative Gaussian fit is performed to the difference between the ECAL cluster
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energy and the momentum (E — p) of 7¥ — e*

v, V. €Vents in seven separate momentum
bins measuring the (E — p) resolution, og_,. Figure 4.8 shows the E — p distributions
for each momentum bin for the 1993 data. The quantity E — p is not Gaussian but can
be reasonably well approximated as such. The E — p distributions are fit to a Gaussian
using an iterative Gaussian fit to reduce the effects of the non-Gaussian tails. The resulting
width and mean of the first Gaussian fit are used to make a second Gaussian fit of the
data within +3 standard deviations of the mean of the first fit. The calculated momentum

resolution of equation 4.4 is subtracted quadratically from o(E — p) to isolate the energy

resolution in each momentum bin

o(E) = /o F — p)* — o(p)?. (4.5)

Figure 4.9a shows the plot of o(E)/E vs. 1/V'E for the 1993 data where E is given

by the midpoint of each momentum bin plus any shift in the mean of the Gaussian fit to
the E — p peak to correct the calibration. Figure 4.9b shows the equivalent plot using

the 7¥ — e*

v, v, events from Monte Carlo run 1513. Both plots in figure 4.9 show the
expected form for the resolution of the ECAL: A + B/\E. The energy resolutions for
all data taking years are consistent within the errors so all the data years are combined to

give a global ECAL energy resolution for the data of

o(E)/E = (1.1 +.3)% + (18.8 £ 1.1)%/VE (4.6)
where the energy is given in GeV. The Monte Carlo ECAL energy resolution is

o(E)/E = (.1£.1)% + (17.0 + .4)%/VE. (4.7)

These results show that the Monte Carlo energies need very little additional smearing to
match the energy resolution extracted from the data. The quadratic difference between
these two resolutions is used as the additional smearing factor for the Monte Carlo ECAL

energies.

The p selection

The information given in the last four sections is used to process both the data and the

Monte Carlo before a p selection can be made. The ECAL clustering algorithm described
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Figure 4.8: 14¢ E — p distributions of electrons coming from the 1993 r* — e*v,v. data
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in a previous section is applied to all events satisfying the tau presclection. The track-
cluster association is used to classify ECAL clusters as hadronic clusters, if they satisfy
the association criterion, or as a neutral cluster coming from the decay of the #° to two
photons. The energy correction scheme of table 4.3 is used to correct all neutral cluster
energies and the tracking and energy resolutions of the Monte Carlo data are adjusted to
match those of the GPAL data.

Up to three charged tracks are accepted if the extra tracks are consistent with being a
conversion of a photon to an electron-positron pair. Any ECAL clusters associater. with
the iracks from a conversion are not classified as neutral clusters. The energies of the
extra tracks coming from the conversions are used to determine the energy of the photons
that converted. The converted photons then become candidate photons coming from the
decay of ihe 7°® and are considered as “neutral clusters" in the discussion that follows.

The following selection criteria are used to enhance the 7t — p*v, signal.

o The ECAL energy associated with the 7 track divided by its momentum (E/p) must

be less than 0.9 to minimize electron contamination which peaks at E/p = 1.

e If only one neutral cluster is found, then it must have a minimum energy of 1 GeV.
This requirement reduces the background coming from the decay of a tau to a
pion where either the pion shower is large enough in the ECAL that the clustering
algorithm reconstriucts several clusters which are associated with the charged pion
(known as hadronic splatier) or a photon was radiated during the process and
produced a cluster in the ECAL. The one neutral cluster becomes a candidate 7°.

Figure 4.10a shows the energy distribution of 7°’s for this topology.

e If two neutral clusters are found, then the energy of each cluster must be at least
400 MeV’ and the reconstructed mass of the two clusters has to be consistent with the
mass of the 7° (the reconstructed mass has to be less than 0.28 GeV/c?) to become
the candidate 7°. Figure 4.10b shows the sum of the energies of the two clusters
and figure 4.11a shows the reconstrucied mass of the two neutral clusters caiculated

with the relation
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Figure 4.10: This figure shows the energy of the candidate ©°’s when a) only one neutral
cluster is found, b) two neutral clusters are found, and c) more than two neutral clusters
are found. The points represent the 1990-94 OPAL data. The histogram gives the Monte
Carlo estimation of the energy of the candidate n° while the hatched histogram shows the
energy distribution of the background events in the Monte Carlo 7% — ptv, sample.
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M1r° = ([1«','1 + E3)? — [(E1 5in 6, cos ¢1 + E. sin 0, cos ¢ )+
1
(E, sin 0y sin ¢; + E; sin 8, sin ¢2)° + (E; cos 6, + E, cos 02)2]) ! 4.8)

where E,6,,¢; and E,,0;, ¢, are the ECAL energy, 6 and ¢ coordinates of the
two neutral clusters. If a candidate #° satisfies the mass criterion, its momentum is

adjusted such that the 79 has its nominal mass of 135 MeV/c2.

An allowance is made for the possibility of a 7¥ — p*v, decay with more than
two neutral clusters due to hadronic splattering or radiative photons produced in
the decay. If more than two neutral clusters are found, then the three h.ghest
energy clusters are considered. All must have a minimum energy of 400 MeV. The
reconstructed mass of each pair of clusters is calculated and the pair with the mass
closest to the mass of the 7° becomes the candidate 7° if its reconstructed mass
is less than 0.28 GeV/c?. Figure 4.10c shows the sum of the energies of the .wo

clusters and figure 4.11b shows the reconstructed mass of the two clusters.

Tracking information from .ne candidate charged pien is used with ECAL informa-
tion from the candidate neutral pion to reconstruct the p resonance. The mass of the

p can be reconsiructed through the relation

M, = \ﬂm:t +m2) + 2(Ert Ego — prtpro cos a) (4.9)

where m,t, B, +,pet anu Myv, Fro, pro are the mass, energy, ana .momentum of
the charged pion and neutral pion respectively and a is the opening angle between
the charged pion and neutrzl pion in the laboratory frame. A candidate p event
must lie within the mass range 0.6 < M, < 2.0 GeV/c? to finaily be accepted as
a p event. The resulting M, distribution before applying the mass requirement is
shown in figure 4.12. The mass of the p*(770) resonance is 769.9 + 0.08 MeV/c?
and has a full width of 151.2 + 1.2 MeV/c? [3]. However, the reconstruction of the

p* increases the full width to approximately 250 MeV/c2.
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Figure 4.11: This figure shows the reconstructed mass of candidate «°’s when a) two
neutral clusters are found and b) more than two neutral clusters are found.
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Background channel | Background (percent)
T — h27°v 15.90
T — hv 4.90
T — h3n° 2.30
r— K'v 1.62
T — uvv 1.09
T — evD 0.43
T — 3hnny 0.22
TOTAL 26.4¢

Table 4.4: Breakdown of non-p background existing in the T* — p*v, selected events.

Figure 4.13 shows the fraction of 7° in thc.: 7% — ptv candidates where only one and
where more than one neutral cluster is found in the ECAL. This figure shows that two
photon separation ic possible up to energies of approximately 15 GeV. Figure 4.14 shows
that the angle between the track and the nearest neutral cluster is well modeled. A total of
35370 r* — p*w candidates are selected from the 90-94 7 pair data and 153986 candidates
are selected from the 7 Monte Carlo. The selection efficiency as estimated by the Monte
Carlo is 62.2% with a non-p background of 26.5% withii. .ne fiducial acceptance of the
analysis. The two major sources of background are from 7+ — 7%27° and r* — 7ty
events. Table 4.4 shows the breakdown of the back ;round contributions.

Equations 2.47 and 2.48 can be used to reconstruct the quantities cos * and cos ¥ in
five equal bins over the region —0.68 < cos § < 0.68 for all data and Monte Carlo events
passing the 7 — p*v, selection. Figure 4.15 shows the reconstructed cos 8* in five
bins of reconstructed cos ¥ and summed over the cos 8 bins. Events whose reconstructed
cos §* are greater than 1 or less than -1 are assigned a value of cos8*=1 and cos §"=-1
respectively. Figure 4.16 shows the p selection efficiencies of these quantities. The loss of
efficiency at cos 3 = 1 is due to the 400 MeV neutral cluster threshold in the 75 — p%u,

selection. Otherwise, the efficiency is approximately uniform over the full acceptance.




78

*g 1.4 { 1990-1994 Data
& . —1_mc
6 i
c
g 1 == + —
o
e 0.8
w
0.6
0.4
0.?
O J_LIILJ_LAJ_LL_LIiliJLillll‘lL_J;l[lJ_lillngi(J_lll
0] 5 10 15 20 25 30 35 40 45
En’ (GeV)
Froction of events with 1 neutral cluster
3] "
FRERS }{  1990-1994 Dota
H {2 - L mc
2 T r
8 1k
© F
208
La C
0.6 [
ol t
0.4 t_-« ;\:L
0.2 [
O:‘|1|||11||||1|111;-.—||H*.—.L | IO B U SETEE O
0 5 10 15 20 25 30 35 40 45
Er® (GeV)
Fraction of events with more than 1 neutro! cluster

Figure 4.13: This figure represents the fraction of reconstructed events with one and more
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Chapter 5

A Measurement of (P;) and Agfl’

The 7t — p*v, selection criteria presented in the previous chapter are applied to the
OPAL 1990-94 tau data sample and Monte Carlo tau data sample to identify the p*(770)
resonance. The variables cos 8* and cos 9 are reconstructed for each selected p through
the application of equations 2.47 and 2.48. The resulting reconstructed f(cos 6*,cos )
distributions for both data and Monte Carlo are presented in figure 4.15. These distributions
represent a sample of the expected distribution given by equatioin 2.46, W (cos 8%, cos 9).
However, equation 2.46 does not take into acccunt the effecs of the p selection efficiency,
non-p background, detector resolution effects, or radiation. This chapter demonstrates
how to deal with these effects and shows how to calculate the average tau polarization,
(P,), fr-= the distribution f(cos8*,cos¥)pars from the data. (P,) is measured in
five equal sized bins in the range —0.68 < cosf < 0.68. The resulting (P,) vs cos 8
distribution is fitted to the function P,(cos ) in equation 2.14 to determine the average
tau polarization and forward-backward polarization asymmetry from the 1990-94 OPAL

data sample. Sources of systeraatic errors to these measurements are considered.

5.1 Extracting (P,) from the Distribution f(cos8*, cos )

The average tau polarization can be calculated from 7* — p*u, events through the relation

N+P — N-?

Pr) = Fo =

5.1
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where N*# are the number of p events that decayed from positive/negative helicity taus
such that the total number of 7* — pu, events is N° = N** 4+ N2, However, the p
selection criteria of the previous chapter do not isolate p’s with a 100% efficiency nor
100% purity nor without detector resolution effects. The number of g’s selected from
positive or negative helicity taus with the selection criteria of the previous chapter, N*»*!,

is only a fraction, e*, of the total number of p’s available in the data sample
N:i:pael — e:t Ni:p where N+pael + N—pnel — Npaei‘ (5‘2)

A further problem is that the helicity of the data tau events cannot be measured on
an event-by-event basis. Instead, the distribution in f(cos 8", cos ¢), sensitive © (P,),
is used to extract the polarization. It is possible to separate the tau helicity states of
the Monte Carlo data so the average tau polarization is extracted by comparing the
data f(cos8*,cosv¥)para distribution of 7% — p*v, selected events to linear combi-
nations of positive and negative helicity Monte Carlo f(cos 6, cos ¢)pc distributions,

f(cos 6*,cos )i, of Tt — ptu, selected events:

f(cos 6*,cos)para = (1 + (P,))f(cos 6%, cos ¥)}yc + (1 — (P+))f(cos 8%, cos ¥) e

The f(cos 87, cos?) distributions are divided into 5 x 5 bins. .ne number of selected Monte
Carlo p’s from positive/negative helicity tau events in bin 1,5 of the f(cos 8*,cos )%,
distribution, (Nf;,-"”'),ec, can be related to the total number of Monte Carlo p events

generated in that bin, (N £0) 4, through the relation
(NEP*)ree = CE(NE )ao where  N*reel = Z (N ) = €N (5.3)

The distinction is made between the f(cos 8", cos ¢ )pc distribution of p events created
with the Monte Carlo generator level quantities (4v) and the reconstructed quantities of the

p selection (rec). C-*. is a bin-by-bin correction for p efficiency, ei;; non-p background,

IJ’

i, and detector effects, df;

C:Itg = —I-——-——I—,l ( td f ) (54)
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+

o The efficiency, e, is the number of selected p’s in bin 1,5 which truly are p’s,

N%esel(p); ;, divided by the total number of p’s in that bin, N77:

- (22t
;= ('——E—'—" . (5.5)
Ni»JP 4v

+

o The background, f;;, is the number of sclected p’s in bin 4, j which are v.on-p

background, N*#*¢!(p); ;, divided by the number of selected p’s in that bin, fo .

tpsel =y
fii= (-—-N m(’})"“’) : (5.6)
’ NEP%€

'IJ

e The detector effects factor, d,-fj, quantifies the fraction of p events which have

migrated out of bin ¢, j due to poor reconstruction:

. (N:L-psel(p)i.j)"c .
P (NEPel () N

3.7

Substituting ef;, £, and d; in equation 5.4 yields the bin-by-bin correction which is the

number of selzcted p’s in bin 3, 7 divided by the total number of p’s in that bin

+psel
 (NEPP) e

J

CE = (5.8)
? (ijp)«m

Equations 5.1, 5.3, and 5.8 show that the normalized reconstructed f(cos 6", cos ¥)mc

distribution of selected Monte Carlo r* — p*v, events in bin 1, j is

sel +psel -psel
Npsel Npsel Npsel
NP NP
- 1
[(1 + (P))C (;‘#fv) + (1= (P))C5; (N— ) ]
4v 4v

(14 (Pr))et + (1= (Py))e

5.9

NEP
where (T’;};) = W is generated from the W* distribution given by equation 2.46
4

v
and €* is defined in equation 5.3. The average tau polarization, (P, ), can be extracted




85

from the OPAL data by comparing the reconstructed f(cos 8%, caes 1) par4 distribution of

the data with that of the Monte Carlo as given in equation 5.9 through a x2-like statistic

2
( wpsel wpoel) ]
5 \Npsel | wpsel
2 — DATA MCJ . 5'10
X .',,E'z:l Ohara * Tiuc (5.10)

The errors given in the denominator of the expression for x? are derived in appendix B.

The Ci:.tj are calculated from events generated from the KORALZ generator with the

P
full OPAL detector simulation as discussed in the previous chapter. The Wf; :z ( -:ii’%)
are calculated from events also generated with KORALZ including radiative co}rectioﬁg
but without detector simulation. Detector simulation is not necessary because the W,"j are
generator-level quantities. Tau events without detector simulation are not time consuming
to generate so the W,*_7 are created from a special sample of 10° Monte Carlo p events
thereby reducing the error from the finite size of the Monte Carlc sample.

Tau-pair events which are found to have a £ — p*w, decay in both tau jets are zach

giver a weight of one half in the y? statistic.

5.2 Results

The average tau poiarization, (P, ), is extracted from the OPAL 1990-94 data set by
minimizing the x? of equation 5.10. The on-peak data (at an energy of 91.3 GeV) as well
as at +2 GeV from the Z° peak (9°.0 GeV and 89.4 GeV) are used to measure (P,). To
gain maximal statistical power, the off peak and on p~ak data are combined to extract ({P.)
given in table 5.1 from the 1990-94 OPAL data set. Approximately the same amount of
statistics were taken at both off peak energy points making up only 7 percent of the total
data statistics recorded. Therefore, the weighted average of (P,) over all three energy
points can be approximated by the value of (P, ) at the peak energy. The value of (P.) at
the three energy points are combined as if all statistics were taken at the peak energy.
The average tau polarization is also extracted in five equally sized bins in the range
—0.68 < cos < 0.68 also listed in table 5.1. The x* of these fits have probabilities
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cos 8 bin (P,) x2/dof
allcos 6 —.1235 + .0145 &+ .0071 | 22.96/24

—0.680 < cos§ < —0.408 | —.0195 + .0316 + .0147 | 14.40/24
—0.408 < cos § < —0.136 | —.0344 + .0337 + .0166 | 15.40/24
—0.136 < cos 8 < 0.136 | —.1506 + .0352 + .0169 | 19.74/24
0.136 < cos§ < 0.408 | —.2360 +.0327 + .0161 | 31.88/24

| 0.408 < cos6 <0.680 | —.1922 +.0295 + .0137 | 27.50/24

Table 5.1: The resulting (P,) and x*’s per degree of freedom of the data over the entire
cos @ range are presented in this table. Values are zlso given in each cos 8 bin. The first
error is data statistics and the second crror is Moate Carlo statistics.

ranging between 15 and 95% indicating “hat these x? fits are acceptable. The average tau
polarization in each of the five cos 8 bins are plotted in figure 5.1. A x? fit is made to
this distribution with the 2, (cos #) function of equation 2.14 to extract the (P,) and A¥B

pol
values of the 1990-1994 OPAL data set

P (cosf) = —

A-(1 + cos?6) + 2A, cos N (Pr)(1+ cos?8) +2 (%Aﬁ.ﬁ) ‘5039]
14 cos?20 + gAFB cos 1+ cos?é + gAFB cos 8
(5.11)

FB and the forward-

where Pr(cos 6) has been rewritten explicitly in terms of (P.), Alj),

hackward asymmetry, AFB, The OPAL AFB value is [39]
AFB = 0.0005 + 0.0084 (5.12)

for the appropriate mixture of on peak and off peak data. The results of the x? fit are

(P;) = —0.1243 £ 0.0145 + 0.0069 (5.13)
AfE = —0.0931 + 0.0169 + 0.0079 (5.14)

where the first error is from data statistics and the second error is from Monte Carlo
statistics. The x2 per degree of freedom of this fit is 4.03/3. The statistical correlation

coefficient of the two measurements is —0.05.
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Figure 5.1: The points are the results of the extraction of (P.) in the five cos 8 bins. The
solid line represents the fit to these points.
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| Systematicerrors [ 8 < P, >* [ § < P, >~ | 6AFBY [ 6AFB™

MC statistics .0069 0069 0079 | .0079
Energy scale 0044 0029 0001 | 0018
Energy resolution .0000 0006 0000 | .0009
Momentum scale 0027 0025 0000 | .0009
Momentum resolution .0009 0006 0004 | .0005
Decay radiation 0000 0005 0000 | .0006
p BR error 0053 0056 0002 | .0002
non-p BR error .0080 0081 0008 | .0007
a, shape 0029 0025 0018 | .0015
AFP error .0006 .0006 0012 | .0012
Shower shape 0020 .0009 0007 | .0005
[Total systematic [ 0134 [ 0129 | .0083 | .0085 |

Table 5.2: Contributions to the systematic error on the measurements of (P.) and ATS.

5.3 Systematic Errors

The systematic errors associated with the measurements of (P.) and AL} are summarized
in table 5.2 and are described below. The systematic errors are summed in quadrature to

produce the total systematic error of the measurements.

Detector response

Uncertainties in the energies from the electromagnetic calorimeter of the Monte Carlo
data exist due to inadequate modeling of the ECAL energy and its resolution. The energy
from the electromagnetic calorimeter is corrected with a  — ev¥ sample by forcing the
Monte Carlo generated ECAL energy associated with the electron divided by the electron
momentum (E/p) to match the data as a function of E as discussed in the previous
chapter. A systematic exror is assigned to this correction by calculating (P,) ana AT}
without the correction. The corrected E/p distribution has an uncertainty of 0.3% due to
the uncertainty in the track momentum. Hence, a systematic error is assigned to the overall

scale of the momentum by varying the Monte Carlo track momentur: by + 0.3% (listed

as the “Momentum scale" systematic in table 5.2) and to the overall scale of the ECAL
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energy by varying the Monte Carlo cluster energies by + 0.4% to take inio account the
0.3% uncertainty in E /p and the 0.28% statistical error associated with the E /p correction.
These last two systematic errors are combined in the “Energy scale” entry of table 5.2.

The resolutions of ECAL enereies for both data and Monte Carlo were discussed in the
previous chapter. A systematic error is assigned by calculating (P.) and Agﬁ without any
additional smearing to the Monte Carlo energies and is given in the “Energy resolution”
entry of table 5.2.

A systematic error is assigned to the tracking resolution by varying by plus and minus
one sigma the extra smearing imposed on the Monte Cario momenta needed to match
with the tracking resolution of the data. It 1s tabulated as the “Momentum resolution"

systematic error in table 5.2.

Radiative corrections

The spectra of the r decay products are affected by initial and final state radiation as well
as radiation during the = decay. Spectra with radiative events (but without detector simu-
lation) for both positive and negative helicity states are generated with the KORALZ 4.0
Monte Carlo generator for the 7* — p*v decay channel. For these radiative corrections,
the QED O(a) corrections to the semi-leptonic T decays are only included to the leading
log approximation. This constitutes the leading uncertainty to the radiative corrections.
Hence, a systematic error is assigned to (P.) and ATR by taking the difference in the
results with and without radiation in the decay of the semi-leptonic modes multiplied by
the factor 1/ In(m,/m,) as suggested in reference [4G]. This systematic contribution is

given in the “Decay radiation" entry of table 5.2.

Background

Each source of non-tau background (electron pair, u—pair, and multihadronic events) is
estimated to be less than 0.2%. A study is made of the effect of the non-tau background on
the extraction of the tau polarization. Twenty five events are inserted in the most sensitive

area of the distribution f(cos6*,cos ) (at cos8*=1) and evenly distributed over cos
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to see the effect of having non-tau background in the f(cos 6, cos¢) distribution. The
difference in the extracted value of the average tau polarization is negligible.

The uncertainties associated with the modeling of the non— p background are assessed
by varying the = branching fractions by plus and minus two standard deviations of the
measured values (given in appendix A) and summing in quadrature the variations in (P,)
and AFB. The variation of the branching ratios was taken to be two standard deviations to
take into account the differences between different measurements of the same branching
ratio. These systematic errors are listed in table 5.2 as “p BR error” for the variation of
the 7* — p*v, branching ratio and “non-p BR error" for the variation of the remaining
tau branching ratios. An additional systematic error is assigned due to the uncertainties
in the modeling of the a; — w27°, the major source of background in the ¥ — p*v
selection. All a, events in the Monte Carlo are reweighted to have a mass and width which
are +25 MeV/c? and +£100 MeV/c? [41] of the nominal values of m,, = 1256 MeV/c?
and T,, = 599 MeV/c? and the resulting variation in (P,) and AL} are used as the a

modeling uncertainty systematic errors given as “a, shape" in table 5.2.

Shower shape

A systematic error is assigned to the inadequate modeling of electromagnetic and hadronic
showers in the Monte Carlo. This systematic error is assessed by comparing, for r — evy
and r — 7v events, the number of ECAL blocks in both the data and Monte Carlo that
have an energy above the block minimum energy threshold of 20 MeV. A better agreement
is found for electromagnetic showers if the data threshold is raised to 22 MeV. Hence, the
systematic error on electromagnetic shower modeling is the difference in (P, ) and Af,',‘;', as
this data block minimum energy threshold is raiscd from 20 MeV to 22 MeV. For hadronic
showers, better agreement is found if the Monte Carlo minimum block energy threshold
is raised to 30 MeV so the difference in results between 20 MeV and 30 MeV is used as

the systematic error on hadronic shower modeling These contributions to the systematic

error are combined under the heading “Shower shape” in table 5.2.
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Other systematic errors

One of the largest systematic errors of this analysis is due to the eifect of the limited
Monte Carlo statistics used to estimate the efficiencies and backgrounds of the ¥ — p*y
selection on the fit (equation 5.10). This erroris assessed by taking the quadratic difference
in the errors of (P,) and AF] with and without oprc in the denominator of equation 5.10.
This error is listed as “MC statistics" in table 5.2.

There is an uncertainty of 0.0084 associated with the forward-backward asymmetry,
APB used in equation 2.49. AFB s varied in equation 2.49 by plus and minus onc standard

deviation of its value and given as the “AFB" error in table 5.2.

5.4 Additional Verifications

Three procedures are followed to confirm the validity of the results.

First, the validity of the extraction method is verified. (P,) and Agﬁ are extracted
from each Monte Carlo set as well as from both the positive and negative helicity Monte
Carlo events separately. All results are consistent with the expected values for each Monte
Carlo set. As well, vach Monte Carlo set is used separately to extract (P,) and AT
from the 1990-94 data sample. The results from using each Monte Carlo set separately
are consistent within the Monte Carlo statistical errors. Another test is performed to
verify the validity of the fitting procedure. The Monte Carlo is split into 24 equal sized
samples. The polarization of each of the 24 Monte Carlo samples is extracted using the
full Monte Carlo set. The resulting 24 polarization values (shown in figure 5.2) produce
a mean polarization of —0.1346 which is consistent with the value of the polarization
of the Monte Carlo (—0.1356 + 0.0023). Furthermore, the standard deviation of the 24

polarization values (s = 0.6303) is consistent with the error on the measuremsnts. (P, )

and A5]) are also measured from the 1990-94 data set using the fully reconstructed Monte
) + (N:; P-sel)rec . )
Carlo set to generate the quantity C75W75 = -—(#;F)‘!—v— instead of using a ssparate

Monte Carlo with only generator level quantities. The results of the fit are

(P,) = —0.1219 + 0.0161
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Figure 5.2: The polarization of each of the 24 Monte Carlo samples is shown in this figure.
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AFB — _0.0883 £ 0.0187

pol —
where both data 2nd Monte Carlo statistics are included in the error. The x? per degree of
freedom of this fit is 3.00/3. Finally, the x? criterion of equation 5.10 is combined with
P,(cos 8) of equation 2.49 to measure (P, ) and AR in one step instead of the two step

procedure described in this chapter. (P,) and A} are measured from

5 bins in cos 8* x 5 bins in cos ¥ X 5 bins in cos § = 125 bins

resulting in
(P,) = —0.1250 + 0.0161

AFB — —0.0947 + 0.0188

pol =
where both data and Monte Carlo statistics are included i the error. The x? per degree of
freedom of this fit is 112.87/123.

Secondiy, the consistency of the data is verified. (P.) and A¥} are extracted from the
90-92, 93, and 94 data scparately and are shown in figure 5.3 0 be consistent with the
results from the combined 1990-94 data.

Finally, it is shown that there are no biases in the 7* — p*v selection. The 7% — ptv,
selection criteria are varied from their nominal values as listed table 5.3 and the results
are showa in figure 5.4. All results of these checks are highly correlated. The data is
also split into mostly nuncorrelated samples listed in table 5.4 with the results shown in

figure 5.5. No biases are seer.

5.5 Summary of the Measurements

This analysis measures the average tau polarization, (P, ), and the forward-backward
polarization asymmetry, AFB, from the 7+ — p*», channel of the OPAL 1990-94 tau-

pair sample collected at the Z° pole. Tiie measured values are
(P,) = —0.1243 + 0.0145 -+ 0.006913:911% (5.15)

AFB = —0.0931 + 0.0169 + 0.007915.552¢ (5.16)
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[ Check number || Systematic check ]
1 M, cut lowered to 0.26
2 M0 cut raised to 0.30
3 lower M, cut lowered to 0.4
4 lower M, cut raised to 0.7
5 higher M, cut lowered to 1.8
6 higher M, cut raised to 2.2
7 single neutral cluster energy cut lowered to 0.8 GeV
8 single neutral cluster energy cut raised to 1.2 GeV
9 cos 8 range increased to | cos 3| < 0.72
10 truncate cos 8* at +1 instead of accepting events with | cos §*| > 1
11 neutral cluster energy threshold lowered to 350 MeV

Table 5.3: Table of systematic checks used to verify that there are no biases in the

¥ — p*u selection. The selection criterion are varied.

| Check number | Systematic check B

eI 2 - NV B AR SR

select p events with only one neutral cluster
select p events with more than one neutral cluster
select p* events
select p~ events
select p events for which no cluster is associated with the track
select p events for which a cluster is associated with the track
select p events only in the first three bias of cos 3
select p events only in the last three bins of cos ¢
select o events in the mass region 0.6 < M, < .728
select p events in the mass region 0.728 < M, < 0.843

select p ever*s in the mass region 0.843 < M, < 2.0

Table 5.4: Table of systematic checks used to verify that there are no biases in the

¥ — p*v selection. The data is split into mostly uncorrelated sets of samples.
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(P.) and ATB extracted from this analysis and the dotted lines show the statistical eriors
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where the first error is data statistics, the second error is Monte Carlo statistics, and the
third error is an estimate of the systematic errors associated with these measurements. The

systematic errors are listed in table 5.2.




Chapter 6

Interpretation of the Results

The average tau polarization, (P,), and the forward-backward polarization asymmetry,
AFB are ~xtracted from the OPAL 1990-94 7% — p*v, data set by ccmparing the polar-
ization sensitive disiribution, f(cos 6%, cos 1) para, to linear combinations of positive and
negative helicity tau Monte Carlo f(cos 8%, cos )¢ distributions. At the Z° pole, the
measured values are

(P,) = —0.1243 4 0.0197 (6.1)

AEB = —0.0931 £ 0.0189 (6.2)

po
where the errors in¢ lude both statistical and systematic contributions combined in quadra-
ture. (P, ) is also measured from the 7* — p*v, channel by the other LEP collaborations:
ALEPH [42], DELPHI [43], and L3 [44]. The polarization measurements are compared
in figure 6.1. The (P,) extracted from this analysis is currently the best measurement
of this quantity. Only this analysis and the DELPHI collaboration quote a measurement
of AER from the 7* — p*v, channel alone with a complete estimation of the associated
systematic errors.

Due to its large branching ratio and high sensitivity to the tau polarization, the
r* — p*y, cnannel is the most important tau decay in the measurement of (P,) and
AT as is shown in table 2.2. All LEP collaborations combine measurements of the tau
polarization from the following tau decay channels

¥ o ety
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<P,> from T —>pv, ot LEP

DELPHI (1990-92)
-.070+.046

[ ]

ALEPH (1990-92)

OPAL (1990-92)
e -.157+.028

L3 (1990-93)

OPAL (1990-94,prelim)

—— -.1243+£.0197
This analysis
l l l ! | { |
-0.2 -0.156 -0.1 -0.08 0 0.05 0.1
<P,>

Figure 6.1: A comparison of the measured (P,) from the t* — p*v, channel at the Z°
pole by the LEP collaborations ALEPH [42], DELPHI [43]. OPAL [45], and L3 [44] with
the results of this analysis.
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The results ¢f the 7+ — p*v, channel from this analysis are used in the OPAL [46]
combined measurement of (P,) and AR from the channels given in equation 6.3 [47].

The OPAL combined measurements of /P..) and ATB from the five tau decay channels are

pol
(P,) = —0.131 £ 0.013 (6.4)
AFB = —0.098 + 0.01: (6.5)

where the errors have both statistical and systematic contributions. The combined mea-

surements of (P,) and Agﬁ made by all LEP collaborations are presented in figures 6.2

and 6.3. The OPAL results are currently the best measurement of these asymmetries.
The Standard Model predicts that (P,) and AL are related to the coupling strength of

the Z° to the tau lepton, A,, and the electron, A,, respectively. At the Z° pole
FB 3
(P, ~ —A, and Aja~ _ZA°'

A correction of 0.003 is added to A, and A, using the ZFITTER package [10] to correct
for the effect of the photon propagator, ¥ — Z° interference, and photonic correctic:is [46].

This interpretation implies that the values for A, and A, from this analysis are
A, =0.127 £+ 0.020

A. =0.127 £ 0.025 (6.6)

where both statistical and systematic contributior re included in the error. A, and A,

are related to the ratio of the effective vector to axial vector couplings, §7/7 and §&/gc,

through the relationship
22

= T where {=e¢e,rT.
1+(90/9:) ’
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Figure 6.2: A comparison between the global measurements of (P,) from the five tau
decay channels of equation 6.3 at the Z° pole by the LEP collaborations ALEPH [42],
DELPHI [43], OPAL [45], L3 [44], and OPAL preliminary results [46].
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Figure 6.3: A comparison between the global measurements of AT from the five tau
decay channels of equation 6.3 at the Z° pole by the LEP collaborations ALEPH [4.],
DELPHI [43], OPAL [45], L3 [44], and OPAL preliminary results [46].
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The results from the analys's of the OPAL 1990-94 r* — p* v, channel are

g7 /47 = 0.0639 + 0.9100 (6.7
§2/4c = 0.0639 + 0.0127 (6.8)

including both statistical and systematic errors. The difference between the results given
in 6.7 and 6.8 is
97/§5 — 92/a = 0.0000 + 0.0162 (6.9)

indicating that lepton universality as measured through the ratio of the vector to axial-
vector couplings of neutral currents is valid at the £0.02 level. 7 — e universality states
that the coupling of the Z° to electrons should be identical to the coupling of the Z° to
taus

A= A, or (P,) = %Agﬁ.
Making the substitution (P,) = $ALF in equation 2.49, the it of the distribution P, (cos 6)

is again performed to result in the value for (P ) under the assumption of 7 — e universality.

The resulting coupling based on the universality assumption is

Ay _o(univ) = 0.127 £ 0.012 + .010 (6.10)

where both statistical and systematic errors are given. The result of this fit and the value
of the ratio given in equation 6.9 show that the assumption of 7 — e universality is valid.

The weighted average of A, and A, from th: £ — p*v, channel of this analysis is
A;_.(avg) = 0.127 £+ 0.016 (6.11)

where both statistical and systematic errors are combined. The value of A,_.(avg) is
calculated for each systematic test so that the systematic correlation between the measure-
ments (P} and A'S arc taken into account properly. However, the systematic correlation
is negligible. It is estimated i.at the systematic correlation coefficient is less thar 0.02.
The ratio of the effective vector to axial vector coupling under the assumption of lepton
universality is

G737~ = 0.0639 + 0.0080. (6.12)
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This ratio is related to the effsctive Weinberg angle, sin® Oi;;", by

a gt =1- 4sin? 0:;}".

The value for sin? §i5° measured from 7% - p*v, channel in this thesis based on a

measurement of (P,) and AL is
sin? 657" = 0.2340 + 0.0020. (6.13)

A measurement of sin? 91;;" is made by all LEP collaborations by measuring (P,) and

Agﬁ from the combined tau decay channels of equation 6.3. The resulting sin? 02;}" are

compared in figure 6.4. The average sin® Hi;}" from these measurements at LEP is

sin? 157" = 0.2323 + 0.0008. (6.14)

The cffective Weinberg, sin? Oi;}", is measured at LEP using other forward-backward
asymmetries such as the b quark, ¢ quark, lepton, and average quark charge forward-
backward asymmetries. However, the average tau polarization has the greatest theoretical
sensitivity to a measurement of the Weinberg angle as shown in figure 6.5. When ail meth-

lept

ods of measuring sin’ 6. from all four LEP collaborations are combined, the resulting

effective Weinberg angle at LEP is [14]
sin? 6% = 0.23206 =+ 0.0002819-50005. (6.15)

The effective Weinberg angle is also measured at the SLD experiment at SLAC [48] from
an evaluation of the left-right asymmetry, ALR. AR, like ALR measures the electron
coupling, A.. The measurement of ALP results in a Weinberg angle of 0.23049 +
0.00050 [14]. The LEP results combined with the SLAC iesults measure an effective

Weinberg angle of [14]
sin? 455" = 0.23166 + 0.00025+5:355°, (6.16)

A consequence of symmetry breaking in a renormalizable theory is that the physics

depends on particle masses larger than the energy scale of the observed processes. The
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sin®8%% from <P,> at LEP

DELPHI (1990-92)
e .2320£.0021

ALEPH (1990-92)
e .2332%.0014

L3 (1990-93)
e .2309+.0016

OPAL (1990-94, prelim)
e .2331+.0013

LEP AVERAGE
—.— .23234.0008
| ! 1 ! ] ! ]
0.22 0.23 , 0.24 0.25
sin®9

Figure 6.4: A comparisor; between the measurements of sin® 05}" from the five tau
decay channels of equation 6.3 at the 7° pole by the LEP ccllaborations ALEPH [42],
DELPHI [43], L3 [44], and OPAL preliminary results [46].
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Figure 6.5: This figure shows the sensitivity of the average tau polarization, (P.); the
forward-backward polarization asymmetry, ASS; the b quark forward-backward asymme-
try, AFB, the ¢ quark forward-backward asymmetry, AFE; the forward-backward charge
asymmetry, (Q pp); and the lepton forward-backward asymmetry, A} ® to a measurement
of the Weinberg angle, sin? §w. The average tau polarization has the greatest theoretical
sensitivity to a measurement of sin? fy.
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M, from A__ with the T—pv_ channel at OPAL
g B ]
E 225
< 200 5
= s -
150
125
100
L T I I N P P P
008 009 01 011 012 013 o014 015 016 017  0.18
At-c

Figure 6.6: This figure shows the variation of the mass of the top quark, M,, with a
measurement of A._.. The shaded area shows the electroweak prediction of the top quark
mass for a Higgs boson with mass between 60 GeV/c?® < My < 1000 GeV/c®. The
dotted line shows the measurement of A._. from this analysis while the solid line shows
the extend of the one standard deviation error on this measurement.

LEP electroweak results were used to predict the mass of the top quark, M,, before the top
quark was directly observed by the CDF [15] and DO [16] collaborations. A measurement
of A,_. from a tau polarization measurement with the 7* — p*v, channel as performed
using the analysis described here begins to place limits on M. as shown in figurc 6.6.
The measurements performed in this analysis are an important part of the measurement
by OPAL of the tau polarization from all five decay channels in equation 6.3 which can
begin to place a significant upper limit on M, as shown in figure 6.7a. The combined tau
polarization measurements from the LEP collaborations place important lower and “:pper
limits on M, as shown in figure 6.7b.
Electroweak measurements at LEP and SLAC predict the mass of the top quark to
be [14]
M, = 18015737 GeV/c2. (6.17)

The top quark has recently been observed by both the CDF [15] and DO [16] collaborations
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Figure 6.7: This figure shows the variation of the mass of the top quark, M,;, with a
measurement of sin® Bi;}" based on measurements of A,_.. The shaded area shows the
electroweak prediction of the top quark for a Higgs boson with mass between 60 GeV/c? <
My < 1000 GeV/c?. The dotted lines show the measurements of sin? 05}" based on a
measurement of A, _. at a) OPAL and b) LEP while the solid line show the extend of the
one standard deviation errors on these measurements.
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with an average mass of [3]
M, = 180 + 12 GeV/c? (6.18)

in excellent agreement with the electroweak predicticn based on the measurements made
at LEP and SLAC.

The next step is to use the measured mass of the top quark to extract information about
the Higgs boson mass. The electroweak measurements made at LEP in conjunction with
the measurement of the mass of the top quark from CDF [15] and DO [ 16} have set a limit
of 750 GeV/c? [14] at the 95 percent confidence level on the mass of the Higgs boson
within the context of the Standard Model. The measurements made in this thesis are an

important contribution to this indirect limit of the mass of the Higgs boson.




Chapter 7

Conclusion

Parity violating effects of the weak neutral current are presented in this thesis. The ratios
of the effective vector to axial-vector couplings of the process e e~ — 77~ are extracted
from the decay 7+ — p*v, with the OPAL detector at the LEP accelerator by measuring

the polarization asymmetries (P,) and AFB. These measured asymmetries are

(P,) = —0.1243 + 0.0197 AFB — —0.0931 £ 0.0189 .1

po
where the errors have both statistical and systematic contributions. The ratios of the
effective vector to axial-vector couplings are deduced from these polarization asymmetries

§7/4T = 0.0639 + 0.0100 §2/3c = 0.0639 + 0.0127 (12)

where both statistical and systematic contributions are included in the error. A comparison
of these two ratios indicates that lepton universality as measured through the ratio of the
vector to axial-vector couplings of weak neutrai currents is confirmed at the +0.02 level.
The assumption of lepton universality is used to calculate the weighted average of these

ratios
g ¢/ga"" = 0.0639 % 0.0080 (7.3)

and the effective Weinberg angle
sin? 815" = 0.2340 £ 0.0020. (1.4)

This analysis measures the Weinberg angle with a precision of 0.8 percent. The measure-

ments made in this thesis 2ie an important contribution to the combined determiration
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of the Weinberg angle from the tau polarization at OPAL [46]. This measurement is in
excellent agreement with similar measurements made by the other LEP collaborations.
The measurements made in this analysis are combined with other electroweak mea-
surements made at LEP and SLAC [14] to make an indirect measurement of the mass of
the top quark
M, = 18075135 GeV/c?, (7.5)

which is in excellent ag-eement with recent direct measurements made at CDF [15] and
DO [16].

This analysis also contributes to the recent estimation of the upper bound on the mass
of the Higgs boson of 750 GeV/c? at the 95 percent confidence level [14] within the context
of the Standard Model.




Appendix A
The Tau Decay Branching Ratios

113




114

Tau decay to MC1508 tau | MC1513, 1515,1516 tau | Measured tau
branching ratios branching ratios branching ratios
eVely 18250 17870 17900 £+ .00170
By 17720 17330 17440 + .00230
TVr 11730 11110 11800 £ .00402
TV, 24160 25390 .24880 + .00505
3rv, 08440 08930 07650 + .00415
w27V, .09840 08930 08955 + .00403
Kv, 00840 00730 00670 £ .00230
K*v, —» K~ n°v, 00590 00473 00520 £ .00070
K*v,m — K°v, 01170 00947 00880 + .00160
Irnv, 05900 04790 04910 £ .00633
® 2> 3n°y, 01220 01260 01800 £ .00500
Sy, 00070 00108 00071 £+ .00009
Strlv, 00070 00027 00021 £ .00008
2Knv, 00108 00160 £+ .00070
x#K°K°By, 00108 00108 £ .00108
KK°r°v, 00009 00160 £ .00070
K2r°v, 00107 00045 £ .00034
K2rnv, 00570 00190 + .00085
rK°Brov, 00580 00190 + .00085
dr2rv, 00480 .00450 + .00050
n3r°v, 00027 00021 £+ .00021
T2V, 00066 00066 + .00012
7r°3ry, 00054 00054 + .00010
TT2T YU, .00008 00008 + .00001
TRV, 00060 00057 £+ .00057
KK°v, 00000 00290 + .00120

Table A.1: Table of the branching ratios of generated tau Monte Carlo events. Also listed
ave the measured branching ratios from [17] and [3]. The measured branching ratios
are reweighted in the analysis to meet the unitarity constraint. The = ’s and K ’s with no
superscript imply both charge conjugate states.



Appendix B

Derivation of Errors for the x? Criterion

This appendix gives the derivation of the errors of the x? criterion of equation 5.10.

opara is the binomial error

sel sel
o (i) (- (35) )
DATA = V=i .
psel psel psel
N DATA N DATA Npara

wpsel
omc is found by taking the partial derivative of (_i;;g_él with respect to C5; and W
N
Mc

§ /NP“’.el 1
- kN‘P-?eI)
2 MC

oo = | T Ee T - oo | o [0 PP

R

where the slight correlation between CJ5; and W is ignored. o(W7) is the binomial

+ +
HWE) = (_—N";) (1— (N"';') ) e
L2%) + + p*
N 4y N 4y N4"
++psel

o U,?f,-) is found by explicitly writing the number of selected p’s in bin (3, 7), (N;** )rec,

error

in terms of signal plus background, (N*#*!(p); i )rec + (N£#*! ()i j)rec» Where the signal

contains p events that exist in bin ¢,  at the four-vector level, N7l (p unmig); ;, and p
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events which have migrated into bin 3, j due to poor reconstruction, N*#*!(p, mig); ;:
(N e = (N (P)ii)ree + (NFP(B)i)rec =

N i""'(p, unmig);; + N *’”d(P’ mig);; + N ip.d(ﬁ)t’.a’

giving the error

[Nipsel(Pa unmig),-’ j]rec [Nipsel(P, “nmig)i, j}rec
a*(C J) = £Pv2 1- p +
(N ) (N i,) )av
2
([N*P“’(p, mig)i; + N**(p) jlm) 1
(N )40 (N£P3el(p, mig); ; + NEPSEL(B); )rec

S
(N )4v

The error on C; dominates over the error on W%,
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