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This is my letter to the world,
That never wrote to me, -
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Abstract

This thesis describes a precise measurement of the Michel parameters p and 7 using
the leptonic tau decays recorded by the CLEO II detector. These measurements can
be used to provide limits on the non-(V — A) contributions to the Lorentz structure
of the charged weak interactions in tau decays.

The electronic decay of the tau lepton, 7 — evrv, is used to measure the spectral

shape Michel parameter:

pe = 0.732 £ 0.014 £ 0.009 ,

where the first error is statistical and the second systematic. This measurement is
extracted from the electron energy spectrum; the energy spectrum is insensitive to the
low energy spectral shape Michel parameter 7., and thus insensitive to the presence
of scalar couplings.

The muonic decay mode of the tau lepton, 7 — urrv, is used to measure both the

spectral shape Michel parameters:

pu = 0.747 +0.048 £ 0.044

and 7, = 0.010£0.149 £0.171

simultaneously. Once again, the first errors are statistical and the second systematic.
The two parameters are strongly correlated; the correlation coefficient ', is 0.949.
Assuming lepton universality of the vector-like couplings, the two leptonic decay
modes are simultaneously analyzed to improve the measurement of the 5 parameter.
Since the electron mode is insensitive to the 5 parameter, we can measure p very

precisely using the electron mode. This measurement can now be used to constrain
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the p measurement in the muon analysis. and thus obtain:

pep. = 0.735£0.013 £ 0.008

and 7., = —0.015+0.061 £ 0.062 .

where the first errors are statistical and the second systematic. The correlation coef-
ficient 1s now reduced to 0.615.

These measurements are all more precise than previous measurements; some are
more precise than previous world average measurements. No indications for any
deviations from the Minimal Standard Model have been found.

This measurement of the  parameter provides a lower limit on the charged Higgs
mass in the Minimal Supersymmetric Standard Model: mg+ > (0.97 x tan 3) GeV
at the 90% confidence level. This limit is not very interesting unless tan 3 is very

large.
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Chapter 1 Introduction and Overview

*

Elementary particle physics * is the science that studies the fundamental building
blocks of matter and their interactions. The Standard Model describes the interac-
tions between these particles, and has been extremely successful [1]. Tt is the starting
point for any investigation of modern particle physics, and provides the fundamental
hypotheses which form the framework on which many extended theories are based.
Over the last twenty-five years, many tests of the Standard Model have been car-
ried out with increasing precision, but no lasting significant discrepancy has been
established. Despite the many successes, which started with the observations of neu-
tral currents [2, 3] in 1973, and including both the observations of the W and Z°
bosons [4, 5] in 1983, and the recent discovery of the top quark [6, 7] in 1995, there

remain several basic unanswered questions:

e Are the quarks. leptons. and gauge bosons truly elementary?

Why are there so many “elementary particles”?

Why do they have their observed pattern of masses?

What is the origin of mass? Is it the Higgs mechanism?

e What is the origin of CP violation?
e What is the “true” theory of everything?

The Standard Model requires numerous input parameters obtained from experiment,
and does not satisfactorily connect electroweak interactions with quantum chromo-
dynamics or gravity. Further, the Standard Model contains known flaws, revealed

at very high energy, making it an unsatisfyving final theory. In spite of the fact that

*The term physics is derived from the Greek word ‘physis’, which means the endevour of seeing
the essential nature of all things.



2
the Standard Model accounts for a vast array of experimental data, it is far from
the “final” theory. While the ultimate goal of high energy physics is to understand
the underlying principles that govern our physical universe, the immediate goals are
to test the Standard Model and to probe for new phenomena beyond. The analysis
described in this thesis addresses both these immediate goals.

We present a high precision measurement of the Michel parameters p and n mea-
sured in leptonic decays of the tau. These parameters have been precisely measured
in muon decay, and have been found to be consistent with Standard Model W -boson
exchange, i.e., with the V — A structure hypothesis. The tau lepton, with its two
leptonic decays 77 — p~7,v, and 77 — € Vv, , gives us a unique opportunity to
study the universality of the charged leptonic weak interaction. Are these two decay
modes just duplicates of the muon decay mode u~ — e~ 7. v, , governed by the same
type of weak interaction, ¢.e., V' — A? The current precision of experimental measure-
ments of the Michel parameters in the tau sector are an order of magnitude weaker
than corresponding measurements in the muon sector, where, in spite of the good
experimental precision reached, an overall analysis with all possible weak couplings
leaves much room for decay contributions in addition to those from the standard W'-
boson. The higher tau mass makes leptonic tau decays (compared to muon decay)
more sensitive to physics beyond the Standard Model. Scalar couplings, induced by
charged Higgs bosons, for example, would be proportional to the mass of the charged
lepton, and thus this effect would show up in the muonic decay of the tau lepton with
a factor & 107 larger than in the electronic decay of the muon! The much higher

mass of the tau lepton is therefore a strong motivation to search for deviations of the

Michel parameters from their V' — A predictions in tau decays.

The thesis is organized in chapters and appendices as follows:

We begin in Chapter 2 with a brief overview of the current understanding of
the Standard Model of particle physics. This chapter concentrates on the physics
of tau leptons at electron-positron colliders in general, and on their weak decays in

particular. The Michel parameters, the focus of this thesis, are discussed here in



detail.

Chapter 3 describes the measurement device and experimental setup. i.e., the
CLEO II detector at the CESR ete™ collider. This chapter also contains a brief
overview of the Monte Carlo simulations consisting of the event generation and the
detector simulation processes. CESR is constantly upgraded to achieve higher lu-
minosities, and the detector is periodically upgraded both to handle this increased
luminosity, and to improve its detection capabilities. The collaboration installed a
silicon vertex microstrip detector in the fall of 1995. The author has worked on the
mechanical support system for this device, as well as the new data acquisition system
required for it. Details of this work are outlined in Appendix D.

Chapter 4 describes the event reconstruction procedure. We list the selection
criteria used to obtain the event samples used in the analysis, and then proceed to
describe in some detail some of the more interesting/unusual requirements.

Chapter 5 describes in some detail all the potential sources of backgrounds. Each
of the significant background sources is minimized using several special cuts and the
surviving backgrounds are well understood.

The two event samples used to measure the Michel parameters can also be used to
measure the two leptonic branching ratios of the tau lepton. Chapter 6 describes the
results obtained for B(7~ — ¢ v.v, ) and B(r™ — p~v,v, ). No attempt is made to
minimize the systematic errors since these branching ratios have already been well
measured at CLEO [8].

Chapter 7 describes the special reference frame utilized in this thesis to achieve
maximum sensitivity to the Michel parameters studied. This “pseudo” rest frame
technique, first pioneered by the ARGUS Collaboration [9] is essential in the 5 mea-
surements.

Chapter 8 discusses the fit procedure employed to obtain the measurements of the
Michel parameters. It also includes all the results obtained using this fit procedure.

Chapter 9 describes in great detail the work done to ensure that all the systematic
errors were minimized and well understood. This work was important to achieve the

level of precision desired in this analysis.
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Chapter 10 summarizes the work presented in this document, and discusses its
significance. Future improvements on the results presented here are briefly described.

Four appendices to this thesis are attached. Some of the mathematical integrals
used in Chapter 2 are detailed in Appendix A.l.

Appendix B describes in detail the determination of muon fake rates in the muon
chambers in the CLEO II detector. This study is performed using the data, and its
results are used to calibrate the fake rates in the Monte Carlo generator. A precise
knowledge of these fake rates is essential to obtain the level of precision achieved in
this thesis.

Appendix C defines the spin sensitive variable w, used to test the Monte Carlo
simulation of the spin-spin correlations that exist between the two 7 leptons in
ete™ — 777,

Appendix D describes the author’s involvement in hardware projects which pri-
marily revolved around the new silicon vertex detector. The analysis presented here
does not include any data collected after the installation of this new detector compo-

nent.
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Chapter 2 The Standard Model of Particle

Physics

The Standard Model of particle physics describes our knowledge of what composes
the material universe, and what interactions occur among these constituents. This
chapter first gives a brief overview of the elementary particles and their interactions.
followed by a brief description of the formalism of the Standard Model. It then
concentrates on the 7 lepton and its interactions and defines the Michel parameters,

the focus of this thesis.

2.1 Elementary Particles

In our current understanding, matter everywhere is composed of only a few funda-
mental building blocks: six kinds of leptons and six kinds of quarks. These spin 1/2
fermions are considered fundamental for two reasons. They and their antiparticles
make up all matter, and each of these fermions is not decomposable. At the current
experimental level of 107!% m, no compositeness has been observed. Both leptons and
quarks are smaller than this level, and are many orders of magnitude smaller than
the atom (approximately 10719 m).

The best known lepton is the electron (e¢7), the negatively charged particle found
in the outermost portion of all atoms. There also exist two heavier versions of the
electron: the muon (x~) and the tau (77). Aside from their larger masses (so that
they can decay into lighter particles), these two leptons are identical in many respects
to the electron. Each of the three leptons is associated with a massless neutral particle
(three more leptons) called the neutrino (v, v,. v;). The tau-neutrino v, is the only
lepton which has not vet been directly observed experimentally. The six leptons are

grouped into three doublets, or generations, as shown in Table 2.1, where we list some



of the properties of the various leptons.

Lepton Charge Mass Lifetime
(e) (MeV/c*) (sec)
& -1 0.511 stable (> 4.3 x 10%* years)
V. 0 < 15 x 10~ stable
I —1 105.7 2.197 x 107°
v, 0 < 0.17 stable
T -1 17002 (291.0 £ 1.5) x 10715
7 0 < 24 stable

Table 2.1: Properties of the six leptons. For the neutrino masses, the current 90%
confidence level upper limits from experiment are listed. The different generations
are enclosed by the double lines.

The six quarks can also be grouped into three generations with progressively larger
mass as shown in Table 2.2, where we list some of the quark properties. The u and

d quarks are the constituents of the proton and neutron in the nuclei of atoms.

Quark Charge Mass I3 S C B T
(e) (GeV/c?)
d —1/3 ~ 0.004 —1/2 0 0 0 0
u 213 ~ 0.007 +1/2 0 0 0 0
s —1/3 ~ 0.3 0 -1 0 0 0
¢ 213 ~ 1.3 0 0 yy! 0 0
b -1/3 ~ 4.8 0 0 0 -1 0
/ 99 e 17 0 0 0 0 41

Table 2.2: Properties of the six quarks. The symbol I3 denotes the third component
of isospin; S. ', B, and T denote strangeness, charm, bottom (or beauty), and top
(or truth) respectively. The quark masses are all model dependent. The double lines
enclose the different generations.



2.2 Fundamental Forces

The interactions between all matter are governed by four fundamental forces: the
strong. electromagnetic, weak and gravitational forces. These forces are all mediated
by the gauge bosons. The different kinds of interactions, their mediators, and some

of their properties are listed in Table 2.3

Force Relative  Range Boson Charge Spin Mass
Strength (m) (e) (GeV/c?)
Strong 1 = 1071° gluon (g¢) 0 1 0
Electromagnetic 1072 00 photon (7) il 0
Weak 1~ < 134 W +1 1 80.2
zZP 1 91.2
Gravitational 10778 oo graviton () 0 2 0

Table 2.3: The four fundamental forces and their mediators.

The forces are listed in order of decreasing strengths; the listed strengths are eval-
uated at a distance scale of 107" m and serve only as a rough comparison. Gluons
mediate the strong interactions between any two quarks, photons carry the electro-
magnetic force between any two quarks or charged leptons, the 1% and Z° bosons
mediate the weak interactions within one and between two families of fermions, and
finally the graviton carries the gravitational force between any two particles with
mass. The gravitational force is far too weak to be detected at the level of particle
mass scales.

The photons and the W%, ZY bosons have been experimentally observed. Jet
structure in certain hadronic events (¢te¢™ — ¢qg) [10] provides indirect evidence for
the existence of gluons. The photons and gluons are stable, and the massive " and

Z bosons decay into lighter particles in approximately 1072 s. Gravitons are not

observable at experimentally achievable energies.
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2.3 Weak Interactions and the (V — A) Theory

Although all hadrons and leptons participate in weak interactions, these interactions
can only be observed in circumstances where the much faster strong or electromagnetic
decays are forbidden by conservation laws. The lifetimes for weak decays with energy
<& my,my depend on the phase-space factors, as well as the weak coupling constant
G/, but are long compared with typical lifetimes for the electromagnetic decays (=~
107" 5) or strong decays (~ 107** ). The weak cross sections are correspondingly
small.

Weak forces are produced by the “weak charge”; electric charge produces the elec-
tromagnetic forces and color produces the strong forces. All quarks and leptons are
carriers of this weak charge. Leptons have no color and thus cannot participate in
strong interactions. The electrically neutral neutrinos cannot participate in electro-
magnetic decays either, thus making them unique.

There are two kinds of weak interactions: electrically charged (mediated by the
W= bosons) and electrically neutral (mediated by the Z° boson). Both the leptonic
decays of the tau lepton studied in this thesis 77 — ("7,v, , where ( is either the
muon or the electron, are examples of the charged weak interaction.

Weak interactions were first observed in the slow process of nuclear 3-decay,
n—-p+e +v.,
or, in terms of quark constituents,
d— u+e 4+,

This example of the charged weak interaction is mediated by the exchange of a virtual
W* boson, but since the momentum transfer involved is small, i.e., ¢* < mj-, the
interaction is effectively point-like and can be described by the four-fermion coupling

G = g*/mi, the Fermi constant *. Fermi first postulated this contact interaction in

*¢ characterizes the coupling strength of the fermionic current to the 117 boson.
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1935, and developed his theory of -decay in analogy with the theory of electromag-

netic decays. He suggested the matrix element:

baryon “lepton

' reak eak n 7 i
/\/l = G Juea Jum = (7' [’Z‘ﬂb/‘//u l#'n] ['we’\/"ﬂ lf”l/} 3

2

v ) e
in analogy with M« —= Jiaryon iepton - (2.1)
7 :

The coupling constant (i replaces ¢*/¢*. Since weak currents are assumed to interact
at a point., the propagator of the exchanged photon in electromagnetic interactions,
1/¢* is replaced by 1/(m3, — ¢?), and since ¢* < m}- at low energies characteristic
of tau decays, it plays no role. Fermi’s choice of a vector-vector form of the weak
amplitude M was satisfactory (prior to the discovery of parity violation in 1956) in
describing nuclear -decay. but a priore, there is no reason to use only vectors. The
Lorentz invariant amplitude M can be constructed using all other possible bilinear

covariants listed in Table 2.4. The matrix element can now be written as:

o
8V}

M=G > G [*L,EO{C»J [ff'f()xl:“u] ; (:

where ('; are the appropriate coefficients. The different forms for the operator O;
are named according to the transformation properties of the weak currents under
rotations and space inversions: scalar (.5), vector (V7). tensor (71'), pseudoscalar (P).

and axial vector (A).

O; No. of components Parity
Scalar P 1 +
Vector VYt 4 — (Space)
Tensor T 1Y 6
Axial vector Y5t 4 — (Space)
Pseudoscalar Pysah 1 —

Table 2.4: Exhaustive list of possible bilinear quantities with definite properties under
Lorentz transformations.
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After a careful analysis of nuclear 3 decay, i decay. and parity violation, Fermi
arrived at the conclusion that the decay was dominated by (V' — A) interactions. Using
lepton universality, 7 decays must be dominated by (V' — A) also. In this thesis. we

search for small deviations from this (V7 — A) theory.

2.4 The Tau Lepton

The tau is the third heavy lepton. Today, many of the properties of the tau lepton are
precisely known [11. 12]. In this section, we present a brief account of the discovery of
this particle, followed by an account of its production mechanism, with an emphasis

_|_

on its production in eTe™ annihilation. Finally, a briel summary of the theory of

leptonic tau decays is presented.

2.4.1 The Discovery of the Tau Lepton

The possibility of a third, heavier, sequential lepton was investigated in detail by
Y. S. Tsai [13] in 1971. He predicted decay correlations and branching fractions de-
pendent on the lepton’s mass. The first experimental confirmation of its existence
took place in 1975 in annihilations of ¢Te™ into tau pairs. These observations were
made by M. L. Perl et al. [14] using the Mark [ detector at the SPEAR storage ring at
the Stanford Linear Accelerator Center (SLAC). They observed 24 events containing
an electron and a muon, and no other visible charged or neutral particles. The acopla-
nar tracks did not fulfill energy and momentum conservation requirements, implying
the presence of undetected particles in the event. The list of possible candidates for
the undetected particles is comprised of charged particles or photons that escaped
the 2.6 7 steradian acceptance, and particles not easily detectable like neutrinos, i}
mesons and neutrons. The Dalitz distributions for these events did not exhibit any
significant structure at a particular missing mass value, implying that there were at
least two missing particles in each event. This suggested that the particles were not

the charged particles or photons that escaped detection.



11

To interpret this observation, MARK I had to collect more data. The next analy-
sis [15] included 105 such events. The almost collinear angle between the two tracks
suggested that the origin must be from the production of a pair of new particles, and
the inclusive momentum spectrum indicated that each of these new particles decayed
into at least three bodies. Systematic elimination of other possibilities suggested that
the undetected particles were neutrinos. Finally, the observed production cross sec-
tion suggested that the mass of the heavy particle was in the range 1.6 to 2.0 GeV/c?.
All these observations were consistent with the creation of a pair of heavy leptons
(later named the 7), each of which decayed into a charged lepton and two neutrinos:
7 — (vu, where ( was either an electron or a muon.

A following experiment [16] confirmed that the production occurred below the
threshold for open charm meson production, thus eliminating any possibility that
these new observations were associated with purely leptonic decays of the charm
quark.

Today, many of the properties of the tau lepton are precisely known. and are
summarized in the following sections. They are consistent with the Standard Model
(V= A) interaction theory, but permit small departures, which are the subject of this

thesis.



2.4.2 Tau Production

This subsection describes the different ways tau leptons can be created. The leptonic

Te~ annihilations

tau decayvs, analyzed in this thesis, utilize tau pairs produced in ¢
observed by the CLEO II detector. Tau leptons can also be produced in photoproduc-
tion and electroproduction reactions, in pp collisions, in the decay of heavy quarks,

and in interactions such as v, + N — 7+ N'.

e¢te~ Annihilation

et Tt
v(p2) (p4)
q
[&] e
u(p;) u(p3)
e T

The squared matrix element for the process ete™ — 7777 is given by:

Vi ]

4
; ¢
./\/l|2 - —Li”/LT
(/4 :
where the two leptonic tensors are given by:

A o
L = =3 [eap)y us(p) [6(p2)y " us(p)]

1 a _ " .
and L, = ;Z[z'sl(p,;)ﬁ,ﬂ'us(]);j)] [0s(pa)yous(ps)]” . (2.3)

4

8ys!

where pi, py., ps and py represent the four-vectors of the e, e™, 77 and 7% respectively.

Now, averaging over the initial electron and positron spins, and summing over the
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final tau spins, we get:

1
L = 5 Tr[(pa — m) " (P1 + m) "]
- l
and L}, = 5 Tr[(ps— M)y (ps+M)7] . (2.4)

where m 1s the mass of the electron and positron, and M is the mass of the tau
leptons. Neglecting the masses of the electron and positron, and using the trace

relation:

Tr (v499M") =4 (99" — ¢"'¢" + 9"¢") . (2.

[S]
ot
=

the leptonic tensor L4 simplifies to:

L = 4[papy + popi — paprg™’] (2.6)

Next, using the fact that the trace of an odd number of gamma matrices vanishes,
and that Tr (7,7,) = 4 g,.., In addition to the above trace relation, the other leptonic

tensor L7 simplifies to:

jaa %

L, =2 [])4“])3[, + PavPsu — <p4p3 + M’2) g‘“’] ) (2.7)

Thus,
. c 5 .
(IM[*) =8 :[: [(P> Pa)(pr-ps) + (P2 - p3)(pr - pa) + (P2 'Pl)M'] : (2.8)

Now, assuming that the electron and the positron have energy K. and that their
momenta are parallel to the +z and —z axis respectively, the four-vectors for the

electron and positron are:

p1 = (E.0.0.7) pe = (E,0,0,—p) | (2.9)
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and the four-vectors for the produced taus are:

ps = (£, prypy.p:) pa = (L, =pr, —=py. —p:) . (2.10)

In terms of the polar angle § and azimuth angle ¢,

pr = |p|sinfcosao
py = |plsinfsing .
and p. = |[p|cosd . (2.11)

Now, defining 8 = ||/ E, and using s = ¢* = (p1 + p2)? = 4E?, we get:

s ,
(p2-pa) = (p1-p3) = 1(1—;3(‘05()) .
S s
(p2-p3) = (1)1'1’4)21(1+5C059) :
and (py-p2) = % (2.12)

Substituting the results obtained in Equation 2.12 into Equation 2.8, we get:

(IM]?) =38 ;—i {; (1 + 8% cos? 0) + ? (1- ,32)] = ¢ [2— B2+ B2cos? 0] . (2.13)

The differential cross section is given by:

do 1

ol F< J\/l[2>dLi7)s . (2.14)

where the flux, I/ = 4p;\/s = 4py\/s, and the two body phase space,

I ps ,
——df) . 2.1%
I dys (

dLips =

o
i
Ut
Nl

+

Thus. in ete™ annihilation, tau pairs are produced with a differential cross section,

] % Lo
;7% = :—q-ﬂ-(?-l@jzsinzﬂ)‘ (2.16)
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where 6 is the angle between the 7+ and e™, p3/p; = 3 = v/c is the tau velocity, and
a = €?/2r is the fine structure constant. The integrated cross section can now be
expressed as:

N

opleTe” = 7TTT) = 2 - B 5

At high center of mass energies, where 3 = 1, the integrated cross section simplifies
to:
+ e + dra? ~ 86.86 nb GeV?

opleTe” =TT = T = . (2.

o
o
[0:8]

with a = 1/137.036 and (hc)? = 389386 nb GeV 2.

Photoproduction and Electroproduction

Tau pairs can be produced in the following photoproduction [17] and electroproduc-

tion reactions:

Y+ N — v+ 4+ N,

and e 4+ N — e 47t 47 4+ N, {2.19)

where N is the target proton or nucleus, and N’ represents the final hadronic state.

Particle Decays to 7 and v,

These particle decay modes include the decays of the heavy W and Z bosons, as well
as the semi-leptonic decays of the heavy b and ¢ quarks.

W decays: the decay modes. W+ — 7% + v, and W~ — 77 4 v, have been
observed by the UAL [18], UA2 [19], and CDF [20] experiments. Aside from being

used to identify the W bosons [21], these decays are used to study the Wry, vertex
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at /s = mw. Using the ratio of the branching fractions of the leptonic decays,

B(W~ —=771u,)
B(W-—e¢ )’

(2.20)

the ratio of the charged current couplings ¢,/g. can be deduced, and used as a test

of universality. The average of the three measurements mentioned above is:

v/ g-/gc = 1.00 £ 0.04 .

in agreement with Standard Model expectations.
The width for Z° decay into lepton pairs is given by:
70 . 2, 2 5 o
7" —= ) = g'mga(mz)(’v,; +a;), (2.21)

where a(my) ~ 1/127 is the QED fine structure constant evaluated at the Z° mass.

—1 +»1 Sil’12 ()W —1
Uy = > s y = s

4 sin Oy cos Oy 4 sin Oy cos Oy

and
.. D my\ 2 59
sin“Oy =1—(—] =0.233+£0.001 ,
my

where my and my are the masses of the W+ and Z° bosons respectively.

The universality of the lepton coupling implies equality of the partial widths for
the decay of the Z° to ¢Te™, uTp~ and 77~ pairs. Further. the Standard Model
predicts that the 7’s from the decay of the Z° — 7%7~ are polarized as a direct

consequence of parity violations in the weak neutral current.

Pure leptonic decays of the D* and D*,

Dt — (T4

DY — (" 4y (2.2

(8]
S}
8]
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where ( is the 7 lepton, have not been observed. These modes have a decay width
given by:

2

F(D+, Ds+ — (’+1/[) — %—ngDj?'z.D,DSvn?|Y"’Cd‘cs|2 1 —
OT "

m?
|, (2.23)

772%) D.

where fp p. are the weak decay constants of the D and D,, and take into account
the strong interaction dynamics of ¢d and ¢s annihilation inside the meson. Theory
estimates their size to be 150 to 250 MeV , but they must be measured through these
decay processes. The m? term leads to the tau mode having larger rate than the
electron and muon modes, and thus the decay to the tau mode provides the best way

to measure the weak decay constants.

The theory of leptonic decays of the B mesons,

Bt 5 7t Lp

BY — v 4, (2.24)

1s analogous to that for D decays (see Equation 2.23), but the smaller values of 1/,

and V,, suppress the decay widths.

Tau Production in Hadron Collisions

Taus can be produced in p + N Collisions, the largest contribution to the rate is
expected to be from the decay mode D, — 7 + v, , where the D; is created in the
reaction:

p+ N —> D+ ...,

—_
S
§¥]
<t

Mo e

and N is a nucleon or a nucleus. These collisions can be from an external proton
beam on a fixed target or from a circulating proton beam on a gas jet target. Tau
leptons can also be produced in a proton-proton collider (pp — W™X), where the

produced W boson subsequently decays into the tau lepton.
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Heavy ion collisions [22, 23] can also result in the production of tau pairs:

Ion+Ion—= 7t 477 4+...; (2.26)

the virtual photons emitted in the collision of a pair of heavy ions can produce a

77~ pair when the ions are at energies much greater than the tau mass.

Neutrino production

Tau leptons can be produced in a new generation of accelerator experiments searching
for neutrino oscillations, first suggested [24] many vears back in analogy with the
oscillations of neutral A mesons. The CHORUS and NOMAD experiments were
conceived to detect the appearance of the tau neutrino in a rather pure CERN muon
neutrino beam following the hypothetical flavor oscillation phenomenon. The charged

current interaction,

vei + N =717 +X, (:

o
|S)
-1

results in the production of the tau lepton when the neutrino energy is sufficiently
above the tau production threshold.

Other experiments, such as the short baseline E-803 and the MINOS long baseline
neutrino oscillation experiments at FNAL, also hope to observe neutrino oscillations
by observing the tau lepton produced when the tau neutrino interacts.

The reaction shown in Equation 2.27 (and related reactions) can help determine

the overall Lorentz structure; see Section 2.6 for details.
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2.4.3 Theory of Tau Decays

The decay of the charged tau lepton probes the weak charged current sector at a
mass scale characterized by the mass of the tau m,, while the production of 777~
pairs at ¢Te™ colliders probes the neutral current sector at the higher energy scale
characterized by my.

The leptonic decays of the charged tau lepton to a lighter charged lepton ( (( =
¢, it) are purely weak in nature, and the Standard Model (V' — A) four fermion coupling
scheme, described in Section 2.3, can be used for the calculation of the leptonic tau

decay,

T (prase) = (T (peyse) + e (p1,51) + vr (P2, 52)

where p.. pe. p1. p2 are the four-momentum of the tau, daughter charged lepton. v,

and v, respectively, and s;, s;, s1, and sy are their polarization four-vectors.

Ve Ve
(p2» $2) (1, $1)
(Pe> Se)
(Pr> 81) o
T pr = py + p, + pe and
q=pr—DPs =pPt+ Py
Using the Feynman rules in the (V' — A) theory, the matrix element is given by:
. —ig (1 —~° ! o q'q” ] _ —igvv(l = 4P
—M = u f/ 7 / )uT > —(—g"" + . ,[ Uy 97 . ] )'Ul
V2 2 q* — miy miy V2 2
(2.28)

Since, max ¢ = m? = 4.8 x 107*m}. < mi, the W boson propagator can be taken
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ez

to the ¢* — 0 limit, ig* /m}. leading to:

9 .

M = - [uay* (1 — " Jur] [y, (1 =% )] .
Smyy
. g4
Now, M = ——L"M,,,
64m3y;
where LM = [ugy* (1 — +° )u | [u-v" (1 —° Jug)

= =Tr[poy" (br — mrp: 7" (1 =7)]

= —paalpr — mrs,)sTr [ Y447 77 (1= 7))
and My, = [aey, (1= 4% Jor] [5r (1 — 77 e

= —TIr W’Ii — o)V Prye (1 — 7’5 )]

= —(pr = mese) T [ovv07 (1= 9°)]

(2.29)
(2.30)

Thus, substituting for the leptonic tensors L*” and M, , and using the trace relations:

Tr [767’;1 ’76”\/1/] = 4.(/0;1‘991/ - 4,(/579.{/;“/ + 4gauguﬁ

; L I ~ AP = gl
and Tt [/0 Y Y6 v ) ] = 4[-\:0;1‘91/ ’

Equation 2.30 can be written as:

4

: g

IM|P = =—ps - (pe—muse) pr - (pr — mrs,)
777”"

= 32G% py - (pe —muse) pr - (pr — my8;)

where G% = ¢*/(32m3;) is used.

The differential transition probability is given by:

1 ; .
dll = - |M|PdPS
2m
R
= 5 32 G pa - (pe — muse) pr - (pr — Mmys:)
d*py d’p, *py 4 o
2 oo Nded ‘ . .
@r)°2E, (Zr)2E; (2n)o2E, o) O pr Tk pe ).

-
Q)
[
o

(2.33)



Integrating over the neutrinos,

2G% 1

2r) B (pr — nese) (pr — mys: )’ Ppe Lag (2.34)
= Ll

dl' =

with the covariant integral:

&*p, Pp
Ey E,

o
o
Ut
"t

254(1)1 +py—pr— pr) - { 2

]Qﬁ == /])‘Zo P13

Using the result obtained in Appendix A.1, the differential transition probability can

be written as:

a = 285 L s gy = mes P X (42905 + 24045]
(27)° m.E; ! o ’ R R ey

r G% Ppe .
= 3 (97:)5 - IZ |:([2(pf —myse) - (pr — mys;) + 2(pr — M8y ) - q(pe — mysye) - (/]
. 2 = . [

(2.36)

In the rest frame of the parent tau lepton, the four-momentum vectors p, =
(m-,0), pr = (Er, pe), ¢ = (m: — £, —pr), and the four-spin vector s, = (0,8, ),
where § is a unit vector denoting the three-spin in the tau rest frame. The daughter

charged lepton’s four-spin can be calculated using a Lorentz transformation to a new

frame in which the lepton has a three-momentum p,, and

) | ST
.S/‘U =
my
A Pe - 8¢ o iy
g = Bpl—T (2.37)

me(Fr + ‘m/)p(
Making appropriate substitutions in Equation 2.36, the differential decay width:

r G% &p 5 ) ,
= —— " 2 _ 9.0 . _n,
g’ = 3@r) m.E {(mT + E; =2m,E —pi©)
(

(B —pe -8 )my + my(pe —mese — fracpe - S¢ Er +mupe) - 8 |

. 2 1 A
+2(ms —m;Ey — m;8; - p¢)

[(Ee — pr - 80)(my — )+ (pe — mide — Hp/ ). ST]} . (2.38)
i %
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Neglecting the daughter lepton’s mass m, in the first approximation, p, = I, n,
where nn is a unit vector in the direction of the charged daughter lepton’s motion in

the tau rest frame. Now,

G d ; ,
I’ = %(ZFF):' 7;35] {(mi —2m B [Em (1 —n -8 )+m.En -8 (1 —n -8 )
+2(m2 = mo By —moh -8, ) [E(L—h -8 )(m- — E) + EX(1 —h - & )
G4 dPpr . e
= z = M 5 m2E(1 —f - 8§) [(3m, —4E;) + (m, — 4E¢)h -8, ]
3(27)5 m,E,
TG% A N s N A
= %(ZQ(va dE; E;m%(1 —1 - 8) [(3m, —4E)) + (m, — 4E)hH - 8, ]
32 Vo re,

(2.39)

The maximum values for the charged daughter lepton’s energy and momentum are
obtained when the two neutrinos are emitted in one direction, and the lepton ( is

emitted in the opposite direction:

mf + mf mf S m%
ES (e and |p/',ma.7‘} = "5,

El_.nmd' = (240)

2m, 2m,

For m, = 0, the maximum lepton energy F; .. = m, /2, and defining ¢ = Ev/Er pqns
the entire lepton’s energy range is spanned by the interval 0 < ¢ < 1. Now, F, =
em, /2, and choosing the tau spin axis along the 4z direction in polar coordinates,

A

n -s, = cosf. The differential decay rate can now be written as:

Do
n

-

1 —
3 -2

I —n s sin 0dfd ¢
COSH]{ e 2 (O, (2.41)

2 N 47

(r)

where n(s) = 2:2(3 — 2¢) is the normalized lepton energy spectrum with an energy
dependence corresponding to a Michel parameter [25] p = 3/4. Since we do not
measure any spins in this analysis, and since the net tau polarization at CLEO is
zero, we can sum over the daughter lepton spin and average over the tau spin, to

obtain:

dl

5\)
N
o

GAm® . ) ‘
W[)E (3—25)](Zc (
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The final integration over the charged lepton momentum yields:

GEm?®
- — — T s) A<
['(r™ = e vr, ) 10973 ° (2.43)
For 7= — p~v,v, , the lepton mass m, cannot be neglected and
L L GEm?
I(T - 1 Vs ) = 19271';’— -F(mu/mT) S
with F(z) = 1—82%482°— 2% — 242 Inz?. (2.44)

The phase space factor [13], F'(x) = 0.9726 for muons. Another factor F(m,,/m.),
of the same functional form as F'(x), would apply in case of a heavy tau neutrino
in 7 — vev; for 7 — vupr the factor is more complicated if both v, and v, are
considered heavy. Since m(v. ) < m(v, ), the present limit on the tau neutrino mass,
m(v, ) < 24 MeV , implies that 1 — F'(m,, /m,) < 1.5 x 1077,
The non-local structure of the W propagator results in an additional multiplicative
correction factor [26] given by:
3w

FW’ = (l + ——2) ~ 1.0003 . (

D miy

o
;.‘;‘
3
Rl

The QED radiative corrections to first order to this decay width are given by the

multiplicative factor:

a(m; y 25 .
Fz'a»d =1- ( ) <Tz - _> ’ (._)4—1())
27 4
and are calculated [27, 28] assuming the (V' — A) theory as a starting point. The

diagrams which contribute to order a are shown in Figure 2.1. Radiative decays or
bremsstrahlung (d. e) is very important for the low energy part of the spectrum, while
the virtual photon diagrams (a, b, ¢) are relatively more important at higher energies.

The numerical values above are calculated using world average results [29] for
all particle masses. The running coupling constant of QED [28] at the 7 mass is

a(m;) = 1/133.29 incorporating virtual photon corrections as well as the emission of
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Figure 2.1: Lowest order radiative corrections.

real photons and light fermion pairs.
The differential transition probability can also be written in terms of the Dalitz [30]

plot variables Iy and Iy = £, as:

dr = | M2dPs, |
m;

§ | . - _
where  dPS; = -——dE,dE, , and |IM|? =64 G5 (pr - p1)(p2-pe) . (2.47)
LT
In the tau rest frame,
propr = myky
| ; , ;
P2 Pe 3(mf +m? —m2 —m?—-2m,E),

and assuming my = my = my = 0,

dI' = ;—imrEl(n’zr —2FE)dEdE, (2.43)
27
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a parabola in £y with zeros at £y = 0 and £y = £ = m, /2.

Defining ¢ = E/F, 4. where E7**" = E"* = m, /2, the differential decay rate:
pLATT
dl” = /1273"51(1 — &q)deydsy (2.49)

and the decay rate:

r = Gems / d,/ deyigfl — 1) , (2.50)
=gy

1673

where the limits of integration are calculated in Appendix A.2. Now, performing the

integration over the anti-neutrino scaled energy ey, we get:

72m? 1.
im= ey Lo ny 2.51
a ]67{‘3 I 6 /( /,), ( J )
which is the famous p = 3/4 Michel spectrum for the Standard Model (V' — A)
coupling. If the coupling were (V' + A) instead of (V' — A), the matrix element in
Equation 2.47 would be replaced by:
IM|* = 64 GH(p, - pe) (pr-p2) = 32GEm2Em, —2E/] . (2.52)

which results in a parabola in F; instead on Fp, as found before. The corresponding

differential decay rate can be written as:

4m?
dl” = _[671'3 v/’(1 — S/)(lf](lf/‘ 4 (253)
and the integration over & results in:
2 o1 (vz
_ Gpm? . i Gy N De
dT = <o zdecs(! “)./1_5[ dey = =Edeg ef(1 — 1), (2.54)

which corresponds to the p =0, (V + A) spectrum.

Figure 2.2 shows plots in the E,Ey;, plane for both the (V' — A) (left) and the
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(V' + A) couplings. The non-uniformity in the plot is directly proportional to

M.

(V—A) (V+A)

£, e B, 17{_ , E,

¢

b

Figure 2.2: Dalitz plots for the three body final state 7= — ("7, assuming the
(V — A) (left) and the (V + A) (right) interaction.

The final integration over the lepton ( scaled energy in both Equation 2.51 (V' —A)
and Equation 2.54 (V' + A) results in the same decay rate obtained earlier in this

section (Equation 2.43) independent of the type of coupling considered:

_ Gpmd

=—-L—r, (

19273

O]
(a1 §
Ut
—

2.5 Michel Parameters

Instead of the Standard Model matrix element in Equation 2.29, one can use a more
general matrix element for the decay 77 — (T v,
Gp

M = : Z u(Cy + (7';*,5)0;1'1{1,20,-157 (2.56)
V2 i=S.PV,AT

where the O; are the usual Dirac matrices shown in Table 2.4, and the index  runs

through S, V., T, A and P. The 10 complex coupling constants (20 real parameters) C;



27
and C7 must be determined by experiment. However, the overall phase is arbitrary,

and so 19 real parameters remain to be determined.

The matrix element in Equation 2.56 can now be written in the helicity projection

form as:
) (7'}" i - - 9 K7
M 4 7 Z g/\cl\TwOi'U]'u,-zO,;uT (2:57)
= =S Mo T
,\(,,\T:R,L
where ¢ labels the type of interaction: scalar, vector, tensor, and A;, A\; = R, L

indicate a right- or left- handed chirality of the daughter lepton and the parent tau
respectively. The corresponding 10 complex parameters ' gf'\{,\r are linearly related to
the ; and €7 parameters in Equation 2.56, and are to be determined by experiments.

The differential transition probability summed over the final charged lepton ( spin

for the decay of the tau is now found to be:

2 5 1+ h(x) 4 oomy (I —a)
= F’”T[ <12.~—1 —p(8a — 6) + 24 ——>
‘ 19273 L1 + 4n(me/m;) (a )+ 3[)( w—H] 42 m, X

Q g(;r))] sinf df do

e redy 2.58
21 a2 47 (238

4
+¢ C050<4(1 — )+ 55(&17 —-6)+

where v = E;/FE,q, 1s the scaled lepton energy in the 7 rest frame. The maximum
kinematically allowed energy in the 7 rest frame is given by E. = (m? +m?)/2m..
The angle between the tau spin direction and the charged daughter lepton is denoted
by 0, and h(x) and g(x) are radiative corrections to O(a/7). The Michel param-
eters [25, 31] denoted by p, 1, € and ¢ are combinations of the complex coupling
constants ¢ . (or (i and () as shown later.

The terms in p and ¢ give zero when integrated over the whole spectrum and these
quantities characterize the shape of the isotropic and anisotropic spectra at the high-
energy end. The n parameter characterizes the low-end of the isotropic spectrum.

The terms in & average out for unpolarized taus.

TThe g%, and g{L couplings are not linearly independent of the other coupling constants and
are excluded.
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The Michel parameters can be written as:

p = E = lf [If/iﬁlg +lgrel” + 20978l + 210k + R (g5 pel5 + gﬁw?%i)}
- % hm? + 2C4 [ + 200 [P 4 2]CF P + AR(CHCv + CHCF)
HCPP + [CH +1Cs + 1P
7 = % R (691 r9LR + 69kLIRT + GRRILE + Inn9LR + GiRgNE + GELahR)
= %%(C;C‘A — QB 1O — RS )
¥ = —4—1 el = g5l + lo5al” = g +4 (Ighal” = ool + 3lahnl” = 3lglnl)
—20 <|gf1z|2 - \9%L'2> +16 R (g?iw}?i - QLHS'Q*L%)
= % }R(C;C} + CROL) — 4R(CHC, + CLO%) + SR04+ O30 )} ,
&6 = 5 [(okal’ =165l +1o5al’ = loiul”) +4 (1gkal” ~ 165.I7)
—4 <|911%L|2 - !gi}f) +4 R (9}21975 - S/LRS(JZQ>
= )i [%( 5Ch 4 C3C%) + 2R(CHCY + CyCy) + 2R(CHC + c;cg)] :
with
A = 4 (lgial” +195al” + 1ol +19501°) + 16 (Ighnl” + 19 al” + lokl” + 1911
+48 (lghnl” + 197 rl)
and
B = |Ca® + 047 4 |Cp? + [CHF + 4jCy [P 4413 [P +4]C4]% + 4)€% |2
+6|Cr]* + 6]C%] .
(2.59)

Redefining the coupling constant G allows one to choose the normalization param-
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eter: A = B =16. The Fermi Coupling constant is now given by [32]:

1 19273 1

G, —
F B
o omd  14+dypme/my

(2.60)

where 7, 1s the lifetime of the mother lepton (, m,, its mass and mq, the mass of the
charged daughter lepton. 7 is the low energy spectrum parameter and is important
in the muonic decay of the 7. Higher order corrections have been neglected here.

In the Standard Model, the weak interaction proceeds via the (V — A) coupling, so
that the only non-zero coupling constant is g}, =1 (or Cy = Cy = 1,0, = C}, = —1
and all otheré zero). Thus, substituting in Equation 2.59, we find the Standard Model
Michel parameters are:

3 , ' 3 :
£ = =, £=-=1, {b:—’—iﬂ and A=B=16.
Now, substituting these values for the Michel parameters in Equation 2.58, we find
that this equation reduces to the original transition probability expression in Equa-
tion 2.41.
Integrating Equation 2.58, and including the leading order corrections, the width

can be written as:

2,5 22 2 , q 22
SEmi T omy m my my,. mem,, 3 m
I = ; [l = == = S—I;T +dnp— 4+ 4X—= 4 80 ,)U = o
1927 ms ms m. m m2 5miy
alm:) [ 5 25 .
- <7r2—— (2.61)
27 1
where 7 is one of the Michel parameters defined above, and
A = 1 % S Sx S S 9,V _Vx 9,V Vx
= SN |9rrILR T YRRYRL — 29LLYLR ~ 2YRRYRL
V. Tx oV Tx , ,§ Vs § Vs  § Vi | § Vs
o = R [_(WLLQRL = 691190k + 9rrILR t IRLYILL T ILRIRR T QLLQRL] :
(2.62)

Neglecting neutrino masses and higher order terms in Equation 2.61, we find that the



ratio of leptonic branching ratios:

fa,)
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B, [l +4n(m,/m,))]

2
ge )

(2.63)

where f(x,) = 0.9726, and ¢, /g. = 1.0012 £ 0.0016, can also be used to measure the

1 parameter.

Table 2.5 lists other possible values of the Michel parameters. We note that the

parameter value depends on the product of the couplings at the two vertices in the

interaction. In this thesis, we can use the available experimental information about

the daughter ( vertex to infer information about the 7

vertex. The coupling at the (

vertex is known to be (V' — A) to a precision that is more than an order of magnitude

better than the corresponding precision on the

7 vertex couplings (see Table 2.6).

Coupling

Parameters

ol p l n I 4 £o
V—A) x (V- A) LL 31 0 1 —3/4
(V 4+ A) x (V +A) RR 3/4 0 +1 +3/4
VxV 3/8 0 0 0
Ax A 3/8 0 0 0
(V — A) x (V + A) LR 0 0 3 0
(V 4+ A) x (V = A) RL 0 0 13 0
V x (V — A) 3/8 0 2 ~3/8
Ax (V= A) 3/8 0 +2 +3/8
(V —rA) x (V —rA) 5[1 + (22 ] i | = 3¢/4
V_—A)x(V_A4).
. 2 (V+A) x(V + 4) 3/4 0 2e2-1 3¢/4
42 (S—P)x(S—P) LL 3/4 0 =] +3/4
A2 (S+P)x(S+P) 3/4 Re/2 | 2/2 -1 3¢/4
o2 Sx S 3/4 Re/8 | */16 — 1 3¢/4
A2 TXT 3(1 — 2¢%) 0 | =l f | =21 =2

Table 2.5:

admixtures we assume ¢ < 1. The f in the T'x T" admixture term is f =

for LR,(LR+ RL),RL.

Michel parameter predictions for different couplings.

For entries with

+38,+3, =2
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If p = 3/4 (see Equation 2.59), we can exclude the mixing of right-handed and
left-handed currents (gp; and g} ) if there are no simultaneous scalar and tensor
couplings. However, V" + A cannot be excluded, and the pure right-handed coupling,
Ghp 1s always possible. Such interactions are expected to be mediated by a heavy
right-handed Wg boson which exists in some simple extensions of the Standard Model
and are briefly described in Section 2.7.

A non-zero 7 measurement shows there are at least two different couplings with
opposite chiralities for the charged leptons which would result in parity violation.
If we now assume (V — A) (g};) to be dominant, then the second coupling would
be a Higgs type coupling ¢, with the right-handed tau and daughter lepton (see
Equation 2.59). The presence of this scalar coupling would result in an interference
between the amplitude mediated by the Standard Model W boson and the new scalar
boson. The effects of this interference would be seen in the differential decay rate of
the leptonic tau decay and the low energy part of the momentum spectrum of the
charged daughter lepton. The change in the low energy spectrum is parameterized
by a non-zero measurement of the 5 parameter.

Table 2.6 lists the current status of measurements of the Michel parameters in
both the muon and tau sectors. All the tau sector measurements shown here assume

lepton universality in the vector-like couplings.



Experiment Parameter Value Standard Model
7 Decays
ARGUS [33] p 0.732 £ 0.034 + 0.020 0.75
ALEPH [34] 0.751 £ 0.039 £ 0.027
L3 [35] - 0.794 + 0.039 + 0.031
SLD [36] 0.71 +£0.09 £+ 0.05
average [37] 0.742 £+ 0.027
ARGUS [9] 7 0.03 £ 0.18 £ 0.12 0
ALEPH [34] —0.04 %+ 0.15 % 0.10
L3 [35] 0.25 + 0.17 + 0.11
average [37] —0.01 £0.14
ARGUS [33] £ 093 £ 0.11 £ 0.05 1
ALEPH [34] 1.18 £ 0.15 + 0.08
L3 [35] 0.94 4 0.21 % 0.07
SLD [36] 1.03 = 0.36 £ 0.05
average [37] 1.03 +£0.12
ARGUS [33] £ 0.65 % 0.10 £ 0.05 0.75
ALEPH [34] 0.88 4 0.11 % 0.07
L3 [35] 0.81 +£0.14 £ 0.06
SLD [36] 0.84 4 0.27 % 0.05
average [37] 0.76 £ 0.11
it Decays
average [38] p 0.7518 £ 0.0026 0.75
average [38] n -0.007 £ 0.013 0
average [38] £ 1.003 £ 0.008 1
average [33] ) 0.749 £+ 0.004 0.75

Table 2.6

: Current status of measurements of the Michel parameters.
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2.6 Helicity Basis Probabilities

In order to determine the coupling constants gf\(/\r uniquely from experimental mea-
surements, it is convenient to introduce [39] the probabilities Qy,\, (A, A, = R, L)
for the decay of a A;-handed tau into an A;-handed daughter lepton ( ¥. These

probabilities are given in terms of the coupling constants by:

I, &« . y ;
gf:,,\r|2 + |ﬂ,¥\(,\,|2 + 31— 5,\z,\.-)|f/,€,\,|2 ) (2.64)

Qrrs X

where 0y,n, = 1 for Ay = A; and 0y,\, = 0 for Ay # A,. These probabilities are related

to the Michel parameters p, 7, £, and ¢ as shown below:

1 6 1. 16 o
Ger = I<—3+7P—§f+—&)§5+5+5>

| 16 1. 16
» - — Sy S S //)
Qrr = (34 Gptgt-geo—t+¢

g 16 1, 16,

i = 7 <,) 3P+3§ 5 o+ & —£ >

1 16 1 16 p Lo
e = 1 (5 —3r gf + ?&) =L = f”) (2.65)

where the parameters ¢ (longitudinal polarization of the daughter lepton), and ¢&”
(angular dependence of the longitudinal polarization) have not been measured in 7
decays. In the Standard Model ¢ = ¢” = 1. Now, defining P}, as the probability that
a right-handed tau lepton decays into a daughter charged lepton (, and P} as the
probability that the tau lepton decays into a right-handed daughter charged lepton

(, we get:

i T N
Pr = Qrr+@QLr = I|ﬂ;%}? 4+ I|‘(/113R|2 + lakrl* + loLrl* + 3l9Lrl’
|

(I
= 3 1-|-§(,3£—l6f(5) and

“lg%
1 IJhR

Pp, = Qrr+QrL = Z—I'IIQ;?L‘Z—'_M}?RIZ—{'lg}%L‘sz"g‘g;[?LP

{The corresponding parameters in muon decay can be obtained by replacing the 7 by the g, and
by replacing the daughter lepton ¢ by the ¢ in this entire section.
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[ =&} . (2.66)

<

o | —

For p decay, where precise measurements of the polarizations of both the daughter
and the parent lepton have been performed, there exist upper bounds on Qrr. Qg
and Qprr, and a lower bound on @)17,. These bounds imply corresponding bounds on
the 8 couplings, |¢hgrl. |9k | and |g7 5], where n includes S, V., and T ¥ couplings. It
is not possible to deduce an upper limit for |g; ;| from normal muon decay without

detecting the neutrinos. One cannot tell if
gL =0, grp=1 or gip=2 ¢, =0. (2.67)

A measurement of the cross section of the inverse muon decay v, e~ — p~ v, [40, 39]
normalized to the (V' — A) prediction can be used to resolve this ambiguity. This

normalized cross section S can be written as:

o 3 o, 3. e 10, ., 3 <. 4 o
S = 5(1 —h) <|91‘LL 24+ g|.(/}u,|') s E‘(/ZR - gng T §|(/;m|) + glgfglz)
1 3 . 10 4

. A 4 g
2+ ?}—.5|92L|2 + §|9£le) ,

(2.68)

| N
(14 1) <|91‘QR|2 + 3 g Rl + ggi!fm - ?QRL

i

L

where h is the helicity of the v,, and is known very precisely from pion decay exper-
iments: & = —1 [41]. Thus S gives information about five coupling constants (g},
ki 9ins 9ip. and gpgp), all of which couple to the left-handed v,. The influence of

four of these constants on S is found to be negligible with the upper limits derived

from normal muon decay. One now obtains

7 (2.69)

S = |!/ }1

“"Iggﬂ is excluded since it is not linearly independent.
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‘hich vields a lower limit for ¢}, , and through tl ‘malizati equir
which yields a lower hmit for ¢g;,;, and through the normalization requirement, one

gets an upper limit for the remaining g7 :

Thus the weak interaction can be completely determined in muon decay using the
normal and inverse decay.

The present 90% confidence level bounds on the couplings in the muon sector are
shown in Figure 2.3. The outer circles display the mathematical limits for the gf"\e/\“
in the complex plane, the inner circles show the areas still allowed by experiments.
For g}, which has been chosen to be real, one gets the small line close to g;; = 1.
These limits confirm that the bulk of the u decay transition amplitudes are consistent

with the Standard Model (V — A) type.

o Ow A 9w L O M 9u

P N / e % . \
P \ / N 7/ 7 \

1 | 41 ~1,—@—+1 ~1‘—$—,+1

+i

Figure 2.3: 90% confidence level experimental limits for the normalized p-decay cou-

1}lings g/’{;\“ = g\, /N", where N" = max(|g},, [) = 2, 1, 1//3 for n = 5.V,
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The experimental analysis in the tau lepton sector is necessarily different from
the one applied to the muon sector, because of the much shorter tau lifetime. Effects
of a finite tau neutrino mass m,, on the couplings gi \ are m2_/m? [42]. With the
present experimental limit of 24 MeV /c?, any possible effect is < 0.2 x 1073,

The polarization dependent Michel parameters ¢ and ¢ in muon decays are mea-
sured using measurements of the decay asymmetry of the positrons from muon decay.
This asymmetry is measured by stopping polarized muons and detecting the decay
positrons as a function of the emission angle relative to the muon polarization. In tau
decays at CESR energies (far below the Z°), it is not possible, at present, to prepare
polarized tau leptons, thus rendering the above mentioned analysis impossible. One
can, however, get information about the tau spin polarization by making use of the
spin correlation of the two tau leptons [13]. These spin correlations have now been
exploited by several experiments (ARGUS [33], L3 [35], and CLEO [44]) to measure
the polarization dependent Michel parameters in tau decays. Another possibility is to
use the polarization in production (and decay) at the Z° resonance (LEP). enhanced
when the electron beam is polarized (SLC).

The Michel parameters £ and £” require a measurement of the polarization of the
charged daughter lepton emitted in the tau decay. This polarization has never been
measured. In principle, this could be done for the 7= — p~7,v; decay by stopping
the muons and detecting their decay products [43].

As explained earlier, one requires either the measurement of the inverse decay
v, (7 — 771, . or the measurement of the correlations between one of the neutrinos
and the p~ or 7~ for the muonic decay to distinguish between the ¢7; and the g},
couplings. Neither of these measurements exist to-date, and thus the limits on the
relevant couplings in the tau sector are much weaker than the corresponding limits

in the muon sector.
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The present 90% confidence level bounds on the couplings in the tau sector are
shown in Figure 2.4. The outer circles display the mathematical limits for the gﬂ\[,\T n
the complex plane. and the inner circles show the areas still allowed by experiments.
We note that these limits are much weaker, but consistent with the corresponding

limits obtained in the muon sector.

Figure 2.4: 90% confidence level experimental limits for the normalized 7-decay cou-

plings g%\ = g% \./N"™, where N = max( Aol =2,1,1//3forn =S V.T. The

Particle Data Group [37] world average results for the Michel parameters are used to
! g |

calculate these limits.

In this thesis, we do not exploit the afore-mentioned spin correlations. Since the
beams are unpolarized, and left- and right-handed tau leptons are produced in equal
amounts at CLEO beam energies. there is no net polarization (in contrast to LEP.
where there is net polarization at the Z° pole). The cosf term in Equation 2.53
averages to zero, and one is sensitive only to the spectral shape Michel parameters,
p and 7. The allowed range for the parameters p and 7 is shown in Figure 2.5. The
solid lines enclose the allowed region in parameter space; the dotted lines enclose the

allowed region when we assume that there are no tensor couplings. We note that a
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measurement of p > 3/4 indicates the presence of tensor couplings.

Figure 2.5: Limits for the Michel parameters p and 1 are defined by the solid lines.
The dotted line encloses the allowed region in the absence of tensor couplings. The
Standard Model prediction is denoted by the dot.

The asymmetry parameters ¢ and ¢ are not measured in this thesis. These pa-
rameters can be measured at CLEO by exploiting the correlations between the spins
of the two tau leptons. The decay of one tau in the event is used as a spin analyzer,
from which one can infer information on the spin direction of the other tau. The
details of this CLEO analysis to measure the asymmetry parameters are discussed in

reference [44].
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2.7 Beyond the Standard Model

The study of the tau lepton provides a particularly clean laboratory in the hunt for
new physics beyond the Standard Model. Strong interaction effects are absent in the
leptonic tau decays studied in this thesis. In this section, we briefly describe some
of the physics beyond the Standard Model, and a precise measurement of the Michel

parameters can be used to constrain this new physics.

2.7.1 Charged Higgs

Comparing Iigures 2.3 and 2.4, we find that the limits on non-standard couplings
obtained from the tau Michel parameters leave large holes in which new physics might
hide. Tau results become much more interesting if specific models are considered.
Examples of such models are those which predict the presence of charged Higgs bosons
leading to mass dependent scalar couplings [45].

One possible scalar candidate is the scalar charged Higgs of the Two Higgs Doublet
Model [46]. In this model, the Michel parameter 1 is related to the mass of the charged
Higgs:

; 2/

n o= 171,7.721.7::211 dq (2.71)
where /3 1s the ratio of the vacuum expectation value of the neutral components of the
two Higgs doublets and my denotes the mass of the charged Higgs which mediates
the decay. Since the charged Higgs is a scalar particle, this effect corresponds to
the spin flip of the daughter charged lepton; the effect scales with the mass of the

daughter lepton and is strongly suppressed in the electron spectrum.
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2.7.2 Right-Handed W’ Bosons

The presence of a W’ boson [47] which couples to right-handed fermions would result

in the mixing of mass eigen states

Wi = Wpcos¢ —Wysin(

Wy = Wpsin¢ — Wgcos(

thus distorting the daughter lepton spectrum, resulting in the Michel parameters:

3(m3+m2)*+ (m? —m2)?cos? 2¢
p= 3 R
3 mi+m3

where my and my are the masses of the W and W, bosons respectively, and ( is the

mixing angle between the Wy and Wy states.

2.7.3 Anomalous Electric and Magnetic Couplings

Constraints on the universality of the charged and neutral current interactions, as
well as the shape of the daughter electron and muon energy spectrum, provide the
strongest bounds on anomalous, C'P conserving, 7#W dipole moment type couplings.
The presence of non-zero anomalous couplings produces a distortion in the final state
charged lepton spectrum which in general cannot be expressed as shifts in the Michel
parameters. The Michel spectrum assumes the absence of derivative couplings which
arise as a result of anomalous moments.

To lowest order, the normalized lepton energy spectrum in the tau rest frame can

be written as [18]:

1 dl S . .
Tde = ° [6 — 4o + w(da —3)] , (

SV
|
o

where x corresponds to the anomalous dipole complex form factor, and @ = E;/E,,.,
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with Eper = (m2 4+ m?)/2m,. Comparing with the conventional Michel spectrum
(ignore polarization terms in Equation 2.58), we see that the effect of # on the nor-
malized spectrum to this order is the same as 86p/3. Using the current world average
value 6p = p — 0.750 = —0.021 + 0.027 [37], we obtain # = —0.021 & 0.072. A
more precise measurement of the p parameter in this analysis should improve this

constraint on k.

2.7.4 Massive Neutrinos

The presence of a massive Dirac neutrino would permit right-handed couplings and
would thus result in changes to the Michel parameters. The p parameter would be
slightly less than 3/4 [49]. Mixing between this new massive neutrino and the tau
neutrino would also distort the spectrum in a manner not characterized by the Michel

par ameters.



Chapter 3 The CLEO Experiment at CESR

In this chapter, we provide a description of the apparatus that was used to generate
(CESR) and collect (CLEQO) the sample of leptonic tau decays used to determine the
Michel parameters measured in this thesis. We also provide details about the Monte

(‘arlo simulation packages used to simulate the processes studied.

3.1 CESR

The Cornell electron storage ring CESR serves both the CLEO experiment and the
Cornell high energy synchrotron source CHESS. The former studies the electron
positron collisions while the latter focuses the synchrotron radiation emitted by the
beams to study a variety of topics. CESR is located inside a 768 m circumference
tunnel approximately 10 meters underground. The tunnel, on the Cornell University
campus in [thaca, New York, collides electrons against positrons with center of mass
energies in the range of 9 to 12 GeV | the region of the T resonances.

The main components of CESR are shown schematically in Figure 3.1. Electrons
are stripped from a metal cathode plate and accelerated by high voltage fields inside an
electron “gun” producing a high intensity electron beam. The positrons are produced
by directing 50 MeV energy electrons on to a thin tungsten target. This leads to the

*te~ e nucleus).

QED pair production reaction: (¢~ + nucleus) — (¢

These particles are injected into the linear accelerator (LINAC), which boosts their
energy to approximately 150 MeV . Next, the particles are transferred to the 768 m
circumference synchrotron, located along the inner tunnel wall. Magnets separate
the electrons and positrons, and the electrons (positrons) travel in counterclockwise
(clockwise) circular orbits in a vacuum chamber. A periodic arrangement of dipole,

quadrupole, and sextapole magnets keep them in orbit, confined within small well

defined bunches in the v and y dimensions. In less than 8 ms (corresponding to less



43

CLEOII

©® Positron Bunch - Clockwise
@ Electron Bunch - Counter Clockwise

Figure 3.1: A schematic view of the Cornell Electron Storage Ring, CESR.

than 3200 revolutions), the particles reach an energy of 5.3 GeV . The acceleration is
achieved by four 2 m long radio frequency (RF) cavities.

Electrons (positrons) are then transferred into the storage ring through the east
(west) transfer lines into one of seven different bunches *, evenly spaced about in the
ring. The counter rotating bunches of electrons and positrons are kept apart by a
series of electrostatic separators to prevent collisions at all but one point in the ring.
This is achieved by deflecting the beams horizontally in a novel beam orbit known as

the pretzel orbit. Thus parasitic collisions are prevented, to ensure a long beam life

*The present configuration utilizes 9 x 2 bunches.
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time.

The particles lose about 1 MeV energy per orbit due to synchrotron radiation.
This lost energy is replaced by 500 MHz RF cavities putting out 500 KW. The
extremely good vacuum (107® Torr) in the storage ring, along with the optics config-
uration, allow stored beams to be maintained for several hours.

The electron and positron beams are focused at the interaction point by a se-
ries of strong quadrupole magnets. The final set of quadrupole focusing magnets
are permanent sumerium cobalt magnets that surround the beam pipe part of the
way inside the CLEO II detector. The beams are focused to a small cross section:
o, ~10 pm (vertical), o, ~100 pm (horizontally), and o. ~1 em (length). The small
cross section is essential for increasing the particle flux at the interaction point, thus
increasing the rate of ete™ collisions.

The rate at which the electrons and positrons collide is the product of the in-
stantaneous luminosity of the machine times the cross section. The instantaneous

luminosity of the collider is given by

J\“r] 1\‘7-2 f’l?.

Fat (3.1)

where Ny and N, are the number of particles per bunch, n is the number of bunches,

f 1s the revolution frequency per bunch, and A is the cross sectional area of the region

where the bunches cross. Each bunch is comprised of Ny ~ N, ~ 10'! particles and

there are n = 7 bunches. The revolution frequency, f ~ 400 kHz and A = 470,00, =
R |

1.25 x 107" cm?, resulting in a typical luminosity of 2.25 x 10°* ecm™? sec™! (now

higher). CESR is currently the world’s highest luminosity collider.

3.2 The CLEO Detector

CLEO II is a general purpose solenoidal magnet spectrometer and calorimeter with
excellent particle and shower energy detection capabilities. The original CLEO detec-

tor was completed in 1979 and started recording data that vear. A series of upgrades
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including improved time of flight detectors, muon detectors, and vastly improved
electromagnetic calorimetry over the next 10 vears resulted in the CLEO II detector
which began operating in 1989. The upgraded detector, designed for optimum per-
formance near the T(45) resonance (center of mass energy of 10.58 GeV ) is shown in

Figures 3.2 and 3.3 and is described in detail in [50].
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Figure 3.2: A schematic view of the side view of the CLEO II detector.

In the CLEO coordinate system. the direction of the positron beam through the
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detector defines the = axis, the y axis points vertically up, and the = axis is selected

such that it defines a right-handed coordinate system (southward and away from the

center of the ring). In polar coordinates the ay plane defines the ro plane and the

third coordinate, 6, is the angle made by a given vector with respect to the z axis.
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Figure 3.3: A schematic end-view of the CLEO II detector.

In the fall of 1995, the detector was upgraded to CLEO I1.5. Since the measure-

ments described in this thesis do not use any of the data collected with the upgraded
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detector, the details of the upgrade are not described here. In the subsections that
follow, we briefly describe the detector components of the CLEO II detector, in order

of their radial distance from the interaction point.

3.2.1 Beam Pipe

The 33 cm long beryllium beam pipe with a 3.5 cm inner radius separates the vacuum
of the storage ring from the other detector components. The walls of the pipe are
designed to be as thin as possible to reduce both scattering and energy loss by parti-
cles passing through it, while still providing mechanical stability against the stresses
introduced by 1 atmosphere of pressure. The 0.5 mm thick pipe is lined with a 1
pm layer of nickel and a 20 gm layer of silver, corresponding to 0.44% of a radiation

length. The coating is designed to absorh synchrotron radiation photons.

3.2.2 Central Tracking System

The three innermost devices are proportional wire chambers. They measure the
trajectory of charged particles and perform measurements of specific ionization loss
as the charged particles traverse the third chamber.

All three chambers share the same gas mixture T of 50% argon and 50% ethane.
When particles travel through the gas volume, they ionize the gas atoms, thus leaving
a trail of electrons and ions. All three chambers collect and amplify this ionization
on anode wires. The cathodes and the anodes establish an electric field causing the
electrons to drift toward the closest anode. There, they gain energy in the electric
field of the anode wire resulting in secondary ionization. An avalanche is created,
resulting in an electronic pulse which is registered as a “hit” if it is passes a threshold
in the readout electronics.

The particle trajectories through these devices are helical because of the 1.57T

solenoidal magnetic field. The field along the = axis bends the charged particles in

TThe gas in the PTL was switched to DME (di methyl ether) in April 1992, resulting in an
improvement in the spatial resolution on the position measurements from 100 gm to 50 gm. The
main drift chamber gas was also switched to helium isobutane in 1995.
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the r¢ plane by the Lorentz force. The clockwise or counterclockwise bending of the
track depends on the charge of the particle. The radius of curvature is a measure of
its momentum p; transverse to the beam axis; p; = 0.03B R, where B is the magnetic
field strength in Tesla and R is the radius of curvature in meters. The tracking devices
measure the curvature, x = 1/(2R), and thus p;. There is no bending in the rz plane;
the polar angle 6 combined with the p, measurement provides a measurement of the
magnitude of the momentum.

The drift chambers have an acceptance that is homogeneous over azimuth, and
covers the polar angle range |cos 0| < 0.98. However, track reconstruction efficiency
and resolutions are poorer for | cos @] > 0.71 (angles below 45° and above 135°) because
the track exits in = resulting in a reduction in the number of layers.

A brief description of each of the three drift chambers is given below.

Precision Tracking Layers

The Precision Tracking Layers or the PTL is the innermost drift chamber lying closest
to the beam pipe and extending from a radius of 4.5 cm to 7.5 cm. The chamber’s
relatively small cell size and proximity to the interaction point allows us to separate
primary from secondary vertices. It is 0.5 m long and consists of 384 polvcarbonate
tubes arranged in 6 concentric layers with 64 cells/layer. Each of the tubes is held at
ground providing a field cage for a single axially aligned sense wire which runs through
its center. The anode wires are 15 pm gold plated tungsten. The walls of the tubes
are made of conductive aluminized mylar and serve as the cathode. The cells in
two consecutive layers are staggered by 1/2 cell to help in resolving the ambiguity
induced by the fact that the distance between the ionizing particle and wire does not
determine on which side of the wire the particle passed.

No longitudinal (= coordinate) direction measurements are made with this cham-
ber, since the sense wires all run parallel to the chamber. No attempt is made to

instrument charge division read out.
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Vertex Detector

The oldest component of the CLEO 1T detector, the vertex detector (VD). started
being used as the second (intermediate) drift chamber when the PLT was installed.
It extends from a radius of 8.1 ¢cm to 16.4 cm and is 0.9 m long (see Figure 3.4). A
total of 800 sense wires and 2272 field wires are arranged to form 10 layers of small
hexagonal cells, with 3 field wires for each sense wire. All wires are axial, the inner
five layers have 64 cells per layer, and the outer five layers have 96 cells per laver. The
cells are staggered from layer to layer as shown in Figure 3.5, to resolve the ambiguity

in the sign of the drift distance (left or right of the wire).

Filament
Tube

Figure 3.4: The vertex detector (VD).

On the inside of the first layer and the outside of the tenth layer, segmented
cathode strips complete the remaining field shaping. The signals induced on these
cathode strips are also read out to provide = measurements. The segmentation, shown
in Figure 3.4, is 5.85 (6.85) mm along the beam direction on the inner (outer) cathode
surface. The image charge of avalanche at the wire is spread over approximately three
pads of the cathode. Both inner and outer cathode surfaces are divided into eight
azimuthal sections to reduce confusion of cathode signals correlated to different sense

wires.
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Iigure 3.5: Cross section of the precision tracking layers and the vertex detector.

To provide further measurements in the axial direction, the sense wires are made
of a nickel-chromium alloy with about three times the resistivity of gold plated tung-
sten and are instrumented for charge division measurements. Comparing the relative
amplitude of signals observed at opposite ends of each sense wire provides z coordi-
nate track information, and the = coordinate where the track passes nearest each sense
wire 1s measured with a resolution of 1.7 cm. The field wires are made of aluminium.

The gas in the vertex detector is maintained at 20 psi absolute pressure to provide

higher gain and shorter drift times.



Central Drift chamber

The outer drift chamber (DR) is the primary tracking chamber of the CLEO II
detector. It (‘OV‘(i‘I‘S the region from a radius of 17.8 em to 94.7 ecm, with an active
length of 189 cm. It is used primarily to measure charged particle momentum vectors
at the vertex, and for particle identification. The momentum transverse to the beam
axis, the radial distance of closest approach of the track extrapolation to the beam
line, the p;, and the azimuthal direction ¢, are measured with 40 axial (parallel to the
beam axis) wire layers. Longitudinal measurements, polar angle and the longitudinal
distance from the center of the interaction region to the extrapolation of the track to
the beam axis (z coordinate), are measured with 11 small angle stereo wire layers and
2 layers of segmented cathode readouts. The pitched stereo wires are spaced every
fourth layer.

A total of 12240 sense wires and 36240 field wires are arranged in 51 layers of
cells, with three field wires for each sense wire as illustrated in Figure 3.6.

The 20 pm diameter gold plated tungsten sense wires are arranged in square
cells, staggered by 1/2 cell from layer to laver. The number of sense wires per layer
increases with radius so as to keep the cell sizes uniform; there are 96 wires in the
innermost layer and 384 wires in the outermost layer. The sense wires are readout at
only one end and thus has no instrumentation for charge division.

As in the VD, the inner and outer surfaces of the chamber have segmented cathode
surfaces which shape the field cage. They also provide = measurements from the
induced signals. The segmentation of the cathode surfaces is about 1 cm along the
beam direction. The cathode is divided into 16 (8) azimuthal sections in the inner
(outer) cathode, each covering 6 (48) wires, to reduce confusion of cathode signals
correlated to different sense wires.

The drift chamber runs at atmospheric pressure.
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Figure 3.6: Main drift chamber cell structure.
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Momentum and Angular Resolution

The resolution of the tracking system can be parameterized as:

(5)/))2 B 530, 2+ 0.054/1 : (3.2)
PP = \BILt/n BL 22

where the first term is a result of individual measurement errors in drift distances,
and the second term arises due to the distortion of the track from a true helix by
multiple scattering. B is the magnetic field strength in tesla, o is the accuracy of the
individual position measurements in the drift chambers in meters, p; is the transverse
momentum in GeV/c, L is the length over which the measurements are made in
meters, n is the number of position measurements, and ¢ is the thickness of the
obstructing material in the chambers in radiation lengths. For the CLEO I tracking
chambers, B = 1.5T, L = 0.85 m, n = 49, s = 150 gm, and { = 0.025 radiation

lengths. Equation 3.2 now becomes
(6pe/p)® = (0.0011p¢)? + (0.0067)> (3.3)

and leads to op; = 47 MeV/c at a p; = 5.28 GeV /c. This is lower than the resolution
of 64 MeV /e measured by a sample of ete™ — ptp= at 5.28 GeV/e beam energy.

The angular resolution is measured to be
0¢ = lmrad , 60 = 4mrad .

This difference between the azimuthal and polar angle resolution is expected because
there are only 15 measurements in the polar direction: 11 from stereo wire layers in
the drift chamber and 4 from the cathode readout lavers in the drift chamber and the
vertex detector.

Charged particles coming from the interaction point with a momentum lower than
65 MeV /¢ are not detected due to the material in the particle path. With a 1.5 Tesla

magnetic field, only particles with p, >220 MeV/c exit the main drift chamber; a
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lower transverse momentum and p. < 45 MeV /¢ results in a track which executes
a full turn within the active volume (curlers). The particles with lower p. result in

tracks with several turns.

Charged Particle Identification

Pulse height measurements in the main 51 layer drift chamber provide energy loss
measurements (dE/dx) on charged tracks with a resolution of 6.5% determined for

Bhabhas and 7.1% for minimum ionizing pions. The energy loss per unit distance is

-1

a function of the particle mass, as is illustrated in Figure 3.
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Figure 3.7: dE/dx in the drift chamber versus the track momentum.

The resolution on the measured dE/dx depends on the energy loss distribution
in a cell and the number of cells that a particle passes through in the drift chamber.
Because of the large Landau tail of the ionization distribution. we take the 50%

truncated mean [51] of all the measurements along a track trajectory as the best
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estimator of dE/dx.

We note that dE/dx measurements yield good separation of pions and kaons up
to roughly 700 MeV/c. and good separation of pions and protons up to 1.1 GeV/c.
We define SGxxDI as the difference between the measured dE/dx and the dE/dx one
would expect for a particle species xx, divided by the resolution where xx is either
EL (e), MU (u), PI (7), KA (K) or PR (p).

No 7 /K particle identification is employed in this thesis; particle identification is

used only to help identify electrons.

3.2.3 Time of Flight

This detector component, comprising of particle scintillation counters, is located just
outside the central tracking chambers at a radius of 95 cm from the interaction point.
These counters measure the time interval between a beam crossing and when the
particle strikes the counters. The time of flight counters are used as a fast element in
the trigger system and can be used for particle identification as well *.

This system is comprised of 64 Bicron BC-408 plastic scintillator slabs (10 cm
wide, 279 em long and 5 cm thick) arranged parallel to the beam pipe. Both ends of
the scintillator are connected to lucite pipes which transfer the scintillation photons
to photomultiplier tubes. The light guides are necessary to keep the photomultiplier
tubes operating safely away from the magnetic field of the detector.

In addition to the 64 barrel time of flight counters, each end of CLEO is covered
with 28 wedge-shaped scintillators. The endcap counters are read out with a single
photomultiplier tube at the small end. These Hamamatsu proximity mesh type tubes
are designed to operate inside high magnetic fields.

The solid angle subtended by the barrel counters is 81% of 47 and that by the
endcap counters is 16%. The barrel counters have a resolution of 154 ps as measured
using hadrons. In Figure 3.8, we show a scatter plot of the time of flight measurements

(barrel) versus the track momentum for tracks in hadronic events.

t . . 5
*They are now used as a bunch-finder for the multi-bunch operation.
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Figure 3.8: 1/ versus track momentum in the barrel time of flight counters

For this plot, the time of flight information is expressed in terms of 1/3 with 3 = v/ec.

The velocity v is inferred from the measured time of flight information and the path

length of the charged tracks in the central detector. The superimposed curves are

for tracks of momentum p and particle species of mass M.
The time of flight measurements extend the separation of the three particle species

to higher momenta than dE/dx, producing good pion/kaon separation up to 1.2

GeV/e and kaon/proton separation up to more than 2 GeV/c.
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3.2.4 Electromagnetic Calorimeter
The calorimeter records the passage of charged particles, and measures the energy

of photons and electrons in the CLEO II detector. A photon incident on a block of

material interacts in one of three possible ways depending on its energy:

e low energy photons (£, < 100 KeV ) result in the production of photoelectrons

from the atoms of the material;

e in intermediate energy photons, Compton scattering of the photons with the

atomic electrons is dominant;

e photons with energy above the threshold of 2m, ~ 1.02 MeV result in the
creation of a ete™ pair from the interaction of the photon with the material

nuclei.

At the CLEO energy scale, typical photon energies are in the 10 MeV to 5 GeV

te~ pairs. The electrons and positrons,

range, and the photons primarily produce ¢
in turn, undergo bremsstrahlung, leading to a cascading shower of ¢, ¢~ particles
and photons. This process continues until the energy is totally dissipated in the
material. Some fraction of this energy is converted into scintillation light, enhanced
by the doping.

The calorimeter is a 27,000 Kg array of 7800 thallium doped cesium iodide crystals,
each with an inner face of about 5 cm (2.7 radiation lengths) x 5 ¢m and a length
of 30 ecm (16 radiation lengths and 1 nuclear interaction length). The length of the
crystal almost fully contains the electromagnetic shower. A 6 mm thick UVT lucite
window separates the back end of the crystals from 4 photodiodes, which detect the
scintillation light from the crystals. The four-fold redundancy insures that isolated
failures of photodiodes do not compromise the calorimeter performance, since all 7800
crystals in the CLEO II detector have at least two working photodiodes. The four
preamplifier signals from a single crystal are summed and shaped before being sent

to an ADC.
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Thallium doped cesium iodide has a high light output with an emission spectrum
that is well matched to the photodiodes. In addition, both the radiation length (1.83
cm) and the Moliere radius * (3.8 cm) are short. The dimensions of the crystals used
in CLEO are a compromise. Longer crystals would give a superior resolution for the
high energy showers by reducing the leakage at the back of the crystal, but because of
transmission losses, a longer crystal would have a lower resolution for the low energy
showers. Smaller lateral dimensions for each crystal, and hence a larger number of
crystals, would improve the angular resolution. However, the increased number of
crystals that would need to be summed to find shower energies would increase the
electronic noise. The cost of machining and instrumenting the device would also
increase.

The system is located just outside the time of flight detectors and is divided into
the barrel and endcap region as illustrated in Figures 3.2 and 3.3. The barrel portion
of the calorimeter contains 6144 trapezoidal crystals arranged in 48 z rows of 123
azimuthal segments each. These crystals all point towards the interaction region and
photons originating at the interaction point strike the barrel crystal surface at nearly
normal incidence. The remaining 1656 crystals are rectangular and are arranged in
concentric rings at both ends of the detector. These cells are all arranged to have
their axes parallel to the = axis of the detector, and thus lack the projective geometry
found in the barrel crystals. The barrel crystals cover the angular region between 32
and 90 degrees; the endcap pieces cover 15 to 36 degrees. The total coverage is 95%
of the solid angle resulting in a nearly hermetic calorimeter.

The resolution on the energy depends on the amount of material between the
interaction point and the crystals. The presence of material degrades the resolution
through photon conversions and the subsequent ionization loss of the resulting charged
particles. Further, energy from conversions far from the crystals spread laterally and

will not be associated with the proper shower. The energy resolution in the CLEO II

%The Moliere radius characterizes the lateral spread of showers.



59

calorimeter is excellent, and for the barrel region, it can be parametrized as

op .. 035 | .
— (%) = 255 +019-0.1E (3.5)

where E is the photon energy in GeV. The angular resolution in the barrel region

can be parametrized as

gglmr) = —— + 1.9, og(mr) =080,s1in8 (3.6)

VE

where, once again, I is the photon energy in GeV. The energy and angular reso-
lution parameterizations come from the Monte Carlo simulation of showering in the
CLEO II detector, including electronic noise. The barrel region has 16 radiation
lengths material while the endcaps have about 1 radiation length material at normal
incidence. The energy resolution in the barrel is about 1.5% at 5 GeV and 3.8% at
100 MeV . The endcap resolution is worse due to the drift chamber endplate in front
of the crystals. The angular resolution at 5 GeV is 3 mrad in the barrel and 9 mrad
in the endcaps.

The fine granularity of the calorimeter permits very good position resolution, crit-
ical in the reconstruction of 7% decays to vy (B(z" — ~v) = 98.8%). The photons
from 7%’s with E.o <3 GeV are well separated in the calorimeter and are identified
as separate showers. The lineshape of F. is asymmetric due to leakage and precon-
versions, and is calibrated such that [, = ... Thus m,, peaks below m o, and
has a lower mass tail (Figure 4.1). The rms width of the #° invariant mass peak
varies from 10 MeV for the low energy 7%’s to 5 MeV for the high energy =°’s.

The electromagnetic calorimeter is used extensively in the analysis presented in
this thesis. In addition to the 7° reconstruction, it is used to help identify elec-
trons, and to veto potential background events as explained in Chapter 5. Electron
identification utilizes the ratio £ /p of the energy measured in the calorimeter to the
momentum measured in the tracking chamber. E/p close to 1 is consistent with an

¢ hypothesis, since all the electron’s energy should be deposited in the calorimeter.
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Hadrons and muons both have smaller £/p.

3.2.5 Superconducting Solenoidal Magnet

This solenoid was designed to provide a uniform 1.5 Tesla magnetic field parallel to
the beam line. It had to be large enough to contain the electromagnetic calorimeter
inside the coil; the 3.5 m long solenoid has a 3.1 m diameter with a 2.9 m clear bore
resulting in a 26 m? cylindrical volume. The magnetic field is uniform to £0.2% in
the drift chamber volume over 95% of the total solid angle.

There are two layers of 5 mm x 16 mm aluminium rectangular tubing containing
a flat ribbon of C'u-Nb-Ti superconducting cable, wound on the inside surface of the
aluminium cylinder. The inner laver of tubing contains an 11 strand ribbon, while
the outer layer contains a ribbon of 9 strands, all carrying 3300 A current.

The entire system is cooled to a temperature of 4K by a liquid helium circulation
system. The flux return is provided by four layers of iron outside the magnet, each
36 cm thick. These iron layers serve as absorbers for the muon detection system as

well.

3.2.6 Muon Chambers

The muon system was designed to be highly efficient with low fake rates, and to cover
the maximum possible solid angle. There are three superlayers of muon detectors
between the iron layers for the magnetic flux return. The barrel chambers are arranged
in an octagonal geometry as illustrated in Figure 3.3 and cover 86% of 47 steradians.
These chambers are imbedded at depths of 36, 72 and 108 ¢m of iron. Additional
chambers cover the two ends of the detector. The total equivalent thickness of iron
absorber varies from 7.2 to 10 nuclear absorption lengths, depending on the direction
of the track.

Each superlayer consists of three sublayers of plastic larocci streamer tubes, op-
erated in the proportional mode at 2500V with a 50-50 argon ethane mixture. The

counters are about 5 m long and 8.3 cm wide. The cross section of a counter is shown
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in Figure 3.9.
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Figure 3.9: Cross section of the muon chamber proportional tubes.

A 50 pm silver plated Cu - Be anode wire runs down the center of each of the
eight channels of the proportional tube shown in the figure. Three sides of the comb-
like plastic profile are coated with a layver of graphite which acts as a conductive
cathode. The anode signals provide one hit coordinate; the orthogonal coordinate
(along the counter) is measured with external copper pick up strips, of the same
width as the counters (see Figure 3.10). The anode wires from each counter are ganged
together, and the readouts from a number of neighboring counters and neighboring
strips are ganged together at both ends through 1002 resistors. Charge division on
the anode wires is used to determine the coordinate of the hit, eliminating the need
for a large number of readout channels. The spatial resolution obtained is 2.4 e¢m for
the counters. This resolution is adequate, since it is smaller than the uncertainty in
the projected track position in the muon chamber due to multiple scattering in the
iron absorber.

Each reconstructed track in the central detector is extrapolated into the muon
detector taking into account the energy lost by dE/dx. The path length to each
muon layer is calculated in nuclear absorption lengths. Then a search is made for hits
in the muon counters that are likely to be transversed by the track and a 2-D \? of
the distance between the measured and the projected hit positions is calculated. If

the \? < 16, we consider that layer to be hit. The track is considered as definitely
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Figure 3.10: Cross section of one muon chamber superlayer.
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detected in a unit if at least two out of the three layvers in that unit are hit. The
track is assigned the depth of the outermost unit in which it is detected. If the track’s
depth is less than the depth predicted by track extrapolation, the track is considered

as a 1on-muon.

3.2.7 Trigger and Data Acquisition

The CLEO II trigger is designed to be very loose in accepting events, and at the same
time to have a small dead time. The crossing rate for electron and positron bunches
in CESR is 2.8 MHz, while the rate of interesting physics events is only about 10 Hz.

A hierarchy of hardware triggers, and a final software trigger. select events to
be written to tape. At each level, either a set of criteria are passed and the trigger
proceeds to the next level, or the criteria are failed, the event is not read out, and
the trigger directs the experiment to re-arm itself.

The Level 0 (L0) trigger is fast, 405 ns, ¢.e., the decision is made before the
next beam crossing. It receives inputs from the time of flight counters, the vertex
detector, and the electromagnetic calorimeter. The L0 trigger is passed every 300-400
crossings on average (depending on the beam current, level of background. and so on)
and the rate of events passed by L0 is ~ 10kHz. After a LO trigger, all detector
gating is disabled, and a search is made for the Level 1 (L1) requirement. L1 takes
inputs from the time of flight counters, the vertex detector, the drift chamber and the

calorimeter. Approximately 1.5 pus is required for all the information to be ready for
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the L1 decision, thus introducing a 2% dead time. The L1 trigger reduces the rate
to about 50Hz. The surviving events are then subject to the Level 2 (L2) trigger,
which takes inputs from the vertex detector and the drift chamber and forms detailed
pattern recognition to reject backgrounds from cosmic ray events, and interactions of
the beam with the beam pipe or the residual gas molecules. L2 decreases the event
rate by a factor of between 2 t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>