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Chapter 1

Introduction

All measurements to date indicate that weak interactions can be described in terms of
purely left handed currents. The research described here examines the nature of the
weak interaction structure for leptonic tau decays. A theoretical model that includes right
handed currents is introduced and the measurement of a parameter § which characterises

the handedness of an interaction is presented.

1.1 Historical Overview

The study of the weak interaction began with measurements of nuclear beta decay. By the
1930’s it was recognised that many atoms were unstable and decayed into lighter elements
by electron emission. Only two particles, the new atom and an electron, were observed in
these processes. Experimental measurements [1] revealed that electrons from beta decay
were not mono-energetic as expected for a two body decay but exhibited a continuous
energy spectrum.

Pauli proposed that an undetected third particle called a neutrino (») was involved
[2]. In 1934 Fermi constructed a theoretical model based on Pauli’s idea that agreed with
experiment [3]. Fermi’s interaction Lagrangian took the form of the four particle contact

interaction
L = ~Cy(¥p7, %) (¥er"Y.). (1.1)

The four ¥’s are the proton, neutron, electron and neutrino wave functions respectively.

Cy is the interaction coupling constant and the 4,’s are Dirac matrices. The structures
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WI'V are referred to as Dirac currents in analogy to electromagnetic currents. The Dirac
currents in 1.1 are called vector currents because they transform like polar vectors under
parity transformations (spatial inversion) and are Lorentz invariant four vectors. There are
five possible current types. Each type is denoted by its parity transformation properties
and it’s covariant Lorentz rank. The five types are: scalar, pseudo-scalar, vector, axial-
vector and tensor. Gamov and Teller generalised Fermi’s interaction to include all possible

current forms as [4]
L=- Z Ci(¥,I;¥,)(L.I'Y,) (1.2)

where the sum is over the Dirac matrices I's = 1, T'p = 4% I'y = I'*, 'y = v#+® and
I'r = . By the middle of the 1950’s, no conclusive evidence had been produced to fix
the coupling constants in 1.2.

In the meantime, several other developments in particle physics had occurred. An-
derson’s discovery of the positron [5] in 1932 had given surprising evidence in favour of
Dirac’s relativistic equation for free electrons. This supported the theory that all particles
in nature have corresponding antiparticles. In 1937 Street and Stevenson [6] and, inde-
pendently, Neddermeyer and Anderson [7] discovered a new charged particle from cosmic
ray experiments. Except for it’s large mass, the new particle appeared to be identical to
the electron and was eventually called the muon (g) [8] [9].

Lattes et al. [10] discovered that the source of cosmic ray muons was the decay of
« mesons (or pions). In addition, their experiments clearly suggested that an unobserved
particle was involved in the decay. Observations showed that the generated muon energies
were consistent with a two body pion decay »~ — p~7,. It was supposed that the
unknown particle may be the same particle that was involved in beta decay.

Examination of muon decays to electrons also indicated the presence of undetected
particles. However, the decays produced a continuous spectrum of electron energies like
beta decay [11]. It appeared that muon decay was also a three body decay u~ — e 7.y,
that included two of the neutrino particles.

In 1953 Reines and Cowan [12] conclusively proved the existence of the mysterious

neutrino. Using the flux of neutrinos from a nuclear reactor they were able to measure



positron production from the reaction

v.+pt —n+et. (1.3)

By the end of the 1950’s Davis et al. [13] had shown that the neutrino in reaction 1.3 was
actually an antineutrino () and that this was distinct from the neutrino that appears in

ve+n—pt+e. (1.4)

This lead to the discovery in 1962 of the muon neutrino by Danby ef al. [14]. After
carefully extracting muon neutrinos from pion decay they observed the creation of muons

but no electrons from
v, +p" —n+pt. (1.5)

This evidence along with the apparent forbidden nature of the muon decay p — e + 7
[15] suggested that electrons and muons were different in some fundamental way other
than their mass. The family of particles including the electron, muon and the neutrinos is
known as the leptons. These particles only interact via the weak force or, for the charged
members, through the electromagnetic force. The electron and its neutrino form what is
called the first generation while the muon and its neutrino form the second generation.

Until 1956 physicists believed that parity was conserved in all interactions. Experi-
mentalists had discovered two particles that appeared identical except that the first decayed
into two pions while the second decayed into three pions. Noting that the two final states
have opposite total parity, Lee and Yang [16] proposed that the two particles were really the
same particle. The opposite parity final states could be interpreted by assuming that parity
was not conserved in one of the decays. The following year Wu et al. [17] proved that
parity was violated in the beta decay of ®*Co nuclei confirming that the weak interaction
was a parity violating one.

Returning to 1.2 and incorporating parity violation gives a general Lagrangian of the

form
L= -3 (LI:¥,)(TI(C: + Cir') ). (1.6)



A parity transformation changes the relative sign on the C; term with respect to C;. Thus
a non-zero measurement of C indicates parity violation. Numerous measurements were

conducted using beta decays and resulted in constraints on the coupling constants in 1.6

that correspond to the matrix element
M = Cy(T,y,(1 — 1.269°)0,.) (T (1 - 1°) L) (1.7)

The electron-neutrino current is called V-A because it exhibits the form (vector)-(axial-
vector). It is referred to as a charged current because it involves the exchange of charge.
The proton-neutron current does not appear exactly as V-A because it does not represent
an interaction between fundamental (point-like) particles. If the interaction were modelled
at the quark level it is expected to be exactly V-A since, at present, quarks are believed
to be point-like objects. The charged weak interaction is said to violate parity maximally
because the vector and axial-vector contributions appear with equal coefficients.

Any Dirac wavefunction may be decomposed into left and right handed components.
The notion of handedness, or chirality, is related to helicity. Helicity is defined as the
projection of spin along the direction of particle momentum and is +1 for a spin ; particle
in a definite helicity state. Massless spin % particles travel at the speed of light and must
exist in a definite helicity state. In general, massive spin ; particles are not in a definite
helicity state but are very nearly so in the relativistic limit. The V-A structure of charged
weak currents is equivalent to selecting left handed particles. This implies that only left
handed massless spin % (helicity -1) particles will interact weakly. In particular, a massless
neutrino is always left handed. For antiparticles the structure is reversed. The charged
weak interaction is always V+A and a massless antineutrino is always right handed.

During the 1960’s many researchers focused their attention on muon decay. The
structure of the weak force in this interaction was closely examined to determine if it cor-
responded to the results from beta decay. Many precision tests showed that experimental
data was consistent with a V-A structure. [4] [18] [19].

At the same time, advances in the theoretical understanding of weak processes was
leading to fundamental change. Fermi had supposed that beta decay could convincingly
be modelled by an interaction that took place at a single space-time point. Calculations



produced reasonable results at low energies but appeared to diverge as the interaction
energy increased. In analogy to the photon propagator in electromagnetic interactions,
the idea that a particle mediated the weak interaction was introduced (see figure 1.1).
The short range, low energy behaviour of charged weak interactions suggested that the

\

5

Ve
Figure 1.1: The decay of x~ to an electron and neutrinos through the exchange of a W~—.

particle must be massive. Since the known weak interactions involved an exchange of
charge it was assumed that there were two oppositely charged massive weak mediators,
the W*. However, this hypothesis introduced other divergences in higher order terms of
the perturbative expansion used to calculate interaction cross-sections. It was shown that
these difficulties could be overcome if an additional massive neutral mediator called the
Z° was included [20]. The theoretical structure of weak interactions was combined with
that of electromagnetic interactions by Glashow, Weinberg and Salam [21]. This model
has become known as the Standard Model of electroweak interactions.

In 1973, Hasert et al. [22] proved the existence of neutral weak interactions by

observing the reactions

v+ N —y,+ X
Vuy+ N —7,+X. (1.8)

This was a spectacular success for the electroweak model.



In 1983 the UA1 and UA2 experiments at CERN added another triumph for the elec-
troweak model by discovering the W and Z particles [23] [24]. The observation of the
weak interaction mediating particles led to the construction of current experiments de-
signed specifically to create large quantities of these particles to further test the electroweak
model.

A decade before the discoveries of the W* and Z° bosons a third generation of
leptons was discovered. Perl et al. [25] working at an electron-positron collider at SLAC
discovered yet another particle that appeared to be identical to the electron. This time the
new particle had a mass more than 3000 times that of the electron and was denoted the
tau particle (7). It appears that the tau has a distinct lepton number from the electron and
muon and has it’s own associated neutrino. No direct observation has yet shown proof of
the v, existence. The weak interaction structure of the tau decay to electrons and muons

T~ — "V, is the focus of study in this thesis.

1.2 Current Research

The Standard Model assumes that all charged weak interactions occur via a V-A (left
hand) structure. The analysis presented here attempts to search for a possible deviation
from pure V-A in the form of a V+A (right hand) component in the leptonic decays of tau
particles. In this case, a leptonic decay means that all of the particles involved are leptons.

Specifically, the known leptonic tau decays are

T —3€ TVt ¥

T —u +V,+r, (1.9)
These decays are of particular interest because they appear to deal with point-like particles
that only interact weakly or electromagnetically.

The first completely leptonic tests of the Standard Model charged weak interaction
studied the decay of muons to electrons (figure 1.1)

p- —r e +V. + v, (1.10)



Since it is extremely difficult to detect neutrinos, experiments have focused on examining
the decay electrons. Measurement of the energy and angular distributions of these electrons
provides information about the structure of the charged weak currents in muon decay.
Specifically, the shape of the spectrum is different for V-A and V+A interactions. All of
the experiments to date are consistent with an interaction that is V-A [26] [27] [28] [29].
The tau decays in equation 1.9 are completely analogous to the muon decay.

It is an interesting question to wonder why charged weak interactions seem to be
only left handed. It is possible that, in fact, a left-right symmetry does exist in charged
weak interactions [4] [30] [31]. However, it only manifests itself at energies higher than
have currently been examined. One specific proposal suggests that, not only do left hand
coupling W particles exist, but also right hand coupling W’s. Since the Standard Model
muon decay width scales as 3,%;, one might explain the V-A dominance at low energy
by assuming that the right hand coupling W is much more massive than the left hand
one. Muon decay experiments have placed limits on a right hand coupling W mass of
Mw, > 432 GeV [28].

The charged weak structure of leptonic tau decays has not yet been examined as
thoroughly as it has for muon decays. It is possible that the three lepton generations may
have different interactions. In particular, limits on a V+A contribution as described above
have only been examined by the ARGUS [32] [33] and ALEPH [34] experiments. We
will examine the energy spectrum of electrons and muons from tau decays produced at
LEP in an attempt to place a limit on a V+A contribution.

The tau particles studied in this thesis are created at the LEP collider through electron-
positron annihilation. There is a large resonance for ete~ — Z° at centre of mass
energies equal to the mass of the Z° (see 1.2). The Z° particles decay approximately
3.4% of the time into two oppositely charged taus producing a large sample of tau leptons.
The structure of this neutral weak interaction causes the produced taus to have opposite
helicities and, in addition, predicts a partial polarisation of the taus.

Tau pair events are selected so that one tau has decayed to a muon and the other to an

electron. Such an event would follow the sequence
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Figure 1.2: Cross section for tau pair production at the Z mass.

Fe —’l—+7¢+lff

st tu+7, i

= —b{

where £+ refers to either a muon or electron. In the following work we will refer to tau
pair events in which both tau particles decay to leptons as correlated leptonic tau decays.

It will be shown in Chapter 2 that the decay spectra for leptonic tau decays are sensitive
to both the tau polarisation, P,, and the form of the coupling involved. The structure of
the coupling can be characterised by the parameter ¢ which, in this work, is the fractional
difference between left and right handed contributions. A method is described that allows
the use of correlated leptonic tau decays to determine P, and £ up to arelative sign. Chapter
3 gives a description of the experimental apparatus used for the measurement. The data
selection algorithms are detailed in Chapter 4. The analysis of the spectra is discussed in

Chapter 5. Chapter 6 will present the results and discuss previous measurements.



Chapter 2

Theory

2.1 Standard Model Form

In this chapter we will formalise the construction of the theoretical decay distribution for
leptonic tau decays. It is possible to calculate the Standard Model form of the differential
decay at the tree level (i.e. lowest order). The decay is a three body decay of the form

T — 4T+, @.1)

where £ is either an electron or a muon. The corresponding tree level Feynman diagram

&

Y

W—

o~
|

vy
Figure 2.1: Tree level Feynman Diagram of leptonic tau decay.

may found in figure 2.1. The calculation of the tau leptonic decay distribution parallels
exactly the procedure followed for muon decay.

9
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In general, a three body differential decay has the form [4]

IM? &P, &P, &P,

4c4
3E, (2%)72F, (2x)2E; @n)2E, M S (A —R-R-FR) Q2

dl’ =

where M is the matrix element, E; and P, are the energy and four momentum of the
decaying particle, E,_4 and P,_4 are the energies and four momenta of the decay products
and I' is the decay width. In the Standard Model we assume V-A coupling at the interaction
points leading to the squared first order matrix element

|M|? = v (1 =)0 UA"(1 = 1)U, [T - )WV, Ve (1 — 7°)U

. [T
64 M3,

(2.3)
where My is the W boson mass, U; are the Dirac spinors and gis the charged weak coupling
constant. This form of the matrix element assumes that the momentum transferred to the
decay products is small compared to the W mass. The V-A structure is contained in the
Dirac matrix 7#(1 — 4®). After summing over the final state spins in 2.3 and integrating
over the undetected neutrino momenta in 2.2 we are left with

9'éP,

dl' =
96(21’)‘E1 EzMar

[P*P,- (P, —m15;) +2P - P,P- (P, —m;51)]  (2.4)

where P = P, — P, and S is the tau spin vector. Since the tau is at rest we observe the

kinematical constraint
2 2
gcomes MVl @.5)
2m,

and may define the variable z = E%I Evaluating 2.4 in the tau rest frame yields the
differential decay width for a completely polarised tau of
4 5

¢ shs Bt B0 Aontpatic a
Y e i e o 2.6)

where theta is the angle between the tau spin vector and the decay lepton momentum (see
figure 2.2) and we have assumed the mass of the decay lepton is small compared to the
mass of the tau. The polarisation is defined by

P _Ny=— Ny

27
NT+N1 @D
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z

Figure 2.2: Shown is the co-ordinate system in the tau rest frame used to describe the
decay of a tau with the tau spin aligned along the z axis. $, is the direction of the tau spin
vector, P, is the direction of the decay lepton momentum and 4 is the angle between S,
and P[

where N; is the number of tau particles with spin aligned parallel to the z axis in the
experimental reference frame and V| is the number with spin aligned anti-parallel to the z
axis. Equation 2.6 is valid for the case when all tau spins are aligned parallel to the z axis
and corresponds to figure 2.2. For a general polarisation the cos @ term in 2.6 is multiplied
by the factor P,. Thus, to obtain the distribution for complete polarisation anti-parallel to
the z axis the sign of the cos 8 term becomes negative. Similarly, for the charge conjugate
decay of 2.1 (r* — {*y,v,) and P, = +1 the sign on the cos # term again becomes
negative. Thus the differential decay width for a 7~ with P, = +1 is equivalent to that
for a 7t with P, = —1. This property of the Dirac currents will be exploited later in the
thesis to construct the theoretical distributions using Monte Carlo events.

In this analysis we will only be interested in % so we integrate over d cos 8d¢. The
tau particles detected by OPAL are not created at rest and hence 2.6 must be boosted to
the lab frame. Equation 2.6 then becomes [35]

1dT 1
fZE—_[5 9z* + 42° + P,(1 — 9z* 4 82°)] (2.8)

and is normalised to unity. The variable z is still defined as z = KL but since the tau
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is not at rest Ej ... is approximately equal to the tau energy.

2.2 General Weak Coupling

The form of the differential decay width in 2.6 relies on the Standard Model assumption
of a strictly V-A weak interaction. As discussed in Chapter 1, it is possible to construct a
matrix element that introduces the possibility of a more general coupling structure. The
form can be constructed from any combination of the five Dirac current types: scalar,
pseudo-scalar, vector, axial-vector and tensor.

Equation 1.6 presented one possible parametrisation for creating a general matrix
element. It is often referred to as the ‘charge changing’ form since the Dirac currents
connect particles with different charge. More recent experiments have presented a second
parametrisation known as the ‘chiral projection’ form[18]. The chiral projection operators
are defined as

1
Ar=3(1-79)
L %(1 +7%). 2.9)

Since Ar + Ag = 1 we may rewrite any wavefunction u as
u =ug + ug. (2.10)

ur = Agu is called the left handed projection of u while ug = Agu is called the right
handed projection of u. Since AzAr = 0, ugr and uz form a linearly independent basis
for the wavefunction. This means that contracting wavefunctions with opposite chirality
will return a null result. Incorporating chiral projections into the parametrisation we may

write the most general, local, derivative free matrix element for the decay 2.1 as

M= ﬁ E ga[ﬁvq-P"U:][l_ft’P‘vv:d] (2.11)
V2 viab

where the sum 7 is over the gamma matrices 1, 4* and o** and the sums a and b are over

the chiral projections of the charged lepton wavefunctions. Since the wavefunctions are
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| 7 chirality £ chirality Coupling v, chirality ¥, chirality |

R R S R L
v L R
L L S L R
v R L
R L S R R
v L L
T R R
L R S L L
v R R
T L L

Table 2.1: Chirality combinations for the various coupling types that lead to non-zero
matrix element calculations.

chiral projections, equation 2.11 corresponds to a mixture of scalar and pseudoscalar (S)
for 4 = 1, a mixture of vector and axial-vector (V) for 4y = 4* and tensor (T) for y = o**.
The Standard Model form is given when g}, = 1 and the other cases of g7, are equal to
zZero.

Equation 2.11 has the attractive feature that a specific selection of 4 (S, V or T) will
either leave a particle’s chirality unchanged or will reverse it. Hence, for a given 4 and for
specific chiral projections of the charged leptons a, b the neutrino chiralities are determined.
This is equivalent to saying that the helicity state for the neutrinos is determined since, for
massless particles, a chiral projection is the same as a definite helicity state. Table 2.1 lists
the wave function chiral combinations which give rise to non-trivial matrix calculations
for the three choices of +.

Equation 2.11 is modelling a contact interaction and thus the propagator nature of the
weak force is neglected. The constants g, are the coupling coefficient constants. When
evaluating the differential decay using 2.11 it is useful to redefine the coupling constants
in the form of the so called Michel parameters [37]. Evaluating in the lab frame and
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[ L-v, 7—v, p ¢ é ]
V-A V-A 3/4 1 3/4
\" \" 38 0 O
A A 348 0 O

V+A V+A 3/4 -1 3/4
V-A v 38 2 3/6
V-A A 38 2 3/16
VA V+A 0 3 0

Table 2.2: Michel parameter values for various interaction couplings.

integrating over the angular dependence we obtain [35]

1dT

4
—— = — Gt - N sy Gl 2_ 9.3
T 2—6z* + 4z +9p( 1+ 9z — 82°)

2 8, 4
~¢Pr[—3 +4z — 62% + 32° + S8(1 - 122+ 2727 - 162%)] (212)

where P, is the tau polarisation and p, € and § are functions of the g, constants. Note that
without the angular decay information only 3 of the parameters are available for study.
Equation 2.12 neglects a term of order -t which would include the additional parameter

n.

2.3 Right handed currents

Previous experiments have measured the p parameter in tau decay to be p = 0.74 + .04
[36]. This limits the type of couplings allowed but, in particular, does not rule out the
possibility of a V+A structure (table 2.2).

It is particularly interesting to examine the possibility that the charged weak current is
composed of some combination of V-A and V+A couplings. One conceptual framework
within which this may be conjectured is to suppose that not only do left hand coupling
charged weak bosons exist, but also right hand coupling ones. In this context one would
expect leptonic tau decays to proceed either by V-A or by V+A at both interaction points

in figure 2.1. Since there is no a priori reason for requiring a left handed weak interaction
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universe, this interpretation offers an attractive symmetry to the charged weak sector. The
differential decay 2.6 scales as 1/M3, and hence a V+A contribution would imply some
limit on a right handed W mass. Results from muon decays have placed excellent limits
on possible V+A contributions but we cannot assume that similar results will hold for
tau decays. It should be noted that this description has ignored the possibility that the W
boson weak eigenstates are different from the mass eigenstates [4] [30] [31].
Returning to 2.12 and assuming equivalent weak and mass W eigenstates we set
p=48=3and get
il,—% = %[5 —9z% + 42° + ¢P,(1 — 922 + 82°)) (2.13)

where £ is now the fractional difference between left and right contributions

glo lgL:Ll’ = Ig}V{aI’. 2.14)

lgzz|? + |9rrl®
It is apparent that with this single particle distribution we cannot determine both £ and P,
but only their product. However, at LEP we are creating simultaneous tau pairs produced
from the decay of a spin 1 particle. To conserve spin angular momentum the created tau

pairs must have anti-correlated helicities. In this context we may construct the two particle

decay distribution [38]
1 dza' | 8 e - 0 U“ dI‘(z,)'T”
odzdzy [dr(zl)r ’dr(zl)ll [ oy 0 ] dT(z)} (2.15)

where the terms such as dT'(z,); are the appropriate single particle decay distributions
for tau helicity +1 (1) or -1 (]) to negative(positive) lepton given in equation 2.13. The
constants o1, and o); refer to the number of tau pairs with relative helicty (+1,-1) and
(-1,+1) respectively. We may express the polarisation as
| il | §
Py = ‘7_11—4711 (2.16)
and rewrite 2.15 as

Ll e a(z1)a(z2) + £28(z1)b(z2) + £Pr(a(21)b(22) + a(z2)b(z1))  (2.17)

; d:cld:c; i
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where a(z) = 5 — 9z? + 423, b(z) = 1 — 9z? + 8z® and 0 = 0| + 0. In this way we
may use the correlated tau decays to disentangle the parameters { and P;.

Note that 2.17 assumes that the ¢ parameter is the same for both the negative and
positive tau decays. In the event that both taus decay to the same lepton type (both
electron or both muon) this implies charge symmetry with respect to the weak interaction.
For the case where one tau decays to an electron and the other to a muon, this assumption
implies that the weak coupling of electrons to taus is the same as that for muons to taus.

In this analysis symmetry with respect to charge and decay lepton type will be assumed.

2.4 Radiative Corrections

The previous discussions have been based on the decay distributions derived from the dia-
gram in figure 2.1. This is only the lowest order estimate and to obtain a better theoretical
approximation we must consider higher order diagrams. The radiative electromagnetic
corrections for the process 2.1 have been calculated to order a by Kinoshita and Sir-
lin [39]. For the case of a mixture of V-A and V+A the corrected distribution in the tau

rest frame is given by

lir= 2 mea A 2
de‘ =[3-2z+ 2wf(z:) + €éP, cos8(1 — 2z + 219(2))]3 dzdf) (2.18)

where the functions f(z) and g(z) may be found reference [39] and a is the fine structure
constant.

Additional correction factors must be included for electroweak radiative corrections
associated to the electron-positron annihilation and the tau pair production. A detailed

account of these corrections may be found in reference [40].

2.5 Restructuring the Theory

Equation 2.17 would be appropriate if we measured the tree level interaction. However,
it is only a first order approximation to the theory and, in addition, does not include

experimental correction factors. It will prove useful to rewrite 2.17 in an equivalent form
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to facilitate the introduction of these correction factors. To proceed, we first wish to
rewrite 2.13 in terms of the coupling constants given in 2.14. Equation 2.14 reveals that
¢ = 1 for V-A interactions and { = —1 for V+A interactions. If we note that P, = 1
for +1 helicity decays and P, = —1 for -1 helicity decays and recall the effect of charge
conjugation we get

1
~ loal* + I9ka

dr'y E lgzz1*dT5; + |gral*dT7R] 2.19)

where the terms dI';7, and dI'7y are obtained from 2.13 by setting the appropriate { and
P, values. In equation 2.19 we have introduced the additional subscript (L,R) to denote
explicitly whether the decay is via V-A (L) or V+A (R). Similarly, we construct the

analogous distributions
I = ot T + lokal T 220)
0N = ol AT + kel T @a
I = ot + ksl )

Further examination of 2.13 reveals the following equalities:
dl'fy = dTjg = dT'{;, = dT{g
JPIL=JPI_R=JI‘?'L=JFTR. (2.23)
From 2.16 and 2.14 we may construct the relations
1
oy = 1+ Pr)ow
1
o = 51— Pr)or
1
lozel” = (1 +&)l9zzl” + l9kal’)

1
loral® = (1= &)IaZel" + loxal") (229)

where o4,¢ = o1 + o1. Using the four differential decays (2.19-2.22), equations 2.23 and

2.24 we recreate 2.17 in the form
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- : . - 1101+ 2P, + )T (@) (22)
+(1 — 2P, + £*)dT 1 (21)dT T, (22)

+(1 — €2)(dT5;(21)dT L (22) + dT g (21)dT (1)) (2.25)

Notice that we can only determine the relative signs of ¢ and P, from 2.25. To determine
the absolute signs further information is required from other experimental analyses and
this will be discussed later.

To produce 2.25 we have relied upon the equalities in 2.23. These relations may not
hold once radiative corrections are applied. Examining 2.18 reveals that this is not a
concern because 2.23 is still valid after first order corrections have been introduced.

The two dimensional distributions dT';,dT'{; and dT'|;dT}; represent the V-A anti-
correlated helicity decays. The remaining two distributions dI';;dT'}; and dT',dT};
represent V+A contributions. The particular notation employed was designed to suggest
that the V+A contributions may be modelled by tau pairs with the same helicity. Indeed,
it is not possible to distinguish between a contribution of like helicity taus caused by a
non-standard neutral current structure and the V+A charged current decay contribution
conjectured by this thesis. We will exploit this idea when creating Monte Carlo events to
model the theoretical distributions. We are assuming the neutral current Standard Model
results are correct in this thesis.

Figure 2.3 presents each of the the two dimensional decay distributions from 2.25.
These may be compared to the Monte Carlo distributions presented in Chapter 4. As
will be shown in Chapter 5, equation 2.25 is now in a suitable form to apply all of the

correction factors including efficiency and resolution effects.
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Figure 2.3: The four tree level two dimensional distributions with arbitrary scale.



Chapter 3
The OPAL Experiment at LEP

OPAL is a multipurpose detector composed of a number of sub-detector components [41].
In what follows we will outline the operation of the accelerator facilities and describe
the key components of OPAL used in this analysis. The description will include the
measurement capabilities of the different sub-detector components and their general role
in particle detection.

The OPAL experiment is a multi-national effort located near Geneva at the LEP
(Large Electron Positron) storage ring. LEP is an approximately circular electron-positron
machine with a circumference of 26.66 km making it the largest accelerator in the world
(fig.3.1). To allow for independent comparative analyses there are four detectors located
at four equally spaced interaction points on the ring. These are: ALEPH, L3, DELPHI
and OPAL.

The CERN laboratory has been a leading research centre for high energy particle
physics since the 1950’s. The operation of the main LEP storage ring requires the
concerted operation of a number of smaller accelerators (fig. 3.2). To initiate a fill, a
supply of positrons must be produced in a e~ — et converter. A high intensity beam of
200 MeV electrons is focused on a tungsten target to create the positrons. Electrons are
generated near the converter from a low intensity gun. The positrons and electrons are then
introduced into a 600 MeV linear accelerator and subsequently transferred to the 600 MeV
Electron Positron Accumulation (EPA) ring. Each particle type is collected separately
into 8 bunches and injected into the Proton Synchrotron (PS) where they are accelerated

20
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Figure 3.1: Layout of the LEP storage ring including location of the four experiments (not
to scale).

to 3.5 GeV. From the PS the beams are transferred to the Super Proton Synchrotron (SPS)
and accelerated to 20 GeV. Finally, the beams are injected into the main LEP ring where
they are ultimately accelerated to a total beam energy of approximately 45.5 GeV. The
beams are then brought into collision at the interaction points in the four detectors and
physics events are recorded at a centre of mass energy of 91 GeV.

The effective selection of tau pair events and their subsequent leptonic decays requires
the collection of information from all of the OPAL sub-detectors. The OPAL apparatus
(fig.3.3) is an approximately cylindrical, multi-purpose magnetic spectrometer with a
hermeticity of almost 98 per cent. For reference, the z coordinate is defined as parallel
to the direction of the electron beam. It is then convenient to define a conventional right
handed coordinate system with the inward radial direction defined as x. The detector may
be roughly divided into three sections: the inner system of tracking chambers, the time-
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Figure 3.2: The injection system used at LEP to fill the main electron-positron storage
ring (not to scale).

of-flight system and electromagnetic calorimeter in the middle section, and the hadron

calorimeter and muon detectors in the outer section.

3.1 Tracking:Vertex detector, Jet Chamber and Z cham-
bers

The central part of the OPAL detector consists of a series of drift chambers (fig.3.4)
designed to track charged particles for measurements of momentum, energy loss, and
primary and secondary vertex positions. To make momentum measurements and to allow
charge tagging these chambers must operate in the presence of a 0.435 Tesla axial magnetic
field generated by a solenoidal coil and an iron return yoke. A pressure vessel inside the
magnet contains the central tracking system. The pressure vessel contains a mixture of
argon, methane and isobutane (88.2, 9.8 and 2.0 per cent respectively) kept at 4 bars and
which is constantly recirculated and purified.
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Figure 3.3: The OPAL detector at LEP. An indication of the scale is given by the figure
standing at the bottom left.
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Figure 3.4: Cross sectional view of the central tracking system

The central tracking system consists of three primary sections. Comprising the in-
nermost section is a precision vertex detector. The vertex detector provides position
information close to the interaction region aiding in the determination of event topolo-
gies and reconstruction of the primary and secondary decay vertices. This sub-detector
contains 2 layers each divided into 36 cells. The inner layer contains axial wires for
measurement in the r¢ plane while the outer layer contains stereo wires for accurate z
coordinate measurement. The average spatial resolutions have been estimated to be 50
pm in the r¢ plane and 700 pm in z [42].

The primary drift chamber, the jet chamber, is located around the vertex detector.
Approximately 4 metres in length, this detector has a cylindrical geometry with an inner
radius of 0.5m and an outer radius of 3.7m. It consists of 24 identical azimuthal sectors
each containing 159 axial wires arranged in a radial plane. The jet chamber provides
spatial measurements of charged particle trajectories (ie. ‘tracks’) and energy loss mea-

surements used for particle identification. Position measurements have been shown to
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provide an average resolution of 135 um in the r¢ plane and 6 cm in z. In addition, the
momentum, obtained by measuring the curvature of the track in the magnetic field, has a
resolution o, /p? estimated to be 2.2 x 10-*GeV 1. The energy loss resolution T /%
is approximately 3.8 per cent.

Outside of the jet chamber lie the z chambers. These are a series of 24 drift chambers
arranged cylindrically around the jet chamber. The z chambers provide measurements
of the z coordinate of charged particles exiting the central system of tracking detectors.
The average resolution in z for this detector is approximately 300 pm and the average r¢
resolution is approximately 1.5 cm.

A silicon micro-vertex detector is situated between the beam pipe and the pressure
vessel. It consists of two concentric layers of silicon strips. Each layer provides a position

measurement with a resolution of approximately 10pm.

3.2 Time-of-flight and Electromagnetic calorimeter

Immediately outside of the central tracking chambers and the magnet solenoid there are
160 scintillation counters arranged in a cylindrical geometry. These counters measure the
time-of-flight (TOF) of particles. The counters are 6.840 m long and range from 89 to 91
cm in width with gaps of no more than 2.6 mm between each counter. The time-of-flight
sub-detector has a timing resolution of 460 ps and a z resolution of 7.5 cm. Itis the primary
sub-detector for event triggering, cosmic ray rejection and aids in the position matching
of charged particles between the drift chambers and the electromagnetic calorimeter.

The electromagnetic calorimeter (ECAL) is an essential sub-detector involved in this
analysis. It is located between the solenoid coil and the iron return yoke. The ECAL
consists of a barrel section containing 9440 lead glass blocks and two endcap sections
each containing 1132 blocks. A detailed analysis of efficiencies in the endcap regions has
not been carried out and hence this analysis is confined to the barrel region.

The ECAL barrel covers an azimuthal angle of | cos 8| < 0.82 and has an inner radius of
2455 mm. The central design principle requires the ECAL detector to completely absorb

electrons and photons while allowing muons and many hadrons to reach the hadronic
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calorimeter. The 37 cm depth of each block represents 24.6 radiation lengths (X,) of
material and, with the additional 2X, of material in front of the ECAL, is suitable for
this purpose. The calorimeter is divided into 59 blocks in the z direction and 160 blocks
in the ¢ direction. To maximise the probability that a particle shower will be confined
mostly to a single block, each block points towards the interaction region. However, to
prevent particles from escaping through gaps between the blocks the ECAL is constructed
to introduce a small offset from a direct pointing geometry. Analysis has demonstrated
that the ECAL provides an energy resolution of o/ E = 1.8% + 23%/VE [43).

Situated in front of the ECAL is a set of gas chamber detectors known as the presampler
(PB). It provides information on whether an electromagnetic shower has started before the
lead glass blocks.

3.3 Hadronic Calorimeter and Muon Chambers

Surrounding the ECAL lies the iron return yoke of the magnet. The return yoke has
been instrumented as a hadronic calorimeter (HCAL) to allow for hadronic shower energy
measurement and muon tracking between the ECAL and the muon chambers. The HCAL
consists of 9 layers of gas chambers interleaved with 8 iron slabs and has a total thickness of
approximately 1 m. The material in front of the HCAL amounts to 2.2 interaction lengths
while the HCAL itself constitutes nearly 4 interaction lengths. Therefore, most hadronic
showers will be initiated in or before the ECAL but will not reach beyond the HCAL.
Studies estimate the energy resolution of the HCAL to be og/E = (100 — 140)%/VE.
It is expected that nearly all muons above a certain energy will pass through the HCAL
and reach the muon chambers.

The muon chambers lie outside of the HCAL and are designed for muon identification.
The barrel section consists of four detector layers covering an angular region of | cos 8| <
0.68 with a fifth layer covering an angle of | cos 8| < 0.72. The layers are composed of a
total of 110 drift chambers; each chamber has a width of 1.2 m and a depth of 90 mm. The
layers are arranged in a staggered geometry to cause most muons to register in at least four

layers. Muons are identified by matching tracks from the central tracking chambers with
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signals generated in the muon chambers. The muon detector is able to measure particle
positions in the ¢ direction with an accuracy of 1.5 mm and in the z direction with an

accuracy of 2 mm.



Chapter 4

Event Selection

Data for this analysis has been collected from 1990 through 1994 with a total integrated
luminosity of nearly 112 pb~. This represents approximately 160000 Z° decays to tau
pairs. The branching ratios for the decays 7 — evv and 7 — pvv have been measured
to be 17.9 £+ 0.17% and 17.44 + 0.23% [36] respectively. Hence the fraction of tau pairs
that both decay to leptons is approximately 3% for each of the four charged lepton decay
pair cases: e"et, e~ pu*, p~et, and p~p*. Thus there are expected to be a total of almost
20000 correlated leptonic tau decays in the data sample before selection. Although each
of the four cases was examined, we will describe reasons for using only the e~u* and
p~et cases in Chapter 5.

Various pieces of detector information must be combined in order to select out a
relatively pure sample of correlated leptonic tau decays. The selection occurs in two
phases. First, a set of criteria is applied to separate the Z° decays to tau pairs from the
total sample. Each event selected is then examined to determine the decay type of each

tau.

4.1 Tau Pair Selection

The standard OPAL tau pair selection is used for this analysis [44]. Before selection cuts
may be applied a number of quantities must be specified. It is necessary to determine what

minimum requirements must be passed to recognise a particle in the tracking chambers

28
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and to define clusters in the electromagnetic calorimeter. A good charged track requires

Nue(CJ) > 20 4.1
P, > 0.1GeV 4.2)

|do| < 2cm (4.3)

|zo] < 75cm 4.4
|Rmin] < T5cm 4.5)

where Nj;:(CJ) is the number of hits in the jet chamber, P, is the transverse momentum,
|do| is the distance of closest approach of the track to the beam axis, | zo| is the distance of the
track from the interaction point along the beam axis and | R,»;»| is the separation between
the beam axis and the first hit in the jet chamber. In the electromagnetic calorimeter
clusters are defined for later association to charged tracks or to particles invisible to the
tracking chambers (eg. a photon). A cluster is a contiguous group of lead glass blocks
containing a deposited energy of at least 20 MeV. A ‘good’ cluster is defined in the barrel
region by

Ny

v

1 (4.6)
Ed,(,.“,) > 0.1GeV 4.7

where Ny is the number of lead glass blocks associated to the cluster and E.,(rqv) iS the
total raw cluster energy assigned to the cluster.

The primary observable difference between multihadron production and lepton pair
production from electron-positron annihilation is the number of charged particles created.
For multihadron production the average charged particle multiplicity is greater than 20
over 90% of the time [45] while for lepton pair production the number of charged particles
is less than 5 over 97% of the time. Hence, the multihadron background may be largely
eliminated from the sample by requiring

1 < Nj% <6 4.8)

NT= < 10 4.9)
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where N_;2; is the total number of good charged particles measured in the event and N3 2%,
is the number of well defined clusters.

The taus observed by OPAL have a large boost and hence the decay products are
normally confined within a relatively narrow cone. Once lepton pairs have been selected
from the sample it is useful to define jets for the association of particles to tau decays. A
jet is defined by

Ofalfcoe = 30 (4.10)
Popne 2 0.01E4.am 4.11)
Neone(eteg) = 2 (4.12)

where ©paif-cone is the half angle of the cone around the direction constructed from the
vector sum of track and ECAL cluster momenta associated to the cone, P,on. is the total
energy in the cone and N one(chrg) iS the number of cones with at least one charged track.

Cosmic ray rejection cuts are based on the assumption that these background events
will not appear to have originated at the interaction point and/or will exhibit timing
measurements inconsistent with a true physics event. Such events are rejected by requiring

that all physics events satisfy

|do|min < 0.5cm (4.13)
|Zo|min < 20cm 4.14)
|Z0leve < 20 cm 4.15)

where |do|min is the minimum |do|, |zo|min is the minimum |zo| and |2zo|aee is the average
|20]. In addition, an event is rejected unless at least one of the time-of-flight counters
returns

|tmes — tezp| < 10 s (4.16)

where t,.., is the measured time-of-flight and t.., is the time-of-flight expected for an
event generated at the nominal interaction point. An event is further rejected if all counter
pairs satisfying

5¢(3,7) > 165° 4.17)
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measure
|t; —t;| > 10 ns (4.18)

where §4(i,7) is the angular separation between counters i and j and |t; — ¢;| is the
measured time-of-flight difference.

A significant background may be introduced by two photon events. These events may
mimic, for example, tau decays to correlated muon pairs or to correlated electron pairs.

Such events are filtered by only accepting events with

Oped < 15° 4.19)
En, = Y Maz(Ey4,,Ey.) > 0.03E., (4.20)

where 6, is the acolinearity between the two highest energy charged cones and E,;, is
the total visible energy. For P(cls) and P;(trk) equal to the transverse cluster momentum

and track momentum respectively, events with E,;, < 0.2 Ep,., are removed if

Pfcls) < 2GeV (4.21)
P(trk) < 2GeV. (4.22)

The majority of events passing the preceding cuts are expected to be lepton pair events.

In other words ete™ — ete™, ete™ — ptpu~ orete™ — 7. Since it is assumed that

no neutrinos are involved, electron pair events are characterised by total ECAL energy

deposits near the centre of mass energy. Thus, these events may be screened out by
requiring

> Ei(cls) < 0.8Ecy (4.23)

or
> Ei(cls) + 0.3 Ej(trk) < Ecu (4.24)
i j

where the sum is over all cluster energies F;(cls) and all track energies E;(trk) in the
event.
Lastly, an attempt must be made to remove the muon pair contamination from the

remaining events. To proceed, events must first be recognised as containing two muons.
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A particle is identified as a muon if it passes one of the following criteria:

NMY ., >2 (4.25)

or
NS, >4, NES >1 and NESjipper > 2 (4.26)

or
E.4, <2GeV. 4.27)

Here, NMU_ is the number of layers registering a signal in the muon chambers, N2,
is the number of HCAL layers associated with a track and registering a signal, NZS Jlayer
is the total number of HCAL hits divided by the total HCAL layers registering signal for
the cone containing the track and E, is the relevant cluster energy. The third criterion
4.27 makes use of the minimum ionising property of muons. The first and second criteria
reflect the fact that muons are expected to pass completely out of the detector. Once events
have been tagged as dimuon events the muon pair events, which only contain particles
that interact in the detector, are removed by requiring

2
Y [E3w + EZi] < 0.6Ecm (4.28)

cone=1
where E“t is the total cluster energy in each charged cone and E*72<* is the track energy.
It is anticipated that the events remaining in the sample are now largely tau pair events.
Once the tau pair selection has been completed, each charged cone identified with a tau
must be examined to determine the possible decay type. This analysis is only concerned

with events classified as purely leptonic tau decays.

4.2 Selection of Electronic Tau Decays

The selection of electron tau decays follows the standard OPAL algorithm [44] with the
exception that the standard cut using angular information from PB is not employed here.
A candidate cone is first inspected to determine the number of charged tracks it contains.

The event is rejected unless
Nepeg <2 (4.29)
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where N, is the number of such tracks. Electrons in the tracking chambers sometimes
radiate photons before reaching the ECAL. The radiated photons may then pair produce
allowing more than one charged particle to appear in the cone. Hence, by allowing 2
charged tracks, such events are not summarily excluded. It is always assumed that the
charged track exhibiting the largest momentum is the decay electron.

The ratio of cluster energy E, to track momentum py,; is limited by the cut

0.7 < Ed,/pt,h < 2.0 (430)

since it is expected that the measured momentum for electrons will be near the measured
ECAL energy (figure 4.1). Hadronic tau decays typically give rise to showers in the
ECAL that are not wholly contained. Conversely, tau decays to electrons normally
produce comparatively confined showers allowing a straightforward matching between
ECAL cluster and charged track. Hence, implementing the cut

Eecceu < 0-04Ebc¢m (4.31)

greatly reduces contamination by such hadronic decays. Here, E....,, is the total cluster
energy assigned to the cone excluding the cluster associated to the electron candidate
track. In particular, this cut suppresses tau decays that include #° — ~v. Figure 4.2
shows E..cess/ Eveam both before and after selection.

An additional cut relying on the distinct shape of electron tau decays may be employed.
The confined nature of the electron shower is emphasised by requiring

N2 <3 4.32)

where N is the number of ECAL blocks containing at least 90 per cent of the cluster
energy. Events displaying small measured ECAL energies are difficult to identify reliably
and are removed with

z. = Ed,/Epeam > 0.05 4.33)

where E, is the total ECAL energy in the cone (figure 4.3).
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Figure 4.1: The top figure shows cluster energy over track momentum for all jets selected
as taus. The bottom figure shows all jets selected as electron tau decays. Monte Carlo
events are shown in the open histogram while the data is shown with error bars. The
shaded section represents background Monte Carlo events.
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Figure 4.2: The top figure shows the excess cluster energy for all jets selected as taus.
The bottom figure shows all jets selected as electron tau decays. Monte Carlo events are
shown in the open histogram while the data is shown with error bars. The shaded section
represents background Monte Carlo events.
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Figure 4.3: The top figure shows the electron variable z. for all jets selected as taus.
The bottom figure shows all jets selected as electron tau decays. Monte Carlo events are
shown in the open histogram while the data is shown with error bars. The shaded section
represents background Monte Carlo events.
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Finally, it may happen that some electron pair events are included in the tau pair
sample because one of the electron energies is measured incorrectly. To aid in reducing

this background events in which the opposite track exhibits

Eopp(trk) > 0.75Fpeum (4.34)
Acop < 0.1° (4.35)

are eliminated. The acoplanarity, Acop, is the acolinearity of track directions in the
plane transverse to the beam while E,,,(¢rk) is the momentum of the highest momentum

charged track in the opposite cone.

4.3 Selection of Muonic Tau Decays

The selection of muon tau decays uses the standard OPAL selection cuts [44]. A candidate

cone must first satisfy
Nee=1 (4.36)

where N, is the number of charged tracks in the cone. Muons typically leave small
energy deposits in the ECAL and HCAL and register in at least some of the muon
chambers. To maximise efficiency only two of the three sub-detectors are required to

identify a particle as a muon. To identify a particle as a muon the muon chambers require

NP 3 4.37)

layers

where NM2 ' is the number of layers registering signal associated to a charged track in

the central tracking chambers (figure 4.4). In the hadron calorimeter, a particle is tagged

as a muon if
NZC , >4 (4.38)
NS Jtayer < 3 (4.39)

where N , is the number of HCAL layers with signal corresponding to a candidate

layers

track and N}35 ..., is the total number of HCAL hits associated to the cone divided by
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Figure 4.4: The top figure shows the number of muon layers containing a signal for all
jets selected as taus. The bottom figure shows all jets selected as muon tau decays. Monte
Carlo events are shown in the open histogram while the data is shown with error bars. The
shaded section represents background Monte Carlo events.
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Figure 4.5: The top figure shows the number of HCAL layers containing a signal for all
jets selected as taus. The bottom figure shows all jets selected as muon tau decays. Monte
Carlo events are shown in the open histogram while the data is shown with error bars. The
shaded section represents background Monte Carlo events.
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NEC  (figure 4.5). The ECAL is expected to measure only small energy losses from the

layers

passage of a muon and so a muon is identified by
Ea, < 2GeV (4.40)

where E,, is the cluster energy matched to the charged track. Figure 4.6 indicates the

Number of events

0 1 2 3 4 s 6 7
ECAL energy associated to the track (GeV)

Number of events

0 1 2 4 s P 7
ECAL energy associated to the track (GeV)

Figure 4.6: The top figure shows the cluster energy distributions for all jets selected as
taus. The bottom figure shows all jets selected as muon tau decays. Monte Carlo events
are shown in the open histogram while the data is shown with error bars. The shaded
section represents background Monte Carlo events.

E_, distributions before and after selection.

Muons are not expected to create large signals in the HCAL. Hence events are rejected
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to reduce hadronic background if
NiS, > 3 (4.41)
N layer 2> 3 (4.42)
Further hadronic background is removed by the cut
Mirkteca < 0.3 GeV (4.43)

where My, k4eca 18 the combined invariant mass of the track energy and the ECAL energy
of all clusters associated with the jet with 0.5 GeV subtracted from the energy of the ECAL
cluster closest to the charged track. This cut is designed to filter out hadronic decays that
include #° production. Real muon events deposit an average of 0.5 GeV in the ECAL
usually confined to a single cluster. Thus hadronic events depositing energy over a larger
region in the ECAL will be removed.

In complete analogy to the electron energy cut, a lower limit is placed on the measured
muon energy. This prevents the inclusion of events in a kinematical region where correct

particle identification is problematical. Events are rejected if
z, = (pt,.l,)/Eb“m > 0.05 (444)

where py, is the momentum of the charged particle. The data and Monte Carlo distribu-
tions for z, may be found in figure 4.7.

The most difficult background events to remove are the muon pair events. To reduce
this background, a check is made on the opposite cone to determine whether it appears
to be a high energy muon. The opposite jet is assumed to contain a muon if it passes
the muon chamber identification above or it passes the HCAL identification or it passes
through a region where the HCAL and muon chambers are not fully active. If the opposite

cone is tagged with a muon then the event is rejected if
Z,(opp) = 0.8 (4.45)

where z,(opp) is the scaled energy of the proposed muon in the opposite cone.



Figure 4.7: The top figure shows the muon energy variable z, distribution for all jets
selected as taus. The bottom figure shows all jets selected as muon tau decays. Monte

Carlo events are shown in the open histogram while the data is shown with error bars. The
shaded section represents background Monte Carlo events.

42



43

etet ppt ept pet
Events Selected 2003 1769 2044 2100

Table 4.1: Physics events selected as leptonic tau decay pairs.
4.4 Simultaneous Leptonic Decays

Each event selected as a tau pair is examined to determine the charge configuration.
Charge is designated by the direction of curvature of a charged track in the central
tracking chambers. The highest momentum track in each cone is designated as the
decay lepton candidate. Unless the charges are opposite for a given event, the event is
rejected. Each cone from these events is passed through the electron and muon selection
algorithms. Events in which both cones are tagged as electrons or muons or in which
one cone is tagged as an electron and the other a muon are stored for the fit to ¢ and P,.
Results from the selection may be found in table 4.1. Figure 4.8 shows the reconstructed,
correlated scaled energy distributions from Monte Carlo eu decays for each of the four
tau pair helicity configurations. The muon and anti-muon energies are on the x axis while
the electron and positron energies are on the y axis. These distributions represent the
corrected (see Chapter 4) distributions for pure ex events and may be compared to the tree
level theoretical distributions shown in Chapter 2.

4.5 Monte Carlo

To control background contamination and estimate efficiency, several Monte Carlo sets
are employed. The tau pair and muon pair Monte Carlo sets were generated using the
KORALZ program [46]. The electron pair events were generated using the BABAMC
[47] program and the two photon Monte Carlo events were generated using the Vermaseren
program [48]. To estimate non-tau background contributions, electron pair, muon pair and
two photon (ee and pp) events were examined. Standard Model tau decay Monte Carlo

events were employed to determine the tau pair selection efficiency and to estimate tau



Figure 4.8: Reconstructed correlated energy distributions for pure ey events after selection.

The histograms have been filled from the ex Monte Carlo events created for this analysis.
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background sources. The tau pair events consisted of two separately created Monte Carlo
runs which we will denote ‘1513’ and ‘1520’.

Finally, for each of the simultaneous leptonic decay pair types, four sets of different tau
helicity configuration events were generated. KORALZ creates events with definite tau
helicity and uses the V-A Standard Model interaction to generate leptonic decay particles.
By default, tau pair events are generated with opposite helicities. However, as discussed in
Chapter 2, events simulating V+A interactions may be generated using the V-A coupling
and creating like helicity tau pairs. This procedure was carried out to produce 50000
events for each of the four helicity configurations (T, |T,1T,ll) and for each leptonic
decay pair type.

All of the Monte Carlo sets are generated at a four vector level and then passed through
an OPAL detector simulation, GOPAL [49], using the GEANT package [50]. The resulting
information is formatted in the same way as the OPAL physics events and passed through
the same event reconstruction software. This enables a simple direct comparison between
data and Monte Carlo and facilitates the development and testing of selection cuts and

estimation of efficiency and background.

MC Type Total events 77 eet ppt eptorpet
T > e et 200000 104889 71784 0 1
rr—u-pt 200000 97755 0 70875 29
rr — e put 200000 109871 17 9 79998
T — p-et 200000 109784 20 4 80138
T7(1513) 300000 162804 3943 3443 8256
77(1520) 538275 292948 6877 6006 14892
e et - eet 714966 344 11 0 0
e-et - pu-pt 599331 1582 0 8 9
e"et — yy(ee) 186042 133 50 0 0
et yylup) 246633 141 0 84 0

Table 4.2: Results of selection routines on Monte Carlo data. The top four samples are
the leptonic tau decay pair events generated specifically for this analysis. The middle two
sets are the general tau decay events generated at CERN. The last four samples are used
to estimate non-tau background.



Event Type = Background(1513) Background(1520)
ee 479 778
Jp 189 251
ep(combined) 743 1130

Table 4.3: Background from non-leptonic tau decays.

The Monte Carlo sets were each passed through the simultaneous leptonic tau decay
selection routine as described above. The results may be found in table 4.2. Note that,
while there are non-tau contributions to the e"e* and p~ut samples, there is virtually no
contamination in the e~ u* and p~e* samples. The tau background is estimated from the
tau pair data sets. An event is labelled as background if either one of the cones selected as
a correlated leptonic tau decay event was not a leptonic tau decay. Tau background results
are listed in table 4.3.



Chapter 5

Analysis

Although we have constructed a theoretical distribution in equation 2.17 it is not represen-
tative of the distribution we actually measure and must be corrected for a number of effects.
The dominant contributing correction factors may be separated into four types: radiative,
resolution, efficiency and background. The various correction factors may depend upon

charge, helicity, energy and other measured quantities.

5.1 Corrections

Using equation 2.25 we may incorporate the various correction factors in a straight forward

manner. To simplify the notation we will define the quantities

N“ = dIyp(21)dT{y(22)
N* = dU(z1)dT{;(22)
N* = dI{(z1)dl{(z2)
N¥ = dIjp(21)dl]g(2a). (.1
At the tree level, the fit function is then
NP = K[(1+6 4PN
13146~ PN

(L= @)W + N (52)
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where the overall normalisation is K events. Notice that we have changed the coefficient
of the N** + N% term from 1 to 1. In equation 2.25 each of the four two dimensional
distributions are normalised to unity. When we apply this form to the fitting routine the
sum N** + N% will be normalised to unity.

Corrections may now be applied to each of the four distributions separately. Symbol-

ically we may write each of the corrected distributions as
Ncorr — NtneRre ¥ ﬂ (5.3)

where R is the detector resolution correction factor, r is the radiative correction factor, € is
the decay mode selection efficiency and g is the tau background. R, e and 3 do not depend
directly on the functional forms of 5.1. As discussed in Chapter 2, radiative corrections
do alter the theoretical functional forms but in such a way as to preserve 2.23. Hence
the assumptions employed to construct 2.25 remain valid. In addition to the decay mode
selection efficiency and the tau background we must correct for the tau selection efficiency

¢, and the non-tau background B,.»—-. The fully corrected theoretical distribution is then

corr

Nt K[{%(l +€ + EP)(Nye Brle + )

(1 +E — €PN Ririct 1 %)

tree

+ﬂmm—tau] . (54)

31— E)((VEm Br=e 1 B) + (N, R4 4 4 g,

The practical implementation of the correction factors may proceed in a number of
ways. We have chosen to create Monte Carlo distributions that incorporate the corrections
directly. As discussed in Chapter 4, the generated Monte Carlo sets include radiative
corrections to order a and are passed through a detector simulation. The tau background
isintroduced using the tau pair Monte Carlo events. The correlated lepton pair distributions
were generated specifically for this analysis and correspond to each of the N,,.. Rre terms
in 5.4. Non-tau background sources are expected to be small and were examined using
the two photon, electron pair and muon pair Monte Carlo samples and will be discussed
below. The contribution of hadronic non-tau background is expected to be small [44].
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The tau pair Monte Carlo sets only include events in which the tau helicities are
opposite. As discussed in Chapter 4, the N** and N distributions were generated from
like helicity tau pair events. Hence, we may not estimate the tau background for the like
helicity events directly. Instead, single particle distributions are multiplied to simulate
this background.

For illustrative purposes, example distributions for each of the correction factors are

presented. This gives an indication of the relative effect of each correction type.

5.1.1 Radiative Corrections

As discussed in the theory section, equation 2.17 is only a tree level approximation and
hence higher order radiative corrections must be accounted for. Since the Monte Carlo
generator KORALZ includes radiative corrections to O(a) it is easiest to calculate these
corrections with Monte Carlo samples. The four vector values from a sample of 100000
7T — eu events were used to create the expected Standard Model distribution. The
events were binned in 25 equally sized bins with respect to the z. and z, variables and
then divided by equation 2.17. The five slices in z, of the resulting fractional radiative
correction histogram as a function of z, may be found in figure 5.1.

5.1.2 Resolution

The second effect we must correct for is that of the detector apparatus on the measured
particles. We have an imperfect knowledge of materials and particle interactions with
them but from test beam experiments and previous analyses we may deduce the general
effects of the detector pieces on measured particle energies. OPAL’s GOPAL [49] software
has been designed to simulate such effects. Monte Carlo events were binned after decay
mode selection first using the four vector generated z, and z, values and then using the
reconstructed values. Figure 5.2 shows the ratio of the reconstructed distribution and the

four vector distribution assuming a Standard Model interaction.



g g 3
1 5——1__‘____‘___ﬂ_ 54 E
Y Rarr
g 075 | 0.05x20.2 8075 F 0.2<x50.4
s b g 3
5] - ° 05
g = g -
§025 | g025 F
.g o:lllllllLLLLJlllllllg o:lllllllllllllllllll
0 02 04 06 08 1 0 W02 W4 ©5 08 1
Xy Xu
= F 8 E
- E et -
g  0.4<x,20.6 EOJS - 0.6<x,=20.8
S 05 | 305 F
g - & 3
.g 3 025 F
- oFllllllllllllllllJll -g O:lllLllllllllJlJllll
0 02 04 06 08 1 0 02 04 06 08 1
Xy Xy
E 1 E
£ ——_J——L_—l_
g 075 F 0.8<x51.0
g os |
g -
5025
lg 0 :1 P l T I % B | I o l A 4
0 02 04 06 08 1
Xy

Figure 5.1: Shown are the fractional radiative corrections. The five histograms represent
slices in z. of the correlated ey distribution as functions of z,,.



51

5 -k g8 |, F |

- g -— -—-‘__—_‘—_

& - & E

§ 075 £0.055x,50.24 féms -0.24<x,50.43

§ os | 8.05-&

= - = .

=] - =] =

g 025 | 025 F

[} e [} E

§ o-llllllllljllllllll § o_lllllllllllj_LllLLL

02 04 06 08 1 02 04 06 08 1

Y Xy

8 1 E 5 =

g8 F ot ¢ i 1 T

fgo.?s F-0.43<x,£0.62 §0.75 F-0.62<x,50.81

S os £ § os E

= = o =

= - g E

5025 505

2 b l ! | 2 E L I ! |

T A__ 1 11 4R 1 B2 8 0 . L. 002 o S . - e BT

o e 02 04 06 08 1 02 04 06 08 1
Xy Xy

g E

T e i N

- E

gons F-0.81<x,£1.0

5025 |

=} E

§ 0 i . | l R . _§ I A l A2 l 2. 40

02 04 06 08 1

xl‘

Figure 5.2: Shown are the fractional resolution corrections. The five histograms represent
slices in z, of the correlated eu distribution as functions of z,,.



52

5.1.3 Efficiency

The third correction arises from the efficiency of the selection routine. Efficiency is
defined here as the four vector z distribution after tau decay selection divided by the four
vector z distribution before selection. The ratio of these quantities is shown in figure 5.3

for a Standard Model interaction.

5.1.4 Background

The fourth correction we must make arises from misidentification of tau decays by the
selection routine. To construct the required energy distributions we must rely on the
Monte Carlo to simulate the tau background decays accurately and to apply reasonably
precise branching ratios. From these studies we find that the background in correlated ex
tau decays is approximately 8 per cent.

Although we have added the background correction in equation 5.3 it is more illus-
trative to display the fractional contribution. Figure 5.4 depicts the ratio of all selected
events to actual leptonic events for the Standard Model case.

5.2 Fit Procedure

The fitting procedure utilises a least-squares approach. This method allows the straight
forward use of Monte Carlo distributions as the theoretical distributions. Since the theo-
retical distributions are constructed from Monte Carlo events, the associated errors must
be incorporated into the fitting scheme. The least-squares function for this procedure is
(&—-F)?
5.5
g d; + (04)? )
where d; is the number of data events in bin i of the n bins, f; is the number of total
predicted events in bin ¢ and oy, is the error contributed by the Monte Carlo distributions.
The f; depend on the Monte Carlo sources through
= Np Y_ P;ja;/N;. (5.6)

i=1
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Here, Np is the total number of data events, N; is the total number of Monte Carlo events
in source j, P; is the relative strength of source j and aj; is the number of events in bin 1

of the j** source. The Monte Carlo error is calculated using
ok = Np 3_ Pilafi + Kja33°)/N} 5.7
J

where a% is the contribution from the actual lepton pair events, a3 is the contribution from
the background events and k; are scaling factors that scale the tau background events to
the number of lepton decay pairs. Note that the normalisation is automatically accounted
forin 5.5.

Applying 5.5 to the analysis at hand requires the associations

al.-=N“d

corr;i

e du
axy = Ncorr;i

az; = Nuu +N“

P, = 1+¢+2¢P,
P, = 14+£-2%P,
P = 1-¢£. (5.8)

The three distributions N4, ., N .and N .+ N3 . correspond to the Monte Carlo
described by 5.3. The number of bins » may be varied to determine the effects of different
binning schemes.

The fit routine receives the binned data distribution and the three Monte Carlo distri-
butions. It then minimises 5.5 using the minimisation package MINUIT [51]. We have
chosen to fit to the parameters A; = ¢? and A; = ¢ P, to maintain a linear parameter
dependence as nearly as possible. MINUIT returns the fit parameters A; and A, along
with error estimates. These errors are calculated in two different ways. The first method
assumes that a parabolic approximation is valid for the shape of the x? function near the
minimum. MINUIT calculates the second derivative matrix and inverts it to determine

the errors. For the second method, error estimates are calculated by determining the

variation in each parameter when the x? function is increased by 1.0. The errors from
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the second method are expected to almost always be correct. The difference between the
two errors gives an indication of the non-linearity of the fitting function with respect to
the parametrisation chosen. These errors will correspond to one standard deviation limits.

The fit parameters and their errors may then be converted to estimates on § and P;.

5.3 Monte Carlo Studies

Each of the four sets of simultaneous leptonic tau decay Monte Carlo events were used
to examine the feasibility of employing 5.2 for a fitting procedure. The four helicity
configurations for each decay pair type (e"et, e~ ut, u~et,u~pt) were separated into
two sets. The first set in each case was used as the reference distributions for the fit. The
rest of the sets were used to create distributions containing 2000 events; each with fixed ¢
and P; values.

The p~ut events returned reasonable fit values when the full kinematical range was
used. However, once the cut at z,, = 0.8 was applied the fits returned errors indicating that
this channel would be unsuitable because of the reduction in sensitivity. The e~ e case
was also examined and showed promising results. However, because of the sensitivity of
the results to the presence of non-tau background, this channel was not used either.

The analysis focused upon the e~ut and p~e* events. Both charge symmetry and
right handed lepton universality were assumed. Hence the two samples could be binned
together creating a total sample of 4144 events. The selection algorithms differ for e and u
decays so z, from e~ ut events was combined with the z,, from p~e* events and z, from
e"u*t events was combined with z, from p~e* events. Four theoretical fit distributions
- containing 18000 events each were created using Monte Carlo four vector values after
tau selection. The remaining events were used to construct fifteen sets of 4000 event
histograms. These histograms were then used as test ‘data’. Each of the 15 samples was
fitted using the procedure outlined above for each of three bin sizes: 4 by 4, 5 by 5 and 6
by 6. These studies test both the Monte Carlo sets and the fitting procedure itself, In each
case the standard deviation of the fit parameters agreed well with the mean errors returned

by MINUIT and the central values were constistent with the input parameters.
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An analogous set of fits was then carried out using events tagged by the decay mode
selection algorithms and employing the reconstructed energy values. Each theoretical fit
distribution was filled with 18000 events while 8 test ‘data’ samples of 4000 events each
were created. The fit values were again consistent with the input values within statistical
fluctuations and the errors from the fit were consistent with the spread of the 8 fitted values.
From this study we conclude that the fit is unbiased and the errors from the fit procedure
are consistent with expectations. We note that before background contributions are added
a statistical error on the order of 0.35 for A; and 0.06 for A, may be expected for 4000

data events.

5.4 Data Fit and Systematic Checks

The Monte Carlo studies indicated that no particular bin scheme was preferred. To
minimise the number of bins containing small counts while maximising sensitivity a 5 by
5 binning was employed. A binned x? fit was carried out using the fully corrected Monte
Carlo distributions on the 4144 selected data events. Minimisation of the x? function
produced the results

A

0.63 £0.51

A, —0.218 £ 0.062.

The x? function at the minimum was 30.76 for 23 degrees of freedom. The probability
that the x? is greater than 30.76 is 13%. Figure 5.5 shows the fit result plotted over the
data in 5 slices of z. as a function of z,. The generated errors are consistent with those
anticipated from the Monte Carlo study. They represent the statistical error of the data
set and of the finite size of the Monte Carlo theoretical distributions. It is necessary to
examine possible systematic effects arising from the selection and fit procedures.

Energy scale and resolution systematic effects were studied in two ways. First, the
electron and muon energies for the data were scaled absolutely by +0.5%. Secondly, a
Gaussian smearing was applied to the Monte Carlo by adding a randomly generated value

to each electron and muon reduced energy. For the electron energy, an examination of
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Figure 5.5: Shown is the correlated data histogram versus the Monte Carlo distribution
corresponding to the parameter fit estimates for 5 slices of z. as a function of z,. The
dashed lines with error bars represent the data while the open histograms represent the
Monte Carlo. The hatched histogram indicates the Monte Carlo estimated background
contribution.
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the E.,/p:.r variable (see figure 4.1) indicated that a smearing with ¢ = 0.008 would
approximate the discrepancy between the data and Monte Carlo E, /p;.s distributions.
For the muon Monte Carlo energies, previous work showed that a standard deviation of
o = 0.005 would approximately account for differences between the data and Monte
Carlo muon energies [52]. The results from these studies are given in table 5.1. The

|  Variable E Scale or Sigma A, Change A, Change |

z, 995 -.024 019
T, 1.005 -.084 -.029
2, .995 061 029
25 1.005 -.007 -.019
2y .008 036 .000
T, .005 -.044 .004
Positive Total 071 035
Negative Total .098 035

Table 5.1: Energy scale and resolution systematic errors are presented. The first four
results correspond to absolute energy scaling of the electron and muon energies while the
last two represent a Gaussian smearing. The totals are the individual variations added in

quadrature.

positive and negative differences are added separately in quadrature to construct the total
resolution errors.

The recent tau leptonic branching ratio results from OPAL [44] included an exami-
nation of the accuracy of background estimates from tau pair Monte Carlo events. Their
results suggest corrections to the background estimates on the order of 25% for electron
selection and 40% for muon selection. To examine the sensitivity of the background
estimates on the fit results in this analysis, we scaled the background contribution to the
theoretical distributions by 0.5 and 1.5 which more than accounts for the 25% and 40%
uncertainties. Table 5.2 presents the results from this study.

The full fit result including both statistical and combined systematic errors is then

A; = 0.63+0.5110%7
A; = —0.218 +0.062 + 0.035 (5.9)



[ Bkg. Scale A, Change A, Change |

B .009 .000
1.5 -.144 .003
Pos. Total .009 .003
Neg. Total 144 .000

Table 5.2: Background systematic errors.

As a further check on systematic effects, the nominal cut limits used for the data
decay mode selection were varied. Each data selection sample was then fitted using
the nominally selected Monte Carlo distributions. The differences between the nominal
parameter estimates and those returned for each of the cut variations are listed in table 5.3.
As these results are probing the same systematic effects previously discussed, this study
serves as an additional check and the variations in the parameter fit values do not make a

contribution to the total systematic errors in 5.9

| Variable Cut Change A, Change A, Change |

Ech/ptrk -5% 001 002
E.,/perk +.5% -.023 -.002
- -.03 029 -019
 A— +.02 -077 .009
NEB, +1 019 065
z, -5% 007 .000

Ze +.5% 016 .000
Mtrh—ecal -1% .000 .000
Mok —ccal +1% .003 002
Ea, -5% .000 .000
Ed, +.5% .000 .000
NE- S +1 .008 042
z,(lower) -.5% 007 .000
z,(lower) +.5% 016 .000
z,(upper) -.5% .000 .000
z,(upper) +.5% .000 .000

Table 5.3: Efficiency systematic cross checks.



Chapter 6

Results and Discussion

In Chapter 5 the results from this analysis were presented in the form of the two parameters
A, and A, where

A =¢
Az = {Pr (6.1)

These results have assumed that § was given by the relation 2.14 and that £ is the same
irrespective of the leptonic decay channel or the charge of the tau. Calculating the
corresponding values of £ and P, from equation 6.1 gives

€] = 079503 0n

|P-| = 0.2761075*0 03 (6.2)

In 6.2 we have only shown the magnitude of the parameters. In fact, we do have the
relative sign information since we have measured ¢ P, to be negative. Thus £ and P, must
have opposite signs. We can utilise other experimental information to fix the absolute
signs.

The tau polarisation is related to the neutral weak vector and axial couplings through

247 /&™
P, = —% (6.3)
where gy, and g}, are the effective vector and axial-vector neutral weak coupling constants

for tau particles.
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At the SLAC linear collider, the use of polarised e~e* beams allows the measurement

of the left-right asymmetry
Arr = (UL - UR)/(UL + UR) 6.9

where o(r) is the total Z production cross-section for a left-handed (right-handed) po-
larisation of the electron beam. This left-right asymmetry measures the neutral weak
coupling constants for electrons. If we assume lepton universality in the neutral weak
sector then the tau polarisation is related to Azr by the relation P, = —Apg. The SLD
group at SLAC has obtained the result [53]

Arg = 0.1628 £ 0.0071 + 0.0028 (6.5)

which we will interpret as determining the sign of the tau polarisation to be negative. Thus
we find that ¢ = +0.79+3:28+0.% and P, = —0.276+3:35+3-957 The value of ¢ is consistent
with a pure V-A charged weak interaction while the P, value is consistent with the neutral

current measurement given in 6.5.

6.1 Tau Decay Results

The accumulation of tau events over the last decade has enabled physicists to determine
experimental values for several of the tau decay Michel parameters. The most easily
accessible parameter is the p since it only affects the shape of the decay lepton energy
distribution. In addition, a measurement of p does not require the decay of polarised tau
particles.

A number of experiments [54] [55] [56] have analysed the electron and muon one
dimensional energy distributions from tau decays to determine p. The current world
average is p = 0.74 &+ 0.04 [36]. This value assumes that p is the same for both electron
and muon tau decays and is consistent with a V-A interaction.

" To date, only two measurements of the § parameter in leptonic tau decays have been
made. Equation 2.12 indicates that confining an analysis to the decay lepton energy
distribution will enable one to measure the product {§. The ALEPH experiment has
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determined the value £§ = 0.88 £ 0.11 £ 0.07 [34] while the ARGUS Collaboration has
found ¢6 = 0.77191% + 0.05 [33]. If one assumes ¢ = 1 then these results are consistent
with a V-A interaction.

The focus of this analysis has been to extract a measurement of { while assuming p
and § to be exactly equal to their Standard Model values. Currently, there exist three
measurements of the ¢ parameter for leptonic tau decays. In 1993, the ARGUS group [32]
used a procedure similar to ours to measure |¢| = 0.90 £ 0.15 + 0.10.

Both ARGUS and ALEPH have published measurements of ¢ within the last year.
ARGUS has found ¢ = 1.26%9:3% + 0.09. In this result they are able to determine the
sign of ¢ by using hadronic tau decays in their fit. The ALEPH measurement produced

= 1.18 + 0.15 + 0.06 as part of a multi-parameter fit to a data set that included both

leptonic and hadronic tau decays.

6.2 Conclusion

Although this result is not as competitive as previous  parameter measurements, it provides
a complimentary analysis from an independent data set. The fit returns a measurement of
|€] = 0.7913:23+39% which is consistent with Standard Model charged weak predictions
and the measurement |P,| = 0.276%935%0-05s which is consistent with Standard Model
neutral weak interaction expectatibns. Use of previous results from SLD allow us to fix
the sign of P, as negative causing £ to be positive.

There is some scope for improvement in this analysis of the structure of charged weak
tau decays. Some areas in which improvements may be made are as follows:

Firstly, all of the correlated tau decay measurements are limited by the statistical size
of the data sets involved. Obviously this difficulty can only be cured by continued data
taking. The statistical error quoted includes the errors arising from the finite size of the
Monte Carlo sets used. Utilising additional Monte Carlo events may reduce this error
somewhat.

Secondly, this analysis might be improved by a closer examination of the selection

algorithms employed. A reduction of the background would certainly reduce systematic
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errors and may improve sensitivity. The addition of the correlated ee and pp tau decays
would approximately double the statistical size. Developing a set of selection criteria that
could allow the inclusion of these events would greatly improve the size of the statistical
sample. However, this would require a good understanding of the non-tau backgrounds to
which these channels are sensitive.

Finally, it is noted that a number of different fitting methods have been employed to
produce Michel parameter results. Our analysis has utilised a x? approach to facilitate the
use of Monte Carlo events for construction of the theoretical distributions. Introducing a
binned likelihood method or possibly an event by event likelihood approach might improve
sensitivity in the leptonic decay channels and reduce reliance on Monte Carlo events.

In conclusion, the values of £ and P, have been measured and found consistent with

the Standard Model predictions.
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