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A b stract

The T ~  —> branching ratio has been measured using data collected from 1990

to 1995 by the OPAL detector at the LEP collider. The resulting value of

B (r“ —> =  0.1734 ±  0.0009(stat) ±  0.0006(syst)

has been used in conjunction with other OPAL measurements to test lepton univer­

sality, yielding the coupling constant ratios g^/ge = 1-0005 ±  0.0044 and gr/ge = 

1.0031 ±  0.0048, in good agreement with the Standard Model prediction of unity. A 

value for the Michel parameter g =  0.004 ±  0.037 has also been determined and used 

to find a limit for the mass of the charged Higgs boson, m-a± > 1.28 tan/3, in the 

Minimal Supersymmetric Standard Model.
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Chapter 1 

Introduction

The universe around us provides an endlessly fascinating kaleidoscope of enigmas to 

titillate and tantalise the enquiring mind. Curiosity about this constantly shifting 

backdrop against which we play out our mundane lives can take various practical 

forms, from the study of stars and galaxies to the study of the fundamental parti­

cles^ of nature. Particle physicists choose the latter option to satisfy their craving 

for understanding, by seeking to identify and measure the properties of the basic 

constituents of m atter and to understand the natural laws which describe the forces 

that bind them to each other.

The Standard Model of Particle Physics has been formulated to describe the prop­

erties of elementary particles and the fundamental forces which govern the interactions 

between them. Within this model, the observed interactions of the fundamental par­

ticles are produced by the strong, weak, and electromagnetic forces. There is also a 

fourth fundamental force, gravity, which is insignificant at the mass or energy scales 

of experimental particle physics.

Fundamental particles within the Standard Model are of two basic types: those 

which make up the known m atter in the universe, and those which act as “carriers”

^Fundamental particles are those with no observed substructure.
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for the fundamental forces. The particles of which m atter is formed are separated into 

two groups, leptons and quarks. Due to the nature of the strong interaction between 

them, quarks are not observed singly, but are observed in bound states of mesons 

or baryons, which have two or three quarks, respectively. An example of a meson 

is the pion, one of the components of cosmic ray showers, which is composed of a u 

and a d quark. The nucleons in an atom, protons and neutrons, are baryons and are 

composed of uud and udd quarks, respectively. Mesons and baryons are collectively 

known as hadrons. Leptons, which do not interact via the strong force, consist of 

electrons, e, muons, //, tau particles, r ,  and their associated neutrinos, z/g, and Ur-

Of particular interest to this work is the r  lepton. The r  particle is by far 

the most massive lepton, and is observed to decay via approximately 50 measurable 

decay modes. Because of this relatively large decay phase space, the r  particle has 

a comparatively short lifetime of 290.6 fs [1]. It provides an experimentally clean 

environment in which to study and test many aspects of the Standard Model.

One such area of study involves the r  branching ratios. The fraction of r  particles 

that decay via a specific mode is the branching ratio for that mode. It is important to 

measure all of the r  branching ratios in order to have a complete picture of this particle 

and its interactions; but, in addition, an elegant test of the Standard Model can be 

constructed using the branching ratios of the decay of the r  to a muon and neutrinos, 

and to an electron and neutrinos. The analysis presented in this dissertation is a 

measurement of one such branching ratio, B (r“ -4 - which is the fraction of

r  particles that decays to a muon and two neutrinos.

Despite batteries of high-precision tests specifically designed to find a flaw in 

the Standard Model, it has remained unassailable, perhaps the only working model 

in existence which displays such an impressive range of verifiable predictive powers.
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Every fundamental process and particle property that has been observed is consistent 

with the Standard Model.

However, there are theoretical indications that the Standard Model may be a low- 

energy approximation to an underlying theory. Among the problems of the Standard 

Model are its failure to predict the masses of the particles, and that the mechanism for 

producing massive particles involves a Higgs particle which has not yet been observed. 

The Standard Model and its limitations will be discussed more fully in Chapter 2.

Many of the fundamental particles are not readily available in nature, but rather 

must be produced by creating high-energy interactions between other particles. The 

T particles used in this study were created using the Large Electron Positron (LEP) 

collider at the European Organisation for Nuclear Research (CERN) near Geneva, 

Switzerland. In the LEP collider, electrons and positrons were accelerated around a 

27 km underground ring, and were brought into collision at four separate interaction 

points. Each of these interaction points housed a large particle detector, constructed 

to detect the particles produced in the electron-positron (e+e“ ) collision and to de­

termine their identity based upon the ways in which they interact in the detector. 

One such detector is OPAL^, which is described in detail in Chapter 3.

This work uses data taken by the OPAL detector from 1990 to 1995 at centre- 

of-mass energies near the mass of the particle, resulting in the production of Z° 

particles at rest which subsequently decay in a variety of ways, one of which is to a 

T+T" pair. In order to determine B(r~ —>■ a pure sample of r+T“ pairs is

selected from the full LEP data set, and then the fraction of r  particles which have 

decayed to a muon and neutrinos is determined. This fraction is then corrected for 

backgrounds and efficiencies. The selection of pairs is described in Chapter

^Omni-Purpose Apparatus for LEP
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4, including a description of the modifications made in this work to the standard 

OPAL selection; the selection of r~ -4- events is described in Chapter 5;

and the determination of the branching ratio is described in Chapter 6 . These latter 

sections detail the work done specifically for this analysis.

The measurement of B (r“ - 4  presented in this work is the most precise

measurement to date and has been published in reference [2]. When used in conjunc­

tion with other measurements, it provides a means of stringently testing the Standard 

Model. These tests are presented in Chapter 7.



Chapter 2 

Theory

2.1 T he Standard M odel

The Standard Model of Particle Physics [3] is a quantum field theory in which the 

excitations of the fields describe the elementary particles. It is formulated as a La- 

grangian equation which describes the interactions between the fundamental particles 

and predicts some of the particle properties. The beauty of the model lies in its ele­

gance and its robustness. This robust nature can, however, be a two-edged sword.

The elegance of the Standard Model lies in the fact that the structure of each type 

of interaction between fundamental particles automatically arises out of the Standard 

Model Lagrangian when the requirement of local gauge invariance is imposed. This 

requirement demands that all of the observable physics be invariant under a trans­

formation from one underlying state to another. The set of transformations that 

leave the physics unchanged is known as a group of symmetry operations or gauge 

transformations. For example, in electromagnetic theory it is possible to change the 

4-vector field, which is not observable, by adding to it the gradient of any arbi­

trary scalar function, without changing the measurable properties of the electric or 

magnetic fields. It is only our interpretation of what we observe that has changed.
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The robustness of the Standard Model is evidenced by the fact that, despite a 

myriad of high-precision tests, no deviation from Standard Model predictions has ever 

been observed. The problem is that the Standard Model doesn’t provide a complete 

description of nature, and experimental evidence of physics beyond the Standard 

Model would be a welcome indication as to which direction holds the complete theory 

for particle physics. Frustratingly, the very robustness of the Standard Model means 

that little directional information is forthcoming, although, with the current levels 

of precision being obtained in these tests, some areas of potentially new physics are 

constrained. The premise that one could perhaps begin anew, with a different model, 

and in that way test the very basics of the Standard Model, is a false one. There 

are so many ways in which the Standard Model agrees exactly with what we observe 

that any proposed model would have to either yield the same predictions but with 

fewer free parameters, or else yield predictions which do not contradict those of the 

Standard Model, and more.

Within the Standard Model, the constituents of m atter are fermions (spin 1/2 

particles). The particles which act as carriers for the fundamental forces arise out 

of the requirement of local gauge invariance and are gauge bosons (spin 1 particles). 

Each of the gauge bosons couples to a specific property termed “charge” . The gauge 

boson of the electromagnetic force is the massless, chargeless photon, which couples 

to the familiar electric charge. Similarly, the gauge bosons for the strong force are 

massless gluons which couple to “colour charge” . The gauge bosons of the weak force 

are the massive and bosons which couple to “weak isospin charge” .
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Leptons Quarks
Generation Flavour Charge Mass(GeV) Flavour Charge Mass

1 0 <  3 X 10-^ u + 1 1.5 - 4.5 MeV
e - 1 5.11 X 10-4 d 1

3 5 - 8.5 MeV
2 0 < 1.9 X 10-4 c +  1 1.0 - 1.4 GeV

-1 0.106 s 1
3 80 -  155 MeV

3 Vr 0 < 18 X 10"^ t +  f 174.3 ±  5.1 GeV
T -1 1.78 b 1

3 4.0 - 4.5 GeV

Table 2.1; Some properties of the fundamental constituents of m atter in the Standard 
Model. Electric charge is given in units of the positron (e'*') charge. The masses given 
are the Particle Data Book 2002 evaluations [1].

The fundamental fermions consist of six leptons and six quarks^. Each of these 

groups is divided into three generations in order of increasing mass^; each generation 

consists of a pair of leptons and a pair of quarks, the left-handed component of 

which forms an isospin doublet, as shown in Table 2.1. The leptons and quarks are 

differentiated from each other mainly by the way in which they interact. Quarks carry 

colour charge, weak isospin charge, and electric charge, and so may interact via the 

strong, weak, or electromagnetic forces. Leptons do not carry colour charge and so 

do not interact via the strong force, but do carry weak isospin charge and therefore 

interact via the weak force. In addition, charged leptons (those with electric charge) 

interact via the electromagnetic force. The bosons which mediate these forces are 

shown in Table 2.2.

^Each fundamental particle has an associated anti-particle with opposite electric charge. By 
a requirement known as charge conjugation, all other properties of a particle and its anti-particle 
partner are identical. In this work, wherever a process is shown for only one charged state, the 
opposite charged state is implied under charge conjugation.

^In this work, the units of h =  c =  1 are used; therefore, mass and momentum are in units of 
energy.
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Force Gauge boson

Electromagnetic
Strong
Weak

photons
gluons
W ^/Z°

Table 2.2: Gauge bosons for the fundamental forces.

The Standard Model is based on a combination of three gauge groups, SUc{S) x 

SUl{2) X The form of the couplings between strongly interacting particles is

described by SUc{3). The other two groups, SUl {2) x f/y (l), together describe the 

electroweak interaction. The subscript L  indicates that only the left-handed chiral 

component of the fermions interacts with the W bosons. The subscript Y  denotes 

the weak hypercharge of the particle, defined hy Q = T^ + F / 2 , where Q is the 

electric charge and T^ is the third component of the weak isospin. The left-handed 

components of the Uf. and e together form a left-handed weak isospin doublet, with

=  1/2 and T^ =  —1/2. The same is true for the u and d quarks, respectively, 

and the pattern holds throughout all three generations. The right-handed fermions 

are not part of the weak isospin doublets, but are singlets with T  =  =  0.

The Feynman diagrams for the interactions of the leptons and quarks via the 

fundamental forces are shown in Figure 2.1, where /  stands for fermion, q stands for 

quark, I stands for lepton, Çu stands for any “up-type” (T^ =  1 / 2 ) quark, and % 

stands for any “down-type” (T^ =  —1/2) quark. The probability of an interaction 

occuring is proportional to a characteristic coupling strength between the gauge boson 

and the fermions, given by gs, pw, 9z, and for the strong, charged-current weak, 

neutral-current weak, and electromagnetic interactions, respectively. The charged- 

current weak force proceeds via the exchange of a charged W boson and involves a
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f

f

tnnnnnnrs
§s

(c)

f

f

Figure 2.1: The Feynman diagrams for the (a) electromagnetic, (b) strong, (c) 
charged-current weak, and (d) neutral-current weak interactions.

rotation in the isospin doublet between the T^ = 1/2 state and the T^ =  —1 / 2  state. 

Thus, these interactions may change the “flavour” of the particle from a neutrino to a 

charged lepton, or from an up-type quark to a down-type quark. Cross-generational 

changes are also permitted, with a probability determined by the elements in the 3 x 3  

CKM matrix [4] for the quark sector. This is possible because the weak eigenstates 

are rotated with respect to the mass eigenstates which we observe. In the lepton 

sector, the neutrino mass is so small that until recently there was no indication that 

it was non-zero, and hence the properties of the cross-generational interactions are 

not yet known, but only are constrained by recent measurements to lie within certain 

parameter regimes [5].

Imposing the requirement of local gauge invariance on the Standard Model La­

grangian results in the prediction of massless gauge bosons for both the strong and
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the electroweak forces. Although this agrees with experimental evidence in the case 

of the strong and electromagnetic forces, it does not agree in the case of the weak 

force, where the gauge bosons are massive. This theoretical problem was addressed 

by Glashow, Weinberg and Salam [3], and led to the introduction into the Standard 

Model of “spontaneous symmetry breaking” . The mechanism of symmetry break­

ing requires that extra terms involving a new field be added to the Standard Model 

Lagrangian. This results in several changes to the Model: the electroweak force is sep­

arated into the electromagnetic force and the weak force as observed in nature; mass 

is imparted to the W and Z bosons; and the extra terms give rise to the prediction of 

a new massive boson which couples to mass, the Higgs particle, [6 ]. By introduc­

ing mass couplings into the Standard Model Lagrangian, this Higgs mechanism also 

generates the fermion masses.^

Unfortunately, the Higgs mechanism causes some problems within the Standard 

Model. For example, since the Higgs particle interacts with particles at the elec­

troweak scale, it is natural to assume that its mass will be of the same order as that 

scale, or around 100 GeV. However, the radiative corrections to the Higgs mass, which 

are calculated by first order perturbation techniques, diverge quadratically (see, for 

example, [1, 7, 8 ]). In principle, this problem can be fixed within the Standard Model, 

but it requires some “fine tuning” at every order in perturbation theory, which lacks 

robustness. If it is important to include gravity in the theory, then the fine-tuning 

must extend to the Planck scale (10̂ ® GeV), and the fine-tuning corrections become 

enormous.

The Standard Model is unsatisfactory in other ways as well. Table 2.1 shows a 

large mass hierarchy between generations, for which there is no theoretical basis. And

^No direct empirical evidence of any Higgs particle has yet been observed.
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although the Standard Model predicts the forms of the couplings between particles, 

it does not predict their strength. It also does not predict the masses of the fermions. 

All of these properties must be entered into the Standard Model as free parameters, 

contributing to a total of 24 free parameters. Additionally, gravity is not included 

in the Standard Model of Particle Physics, but rather usually is described in terms 

of classical fields within a cosmological framework. These two areas overlap when 

considering the possible contribntors to dark m atter and to the cosmological constant, 

which is very poorly understood. Various theories are being tested which would refine 

the Standard Model and deepen our understanding of the universe at a fundamental 

level.

2.2 B eyon d  th e  Standard M odel

In order to address some of the problems within the Standard Model, the mathe­

matical concept of supersymmetry [9], in which each Standard Model particle has a 

partner whose spin differs by 1/2, was adopted. Since we do not observe a symmetry 

between bosons and fermions in nature, this symmetry must also be broken. The at­

tractiveness of a supersymmetric theory is based in part upon the following: the extra 

particles contribute radiative corrections that cancel the problematic divergences in 

the Higgs mass mentioned above; demanding a local supersymmetry theory, which 

is analogous to imposing the requirement of local gauge invariance on the Standard 

Model Lagrangian, automatically brings gravity into the theory; and supersymmetry 

might provide a dark m atter candidate, the lightest supersymmetric particle. In the 

Minimal Supersymmetric Standard Model, the existence of five Higgs bosons (h°, H' ,̂ 

H="̂ , A°) is postulated, which is the minimal number required by a supersymmetry 

theory.
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Another attractive aspect of supersymmetry is that it possibly provides a mecha­

nism by which the forces may be unified, and so it is one of the Grand Unified Theory 

candidates. Unification of the forces implies that they can be described by a single 

coupling, or gauge group, and propagated by a single group of gauge bosons which 

couple to all of the fermions with one characteristic coupling strength. Clearly, this 

is not what we observe in the universe around us. Rather, we have (ignoring gravity) 

three forces mediated by three groups of gauge bosons. The strength of the coupling 

between the gauge bosons and the fermions for the strong, weak, and electromagnetic 

forces are given by the four different coupling constants gs, gw, gz, and g^- It is 

hypothesized that, at high energies or temperatures such as those present in the early 

universe fractions of seconds after the big bang, these separate forces were unified, 

and then as the universe cooled and expanded the underlying symmetries were broken 

and the forces were resolved. There is some experimental support for this concept in 

the fact that the magnitudes of the coupling constants are dependent upon energy, 

and if supersymmetry theory is used to extrapolate their values to energies of the 

order of the Planck scale, they appear to converge.

2.3 T he T particle

Since its discovery in 1975 [10], the r  particle has provided a rich and interesting field 

of study for particle physicists. It is a third-generation sequential lepton; that is, its 

properties are identical to those of the first- and second-generation charged leptons, 

e and //, with the exception of mass. Its relatively large mass allows it to decay to 

hadrons, as well as to the two lighter generations of leptons. The experimentally clean 

environment provided by the leptonic decays lends itself well to precise measurements 

of T properties which can be used for stringent tests of the Standard Model. In figure
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Figure 2.2: The Feynman diagrams for the decays (a) r  (b) t
and (c) iJ,~

2.2, the Feynman diagrams are shown for the decays r ” —> n~ü^Ur, r “ e'Pgf^T, 

and e^PgZ/ .̂ In each case, the initial state particles are shown on the left and

the final state particles are shown on the right.

The partial decay width of a particle is proportional to the transition rate from an 

initial state to a particular final state, and is obtained by integrating the differential 

width
I A/112

(2 .1)dT =
2m

where d(j) is the Lorentz invariant phase space factor which takes into account kine­

matic constraints such as conservation of 4-momentum, and m  is the mass of the 

decaying particle. The matrix element, A4, takes into account the dynamics of 

the process such as the strength of the coupling between particles. For the decay
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T ~  —> n~V^i>r it is given by

M  = - ig r -
^/2 n/ 2

(2 .2 )

where P̂ -, r , /i, and are Dirac spinors, 7  ̂ and 7  ̂ are Dirac matrices, g is the 4- 

momentum of the r  particle, and is the mass of the W boson. The term in the 

first square brackets represents the coupling between the W and the (r'l-, r) doublet 

at the first vertex in Figure 2.2 (a), where the strength of the coupling is given by Çr- 

The next term, in large parentheses, represents the W propagator. The term in the 

final square brackets represents the coupling between the W and the (z/ ,̂ jT) doublet 

at the final vertex in Figure 2.2 (a), where the strength of the coupling is given by 

g^. The term arises from the polarisation modes of the W, and can be reduced 

to rriT-mfj,, the product of the masses of the charged leptons in the interaction. In the 

r  rest frame, q  ̂ % Since < <  and m l «  Equation 2 . 2  reduces

to

[âî7^(1 -  ■ (2.3)

Neglecting the masses of the final state leptons, averaging over the initial spin 

states, and summing over the final spin states, the partial width be­

comes

(2.4)

A more precise version of Equation 2.4 is obtained by including corrections for 

the muon mass, the full W propagator, and higher order processes [11], resulting in

r ( r -  - 4  = ( 1 ^ )  ^  (1 +  % c), (2.5)

where the correction for the muon mass is

f{x )  — 1 — 8x + 8x^ — — 1 2 x^ In x. (2 .6 )
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The radiative correction term, (1 +  in Equation 2.5 is given by

(1 +  %c)
a(mr)  /25

1 +  -
3 m:
5 m |vj

(2.7)

where a(mr)  is the electromagnetic coupling constant at the r  mass scale, and (1  +  

=  0.99597. The term in the first square brackets in Equation 2.7 takes into 

account photon radiative corrections, and the second term represents leading order W 

propagator corrections. The expressions for the decays -4- e“ Pe^r and jjT - 4  e"Pgi/^ 

are analagous to those presented here.

Many particles can decay via more than one decay channel or mode. The branch­

ing ratio for a specific mode is given by the ratio of the partial decay width to the 

total decay width. For example, a r  particle decaying via the channel - 4  1 viVri 

where I stands for e or /r, has a corresponding branching ratio given by

/  -  \  T  ( t ~  - 4 1
b (t -  PiUr) = (2 .8 )

 ̂T

The total width in the denominator of Equation 2.8 is the inverse of the r  lifetime.

2.4 T esting  th e  Standard M od el

The Standard Model does not predict the magnitude of the couplings between the 

gauge bosons and the fermions. However, the couplings of the and bosons to 

the different generations of leptons must be identical, or else gauge symmetry is lost 

and the model cannot predict the interactions or the forces. This prediction of lepton 

universality can be tested both in neutral-current weak processes which involve a 

particle, and in charged-current weak processes which involve the particles. In 

this work, it will be tested in the latter process using leptonic r  decays. In addition, 

the leptonic r  branching ratios can be used to measure the Michel parameter rj, which



CHAPTER 2. THEORY  ' 16

can be used to set a limit on the mass of the charged Higgs particle in the Minimal 

Supersymmetric Standard Model. These topics are discussed below.

2.4 .1  L ep ton  un iversa lity

The Standard Model prediction of lepton universality requires that the coupling con­

stants shown at the vertices in Figure 2.2, Çe, g and Qt , are identical and are all equal 

to gw, thus the ratio g^ /̂ge is expected to be unity. This can be tested experimentally 

by taking the ratio of the corresponding branching ratios, which, by Equations 2.5 

and 2 .8 , yields

F (r /i _  B (r /z Uf,Ur) ^  ^
F ( r -  e-UeUr) B (r -  -4̂  e~üel^r) 9e /(si)

(2.9)

In addition, the expressions for the partial widths of the t ~  —>■ and

fjL~ decays can be rearranged to test lepton universality between the first

and third lepton generations, yielding the expression

2.4 .2  M ich el p aram eter rj and  th e  charged  H iggs m ass

The most general form of the matrix element for r  leptonic decay involves all possible 

combinations of scalar, vector, and tensor couplings to left- and right-handed particles 

(see, for example, [1 2 ]), and is given by

^  =  ^  E  E  s i ( i r v , ) ( i > U r t )  (2.11)
V2 .,=S,V,T i,j=L,R

where

rs = i, rv = y , r̂  = ^ [ y y - y y ] ,
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and Gp is the Fermi coupling constant. In the Standard Model, the coupling terms 

take the following values; ^ l l  =  1 and all other gT  =  0, where 7  =  S, V, or T for 

scalar, vector, or tensor couplings, and i , j  =  L or R for the chirality of the initial and 

final state charged leptons. These coupling terms represent the relative contribution 

of each particular type of coupling to the overall coupling strength, Gp.

The shape of the r  leptonic decay spectrum can be parameterized in terms of the 

four Michel parameters [13, 14], rj, p, and 6. The partial decay width of r "  1 

in the laboratory reference frame can be expressed in terms of the Michel parameters 

as [1 ]

dTi _  Gpm^ ^  {fo{x)  +  pfi{x)  +  g— fi ix )  -  Pr[igi{x) +  ((^^2 # ] )  (2 .1 2 )
dx 192^3 I nir

where / is e or yu, a: =  Ei/Ei^rnax, and fi  and gi are polynomials defined in reference [1 ]. 

El is the energy of the charged daughter lepton and £'/,max is taken to be the beam 

energy. The integrated decay width in terms of the Standard Model decay width,

is given by

Tf =
Glpml

The Michel parameter g is given by

V =  2 ^ 6  I ^ l l  9r r  +  9r r  9l l  +  5 'r l(^ lr +  ^9l r ) +  9l r {9r l  +  Gĝ Ri,)} , (2-14)

and hence its Standard Model value is zero. A non-zero value of g would affect 

the r  decay width via its contribution to Equation 2.13. The term involving the 

ratio of masses in Equation 2.13 acts as an effective suppression factor in the case of 

> e~UeUr decays; however, the same is not true in t ~ -4- decays. It is

possible then to solve for g by taking the ratio Ffj,{g)/re{g), or equivalently by taking
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the ratio of the measured branching ratios [15]. Using Equations 2.5 and 2.13, we 

hnd

B (r-  ^  ^  A +  4 , ^ )  (2.16)
B [ t - ^  e-UeUr) V rrirJ

where melrrir is taken to be zero and assuming lepton universality =  g^)-

In addition, if one assumes that the first term in the expression for g is non-zero, 

then there must be a non-zero scalar coupling constant, such that g =

This coupling constant has been related to the mass of a charged Higgs particle in 

the Minimal Supersymmetric Standard Model via the expression

9rr = - m im r { ta n ^ /m ^ ± Y ,  (2.16)

where tan is the ratio of the vacuum expectation values of the two Higgs fields, g 

can be approximately written as [15]

Thus, g can be used to place constraints on the mass of the charged Higgs.



Chapter 3 

The OPAL experim ent

The data used in this work were produced at the CERN experimental facility, on the 

France-Switzerland border near Geneva, Switzerland. Founded in 1954, this facility 

is maintained through international collaboration and is dedicated to the pursuit 

of both fundamental particle physics knowledge, and the export of this knowledge 

along with the associated technological skills to industrial fields. CERN provides 

the accelerators necessary to create exotic particles such as r  leptons. This chapter 

describes the LEP collider and the OPAL detector which was used to identify and to 

determine the properties of the r  particles through the measurement of their decay 

products.

3.1 T he LEP collider

The LEP collider was a facility consisting of several particle accelerators which worked 

in stages to produce and store electrons and positrons, and collide them at high ener­

gies. From 1989 to 1995, LEP operated at a centre-of-mass energy of approximately 

90 GeV (LEPl). From 1995 to 2000, the centre-of-mass energy was increased in steps 

up to approximately 209 GeV (LEP2). In this work, only LE Pl data was used.

The collider had two main sections: the injector chain, which produced, stored,

19
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and accelerated electrons and positrons to 2 0  GeV, and the main (LEP) ring which 

accelerated them to approximately 45 GeV, thereby providing the centre-of-mass 

energy of approximately 90 GeV needed for production.

Figure 3.1 shows the injector chain and the LEP ring. Positrons were produced 

by bombarding the converter target with 200 MeV electrons from a linear accelerator 

(linac). The electrons and positrons were then accelerated in another linac (LIL) 

to 600 MeV, after which they were collected in the Electron Positron Accumulator 

(EPA). They were subsequently injected in bunches, or pulsed, into the Proton Syn­

chrotron (PS) where their energy was increased to 3.5 GeV, and then were transferred 

to the Super Proton Synchrotron (SPS) where they were accelerated to 20 GeV. The 

final stage of the process occurred in the LEP ring, where they were accelerated to 

45 GeV.

The LEP collider was operated in eight-bunch mode, in which the electron and 

positron beams were injected into the LEP ring as eight equally-spaced bunches. 

Prior to 1992, four bunch mode was used. Each bunch had approximately 4 x lOfii 

particles and completed a revolution in 89/xs. The beams were made to collide in four 

interaction areas, one of which housed the OPAL detector. The positions of OPAL 

and the other detectors, ALEPH^, L3f, and DELPHP are shown on Figure 3.1.

^Apparatus for LEP Physics

^LEP 3 experiment

^Detector with Lepton Photon and Hadron Identification
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Figure 3.1: Schematic view of the injection scheme and the LEP ring, along with the 
locations of the four experimental areas.
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3.2 T he OPAL d etector

OPAL [16] is a general purpose detector covering almost the full solid angle with ap­

proximate cylindrical symmetry about the e+e“ beam axis'*. Figure 3.2 is a schematic 

diagram of OPAL. The following subdetectors are of particular interest in this anal­

ysis: the tracking system, the electromagnetic calorimeter, the hadronic calorime­

ter, and the muon chambers. The tracking system includes two vertex detectors, 

z-chambers, and a large volume cylindrical tracking drift chamber surrounded by a 

solenoidal magnet which provides a magnetic field of 0.435 T. This system is used to 

determine the particle momentum and rate of energy loss, and provides information 

which makes it possible to reconstruct the trajectories (tracks) of charged particles 

traversing the detector. The electromagnetic calorimeter consists of lead-glass blocks 

backed by photomultiplier tubes or photo-triodes for the detection of Cerenkov radi­

ation emitted by relativistic particles. The instrumented magnet return yoke serves 

as a hadronic calorimeter, consisting of up to nine layers of limited streamer tubes 

sandwiching eight layers of iron, with inductive readout of the tubes onto large pads 

and aluminium strips. In the central region of the detector, the calorimeters are sur­

rounded by four layers of drift chambers for the detection of muons emerging from the 

hadronic calorimeter. In each of the forward regions, the muon detector consists of 

four layers of limited streamer tubes arranged into quadrants which are transverse to 

the beam direction. A more detailed description of each of these subdetectors follows, 

beginning at the vacuum beam pipe and proceeding radially outward.

^In the OPAL coordinate system, the e~ beam direction defines the + z  axis, and the + x  axis 
points from the detector toward the centre of the LEP ring. The polar angle 6 is measured from 
the + z  axis and the azimuthal angle 0  is measured from the + x  axis. The origin of the coordinate 
system is located at the nominal interaction point in the centre of the detector.
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ELECTROMAGNETIC
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FORWARD
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Z  CHAMBERS
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OPAL-EKCm-t W  m S P E C T W

Figure 3.2: A cut away view of the OPAL detector showing its main components. 
The electron beam runs along the +z  axis and the +æ axis points to the centre of 
the LEP ring. The e+e“ interaction point is in the centre of the detector.
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3 .2 .1  T h e central track in g  sy stem

The central tracking system includes a silicon microvertex detector which is co-axial 

to an evacuated pipe with radius 5.35 cm through which the beam travels, followed 

by a pressure vessel holding the central vertex detector, jet chamber, and ^-chambers. 

The gas in the pressure vessel is held at four bars.

The silicon m icrovertex detector

The innermost detector is the silicon microvertex detector, which consists of two 

barrels of double-sided silicon microstrip detectors at radii of 6  and 7.5 cm [16, 17]. 

The inner layer consists of 11 “ladders” arranged azimuthally around the beam pipe, 

and the outer layer consists of 14 ladders. The ladders overlap to avoid gaps in the 

(f) coverage. Each ladder consists of three silicon wafers daisy-chained together. Each 

wafer is a pair of single-sided silicon detectors 33 mm wide and 60 mm long glued 

back-to-back. One side has readout strips running longitudinally (in the z direction) 

in order to measure the 4> position, while the other side has readout strips running 

azimuthally in order to measure the z position.

A charged particle entering the silicon detector deposits charge, which is measured 

by electronic equipment at the end of each ladder. The silicon detector has a track 

position resolution of 10 /xm in (f> and 15 /xm in z, and helps to pinpoint the location 

of the primary vertex, the point at which the e+e" collision occurred.

The central vertex detector

The 1 m long central vertex detector is the first of the detectors within the pressure 

vessel and extends from the inner wall of the pressure vessel (at a radius of 8 .8  cm) 

to a radius of 23.5 cm. It consists of an inner axial region and an outer stereo region.
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each divided into 36 sectors in 0. The sectors of the inner region each contain a plane 

of 12 sense wires strung parallel to the beam and ranging radially outward from 10.3 

to 16.2 cm. The stereo sectors lie between radii of 18.8 and 21.3 cm, each containing 

a plane of 6  sense wires each of which is inclined at an angle of approximately 4° 

relative to the z-direction. A charged particle moving through the detector ionizes 

the ambient gas. The resulting ions drift to the charged wires; a precise measurement 

of the drift time to the axial wires allows the r — 4> position to be calculated to 

within 50//m [16]. The time difference of the signal’s arrival at opposite ends of an 

axial wire provides an estimate of the z position which is used by the OPAL track 

trigger and in pattern recognition. An accurate z measurement is found by combining 

the information from the axial and the stereo sectors, which provides a resolution of 

700fj,m.

The tracking chamber

The central jet chamber, or tracking chamber, is a large volume cylindrical drift 

chamber 4 m long, with an inner radius of 25 cm and an outer radius of 185 cm. 

The chamber is divided into 24 sectors in 4>. Each sector contains a sense wire plane 

extending radially outward with 159 anode wires strung parallel to the beam direction, 

and two cathode planes which form the boundaries between adjacent sectors [16]. The 

ionization of the gas caused by the passage of a charged particle results in charges 

being collected on the anode wires. The integrated charge collected is measured at 

each end of the wire; the ratio of these two measurements for a given wire determines 

the z position of the particle’s track. The r — (p position is determined by the position 

of the wire and the drift time to the wire, respectively. This provides a resolution of 

135 fim in r — (j) and 6  cm in z [16].
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The chamber is in a known magnetic field and hence the track curvature can be 

nsed to find the momentum of the particle. The resolution of momentum measure­

ments was found to be

% =  2.2 X IQ-^Gey-^ (3.1)pi

where momentum p is in GeV.

A particle loses energy as it ionizes the gas. The rate of energy loss, dE/dx ,  is a 

function of particle type (electrons, muons, pious, kaons, and protons) and is momen­

tum dependent. It is measured using the total charge collected on the anode wires. 

The four bar pressure of the gas was chosen to optimize the tracking resolution and 

the d E /d x  measurement, that is, to increase the probability of the particle interacting 

while limiting the effects of multiple scattering. Figure 3.3 shows the dependence of 

d E /d x  on momentum for the particle species listed above. The measured points are 

in good agreement with the theoretical expectation.

The z-cham bers

The last of the subdetectors within the pressure vessel, the z-chambers provide a 

precise measurement of the z position of particle tracks. They consist of 24 drift 

chambers, each 4 m long and divided in the z direction into eight cells. Each cell has 

six anode wires running in the 4> direction and placed at increasing radii. Measure­

ments of the drift time to the wire, and the wire position give a z measurement with 

a resolution of 300 /rm.

The overall tracking resolution

The tracking system without the silicon detector provides a resolution of 75 pm  in 

the r — (t> plane and 2 mm in the r  — z plane [16]. W ith the silicon detector, the
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Figure 3.3: Ionization measurements {dE/dx)  for various particle species. Theory 
curves are overlaid with real data (points).
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resolution of the impact parameter measurement is 15 /rm in the r — 4> plane, and 

resolution in the z direction is 20 — 50 /rm[17].

3.2 .2  T h e so len o id a l m agn et and tim e-o f-fligh t d etecto r

Immediately outside the pressure vessel lies the magnet, which consists of a solenoidal 

coil and an iron yoke. The coil provides a uniform magnetic field of 0.435 T aligned 

with the electron beam. The magnetic flux is returned through the iron yoke.

The time-of-flight system forms a barrel around the outside of the solenoid, con­

sisting of 160 scintillation counters each 6.840 m long at a mean radius of 2.360 m. 

Each counter has a trapezoidal cross-section, 45 mm thick x 89 to 91 mm wide. These 

are used to measure the time of flight of a particle from the interaction region, which 

allows for the rejection of cosmic ray events. The time-of-flight system is used in the 

OPAL trigger; a time-of-flight signal within 50 ns of a known beam crossing time is 

required for a good event.

3.2 .3  T h e  e lec tro m a g n etic  ca lorim eter

The lead glass electromagnetic calorimeter measures the energies and positions of 

electrons, positrons and photons. A photon or electron is expected on average to lose 

all of its energy in the electromagnetic calorimeter.

Before entering the lead glass calorimeter, particles pass through approximately 

two radiation lengths^ of material, due mostly to the solenoidal coil and the wall of 

the pressure vessel. Thus, most electromagnetic showers begin before the lead glass 

itself. To compensate for this, presamplers are installed immediately in front of the 

lead glass to measure the position and energy of these electromagnetic showers. The

radiation length is the distance in which an electron’s energy is reduced by a factor of e by 
bremsstrahlung radiation as it passes through a material.
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presampler is composed of wire chambers, and is able to improve the electromagnetic 

energy resolution of a shower because the pulse height observed by the device is 

proportional to the number of charged particles traversing it.

The barrel region of the lead glass electromagnetic calorimeter covers the region 

I cos#| <  0.82 and consists of a cylindrical array of lead glass blocks each of length 

37 cm (equal to 24.6 radiation lengths), positioned at a radius of 2.455 m [16]. The 

longitudinal axes of the blocks point toward the interaction region. The cross-sectional 

area of each of the blocks transverse to the longitudinal direction is 1 0  cm x 1 0  cm. 

Each lead glass block is backed by a light guide, and then a phototube which detects 

the Cerenkov radiation produced in the glass by relativistic particles. The endcap 

electromagnetic calorimeter consists of two dome-shaped arrays of lead glass blocks. 

It differs from the barrel lead glass calorimeter in that the axes of the blocks are 

coaxial with the beam line, as opposed to the quasi-pointing geometry of the barrel 

region, and the blocks are backed by vacuum photo triodes rather than light guides 

and phototubes. The blocks range in length from 380 mm to 520 mm and are arranged 

over the endcap to give a total depth of at least 20.5 radiation lengths of coverage. 

The energy resolution of the lead glass calorimeter without any material in front was 

found to he a s / E  = 0.002 -|- O.OGSGeV^/ \ / Ê ,  where E  is measured in GeV [16]. 

However, the two radiation lengths of material in front of it substantially degrades 

the energy resolution of the electromagnetic calorimeter.

3 .2 .4  T h e  h adron ic ca lorim eter

Surrounding the electromagnetic calorimeter is the iron return yoke of the magnet, 

which is interleaved with detector chambers to form a cylindrical sampling hadronic 

calorimeter from radii 3.39 m to 4.39 m. The barrel region of this calorimeter lies
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within the region | cos0 | < 0.81, and consists of nine layers of limited streamer tubes 

sandwiching eight layers of iron, segmented into 24 wedge-shaped sectors in (j). Lay­

ers two through eight consist of half-length chambers, each about 5 m long, with a 

junction near the equator of the detector at approximately 6 =  90°. The junctions of 

alternate layers are staggered to provide more complete coverage. Layers one and nine 

are constructed from single chambers, each about 7.3 m long and centred at 6 = 90°. 

The barrel region is closed at each end by a doughnut-shaped endcap which covers 

the region 0.81 < |cos0| < 0.91 and consists of eight layers of streamer tubes sand­

wiching seven layers of iron. The return yoke in the hadronic calorimeter provides 

four or more interaction lengths® of absorber. Because of the 2.2 interaction lengths 

of material before the hadronic calorimeter, the energy of a hadron will include a 

component in the electromagnetic as well as the hadronic calorimeter. Almost all 

hadrons will be absorbed at this stage, leaving mainly muons to pass on to the muon 

chambers [16].

3 .2 .5  T h e m uon ch am bers

The barrel region of the hadronic calorimeter is surrounded by 110 large drift cham­

bers, each 1.2 m wide, 90 mm thick, and between 6.0 and 10.4 m long, arranged 

in four layers for the purpose of detecting muons. These muon chambers cover the 

region | cos0| < 0.68 for all four layers, or | cos0| < 0.72 for at least one layer. Each 

chamber consists of two side-by-side longitudinal cells, each with an anode wire that 

runs the full length of the chamber. Above and below the anode wire are diamond­

shaped cathode pads which are used to determine the longitudinal coordinate, z, to 

a precision of 2 mm. The (j) coordinate is determined by the drift time, to a precision

®An interaction length is the mean free path of a particle before undergoing a nuclear collision.
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of 1.5 mm.

The endcap muon detectors cover the region 0.67 < |cos0| < 0.98, each endcap 

consisting of two layers of 6  m x 6  m quadrant chambers and two layers of 3 m x 

2.5 m patch chambers. Each quadrant chamber and patch chamber has two layers 

of limited streamer tubes, so that each endcap has at least four layers of active 

detector. Within each quadrant layer, the quadrants overlap vertically to provide 

more complete coverage, but cannot overlap horizontally due to the presence of the 

beam pipe, shielding, cables, and support structures. This is partly remedied by 

the patch chambers, which cover much of the gap between the quadrant chambers; 

however, regions without particle detection capabilities do remain, as discussed in 

Appendix A. Within each chamber, the two layers of streamer tubes are perpendicular 

to the beam axis, one layer having horizontal wires and the other having vertical wires.
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The selection

At LEPl, electrons and positrons were made to collide at centre-of-mass energies close 

to the Z° peak, producing Z° bosons at rest which subsequently decayed into back- 

to-back pairs of charged leptons r + r “ ), neutrinos (i/gZ/g, T̂ r̂ r)-, or

quarks [qq) which produce multihadron events. The branching ratio for each of these 

modes of decay is about 1 0 .1  percent for the combined charged lepton channels, 2 0  

percent for the combined neutrino channels, and 69.9 percent for the combined quark 

channels [1]. The highly relativistic r  particles decay in flight close to the interaction 

point, resulting in two highly-collimated, back-to-back streams of particles, or jets, 

in the detector.

For this analysis, the e+e" —> events are selected from the full LEPl data 

set, and then the fraction of r  jets in which the r  has decayed to a muon is determined. 

This fraction is then corrected for backgrounds in both the r + r “ sample and in the 

r~  sample, and efficiencies. These corrections involve the use of Monte

Carlo simulated events. The Monte Carlo simulated events are processed using the 

same selections as the LEPl data, in order to maintain uniformity with the data. 

This chapter describes the LEPl data, the simulated events, the r + r “ selection, the 

background remaining in the r + r ” sample, and the corresponding error estimate.

3 2
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4.1 T he L E P l data

3 3

The OPAL trigger identified events of interest which were then recorded for further 

processing, corresponding to an integrated luminosity^ of approximately 173 pb“ .̂ 

Most subdetectors and other associated trigger hardware were required to be in good 

running order at the time of data-taking for the measurements to be used in the 

r+T“ selection. To this end, there are four status levels defined for each: 0 indi­

cates that the status is unknown, 1 indicates that the unit is off, 2  indicates tha t the 

unit is partially operating (some subdetectors may have had regions that no longer 

were operative), and 3 means the subdetector or trigger was fully functioning. The 

minimum levels required for each subdetector and trigger used in the selec­

tion are shown in Table 4.1. If no requirement was placed on a particular trigger, 

the trigger status is left blank. The top line names the pertinent subdetector; the 

abbreviations are for the central vertex detector (CV), central jet tracking chamber 

(CJ), time-of-flight system (TB), presampler (PB), barrel electromagnetic calorime­

ter (EB), endcap electromagnetic calorimeter (EE), hadronic calorimeter strips (HS), 

barrel muon chambers (MB), and endcap muon chambers (ME). As indicated in the 

table, OPAL data was taken if CJ, EB, and EE were close to fully operational.

CV CJ TB PB EB EE HS MB ME
Detector Status 3 3 3 2 3 3 3 3 3
Trigger Status 2 2 3

Table 4.1: Detector and trigger status levels required in the r + r  selection.

^Luminosity is the flux of particles in units of number of particles per barn per second, where 1 
barn =  10“ ®̂ m^. The integrated luminosity is the total luminosity recorded by OPAL during the 
entire L E Pl running period. The number of events of a particular type is given hy N  =  aL,  where 
cr is the cross-section for that particular reaction (in barns) and is related to the probability of the 
reaction occuring, and L  is the luminosity.
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4.2 T he M onte Carlo sim ulated  even ts

Monte Carlo simulations are used to model both the signal and background events. 

Comparing the data with these models allows for the measurement of efficiencies and 

backgrounds. A total of 2,275,000 Monte Carlo e+e" —> r+ r~  events were generated 

using KORALZ, a Monte Carlo program which creates four-vector quantities [18]. 

Once the four-vector momenta of the r ’s have been generated, the TAUOLA [19] 

program is called to simulate the decay of the r ’s using the r  branching ratios. Back­

ground contributions from non-r sources were evaluated using Monte Carlo samples 

based on the following generators: multihadron events (e"^e~ —> qq) were simulated 

using JETSET 7.3 and JETSET 7.4 [20], dimuon events using KORALZ [18], Bhabha 

events using BHWIDE [21], and two-photon events using VERMASEREN [22]. These 

background events are discussed more fully in the next section.

The four-vectors produced by these generators are then processed by the OPAL 

detector simulation program COPAL, which uses the CERN library package GEANT 

to simulate the detector’s response to the Monte Carlo particles [23]. After this stage 

of processing, the simulated detector responses are in exactly the same format as the 

OPAL data collected from LEP, and the simulated events are henceforth processed 

using the same reconstruction program (ROPE) as the data.

4.3 T he se lection

This analysis uses the standard OPAL r + r “ selection [24], with slight modifications 

for the rejection of Bhabha events, as described in Section 4.3.2. The selection places 

specific constraints on the properties of tracks and of electromagnetic clusters, which 

are localised regions of activity in the electromagnetic calorimeter. In order to be
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considered a “good” track or a “good” cluster, the criteria listed in Table 4.2 mnst 

be satisfied. The tracking reqnirement helps to remove cosmic ray events from the 

sample by repairing that the tracks point to the origin.

Selection Requirement Description
Good track 
definition F t  > 0.1 GeV 

|do| <  2  cm

|zo| < 75 cm

Nnmber of hits in the central jet chamber. 
Momentum transverse to the beam direction. 
Distance to the beam axis at the 
point of closest approach in the r — (j) plane. 
Track displacement along the beam axis 
from the interaction point.

Good barrel 
clnster

Nblocks ^  1

^clusters ^  0.1 GeV

Number of lead glass blocks in clnster. 
Total energy in clnster.

Good endcap 
cluster

Nblocks >  2 

Eclusters > 0 .2  GeV 
FEblock < 0.99

Number of lead glass blocks in cluster. 
Total energy in cluster.
Fraction of cluster energy in most 
energetic block.

Table 4.2: Good track and electromagnetic clnster definitions for the r + r  selection.

The r + r “ selection requires that an event have exactly two jets as defined by the 

following cone algorithm [25]. The jet direction is initially set to the direction of the 

highest energy good track or electromagnetic cluster in the event, and a cone with a 

half-angle of 35° is defined about this jet direction. The next highest energy track or 

cluster within this cone is then added to the jet, and the jet direction is redefined as 

the vector sum given by the initial jet direction and that of the newly added track or 

cluster. Once all of the good tracks and clusters that lie within the jet cone have been 

added, the algorithm begins again with the highest energy track or clnster outside 

of the cone, and forms another jet cone. This procedure is continued until all of the 

tracks and clusters in the event are assigned to a cone. Each jet must have at least
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one track.

4 .3 .1  F id ucia l req u irem en ts

The average | cos0| of the two jets was required to be less than 0.91, in order to avoid 

using regions of the detector that are not well understood, such as the hadronic pole 

tips which extend beyond the hadronic endcaps. In addition, three fiducial cuts^ were 

applied to restrict the events to regions of the detector which are fully instrumented 

and which are reasonably well-modelled by the Monte Carlo simulations.

The outer layers of the hadronic calorimeter are nsed to identify muons in the 

T~^T~ selection, and therefore gaps in the hadronic calorimeter will result in more 

background events entering the r + r "  sample. If the direction of the highest momen­

tum  track in the jet was extrapolated to a region of the detector associated with gaps 

between hadronic calorimeter sectors, the entire event was removed from the r + r “ 

sample. The quantity 0hcai measures the position of a jet relative to the edge of a 

sector. It is defined as the 0 position of the highest momentum track in the jet at 

a radial distance corresponding to the front face of the barrel hadronic calorimeter, 

modulo 15° . This is shown in Figure 4.1, where it is required that the particle leaves 

signal in the hadronic calorimeter, and penetrates through to the muon chambers. 

The fiducial cuts remove the region between the vertical lines in Figure 4.1.

If the direction determined by the jet axis was extrapolated to a region where 

there are no muon chambers due to the presence of cables or support structures, the 

entire event was removed from the T+T" sample. These regions are described in detail 

in Appendix A.

In regions near the anode wire planes in the central drift tracking chamber, par- 

“cut” is a criterion placed upon a variable which removes specific events from the sample.
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Figure 4.1: (phc&i- the (j) position of a track relative to the HCAL sectors. The value 
of (phcai has been shifted so that the edges of the sectors are plotted in the centre 
of the figure. The region between the vertical lines is removed by the fiducial cuts. 
The points are data, the clear histogram is the Monte Carlo e+e" -4- T+T" prediction, 
and the singly-hatched histogram is the Monte Carlo prediction for backgrounds from 
non-r sources.

tides may have their momentum incorrectly reconstructed, an effect that is not well- 

modelled by the Monte Carlo simulations. The r + r "  selection relies on momentum 

information to identify dimuon events (e+e" -4 leading to an excess of dimuon

background events in the data. The quantity çianode measures the position of a track 

relative to the nearest tracking chamber anode plane. It is defined to be the (j) position 

of a track extrapolated to the front face of the electromagnetic calorimeter, modulo 

15° and shifted so that the anode plane lies at 0° , then weighted by the charge of the 

track: 0anode = q X (mod(0track, 15°) — 7.5°). Tracks crossing the anode plane will 

tend to curve towards negative values of 0 anode and so an asymmetric cut is applied to 

this quantity, as shown in Figure 4.2. The track resolution worsens at approximately

cos0| =  0.8 due to the fact that at smaller 9 a particle will pass fewer wires in the

tracking jet chamber; therefore, different fiducial cuts are used for |co s 0 | <  0 .8  and
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Figure 4.2: ânodê  the 4> position of a track relative to the anode plane regions for 
(a) |cos0| <  0.8, and (b)|cos^j > 0.8. The points are data, the clear histogram is 
the Monte Carlo e+e" —>■ r + r “ prediction, the singly-hatched histogram is the Monte 
Carlo prediction for e+e~ —>• background, and the doubly-hatched histogram is
the Monte Carlo prediction for other types of non-r background.

|cos0| >  0.8. In order to enhance the dimuon background, jets which have pene­

trated into the muon chambers are shown. The excess of data at çianode =  0° is clearly 

visible. The regions between the two vertical lines are removed by the fiducial cuts.

4.3 .2  T h e se lec tio n  o f e+e" -A- r + r“ ev en ts

The main sources of background to the r+ r~  selection are Bhabha, dimuon, multi­

hadron, and two-photon events. (See Figure 4.3). The identification of each of these 

backgrounds is discussed below.

Bhabha events, e+e“ —> e+e~, have two-particle final states and thus can mimic 

T+r" events. They are characterized by two high-momentum tracks and large energy 

deposition in the electromagnetic calorimeter. The criteria used to reject the Bhabha 

background are identical to those used in the OPAL Z° lineshape analysis [26]. The
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e+e"

-identified by high reconstructed 
energy in CTRK and ECAL

-identified by high reconstructed 
energy in CTRK and signal 
in the outer detectors

e"^e -4- qq

-identified by high track and 
cluster multiplicity

Figure 4.3: OPAL background events in the r + r “ sample. The view is along the beam 
direction, showing the transverse plane. The concentric rings correspond to the outer 
edges of the tracking jet chamber, presampler, electromagnetic calorimeter, hadronic 
calorimeter, and muon chambers. The rectangles in the electromagnetic and hadronic 
calorimeters represent energy deposits with the rectangle height being proportional 
to the amount of energy deposited. The arrows in the central figure correspond to 
reconstructed tracks in the muon chambers (muon segments).
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requirements are different for barrel and endcap regions. The barrel region is defined

by |cos0| > 0.70, and the endcap region by 0.70 < |cos0| <  0.91, where |cos0| 

is the average |cos0| of the two jets. In the barrel region, the lineshape analysis 

requrement is given by i?shw < 0.80, where i?shw is the sum of the energies of all the 

electromagnetic calorimeter clusters normalized to the centre-of-mass energy. The 

requirement i?vis < 14  was also added in this analysis to further reduce the Bhabha 

background, where iîyis =  -Rshw +  Rtk and i?tk is the scalar sum of the momenta of 

all the tracks normalized to the centre-of-mass energy. These criteria remove the 

events above the solid lines in Figure 4.4. In the endcap region, the selection criteria 

are given by: TZghw < 0.80 for i?tk <  0.25; i?vis <  1.05 for 0.25 < i?tk < 0.80; and 

Rshw <  0.25 for i?tk > 0.80. These criteria remove the events above the solid lines in 

Figure 4.5. The r + r “ selection criteria are summarized in Table 4.3.

Dimuon events, e+e“ -> also have two particle final states with high

momentum tracks, but little energy deposition in the electromagnetic calorimeter. 

Dimuon events are removed from the r + r “ sample by requiring i?vis <  0.60 in cases 

where both jets exhibit muon characteristics. A jet may be identified as a muon in 

the electromagnetic calorimeter by having less than 2.0 GeV of energy deposition; or 

in the hadronic calorimeter by depositing energy in at least four layers, including at 

least three of the outermost layers, with fewer than two hits^ in each layer; or in the 

muon chambers by leaving a signal in at least two layers. The requirement on i?vis 

prevents those events from being removed where each r  has decayed via the

channel r “ —> jjrV̂ j^Ur.

At LEPl energies, multihadron events, e+e“ -4- qq, typically have considerably 

higher multiplicities than events, and are removed from the r + r “ sample by

“hit” is a region of energy deposition or signal in the detector.
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Figure 4.4: Types of background in the pair sample in the barrel region. Events 
above the solid lines are rejected by the r'* 'r“ selection in order to remove e+e~ —>■ 
e+e" events.
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Figure 4.5: Types of background in the pair sample in the endcap region.
Events above the solid lines are rejected by the r + r "  selection in order to remove 
e+e" -4 - e+e" events.
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requiring low track and cluster multiplicities: 2  <  TVtks <  6  and < 1 0 , where

Atks and are the number of good tracks and electromagnetic clusters in the

event.

In two-photon events, e+e" —> (e+e” ) ff, the incident positron and electron in 

the beam scatter olT each other, interacting via a pair of photons, resulting in the 

production of an extra pair of fermions. The final state eTe" pair has a small scatter­

ing angle and disappears down the beam pipe, leaving a pair of low energy fermions, 

usually or e+ e ', in the detector^. Since these particles are not produced in the 

centre-of-mass frame, they are not constrained to be emitted back-to-back. The T+T" 

selection rejects them based upon their low energy and relatively high acollinearity, 

ft 5"acol •

Cosmic ray events are rejected by using time-of-fiight information, and by impos­

ing requirements on the point of closest approach between the reconstructed track 

and the nominal interaction point in the r — (j) plane (|do|min) and in the z direction 

(kolmin)- All of the T+T“ Selection requirements are given in Table 4.3.

4.4  B ackgrounds in th e  sam ple

For each type of background remaining in the sample, a variable was chosen in

which the signal and background can be visibly distinguished. The relative propor­

tion of background was enhanced by modifying the selection criteria. A comparison 

of the data and Monte Carlo distribution in a background-rich region was then used 

to assess the modelling of the background and to estimate the corresponding system­

atic error on the branching ratio. The Monte Carlo simulation provides the overall

^Two-photon events with t  particles, e+e" -4- (e'^e“ ) r + r “ , are considered to be signal.

® Acollinearity is the supplement of the angle between the two jets.
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Selection Requirement Description
Good event -/Vjet =  2 

-Ejet >  O.OlE'beam

1 CO80| < 0.91

Number of good jets.
Energy of tracks and clusters. 
Ebeam =  Energy of the beam. 
Average | cos#| of the jets.

e+e" -4- e+e“ 
rejection

Rshw <  0.80 and Rvis <  T4 

Ashw <  0.80 

i?vis <  1.05 

-Rshw E: 0.25

Barrel region.
Endcap region: for i?tk <  0.25, 
for 0.25 < i?tk < 0.80, 
and for Rtk > 0.80.

e+e" —> ijCjJi^ 

rejection
-Rvis <  0 .6  

yu’s satisfy at least one of: 
Ec\ < 2 GeV

%cw > 4, A T f "  > 1 ,
and iVjiits/iayer ^ 2 .0

-̂ rauon ^  2

if both jets originate from /u’s.

Energy of the cluster associated 
to the track.
Num. of hadronic calorimeter 
hit layers, num. of outer layers 
with hits, average hits per layer. 
Num. of muon chamber hit layers.

e+e" -4 qq 
rejection

2 <  TVtks <  6 

<  10

Num. of good tracks in event. 
Num. of good clusters in event.

Two-photon 
rejection

0acol <  15°
Emax >  O.OSEcm 

and at least one of: 
E'max > 0.20£'ca ,̂ 
E'ecal > 2 .0  GeV, 

and Etracks >  2.0 GeV

Ejnax — Sjets MaX (E’ecal? Etracks)-

Total cluster energy 
and total track energy.

Cosmic ray 
rejection

j^olmin E  0.5 cm
Nolmin <  2 0 .0  cm 

1 ̂ 0 1 average Ei 20.0 Cm 
l̂ meas Gxpl ^  10 US

l̂ i — ĵ| < 1 0  ns

Minimum |do| of all tracks. 
Minimum \zq\ of all tracks. 
Average |zo| of all tracks, 
for at least one TOE counter, 
for some TOE counters i and j  

with \(pi — (j)j\ >  165°.

Table 4.3: The r  selection list of criteria.
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shape of the background distribution, while the normalization is measured from the 

data. In most cases, the Monte Carlo simulation was found to be consistent with the 

data. When the data and Monte Carlo distributions did not agree, the normalization 

of the Monte Carlo simulation was adjusted to fit the data. Uncertainties of 4% to 

2 0 % in the background estimates were obtained from the statistical uncertainty in the 

normalization, including the Monte Carlo statistical error. The fitting routine is dis­

cussed more fully in Appendix B. The following paragraphs discuss the measurement 

of each type of background in the r + r “ sample. Plots of each type of background 

in the background-enhanced samples are shown, but plots of the unenhanced back­

grounds are not shown because, as is evident at the end of the chapter, the total 

background is very small.

The Bhabha background remaining in the r+T" sample was measured by com­

paring the distributions of total scalar momentum and of total energy deposition 

between the data and the Monte Carlo simulation, where the Bhabha background 

has been enhanced by relaxing the criteria on i?vis and i?shw The barrel region plot 

in Figure 4.4 shows that i?tk is divided into two regions, i?tk < 0.60 and i?tk >  0.60, 

while the endcap region plot in Figure 4.5 shows that is divided into three regions: 

i?tk < 0.25, 0.25 < i?tk < 0.80, and i?tk >  0.80. Thus, the plots are divided into five 

regions, two in the barrel and three in the endcap, given by:

1. I cos#| <  0.70 and jRtk < 0.60.

2. I cos0| < 0.70 and i?tk > 0.60.

3. I cos0| >  0.70 and i?tk < 0.25.

4. |cos0| > 0.70 and 0.25 < i?tk < 0.80.
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5. I cos0| > 0.70 and i?tk > 0.80.

The Monte Carlo modelling was assessed independently in each of these regions. Fig­

ure 4.6 shows the Bhabha background in each of these five regions after normalization 

factors of 1 .2  ±  0 .2  (barrel region) and 2 .0  ±  0 .2  (endcap region) are applied, where 

Figure 4.6 (a) is region 1 and Figure 4.6 (e) is region 5 as defined above. The arrows 

in the figures indicate the intervals that were used to determine the normalization 

factors. The data is well-modelled by the Monte Carlo simulation in the vicinity of 

the selection cuts at:

1 . Rshw =  0.80

2. Ryis =  1.4

3. i?shw — 0.80

4. Ryis = 1.05

5. i?shw =  0.25

for regions 1 to 5, respectively. Region 5 has too few Bhabha events in the vicinity 

of the cut to determine a normalization factor, and therefore there are no arrows in 

Figure 4.6 (e). In regions 1 and 2, and in regions 3 and 4, the normalization factors 

were consistent so that only one normalization factor was applied for the barrel regions 

and one for the endcap regions. The Bhabha events are not well-modelled but are 

removed by the t '^ t~  selection. The probability of obtaining a value for the fit 

equal to or greater than those obtained in these fits, P(%^), is 0.000587, 5.48 x 10“®, 

1,45 X 10“ ,̂ and 0.0833 for regions 1 through 4, respectively. The poor probability for 

some of these regions reflects the fact that, with high statistics, even small modelling
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discrepancies become significant. In each case in this analysis where P(%^)< 0.01, the 

scaling factor and its uncertainty were checked by increasing the errors used in the 

fitting routine in such a way as to make P(y^)~ 0.5, or per degree of freedom =  1. 

Then, the fit was performed again and the resulting scaling factor and its associated 

error were compared with the value used in this work. In each case, the change in the 

value of the scaling factor was negligible, and the uncertainty was less than or equal 

to the uncertainty already assigned in this work. The fraction of residual Bhabha 

background in the sample was then estimated to be 0.00305 ±  0.00027.

The dimuon background remaining after the T+T" selection was determined by 

measuring the dimuon contribution to the scalar momentum distribution in the data 

and in the Monte Carlo simulation, where the dimuon background has been enhanced 

by relaxing the criterion on 7?vis and by requiring at least three hit layers of muon 

chambers and exactly one good track in each jet. At least one of the jets must 

have a track reconstructed in the muon chambers which matches well with the good 

track reconstructed in the central tracking chamber. Figure 4.7 (a) shows the dimuon 

background in this sample. The normalization factor was found to be 1.0 ±  0.2 with 

P(y^)=  0.0189, and the fractional background in the T+T' sample was estimated to 

be 0.00108 ±  0 .0 0 0 2 2 .

The T jets are typically much more collimated than multihadron jets. The dis­

tribution of the maximum angle between any good track in the hemisphere and the 

jet direction was used to evaluate the agreement between the data and the Monte 

Carlo modelling of these events, where the multihadron background has been en­

hanced by relaxing the multiplicity criteria in the selection, and then requiring

at least four tracks in the event. Figure 4.7 (b) shows the multihadron background 

in this background-enhanced sample, which has P(y^)= 3.25 x 1 0 “ .̂ A scaling factor
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Figure 4.6: e+e" —)• e+e" background in the sample for (a) region 1, (b) region 2, 
(c) region 3, (d) region 4, and (e) region 5. The points are data, the clear histogram is 
the Monte Carlo e+e“ r + r “ prediction, the singly-hatched histogram is the Monte 
Carlo e^e" e+e" prediction, and the cross-hatched histogram is the Monte Carlo 
prediction for all other types of background.
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of 0.49 ±  0.02 was applied to the multihadron background, resulting in a fractional 

background estimate of 0.003774:0.00015. This scaling factor is significantly less than 

unity because the multihadron Monte Carlo simulations overestimate the number of 

low multiplicity events as compared with the data.

The acollinearity criterion was relaxed in order to enhance the two-photon back­

ground so that it could be measured. In addition, for e+e" —>■ (e+e“ ) events,

each jet was required to exhibit muon characteristics, while for eCe" -4- (e+e") e+e~ 

events, each jet was required to exhibit electron characteristics. The muon charac­

teristics were: exactly one track in each jet; at least two muon hit layers in each 

jet, at least one set of which must match well with the corresponding track; and 

i?tk < 0.5. The comparison between data and Monte Carlo simulation for this sample 

is shown in Figure 4.7 (c), and led to a scaling factor of 1.0 ±  0.5, a probability of 

P(x^)=  0.000593, and a fractional background estimate of 0.00108 ±  0.00054 for the 

e+e^ -4 (e+e“ ) pTp" background in the r + r “ sample. The electron characteristics 

were: exactly one track in each jet; no muon hit layers in either jet; 9 < d E /d x  < 1 1  

in each jet; F'ecai/Ptks > 0 .7 , where E'ecal is the jet energy measured in the electromag­

netic calorimeter and ptks is the jet momentum measured in the tracking chamber; 

and i?shw < 0.4. The comparison between data and Monte Carlo simulation for this 

sample is shown in Figure 4.7 (d), and led to a scaling factor of 1 .2 T 0 .2 , a probability 

of P(x^)=  0.925, and a fractional background estimate of 0.00157 ±  0.00028 for the 

e+e" -4 (e+e") e+e" background in the sample.

The r+ r"  selection leaves a sample of 96,898 candidate r+ r "  events, with a 

predicted fractional background of 0.01055 ±  0.00072. The backgrounds in the r+ r "  

sample are summarized in Table 4.4.
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Figure 4.7: The distributions used to measure backgrounds in the sample are
shown after normalization, (a) i?tk is the energy measured in the tracking chamber, 
(b)the maximum angle between any good track and the jet direction, and (c, d) 0acoi 
is the acollinearity angle between the two r  jets. The points are data, the clear 
histogram is the Monte Carlo e+e“ -4 r + r “ prediction, the singly-hatched histogram 
is the Monte Carlo prediction for the type of background being evaluated using each 
distribution, and the cross-hatched histogram is the Monte Carlo prediction for all 
other types of background.
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Background Contamination
e+e“ —> e+e“ 
e+e“ -4- 
e+e“ -> qq 
e+e“ - 4  (e+e“ ) 
e+e“ -4 (e+e“ ) e+e“

0.00305 ±  0.00027 
0.00108 ±  0 .0 0 0 2 2  

0.00377 ±0.00015 
0.00108 ±  0.00054 
0.00157 ±0.00028

Total 0.01055 ±  0.00072

Table 4.4; Fractional backgrounds in the T+T sample together with their estimated 
uncertainties.



Chapter 5

The selection o f t ~  -4- jets

After the selection, each of the 193,796 candidate r  jets (=  96,898 x 2) is

analysed individually to see whether it exhibits the characteristics of the required 

T~ —>■ signature. Figure 5.1 shows a event in which one r  has decayed

to a muon and neutrinos, and the other r  has decayed to a meson which subsequently 

decays to a neutral and a charged pion. A muon from a r  decay will result in a track 

in the central tracking chamber, little energy in the electromagnetic and hadronic 

calorimeters, and a track in the muon chambers. The r “ -4 ix~Vfj,Vr selection is 

based on information from the central tracking chamber and the muon chambers. 

Calorimeter information is not used in the main selection, but instead is used to 

create an independent t ~  -4 control sample that is used to estimate the

systematic error in the selection efficiency. The branching ratio of the r “ - 4  ji~Vfj,VT 

decay is inclusive of radiation in the initial or final state [1], and so the t ~  -4 

selection retains decays that are accompanied by a radiative photon or a radiative 

photon that has converted in the detector into an e+e" pair.

The r “ -4 candidates are selected from jets with one to three tracks in

the tracking chamber, where the tracks are ordered according to decreasing particle 

momentum. In order to be a muon candidate, evidence is required that the highest

52
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Figure 5.1: A Monte Carlo simulation of a T+r“ event in the OPAL detector, where 
one T has decayed via r~ —> and the other r  has decayed to a meson which
subsequently decays to tttt*’. The concentric rings correspond to the outer edges 
of the beam pipe, tracking jet chamber, electromagnetic calorimeter, and hadronic 
calorimeter. The arrow indicates a reconstructed track in the muon chambers.
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momentum track in the tracking chamber is well aligned with a track in the muon 

chambers.

Tracks in the muon chambers are reconstructed independently from those in 

the tracking chamber, and require at least three hits in the muon chambers, and a 

perpendicular distance from the track to the vertex of less than 400 cm.

In T ~  —>■ p T V ^ V r  decays, the highest momentum track in the tracking chamber is 

typically well-aligned with the corresponding track in the muon chambers, whereas 

this is not the case for hadronic r  decays, which are the main source of background 

in the sample. The majority of these background jets contain a pion which interacts 

in the hadronic calorimeter, resulting in the production of secondary particles which 

emerge from the calorimeter and generate signals in the muon chambers, a process 

known as pion punchthrough. Therefore, a “muon matching” variable, //match, which 

compares the agreement between the direction of a track reconstructed in the track­

ing chamber and that of the track reconstructed in the muon chambers, is used to 

differentiate the signal t ~  —> decays from hadronic r  decays^. It is required

that //match have a value of less than 5, (see Figure 5.2 (a) and (b)). The position of 

the cut was chosen to minimise the background while retaining signal.

In a few cases, even though a jet passes the //match criterion, not all of the muon 

chamber hits associated with the track in the muon chambers are associated with the 

track extrapolated from the tracking chamber. Some pions and poorly reconstructed 

muons are removed by selecting tracks in the tracking chamber that are associated 

with a signal in at least three muon chamber layers. Â muon is the number of muon

Vmatch measures the difference in 0  and in 6 between a track reconstructed in the tracking 
chamber and one reconstructed in the muon chambers, at the radial {z) position corresponding 
to the front face of the barrel (endcap) muon chambers. The differences are divided by an error 
estimate and added in quadrature to  form a %^-like comparison of the directions.
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Figure 5.2: (a, b) The /Tmatch matching between a muon track reconstructed in the 
tracking chamber and one reconstructed in the muon chamber, and (c, d) the number 
of muon chamber layers, Â muon, activated by the passage of a charged particle in the 
jet. The jets in each plot have passed all other selection criteria. The arrows indicate 
the accepted regions. The points are data, the clear histogram is the Monte Carlo 
T~ -4- fJ~Df̂ Ur prediction, the singly-hatched histogram is the Monte Carlo prediction 
for backgrounds from other r  decays, and the cross-hatched histogram is the Monte 
Carlo prediction for background from non-r sources.
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Figure 5.3: (a) The momentum of the highest momentum particle in the opposite 
jet, Pi-opp, where the candidate muon has a momentum greater than 40 GeV, and
(b) the combined momentum of the second and third particles in those jets which 
have more than one track, for jets which have passed all other selection criteria. The 
arrows indicate the accepted regions.

chamber layers activated by a passing particle, and we require iVmuon > 2 , as shown 

in Figure 5.2 (c) and (d).

In order to reduce background from dimuon events, it is required that the mo­

mentum of the highest momentum particle in at least one of the two jets in the event, 

i.e. Pi in the candidate jet and pi_opp in the opposite jet, must be less than 40 GeV 

(see Figure 5.3 (a)).

Although the r~ candidates in general are expected to have one track,

in approximately 2 % of these decays a radiated photon converts to an e+e“ pair, 

resulting in one or two extra tracks in the tracking chamber. In order to retain these 

jets but eliminate background jets, it is required that the scalar sum of the momenta 

of the two lower-momentum particles, % +  Pa, must be less than 4 GeV (see Figure

5.3 (b)). In cases where there is only one extra track, % is taken to be zero.
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Figure 5.4: The momentum of the candidate muon, for jets which have passed all 
of the selection criteria. No criteria are made on this variable.

The above criteria leave a sample of 31,395 candidate r “ —> iJ,~P̂ Ur jets. The 

quality of the data is illustrated in Figure 5.4, which shows the momentum of the 

candidate muon for jets which satisfy the r~ —>■ selection. No criteria are

made on this variable. The backgrounds remaining in this sample are discussed in 

the next section.

5.1 B ackgrounds in th e  r  — /i sam ple

The background contamination in the signal -A n~P^Vr sample stems from other r  

decay modes and from residual non-r background in the r+ r "  sample. The procedure 

used to evaluate the background in the r “ —> sample is identical to the one

used to evaluate the background in the r '^ r “ sample, which is outlined in Section 4.4 

and in Appendix B.

The main backgrounds from other r  decay modes can be separated into r  decays 

involving a single charged hadron, h, which may be a pion, tt, kaon, K ,  or rho meson,
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p, and a small number of decays involving three charged hadrons. These decays may 

or may not be accompanied by neutral pious, and are written as r~ 

and T" —> h“ h“ h+ > The —>■ h “ > OTi-̂ Pr decays can pass the

selection when the charged hadron punches through the calorimeters, leaving a signal 

in the muon chambers. The absence or presence of 7t°s has no impact on whether 

or not the jet is selected, since there are over 60 radiation lengths of material in the 

detector in front of the muon chambers. The modelling of this background was tested 

by studying jets with large deposits of energy in the electromagnetic

calorimeter, which led to a scaling factor of 1.00 ±  0.09 and P(x^)=  0.121. The 

distribution of jet energy, E-̂ et, deposited in the electromagnetic calorimeter is shown 

in Figure 5.5 (a). The r "  —> h~ > {)'K̂ Ur fractional background estimate is 0.0225 ±  

0.0016, of which approximately 75% includes at least one tt*’.

The main backgrounds resulting from contamination in the sample are

e'^e^ -4 - (e+e"") and e+e“ -> events. The e+e” -4 - (e' '̂e” ) contribu­

tion in the - 4  p~ü^Vr sample was evaluated by fitting the Monte Carlo distribution 

of ̂ acoi to that of the data, where the acollinearity criterion in the r + r “ selection which 

requires that âcoi < 15° has been relaxed, and ptot is required to be less than 20 GeV, 

as shown in Figure 5.5 (b). This resulted in a scaling factor of 1.0 ±  0.5, which is 

consistent with the scaling factor obtained in Section 4.4, a probability of P(x^)=  

0.561, and a fractional background estimate of 0.0052 ±  0.0026. For this particular 

background, the quoted uncertainty also takes into account the spread in the fitted 

normalization when the range of 0acoi is extended to 20 and to 25 degrees. This is 

motivated by a discrepancy between the data and the Monte Carlo simulation which 

can be seen in the region where âcoi > 2 0 °.

The contribution of dimuon events (e”̂ e“ -4- p'^p'~) was enhanced in the t ~  —>
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sample by removing the requirement that pi_opp < 40 GeV or pi < 40 GeV, 

and instead requiring that pi > 40 GeV. The distribution of pi_opp was then used 

to evaluate the agreement between the data and the Monte Carlo simulation for 

this background. The resulting scaling factor of 1.0 ±  0.2 is consistent with that 

obtained in Section 4.4, and the estimate of the dimuon fractional background in the 

T~ —> sample is 0.0029 ±  0.0006. The corresponding distribution is shown in

Figure 5.5 (c), and has P(%^)= 0.639.

Signal events with three tracks are due to radiative t ~ —>• decays where

the photon converts in the tracking chamber to an e+e“ pair, whereas the three-track 

background consists mainly of jets with three pions in the final state. Electrons and 

pions have different rates of energy loss in the OPAL tracking chamber, and hence 

the background can be isolated from the signal by using the rate of energy loss as 

the particle traverses the tracking chamber, à E /àx ,  of the second-highest-momentum 

particle in the jet. The Monte Garlo modelling was compared to the data as shown 

in Figure 5.5 (d), yielding a scaling factor of 1.5 ±  0.3, a probability of P(x^)=  0.436, 

and a fractional background measurement of 0.0014 ±  0.0003.

The remaining background in the —> prVfj^Ur sample is almost negligible and

is estimated from the Monte Garlo simulation. The total estimated fractional back­

ground in the r ” —> pl~D^Vt sample after the selection is 0.0324 ±  0.0031. The main 

background contributions are summarized in Table 5.1.
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Figure 5.5: The distributions used to measure the background in the r~ —> 
sample are shown after the normalization. The arrows indicate the region that was 
chosen to measure each background, (a) £jet is the energy measured in the elec­
tromagnetic calorimeter, (b) âcoi is the acollinearity angle between the two r  jets,
(c) Pi-opp is the momentum of the highest momentum particle in the opposite jet 
to the r~ -4 - candidate, (d) d E /d x  is the rate of energy loss of a particle
traversing the tracking chamber. The points are data, the clear histogram is the 
Monte Carlo r ” —> prediction, the singly-hatched histogram is the Monte
Carlo prediction for the type of background being evaluated using each distribntion, 
and the cross-hatched histogram is the Monte Carlo prediction for all other types of 
background.
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Backgrounds Contamination
—> h~ > 

e+e“ -4̂  (e+e“ ) pi+iJ,- 
e+e" ->

-4- h"h"h""" >  Otv^U t  

Other

0.0225 ±0.0016 
0.0052 ±  0.0026 
0.0029 ±  0.0006 
0.0014 ±0.0003 
0.0004 ±  0.0001

Total 0.0324 ±0.0031

Table 5.1: The main sources of background in the candidate r  pi sample 
together with their estimated uncertainties.
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The T ~  —> ijT vp iV r branching ratio

The T jj, branching ratio is given by

p _  (1 ~  /bk) 1 1
AT,

where the first terra, N(^r^n)/Nr, is extracted from the data as the number of —>

Ix~V^Vt candidates after the r “ selection, divided by the number of r  can­

didates selected by the t ~̂t ~ selection. The remaining terms include the estimated 

fractional backgrounds in the t ~ -» ii^v^Vr and T+T^ samples, /bk and /̂ -bk, respec­

tively, which must be subtracted off the numerator and denominator in the first term 

of Equation 6.1. The evaluation of these backgrounds has been discussed in Sections

4.4 and 5.1. The efficiency of selecting the t ~  —> ix~v^Vr jets out of the sample of 

T+T" candidates is given by

— ^before ’

where is the number of t " —> jets in the Monte Carlo simulation

after the r~  —> selection, and is the number of t "  -4- jets in

the Monte Carlo simulation before the t ~  -4- j j r u ^ V r  selection, but after the t + t "  

selection. The Monte Carlo prediction of the efficiency is cross-checked using a control 

sample, and will be discussed in Section 6.1. Tj, is a bias factor which accounts for

6 2
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the fact that the T+r“ selection does not select all r  decay modes with the same 

efhciency, and will also be explained in more detail in Section 6.1. The corresponding 

values of these parameters for the —> hT v^Ut selection are shown in Table 6.1. 

Equation 6.1 results in a branching ratio value of

B (r-  = 0.1734 ±  0.0009 ±  0.0006,

where the first error is statistical and the second is systematic. The statistical un­

certainty in the branching ratio is taken to be the binomial error in the uncorrected 

branching ratio, Nf^r-^n)/Nr, and is given by \ j f [ I  — f ) / Nr  where /  =  Ni^r^ti)!Nr-

Parameter Value
31,395

Nr 193,796
/bk 0.0324 ±  0.0031
/rbk 0.0106 ±  0.0007

0.8836 ±  0.0021
Tb 1.0339 ±0.0020
B (r“ -> ix~ü^Vr) 0.1734 ±  0.0009(sW) ±  0m 06{syst)

Table 6.1: Values of the quantities used in the calculation of B (r H v>̂ Ur)-

6.1 S ystem atic  checks

The systematic errors include the contributions associated with the Monte Carlo 

modelling of each of the main sources of background in the sample,

the error in the efficiency, the error in the background in the r+ r~  sample, and the 

error in the bias factor. These errors are listed in Table 6 .1  and their contribution to 

the error in the branching ratio is shown in Table 6.2. The errors in the backgrounds 

have already been discussed in Sections 4.4 and 5.1. A discussion of the error in the 

efficiency and in the bias factor follows.
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A second sample of r~ -> data candidates was selected using information

from the tracking chamber plus the electromagnetic and hadronic calorimeters. The 

selection looks for jets with one to three tracks satisfying P2 + P3 < 4 GeV that 

leave little energy in the electromagnetic or hadronic calorimeters but still leave an 

observable signal in several layers of the hadronic calorimeter. This yields a sample 

of 28,042 T ~  —> jets and results in a branching ratio of 0.1730 ±  0.0010 with

a measured fractional background of 0.0396 ±  0.0003 and an efficiency of 0.7853 ±  

0.0006. The errors on these numbers are statistical only, since a full evaluation of 

the systematic errors was not carried out as the selection was to be used only as 

a check. The candidates selected using this calorimeter selection are approximately 

90% correlated with those selected for the main branching ratio analysis using the 

tracking selection, even though the two selection procedures are largely independent. 

Because of the high level of correlation, the advantage of combining the two selection 

methods is negligible; however, the calorimeter selection is very useful for producing 

a control sample of t ~ -4- pi~v^VT jets which can be used for systematic checks.

A potentially important source of systematic error in the analysis is the Monte 

Carlo modelling of the selection efficiency. In order to estimate the systematic error 

on the efficiency, both data and Monte Carlo simulated jets are required to satisfy 

the calorimeter selection criteria. This produces two control samples of candidate 

T~ -4 pi~v^VT jets, one which is data, and one which is Monte Carlo simulation. 

The efficiency of the tracking selection is then evaluated as the fraction of jets in 

the calorimeter sample which pass the tracking selection. The ratio of the efficiency 

found using the data to the efficiency found using the Monte Carlo simulation is 

1.0002 ±  0.0024. The uncertainty in the ratio is calculated by taking the quadrature 

sum of the binomial errors on the two efficiencies, and is taken as the systematic error
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in the t ~ -4 - h~Vij,Vt selection efficiency.

Further checks of the Monte Carlo modelling are made by varying each of the 

selection criteria and noting the resulting changes in the branching ratio. The re­

quirement on the number of tracks was changed to allow only one track in the jet, 

in order to remove the radiative decays with photon conversions. This was found to 

change the branching ratio by 0.0003. Changing the requirement on Â muon from two 

to one resulted in a branching ratio change of 0.0002. Removing this criterion en­

tirely resulted in a change of 0.0003. Varying the Pmatch value of the match between 

a tracking chamber track and a muon chamber track by ± 1 / 2  resulted in changes 

of 0 .0 0 0 2 . The requirement on Pi-opp was changed by ±2 GeV and resulted in a 

change of 0.00001. Removing the requirement of Pi_opp entirely results in a similar 

change. All of these changes are within the systematic uncertainty that has already 

been assigned due to the background and efficiency errors, which are equivalent to an 

uncertainty in the branching ratio of 0.0005. Thus one has confidence that the error 

in the modelling of the background and the signal does not exceed the error already 

quoted.

The T Monte Carlo simulations create events for the different r  decay modes in 

accordance with the known measured r  decay branching ratios [1]. However, the 

selection does not select each r  decay mode with equal efficiency. This can introduce 

a bias in the measured value of B (r“ -4- The selection bias factor,

Fb, measures the degree to which the selection favours or suppresses the decay

-4 relative to other r  decay modes. It is defined as the ratio of the fraction

of T~ -4 jjTVfjtVr decays in a sample of r  decays after the selection is applied, to

the fraction of t ~  -4 decays before the selection. The dependence of the bias

factor on B (r“ -4 n~D^i'r) was checked by varying the branching ratio within the
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uncertainty of 0.0007 given in reference [1]. This resulted in negligible changes in the 

bias factor. In addition, extensive studies of systematic errors in the bias factor have 

been made in previous OPAL r-decay analyses [27, 28], including rescaling the centre- 

of-mass energy and then recalculating the bias factor, and smearing some Monte Carlo 

variables and then again recalculating the bias factor. These checks have indicated 

that the systematic effects do not contribute to the uncertainty in a significant manner 

compared with the statistical uncertainty, and so we have not included a systematic 

component in the error.

Source Absolute error

Tb
/bk
/rbk

0.00040
0.00034
0.00030
0 .0 0 0 1 2

Total 0.00062

Table 6 .2 : Contributions to the total branching ratio absolute systematic uncertainty. 
The uncertainty in /bk has been adjusted to take into account correlations between 
the backgrounds in the and r~ -4 - samples, as detailed in Appendix C.
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D iscussion

The value of B (r“ —>■ obtained in this analysis can be used in conjunction

with the previously measured OPAL value of B (r“ —>■ e“ Pe^r) to test various aspects 

of the Standard Model. In particular, the Standard Model prediction of lepton uni­

versality implies that the coupling of the W boson to all three generations of leptons 

is identical. The leptonic r  decays have already provided some of the most strin­

gent tests of this hypothesis (see, for example, [27]). W ith the improved precision 

of B (r“ —> jji~û^Ur) presented in this dissertation, it is worth testing this prediction 

again. In addition, the leptonic r  branching ratios can be used to measure the Michel 

parameter rj, which can be used to set a limit on the mass of the charged Higgs 

particle in the Minimal Supersymmetric Standard Model. These topics are discussed 

below.

7.1 L epton un iversality

Lepton universality requires that the coupling constants pe, and are identical, 

thus the ratio g^/ge is expected to be unity, as described in Section 2.4.1. From

67
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Equation 2.9, one finds

g l  _  B ( t ~  ^  ^ l-Ü u ,U r)  1

gl B(r~ -> e~UeUr) 0.9726

using f  (m l/m l)  = 1.0000 and /{rrij^/m^) =  0.9726, which are the corrections for 

the masses of the final state leptons [11]. Equation 7.1 is then used to compute the 

coupling constant ratio, which, with the value of B (r“ —> n~V^i'r) from this work 

and the OPAL measurement of B (r“ e~Pe^r) =  0.1781 ±  0.0010 [27], yields

^  =  1.0005 ±  0.0044,
9e

in good agreement with expectation. The OPAL measurements of the branching 

ratios B(r~ —> e~PeUr) and B (r“ —)• are assumed to be uncorrelated.

In addition, the branching ratio can be used in conjunction with

the mnon and r  masses and lifetimes to test lepton universality between the first and 

third lepton generations, as shown in Equation 2.10, yielding the expression

4  =  B(r-  . (7.2)
9 e  A -

The values (1 ±  6 % )̂ =  0.99597 and (1 ±  S^q) =  0.99576, which take into ac­

count photon radiative corrections and leading order W propagator corrections, and 

f{ml/rnj^) =  0.9998, have been obtained from reference [11]. These values, along 

with the OPAL value for the r  lifetime, Tr =  289.2 ±  1.7 ±  1.2 fs [29], the BES col­

laboration value for the r  mass, =  1777.0 ±  0.3 MeV [30], and the Particle Data 

Group [1] values for the muon mass, m^, and muon lifetime, r^, have contributed to 

the numerical factor in Equation 7.2, from which we obtain

— =  1.0031 ±0.0048,
9e
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Figure 7.1: The lifetime of the r  vs the r “ —> branching ratio. The band is
the Standard Model expectation, and its width is determined by the uncertainty in 
the mass of the r  [30]. The point with error bars is the OPAL measurement of the r  
lifetime [29] and the branching ratio determined in this work.

again in good agreement with the Standard Model assumption of lepton universality. 

If one assumes lepton universality, then Equation 2.10 can be rearranged to express 

the r  lifetime as a function of the branching ratio B (r” -4- The resulting

relationship is plotted in Figure 7.1.

The coupling constant ratios presented here are consistent with those obtained 

using the leptonic r  branching ratios by the other LEP experiments, ALEPH [31], 

DELPHI [32], and L3 [33], and also with those from the CLEO experiment [34], which 

uses data from the CESR e+e" collider at Cornell State University. The resnlts for 

each of these experiments is shown in Table 7.1.

Perhaps the most obvious way to test lepton universality in the charged-current 

weak sector is by using the decay rates of real W  bosons; however, to date this method
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gy/Pe 9r ! 9e
ALEPH
DELPHI

L3
OPAL
CLEO

1.0002 ±  0.0051 
0.9983 ±  0.0056
1.0007 ±0.0051 
1.0005 ±0.0044 
1.0026 ±0.0055

0.9946 ±  0.0064 
0.9987 :L(k0062

0.9963 ±  0.0056 * 
1.0031 ±0.0048 

1.0043 ±0.0102 *

Table 7.1; Coupling constant ratios from the four LEP experiments and CLEO. Values 
with an asterisk were calculated in this analysis using the branching ratio values and 
r  lifetimes measured by the experiment. All other coupling constant ratios are from 
the cited references.

has not provided as precise a test as other methods. The two particle colliders with 

the energies necessary to produce real W  bosons are LEP2 at CERN and the Tevatron 

at Fermilab. The four LEP experiments have presented the combined measurements 

for the ratios of the W  leptonic branching ratios [35]. In this case, the effects of the 

fermion masses and radiative processes are negligible compared with the precision 

of the branching ratio measurements, and so no corrections need to be applied to 

the decay widths; hence, the ratio of the branching ratios simply equals the square 

of the ratios of the coupling constants, which leads to =  1 -0 0 0  ±  0 .0 1 1  and

Qr/ge =  1-026 ±  0.014.

The Tevatron collides protons and antiprotons. Because these are composite 

particles, the total cross section for the interaction will depend upon the specific 

constituents in the proton and antiproton which interact, and on their energies. Since 

this varies from one event to the next, the quantity that is measured is the total cross 

section multiplied by the branching ratio, (TwB(VE —>■ ei/g), awB(IE -> and

ctwB(1T //z/'r). The ratios of any two of these quantities will produce the square of 

the ratios of the corresponding coupling constants. Using information from the two 

Tevatron experiments, DO [36] and CDF [37], one obtains Qf /̂ge = 0.94 ±  0.05 and
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Figure 7.2: from various experiments. The band indicates the average of the
values plotted.

Pr/ge =  1.00 ±0.03 for the DO results, and =  1.01 ±0.04 and Çr/çe =  0.97±0.07 

for the CDF results.

Historically, was tested using pion decays, a method which still yields the 

most precise measurement of this quantity. The two most recent experiments were 

carried out at TRIUMF [38] and PSI [39], with results of Qn/ge = 1.0030±0.0023 and 

9fi/ge =  1.000 ±  0.002, respectively. Regardless of the methods used to test lepton 

universality, the results have been consistent with the Standard Model and with each 

other. Figure 7.2 shows the results of some of these tests, including the result from 

this work which is labelled OPAL 2002.
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7.2 M ichel param eter 7/ and th e  charged H iggs m ass

The leptonic r  branching ratios can be used to probe the Lorentz structure of the 

matrix element through the Michel parameters [13, 14], rj, p, and 5, which param­

eterize the shape of the r  leptonic decay spectrum, as described in Section 2.4.2. In 

the Standard Model V-A framework, rj takes the value zero. A non-zero value of rj 

would contribute an extra term to the leptonic r  decay widths. This effect potentially 

would be measurable by taking the ratio of branching ratios, as in Equation 2.15 [15], 

The B(r~ —> p ~ü̂ Ut) result presented here, together with the OPAL measurement of 

B (r“ -4̂  e~Pet^r) [27] and Equation 2.15, then results in a value of p = 0.004 ±  0.037. 

This can be compared with a previous OPAL result of ?7 =  0.027 ±  0.055 [14] which 

has been obtained by fitting the r  decay spectrum.

In addition, a non-zero p may imply the presence of scalar couplings, such as 

those predicted in the Minimal Supersymmetric Standard Model. This leads to the 

relationship of Equation 2.17. A one-sided 95% confidence limit using the p evaluated 

in this work gives a value o fp  > —0.057, and a model-dependent limit on the charged 

Higgs mass of m-^± > 1.28 ta n /?.

This result is complementary to those obtained using other methods. A similar 

constraint has been obtained at OPAL using the decay h —> r^P^-X, which limits 

the mass to m^± > 1.89 tan ,5 [40]. At LEP2, charged Higgs particles would have 

been produced in pairs, via the processes e+e“ -4 - 7 /Z° -4 H‘*'H“ , with the Higgs 

particle subsequently decaying to cs or t u . Direct searches using the combined data 

of the four LEP experiments yielded the limit mn± > 78.6 GeV (95% CL) [41]. At 

the Tevatron, both CDF and DO use a variety of methods to constrain the charged 

Higgs mass at both high and low tan/3, as shown in Figure 7.3. A summary of these



7. 73

methods is given by the Particle Data Group in reference [1] and further details are 

available in references [42, 43]. A limit of mH± > 316 GeV (95% CL) is given by 

the Particle Data Group [1] and has been obtained from the rate for the process 

6 -> S7  as measured by GLEG [44], BELLE [45], and ALEPH [46]; however, this 

constraint can be circumvented in supersymmetric models where other particles may 

contribute destructive interference which cancels out the effect of the charged Higgs. 

A constraint can be derived given the branching ratio of the decay Z° —> bb and other 

observables, which sets the limit at ta n ^  > 0.7 at the 2 .5(7 level [47, 48]. These are 

shown in Eigure 7.3.
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text. The curves for the Tevatron results are approximations based upon information 
in the references cited in the text.



Chapter 8 

Conclusions

OPAL data collected at energies near the Z° peak have been used to determine the 

-4- branching ratio, which is found to be

B (r“ - 4  =  0.1734 ±  0.0009(stat) ±  0.0006(syst).

This is the most precise measurement to date, and is consistent with the previous 

OPAL measurement [49] and with previous results from other experiments [1], as can 

be seen in Figure 8.1 which shows other recent results. This work is shown as the 

OPAL 2002 result.

The branching ratio measured in this analysis, in conjunction with the OPAL 

T~  - 4  e~i>ei'r branching ratio measurement, has been used to verify lepton universality 

at the level of 0.5%. Although lepton universality has been tested to precisions of

0.2% using pion decays, the scalar nature of pious constrains the mediating W boson 

to be longitudinal, whereas r  decays involve transverse W bosons, making these two 

universality tests potentially sensitive to different types of new physics.

In addition, these branching ratios have been used to obtain a value for the Michel 

parameter r] = 0.004 ±  0.037, which in turn has been used to place a limit on the 

mass of the charged Higgs boson, mn± > 1.28 tan in the Minimal Supersymmetric
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OPAL 2002 

ALEPH

DELPHI

OPAL 1995

CLEO

0.17 0.1725 0.175 0.1775 0.18

Figure 8.1: B (r —> /2 from recent experiments. The shaded band represents
the fit from reference [1 ].

Standard Model. This result is complementary to that from another recent OPAL 

analysis [40], where a limit of mH± > 1.89 t a n h a s  been obtained from the decay 

b —y T Z2.J-X.

We use Equation 2.9 to compute the coupling constant ratio, which, with the value 

of B(r~ -A iJ,~Pfj,Ur) from this work and the OPAL measurement of B (r“ -A e“ PeW) 

=  0.1781 ±  0.0010 [27], yields

&
9e

= 1.0005 ±  0.0043, (8 .1)

in good agreement with expectation.
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A ppendix A

The muon chambers

In order to identify muons efficiently, the jet angles 9 and (j), determined using infor­

mation from the central tracking chamber, are used to remove events where at least 

one of the jets extrapolates to a region where there are no muon chambers due to 

the presence of cables or support structures. The uninstrumented regions are clearly 

visible in the (j) versus | cos0| plane shown in Figure A .l, which shows both the barrel 

and endcap regions of the detector. The values of cos 9 and (j) for each of the plotted 

points is determined using information from the muon chambers only.

The cylindrical geometry of the barrel region is amenable to using a set of cuts in 

the 4> versus cos 9 plane, whereas the structure of the endcap regions is favourable to 

using a Cartesian set of coordinates. The criteria for accepting an event in the barrel 

region are given in Table A.I. These criteria map out a boundary which defines the 

active region of the muon chambers for cos# < 0.70, and correspond to the solid line 

shown in Figure A.I.

A schematic diagram of the endcap muon chamber quadrants and patches in the 

X — y and y — z planes is shown in Figure A.2 [16]. The fiducial cuts in the endcap 

region use the jet angle determined from tracking chamber information, extrapolated 

to the inner faces of the endcap muon chambers, and then converted to Cartesian

8 0
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^  350
QJ

^  300

^  250

0.8
|cos0|

Figure A .l: Muon chamber coverage in the cf) versus |cos0| plane. The points show 
regions with signal from the muon chambers. The solid line shows the fiducial cuts 
in the barrel region.
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(degrees) C O S 0 |

0 - 73 and 0 - 0.70
73 - 107 and 0  - 0.60
107 - 205 and 0 - 0.70
205 - 237 and 0  - 0.62
237 - 303 and 0 - 0.49
303 - 341 and 0  - 0.62
341 - 360 and 0 - 0.70

Table A.l: Criteria applied to accept only those jets which are in instrumented areas 
of the barrel muon chambers.

Inner Outer
lower upper lower upper

Quadrants 553.9 cm 539.0 cm 622.1 cm 606.6 cm
Patches 539.0 cm 554.9 cm 605.6 cm 622.1 cm

Table A.2; The \z\ positions of the endcap muon chambers. The positions are the 
same (within a negative sign) for both endcaps.

coordinates. This information is compared to the coordinates of the muon chambers 

as shown in the figure. The values are the same for both of the endcaps, except in 

the case of the y values for the quadrant chambers, where the second set of values is 

shown in parentheses. The quadrant chambers overlap vertically, but not horizontally. 

Because of this, the upper and lower chambers are at different z coordinates, as 

shown in Table A.2 and on Figure A .2  (lower), which gives the z coordinates for the 

quadrants and patch chambers. Both endcaps have the same |z| values. Each endcap 

is composed of two sets of chambers, the inner and the outer chambers, where the 

inner chamber is the one closer to the OPAL interaction point. Figure A.2 shows this 

in both the x — y plane (upper plot) and the y — z plane (lower plot).
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Quadrant Chamber

Overlap Region

-135.05 cm

-100.6 cm

Patch
Chamber

-336.7 cm

606.6 cm

622.1 cm

609.7 cm (593.3 cm)

119.1 cm

135.05 cm

-546.6 cm (-563.0 cm) 

y

554.9 cm 539.0 cm

beam pipe

648.4 cm

interaction 
point 

 *------

539.0 cm

605.6 cm

622.1 cm 553.9 cm

Figure A.2: The endcap regions of the muon chambers in the x — y (upper) and y — z 
(lower) planes. The quadrant chambers overlap vertically, but not horizontally.



A ppendix B

M easuring the backgrounds

The same procedure was used to measure each type of background in the t '^t ~ 

sample and in the sample. The relative proportion of the background

being measured was first enhanced in the sample by adjusting the selection criteria. 

Then, a variable was chosen which allowed that particular type of background to be 

more clearly distinguished from all other events. The Monte Carlo distribution of 

this variable was fit to the background-enhanced data distribution, where the total 

number of Monte Carlo events in the bin was given by

Ni =  u iV sig . +  6iVbkj ■ ( B . l )

Both a and b were free parameters in the fit, iVgig. is the number of Monte Carlo'Slgi
'thor T~ events in the i bin, and iVbkj is the number of Monte Carlo events

in the bin of the type of background being measured. The number of events of 

other types of background were negligible, and were included in iVgig.. In each case, 

a was found to be consistent with unity, and therefore was set equal to one.

The fit was performed again with the only free parameter being the normalization 

of the Monte Carlo prediction of the background being measured, b. The value of b

8 4
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was determined by a least-squares fit which minimized the distribution, given by

x‘ =  t  (B.2)
i=l di

where n is the number of bins in the distribution, is the number of data events 

in each bin, and a^. is the Poisson error, on the number of data events in each

bin. The error on the number of Monte Carlo events in each bin was negligible. The

error on b was determined by varying the value of at its minimum by ±1. This

procedure yielded the scaling factors given in Sections 4.4 and 5.1.

The fractional background in the sample, fbackground, was then determined from 

the adjusted Monte Carlo simulation, and is given by

fba ck g ro u n d  =  ( B 3 )

where Nbk is the total number of Monte Carlo events in the or r “

sample of the type of background being measured after the scaling factor is applied, 

and N  is the total number of Monte Carlo events in the or r~  -4- sample

after all the scaling factors (for each type of background) are applied.



A ppendix C

Correlated errors on the scaling  
factors

Two of the backgrounds, e+e“ —> and e+e^ —> (e+e") are present in

both the T~^T~ sample and in the sample. For each of these types of

background, the scaling factor is the same in both the r + r “ sample and in the r “ -4- 

jjrV̂ ĵ UT sample, and so the errors associated with these factors are 1 0 0 % correlated. 

Because they enter into the branching ratio in a somewhat complicated manner, for 

this analysis a formula has been derived which takes into account the correlations. 

The resulting errors on these backgrounds are then added quadratically to the errors 

from the other backgrounds.

The correlated uncertainty in the branching ratio, (Tb , is

"  (^)
where is the uncertainty in the scaling factor as determined by the normalization 

procedure described in Sections 4.4, 5.1, and Appendix B. For the e+e^ —> jjT 

correlation, we can write the branching ratio, B, as

V other J uuB  = C __________
_ f T T  _  „  f T TMother fifi

86
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where

Rh
(C.3)

and /o[ĥ r̂  ̂ (/other) the fractional background in the t ~ - »  { r ^ r ~ )  sample

for backgrounds other than e+e“ —)■ ijA h ~ ,  s  is the e+e^ —)• scaling factor, and

( / / / )  is the fractional background in the r “ —> (T+T") sample of the

type e+e“ —>■ Differentiating Equation C.2 gives

fJiJiO- ~  / b k )  -  -  / r b k )

(1 -  Abk)'

using the following:

(C.4)

•  s =  1 .0 ,

ÆhT’+ s/ir"’ = /bk,fifj,

•  and +  s / ; ;  =  frhk- 

Hence, Equation C.l becomes

_  [ / / / ( I  ~  / b k )  -  -  / r b k )

' = - ^ 1 .  ( l - / k b k p

Since the scaling factor for the e+e^ (e+e') ijL' f̂i~ background is also equal to 

unity, the expression for the correlations are exactly analagous to Equation C.5.

(C.5)




