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Synopsis

The full 1990 data sample recorded in the OPAL detector on the LEP collider was
analysed to extract the muon pair cross section and asymmetry at seven centre
of mass energies between 88 GeV and 95 GeV, with an integrated luminosity of
6.6 pb~!. A detailed analysis of the cross section and asymmetry measurements
and their energy variation was subsequently used to determine the mass (Mz) and
width (I'z) of the Z° and the pole cross section for muons (aﬁﬁle). The effective
vector (;) and axial vector (&) couplings to charged leptons were also determined

in the combinations &,°%,? and @° (with ¢; = I3). The values obtained are;

M; = 91.2140.04£0.02 (LEP)} GeV,
I, = 2.46+0.07%£0.01 (LEP) GeV,
oPo = 2.0340.03+0.03 nb,
a0 = (73+54)x107°%,
a% = 0.23+0.04,

I, = 0.0834+ 0.0025 =+ 0.0005 GeV.

The leptonic partial width (I;) is deduced from the measured Mz, 'z and aﬁzle.
The colinear hard photonic cross section for muon pairs and the differential energy
spectrum of photons in these events is studied. It is shown that photons measured
in this exclusive channel originate from final state radiation. On the basis of all
quantities studied herein. the standard model provides a good description of the
process eTe™ — utpuT (7).

A detailed description of the software tools developed to reconstruct muons
in the endcap muon detectors of the OPAL experiment, which are particularly

important for measuring the muon pair forward-backward asymmetry, is presented.
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Chapter 1

The description of the physical universe at a fundamental level is an attractive
(albeit elusive) goal and many theoretical models have been proposed in the past
to explain experimentally observed phenomena; models which are unable to with-
stand detailed compérison with ever more refined experimental data are simply
discarded. In the last few decades this process has resulted in the development
of a theoretical model that can provide a complete description of all known (non-
gravitational) particle interactions. This theory, which is based on the principle
that gauge symmetries exist within certain types of quantum fields, is sufficiently
successful that it is known as the ‘standard model’ [1] of particle physics. As such
it is currently being subjected to a series of stringent, high precision tests by many
experimental groups at various laboratories around the world.

This thesis presents a measurement of some of the fundamental parameters
in the electroweak sector of the standard model. The measurements are com-
pared with theoretical predictions and constitute a precision test of the standard
model. This analysis been carried out within the OPAL collaboration as part of
the LEP project at CERN in Geneva. In order to put these tests into context,
a brief overview of the main features of the standard model, with a bias towards

electroweak physics. is given below.




1.1 The standard model

At the present time there are four known forces that are thought to be funda-
mental in nature and a small number of elementary particles which are influenced
by these forces. The standard model successfully describes the effects of the elec-
| tromagnetic, weak and strong interactions in terms of two renormalisable gauge
field theories down to a scale of O(10~'8 m). The gravitational force is not part
of the standard model due to a problem arising from the tensor nature of the
gravitational field quanta. As the gravitational force is negligible compared to all
other forces at the energies that have so far been reached by accelerators, its omis-
sion from the standard model is assumed to have an immeasurably small effect on

numerical results that may be compared with experimental data.

1.1.1 Particle spectrum

There are two types of elementary particles in the standard model, the distinction
being made on the basis of spin quantum numbers. Spin-1 fermions are the basic
constituents of matter upon which the various forces act and bosons are the gauge
field quanta that mediate these forces. Both fermions and bosons are pointlike
and structureless in this theory which is consistent with all measurements so far

performed.

Elementary fermions

The basic fermions of the model are divided into two categories, viz. quarks which
are subject to the influence of the strong interaction and leptons which are not.
There are six different flavours of quarks. three of which have charge +2e (i.e. u, ¢
and t) while the remaining three have charge —%é (i.e. d, s, b). Of these, all except
the t quark have been ‘observed’ experimentally. These are observed indirectly
through hadronic spectroscopy—{ree quarks are not allowed in the standard model
because of colour confinement. There are also six flavours of leptons, three with

one unit of charge (i.e. e7, pu~. 77) and a further three which are electrically

neutral (i.e. 1.1,.1,). There is a symmetry between the different quarks and

o




leptons which is evident when they are grouped together into ‘generations’, the
fermions in successive gencrations being higher mass replicas of those in the first
generation. One of the most important results that has been obtained from the
early running of the LEP experiments at CERN is that there are only three such

generations [2]. These are;
(e, vesu,d) (avyscas) (1,v-3t,b).

Within each generation fermions are arranged in SU(2) doublets (left-handed

fermions) and singlets (right-handed fermions) as follows;

Ve u

e d
L L

er ur dgr. (1.1)

The doublets and singlets have different quantum number assignments—a feature
which is allowed by virtue of helicity conservation in gauge interactions as well
as being necessary to reproduce the observed parity-violating behaviour of the
weak force. Furthermore, the grouping of fermions into these generations in the
standard model ensures cancellation of the Adler-Bell-Jackiw (ABJ) anomalies [3]

which destroy the renormalisation of the theory.

Elementary (gauge) bosons

Interactions between the quarks and leptons are described using the formalism

of quantum field theory: the forces are mediated by the exchange of virtual field
quanta associated with these (gauge) fields. The electromagnetic force is the result
of virtual photon exchange between charged particles, the weak force by the ex-
change of massive, intermediate W2 and Z° vector bosons and the strong force by
the exchange of an octet of massless. coloured gluons. The fact that the W* and
Z° gauge bosons are massive (My ~ 80 GeV and M’z ~ 90 GeV) can be inferred
from the relatively short range of the weak nuclear force, typically 1071 m. It is
the Z° boson. responsible for the weak neutral current interaction, that is studied

at LEP to a much higher precision than possible in lower energy experiments.




1.1.2 Quantum field theories

Early experiments revealed that all purely leptonic charged current interactions
had the same coupling in weak interactions. Furthermore. a similar universality
of couplihg was observed among all quarks after corrections had been made for
the mass eigenstates and the weak eigenstates of the quarks being different from
each other [4]. This universality is indicative of a more fundamental symmetry
and can be described by two relativistic quantum field theories both of which are
postulated to be invariant under local gauge transformations and renormalisable.
These two pre-requisites are necessary for the theory to predict interactions and
to allow calculations which vield finite results to be carried out and are there-
fore of the utmost importance. These field theories and the associated symmetry

transformations constitute the basis of the standard model.

Gauge invariance

In quantum field theory, the elementary fermions are described by complex fields
which may be used to construct a Lagrangian. These fermion fields have an un-
observable quantum mechanical phase and it is postulated that the Lagrangian is
invariant under a space-time dependent, or local, transformation of this phase. A
local phase transformation is known for historical reasons as a gauge transforma-
tion.

Although such a postulate is not unreasonable—absolute phase is not a physical
observable so it is should not affect physical measurements—there is a priori no
compelling reason for the requirement.

Applying such an arbitrary transformation would in general alter the La-
grangian. A special case such as the gauge transformation being the same at
all space-time points, i.e. a global phase transformation, which would naturally
leave the Lagrangian unchanged. is an obvious exception. However, it may be
restored to its assumed invariant state by introducing a set of fields into the the-
ory to locally compensate for any changes in the Lagréngian caused by the way
in which the fermion fields have been transformed. The theory, enlarged by the

addition of the so-called gauge fields to satisfy the initial postulate, now possesses




fields that predict the dynamics of interactions: the quanta associated with these
gauge fields are the aforementioned gauge bosons. In this way, the entire theory of
interacting particles is determined by the way in which the fermion fields transform
under operations of a particular symmetry group. The specific choice of symmetry
groups used in the standard model is included in sections 1.1.3 and 1.1.4.

As an example. the prototype of most modern gauge field theories is Quan-
tum Electrodynamics (QED) in which the requirement of gauge invariance of a
single charged fermion field under local U(1) phase transformations predicts the
electromagnetic interaction with quite remarkable precision. Measurements of the
gyromagnetic ratio of the electron, g. which differs from the tree level prediction
of g=2 as a result of virtual electromagnetic corrections, agree with renormalised

QED calculations to better than seven significant figures [5].

Renormalisation

The calculation of physical results in quantum field theory are currently carried
out entirely within the framework of perturbation theory. The need for renormal-
isation and a very simple description of the procedure involved can be illustrated
by considering the determination of the cross section for the elastic scattering pro-
cess e~ — e~ p~. In lowest order this is the single photon exchange process of
figure 1.1a. for which a finite amplitude may be calculated. However, when higher
order terms of the perturbation expansion are included such as the vacuum polar-
isation diagram depicted in figure 1.1b which enters at order a?, then logarithmic
divergences appear due to infinite integrals over the momenta in these loops.

To obtain a finite result. the renormalisation process introduces a particular
reqularisation scheme by which all divergent integrals are made finite so that
they may be formally manipulated. whilst still remaining Lorentz invariant; two
commonly used schemes are those of ‘covariant’ and ‘dimensional’ regularisation.
The essence of the former is to define an finite upper bound on the range of the
momentum integration. say .\. separate the divergent part (which will be a function
of A) from the finite part. absorb the divergent partsinto a redefinition of a physical

quantity such as charge or mass. and then allow the cut-off parameter to tend to

(9]




(a) one v exchange (b) vacuum polarisation correction.

Figure 1.1: Examples of tree level and one-loop diagrams for e"p~ — e~ ™.

infinity. The redefined physical parameters whose values must be determined
by experiment are referred to as ‘renormalised’ and the unmeasurable quantities
containing the divergences are known as ‘bare’.

This is the vital distinction between renormalisable and non-renormalisable
theories: in the former type, all divergences may be removed by the introduction
of a finite number of parameters that have to be fixed by experiment, whereas
~ in the latter, new types of divergences may occur in each order of perturbation
theory and so an infinite number of parameters would be required to bypass the
infinities by the same method.

For the scattering process example above, the amplitude is of the general form
e? x (current) x (photon propagator) x (current), (1.2)

where the (electromagnetic) current is a product of charged lepton spinors and a
Dirac gamma matrix!. When the one-loop diagram is added to the lowest order

expression, the amplitude and currents remain effectively unchanged if the defi- -

1The charge, e, is removed from the current and included as an overall factor in the amplitude
to simplify this description.




nition of the charge of the electron. e. is modified accordingly. Considering only

this one-loop correction, the appropriate ‘renormalisation’ of the electron charge

v 2\13
e—e =e {1 - 3—0:111 (i\‘—-ﬂ . (1.3)

7 m?

is given,

This expression for e is in fact one term of a more general, infinite set of higher
order corrections. The summation of all terms gives the fully renormalised charge,
/ s \
ep=e¢e kl -+ Z amcm(A2)) ,
m=1
where coefficients ¢,,,(A?) are obtained from considering all diagrams of a given
order in perturbation theory. This ep must be determined by experiment and a
physically meaningful definition is the charge as perceived from infinity, i.e. in the
classical long-wavelength limit. The final step is to invert the series, express e in
terms of eg, expand to a given order in a (e.g. in the first order case eg = e of
equation 1.3) and substitute for e in equation 1.2. In doing so, all the A dependence
is removed leaving the amplitude finite when the the cut-off is allowed to tend to

infinity. A proper treatment of renormalisation is non-trivial and the interested

reader is referred to the extensive literature for details [3,6,7].

1.1.3 Electroweak theory

The Glashow-Salam-Weinberg (GSW) electroweak theory describes the weak and
electromagnetic interactions by requiring invariance of an appropriate Lagrangian
under transformations of the non-Abelian, direct product group SU(2)L x U(1)y,
where SU(2). and U(1)y are the gauge groups of weak isospin and the weak
hypercharge (Y) respectively. Non-Abelian groups are ones in which the members
of the group do not commute. or in the parlance of associated field quanta, the
gauge bosons may interact with one another. Such gauge theories are often called
Yang-Mills theories for historical reasons.

The weak isospin transitions only affect the left-handed fermions in each gen-
eration (i.e. the doublets of equation 1.1). hence the subscripted L in SU(2)L.

Maintaining invariance with the above product group entails the introduction of




four gauge fields, viz. a weak isotriplet of vector fields, W* and a neutral hyper-
charge vector field, BP°. Experimentally, the weak force is observed to have a
parity-violating charged current nature and the charged members of the isotriplet
of gauge fields, when arranged in suitable linear combinations, reproduce this be-'
haviour. The physical fields with which the observed massive gauge bosons, W¥,
will ultimately be associated are |

1
b3
W =

SV F W2).

<

In contrast, the weak neutral current and electromagnetic processes couple to
both helicity states of fermions and so neither can be associated with the (parity-
violating) W? field alone. This is part of the reason why the weak interaction
cannot be described in isolation from the electromagnetic interaction, whereas the
converse is not true as demonstrated by the success of QED. It happens that a

~mixing of the two neutral gauge fields is required to obtain the physical fields
corresponding to the Z° gauge boson and the photon. The mixing, parameterised

by the so-called weak mixing (or Glashow) angle, Gy, is given by

Z, = W"g cos By — B, sin fw

A, = WJcosby + B,sinfby. (1.4)

It is worth noting that as this theory is based on the product of two discon-
nected sets of gauge transformations that there is no prediction for the relation
between the weak and electromagnetic coupling constants and so it is not a fully
unified theory in every sense. Furthermore, the introduction of finite masses to
the Lagrangian for any gauge bosons or fermions would destroy the invariance and
hence the renormalisation of the theory.? The favoured method of circumventing
this dilemma is to use the Higgs mechanism [8] although it can also be achieved

by other means [9].

Hidden symmetries—the Higgs mechanism.

A consequence of the symmetry of the GSW theory is that the four gauge bosons

are constrained to have zero mass. whereas the observed short range of the weak

?Local gauge invariance is a necessary condition for the theory to be renormalisable.
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Figure 1.2: Higgs potential energy and locus of degenerate ground states

interaction indicates that the weak gauge bosons are of O(100 GeV). Massive
particles can be accommodated in the theory if the symmetry is broken, although
explicitly breaking the symmetry by an ad hoc addition of mass terms into a La-
grangian describing the interactioﬁ will render the theory non-renormalisable and
hence of no practical interest. However, if the Lagrangian itself remains invariant
under local gauge transformations whilst the physical vacuum (or grbund state)
is not then some of the symmetry inherent in the theory will be ‘hidden’ which
turns out to be sufficient for the purpose in hand.

In the standard model, this is carried out by the introduction of a complex,
isodoublet scalar field, o. consisting of four Higgs fields. The self-interaction po-

tential for this field. which appears linearly in the Lagrangian, is given
V(6'6) = —i¢'¢ + M(s'),

where y? and ) are coupling parameters. This potential has a infinitely degenerate
set of minima. the non-trivial solutions (for ;2. A > 0) being at |¢|* = p?/2). It
should be stressed that although the potential itself is symmetric under continuous

transformations in o. the choice of any particular ground state or minima in the




potential (about which perturbation expansions may be performed) ‘spontaneously
breaks’ the symmetry. The potential and the locus of minima for the scalar field
are illustrated in figure 1.2.

Unfortunately the spontaneous breaking of any continuous symmetry implies
the existence of an additional massless scalar boson, often called a Goldstone
boson. This is the crux of Goldstone’s theorem [3, pp 144-151). However, no
gauge fixing condition imposes all of the normal axioms of field theory on a gauge
field and these are necessary for the proof of Goldstone’s theorem to hold and so
the additional massless scalars may be removed from the theory by a judicious
choice of ground state. Following a detailed mathematical analysis, the quanta
associated with three of the Higgs fields (i.e. the ‘would-be’ Goldstone bosons)
may be combined with the three weak gauge bosons to confer mass on the latter as
originally intended, removing the zero mass Goldstone bosons from the physically
observed spectrum in the process [3, pp 240-247].

As the vacuum expectation value (vev) of each Higgs field is in general non-
zero, choosing any one of the infinite number of ground states® as the physical
vacuum results in a physical vacuum with non-zero weak hypercharge and isospin.
Gauge bosons coupling to this vacuum develop quadratic terms in the Lagrangian
proportional to the vevs of the Higgs fields i.e. they become massive. This is
usually referred to as the Higgs mechanism. (For details of the mechanism, see [8]
or, for a review, (3, pp 240-247, 394-399].) A necessary feature of this mechanism
is the existence of at least one physical scalar with finite mass, i.e. the neutral
Higgs boson. Despite all couplings of this scalar to other particles being predicted
within the standard model, there is no prediction for its mass. To date no such

fundamental object has been observed by experiments [10].

1.1.4 Quantum chromodynamics

Quantum chromodynamics (QCD) is a non-Abelian gauge theory based on the
group SU(3). The basis of the theory is that all quarks possess a colour degree of

freedom. there being three possible colour states in which a quark may exist (IR,

3A ground state is a given set of vevs for the four Higgs fields.
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G, B). This was originally proposed to allow the construction of wave functions
that are antisymmetric under interchange of quark labels for the 7, A~ and
~ A%t baryons which in the absence of an extra degree of freedom such as colour
is not possible. These three quark states are fermions, hence the antisymmetry
requirement. It is postulated that only colour singlets may be observed, thus
single quark states. which are always coloured, are not allowed. This is called

colour confinement.
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Studies of the momentum distributions of quarks in de
nucleon scattering experiments lead to the conclusion that there exist electrically
neutral particles carrying momentum within hadrons. These are thought to be the
gauge bosons of QCD, called gluons. The mediators of the strong interaction are
an octet of massless, bi-coloured gluons. The gluons act on objects having colour
quantum numbers such as quarks. Being coloured themselves, gluons may also
interact with each other illustrating the non-Abelian nature of the theory.

In processes involving large 4-momentum transfers, quarks behave as though
they are only weakly interacting whereas at larger inter-quark separations the
converse is true. The former behaviour is the property that caused QCD to be
recognised as a good candidate theory of the strong intéraction, i.e. that the
effective coupling decreases at short distances tending towards a free field theory
as the distance in question tends to zero. This is called asymptotic freedom and it
is something that a renormalisable field theory cannot possess without also having
non-Abelian gauge fields [3. pp 284-288]. In contrast to QED where the coupling
constant is small (a =~ g=), the coupling in QCD is large enough (o, = 0.12) to
restrict the applicability of perturbative methods to the regime of small distances
(or high 4-momentum transfers).

As perturbation theory is the only calculational method available in field the-
ory, it is not possible to fully describe even a simple process such as the pair
production of quark states in ete™ annihilation. In this case, the quarks are con-
verted to hadrons with unit probability and the short distance behaviour of the
process may be described semi-quantitatively by perturbative methods. At larger

separations the effective coupling constant increases such that the approach is no
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longer valid. In order to compare QCD calenlations with experimental data it is
necessary.to either restrict the comparison to quantities which are only sensitive to
 the initial response of the system in the perturbative region such as total hadronic
or jet cross sections or for the hehaviour of the non-perturbative to be modelled

in an empirical way.

1.2 Electroweak tests of the standard model

Many aspects of the standard model have been compared with experiment and all
such tests have reinforced the view that the standard model provides an excellent
description of three out of the four known (and assumed) fundamental interac-
tions: even if it eventually transpires that it is not the ultimate description of the
physical universe it is the framework inside which most investigations are carried
out. Among the most dramatic supporting evidence for the validity of the model
was the prediction of weak neutral current interactions mediated by the Z° first
observed in v, N scattering in the Gargamelle bubble chamber at CERN [11] and
the observation of the massive W¥ and Z° gauge bosons in the UA1 and UA2 ex-
periments at CERN [12] with good agreement between the predicted and observed
masses. With their existence well established the Large Electron Positron (LEP)
collider was built at CERN to thoroughly investigate the precise nature of these
very important massive gauge bosons.

At the present time, the project is in the first of two distinct phases of operation
during which electrons and positrons are collided at centre of mass energies in the
vicinity of the Z° resonance enérgy. Experiments collecting data at this machine
have together accumulated approximately half a million Z° decays. To put this
into context, the the largest number of Z° decays observed in the world in a single
experiment before the start of the first physics run of LEP in September, 1989 was
332 by MARK II (310 multihadrons. 13 7¥7~ and 9 u*u~ events) [13]. During
the second phase of operation, LEP energies will extend up to and beyond the
W+W~ pair production threshold giving access to the triple gauge boson vertex
and allowing a direct study of the non-Abelian nature of electroweak theory to be

performed.




Given the high statistics that are attainable at LEP. it is an ideal testing ground
for many and varied details of the standard model. A detailed literature exists for
both the theoretical expectation [14.15.16] and the experimental measurements—
almost one hundred publications have been submitted between the four main LEP
experimental groups since the start of data taking. As there are very comprehen-
sive summaries of LEP experimental results available {2,18] only the main results
are presented below, most of which are obtained by combining published data
from all LEP experiments. These results. which are taken from [2] unless other-

wise specified. are:
e The number of standard model neutrino generations, N, = 2.89 & 0.10.
¢ The mass of the Z° Mz = 91.177 £ 0.031 £ 0.030 GeV.
o The total width of the Z° I'; = 2.496 £ 0.016 & 0.010 GeV.
e The hadronic pole cross section, oP%F = 41.78 £ 0.52 £ 0.40 nb.
o The partial width of the Z° to hadrons, I',,q = 1.764 £ 0.016 £ 0.008 GeV.
e The partial width to charged leptons, I'y = 0.0837 £ 0.0011 & 0.005 GeV.
e The strong coupling constant, a, = 0.118 + 0.008 [19]. '

o The minimal Higgs scalar is excluded within 0.0 < My < 44.0 GeV (at 95%
CL) [10].

e The top quark is inferred to have a mass, M, = 14473 GeV (from lineshape

measurements), [20].

¢ The supersymmetric muon (amongst others), is found to have a mass, M i >

44.0 GeV (at 95% CL).
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Chapter 2

The LEP collider and OPAL detector

This chapter outlines the major components of the LEP accelerator system and
the OPAL detector. The latter is composed of a number smaller sub-detectors each
of which is described below. As the offline reconstruction of data from the endcap
muon chambers of OPAL forms a large proportion of the technical work for this
thesis, a slightly greater emphasis is placed on the description of this particular

detector element.

2.1 The LEP collider

The LEP facility is a synchrotron collider designed to annihilate electrons and
positrons at centre of mass energies in the range between approximately 80 GeV
énd 200 GeV ‘;vith a peak luminosity of 1.7 x 10%'cm™2s™1. It has a circumference
of 26.7 km and is accommodated in a tunnel that varies in depth from 51 m to
143 m below the surface of the Franco-Swiss countryside, the large radius being
essential to reduce synchrotron radiation losses by the two counter-rotating lepton
beams.

In order to span the wide energy range intended, the LEP project is staged
in two phases. The first phase relies upon copper accelerating cavities to attain
centre of mass energies up to 110 GeV. concentrating on the physics close to the
Z° resonance. whilst the second>phase will utilise superconducting cavities to allow
electrons and positrons to reach a maximum of 100 GeV per beam, i.e. above the

W+HW~ pair production threshold. LEP has been providing physics beams in the
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Figure 2.1: The injection and acceleration system for LEP.

region of the Z° for almost twelve months at the time of writing. An overview of
the elements that are essential to the operation of LEP are outlined below; more

detailed descriptions are available in the literature [21].

2.1.1 The injection system

The injection system used to introduce electrons and positrons into the main LEP
ring is shown in figure 2.1. It starts with the purpose built LEP Injector Linac
(LIL) which consists of two small linacs. The first of these is a high current linac
(beam currents approximately 2-3 A) that accelerates electrons from a heated
filament to 200 MeV, some of which are directed onto a tungsten target. Positrons
are pair produced by bremsstrahlung photons which are emitted during the rapid
deceleration that the electrons experience upon impact with the target; shower
development within the target results in a positron yield proportional to the energy
of the incident electron beam.

The positrons are magnetically separated, accelerated to 600 MeV in the second
part of LIL and stored in the Electron Positron Accumulator (EPA) ring. Electrons
accelerated to 200 MeV in the first part of LIL are also accelerated to 600 MeV
and stored in the EPA. When a sufficiently large number of both species has been

accumulated, they are transferred to the Proton Synchrotron (PS) for acceleration
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to 3.5 GeV prior to injection into the Super Proton Synchrotron (SPS) where the
preliminary acceleration to 20 GeV is completed. These beams are subsequently
extracted from the SPS and injected into LEP where they are further accelerated

to full energy.

2.1.2 The charged particle transport system

To enable the beams to continue circulating for time periods on the order of
hours they are transported within the accelerating system inside an evacuated

beam pipe; inside the OPAL detector the beam pipe has an internal diameter of
156 mm. In order to maintain acceptable beam luminosity during each fill, the
number of contaminating gas molecules with which the circulating electrons and
positrons can collide must be kept to an absolute minimum. For this reason the
pressure inside the beam pipe is held at approximately 10~ Torr.

To constrain charged particles to a circular orbit in LEP requires 3304 bending
(dipole) magnets and almost 2000 focussing (quadrupole, sextupole and octupole)
magnets. The LEP machine has an effective bending radius of 3.1 km [22] and
thus requiresb a relatively low average dipole field of 0.05 T to constrain the beams
to the required orbit. (For comparison. the average field in the SppS operating
in pulsed mode is nearly 2 T.) As a consequence, it was possible to use specially

constructed dipoles with ceramic laminations to significantly reduce the overall

cost of the project.

2.1.3 The radio frequency accelerating system

At a nominal energy of 46 GeV an electron loses approximately 128 MeV for each
revolution of LEP it performs. Given the large number of particles per bunch
(nominal design specification is 4 x 10'!) and four bunch operation of LEP, the
energy losses due to synchrotron radiation dominate the large power requirements
of the LEP machine. This energy is returned to the beams via radio frequency
(RF) cavities [22]. There are 128 RF cavities installed in the straight sections of
the LEP ring powered by klystrons. In the first phase of LEP, most of these are

copper cavities coupled to ‘low loss’ spherical storage cavities into which energy is
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transferred for periods in cach operating evele when no beam is in the RF cavity
itself. thus reducing the net power consumption.

In order to reach the design energies for the second phase of LEP it is essential
to use superconducting. niobinm coated cavities to reduce the energy losses which,
being proportional to the fourth power of the heam energy. increase by more than

a factor of twenty as the centre of mass energy changes from 92 GeV to 200 GeV.

The LEP machine has improved steadily since the observation of the first Z° event
by OPAL on Sunday 13'" August. 1989. Luminosities of 4.5 x 10%%cm™%s~! with
fills lasting 6 hours were typically delivered towards the end of the 1990 run and
current records are 6.8 X 10°°cm~%s™" and 19 hours for these two parameters.
Four of the eight possible interaction regions of LEP are equipped with large
general purpose, experimental detectors. These are known as ALEPH, DELPHI,
L3 and OPAL. Two much smaller and more specialised experiments called BREMS
and MODAL have been approved and are in preparation. OPAL is one of the
detectors which is currently in the process of collecting data and is described

below.

2.2 The OPAL detector

The OPAL (Omni Purpose Apparatus for LEP) detector [23] is a general purpose
apparatus designed to detect and enable the study of all possible processes that are
known to occur in e*e” annihilation at LEP energies (except for v final states)
as well as to search for hitherto unknown phenomena. It combines good particle
identification and accurate event reconstruction with an outstanding acceptance
for Z° decays over a solid angle of close to 47. A perspective view of the OPAL
detector is given in figure 2.2, whilst the co-ordinate system, track parameters
and derived quantities used throughout this thesis are defined in Appendix A. An
overview of the detector is given below followed by a more detailed description of

each constituent sub-detector.
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Figure 2.2: A perspective view of the OPAL detector.

2.2.1 Overview of detector components

Tracking of charged particles is carried out in a uniform, solencidal magnetic field
by the central detector (CD) which is a high precision, composite drift chamber.
This apparatus is capable of determining particle momentum and the rate of energy
loss (%) to aid particle identification as well as being able to reconstruct primary
and secondary vertices. The CD is situated inside a pressure vessel at a pressure of
4.0 atmospheres, the pressure vessel having a conventional, warm coil at its outer

radius and the beam pipe at the inner radius.
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Situated immediately beyond the coil is the time-of-flight (ToF) system. which

is used to generate trigger signals and aids both cosmic ray rejection and low

momentum particle identification. The electromagnetic calorimeter (ECAL) is
situated immediately outside the ToF. The most important part of this is a highly
segmented. lead glass device which measures the energy carried by incident pho-
tons. electrons and some fraction of the energy carried by charged hadrons. Any
particles that manage to traverse the ECALL. which constitutes approximately 20—
25 radiation lengths (o) and 2.2 interaction lengths (A1), pass into the hadron
calorimeter (HCAL) which is
mented with streamer tubes. Most hadronic showers are initiated in the ECAL
making it necessary to combine both ECAL and HCAL signals in order to deter-
mine the hadronic energy.

Surrounding the iron of the HCAL, which also acts as a muon filter, are several
layers of muon chambers which are used to measure the position and direction
of charged particles. Muons are identified by matching these track segments and
those within the HCAL with central detector tracks. The final element of OPAL is
the forward detector, a composite device which has elements that provide tracking
and electromagnetic calorimetry at small angles with respect to the beam axis, in
addition to its main (and vital) function of measuring the beam luminosity. The
various sub-detectors that comprise OPAL, illustrated in figure 2.3, are described

below.

2.2.2 The central detector

The central tracking system of OPAL is composed of a high precision vertex cham-
ber, a large volume ‘jet’ chamber and z-chambers which measure track directions
and curvatures in a solenoidal field and hence determine particle momenta. The
three chambers are maintained at a common pressure of 4.0 atmospheres within
the pressure vessel and use a gas mixture of 88.2% argon, 9.8% methane and
2.0% isobutane. This is a typical mixture for a gaseous detector where argon is
the ‘vehicular’ gas which is responsible for the multipiication of the initial ionisa-

tion signal and the remaining ‘quenching’ gases break the multiplication chain by
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Figure 2.3: Horizontal section through OPAL at y = 5 cm.

absorbing photons [24].

The combined performance of the CD is illustrated by the impact parameter
resolutions for dimuon events which have been measured in the r-¢ plane as 7,4 =
43 pm and in the r-z plane as o,.. = 1.7 mm. This latter measurement is for
tracks which are fully matched to the vertex chamber. If no information from
the axial cells of the vertex chamber is incorporated, the resolution is reduced to

Op-» = 27 mm. The momentum resolution is found to be 8% at 45 GeV.
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The vertex detector

The primary purpose of the vertex chamber is to locate decay vertices of short
lived particles and to improve the combined CD momentum resolution. This is
a cylindrical chamber. 1 m in length with a diameter of 470 mm. that is divided
into two concentric drift volumes each of which is subdivided into 10° azimuthal
sectors. The inner drift cells have 12 axially strung anode sense wires with a
radial spacing of 5.3 mm from an inner radius of 103 mm and accurately measure

azimuthal co-ordinates on a track. The outer cells are small angle stereo cells
which ensure a precise determination of z co-ordinates. Each stereo cell contains
6 sense wires, radially separated by 5 mm between radii of 188 mm and 213 mm.
The stereo cells are inclined at an angle of ~ 4° relative to the r-z plane. All anode
wires are staggered by £41 pm to resolve left-right drift ambiguities.

The resultant resolution in r-¢ is 55 um whilst in r-z it is 700 um using both

stereo and axial cells or 4 cm in the absence of stereo cell information.

The jet chamber

The main tracking chamber in OPAL is based on a design first used at the JADE
detector [25] at PETRA. It has an active volume that is approximately 4 m in
length with an inner radius of 25 cm and an outer radius of 185 cm. It is divided
into 15° azimuthal sectors. each of which contains a single plane of 159 axially
oriented anode (sense) wires. Planes of cathode wires define the sector boundaries.
The sense wires are radially spaced at 10 mm intervals between radii of 25.5 cm
and 183.5 cm. alternating with potential wires, and are staggered by £100 um
either side of a given plane of potential wires to resolve left-right ambiguities.
The potential wires are normally maintained at a voltage of —2.38 kV, which
determines the gas gain in the chamber (approximately 10%).

As in the other components of the CD, charged particles passing through the
active volume ionise gas molecules and liberate electrons. These electrons drift
towards the sense wires in the electric field created by the cathode wires resulting
in a pulses which are read out at either end of the sense wires. As the ma:ﬁmum

drift distance varies with radial displacement from the beam axis up to a maximum
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of 25 cm at the outer wires. the voltage applied to the cathode planes increases
with radius in order to maintain a uniform drift potential. The cathode planes are
supplied with voltages between —2.5 kV on the inner wires and —25 kV on the
outer wires whereas all anode wires are at ground potential. A three-dimensional
co-ordinate is determined for each recoustructed point. where the drift time and
wire position measure the position in the r-o plane and charge division along the
sense wire determines the = co-ordinate.

The rate of energy loss of a particle in the chamber gas, 9£, is calculated
using the variation of the sum of integrated charges from both ends of sense wires
that define a reconstructed track. The resolution of % in the angular region
| cos 8] < 0.8 is 3.8% for particles in the momentum range 0.5-1.0 GeV. The average
resolution in r-¢ is 135 pm “.rhilst in r-z it is 6 cm. The momentum resolution is

characterised by o, = 2.2 x 10~3p?, which is approximately 10% at 45 GeV.
P PP

The z-chambers

The z-chambers provide an accurate z co-ordinate for the end point of a central
detector track in the angular region |cos 8| < 0.72. They are mounted on the outer
surface of the jet chamber in a barrel shaped configuration. Each one of the 24
drift chambers is 4 m long, 50 cm wide, 5.9 cm thick and is divided into 8 50 cm
x 50 cm active volumes. There are 6 sense wires strung in an azimuthal direction
in the middle of each cell so that the z co-ordinate is accurately determined by
the drift time measurement. The maximum drift distance is 25 cm. The radial
separation of the sense wires is 4 mm with a stagger of £250 pm to resolve left-right
ambiguities. The azimuthal co-ordinate is deduced from charge division.

The resolution in 7-¢ has been measured at 15 mm whereas the absolute res-
olution in r-z is approximately 100-350 pm, being limited by the accuracy with

which the chambers have been surveyed in situ in the experimental hall.

2.2.3 The time-of-flight system

The time-of-flight counters provide OPAL with fast trigger signals, aid the rejection

of cosmic rays and contribute to the identification of low momentum charged
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particles. This sub-detector consists of 160 scintillation counters of length 6.84 m
which formn a barrel of radius 2.36 m immediately outside the coil and covers the
region |cosf| < 0.82. The timing resolution achieved using the ToF is found to
be 460 ps for muon pair events and. by comparison with other sub-detectors. the

= resolution is determined to be 75 .

2.2.4 The electromagnetic calorimeter

The purpose of the electromagnetic calorimeter is to detect and measure the energy
of electrons
for charged hadrons. It is capable of electron-hadron discrimination if tracking
information is available as well as w-photon discrimination. The largest part
of this device is a highly segmented ensemble of lead glass blocks which form a
homogeneous (as opposed to sampling) calorimeter that covers 98% of 4. Lead
glass is a very attractive material for a calorimeter due to its good intrinsic energy
resolution (%F ~ 57(% with E in GeV), linearity, gain stability, vspatial resolution
and high granularity.

Electrons or photons incident upon the active material start showers by the
processes of pair production and bremsstrahlung. Some fraction of the particles in
each shower will be travelling faster than light in the active material, resulting in
Cerenkov radiation being produced. This radiation, collected by a photomultiplier
tube at the outermost face of each block, is proportional to the energy of the
incident particle. |

As there is a substantial amount of material in front of the lead glass calorimeter
in the form of the coil and pressure vessel (~ 2 yo) most electromagnetic showers
start to develop before entering the lead glass array. To partially compensate for
this, presampling detectors are located directly in front of the lead glass to measure
the position and extent of clusters as well as to sample their energy. The energy
resolution and discriminatory power of the calorimeter is significantly improved
by the use of the presampler. The energy resolution of the lead glass without any
material in front, %F. is approximately Qj’% + 0.2% in the barrel and % (E in

GeV) in the endcap region. With the 2 y, of material in front of the lead glass, this
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resolution is degraded by a factor & 2 at 6 GeV. By using presampler information.
the loss in energy resolution may be restricted to a factor &~ 1.5 and the spatial
resolution obtained for an electromagnetic shower is 2-5 mm. (The presampler

was not fully operational in 1990.)

The electromagnetic presampler

This has barrel and endcap components and provides almost complete coverage in
the angular region |cos | < 0.95. The former is composed of two layers of plastic
streamer tubes (based on [26]) operated in limited streamer mode, and the latter
out of narrow proportional chambers. The barrel readout uses charge induction
onto external strips, placed at £45° to the sense wire direction as well as charge
division along the sense wire. The endcap readout is of a similar design using pads
and strips. The intrinsic spatial resolution, averaged over endcap and barrel, is

2-3 mm for single, minimum ionising particles.

The lead glass electromagnetic calorimeter

This detector is geometrically divided into barrel aﬁd endcap regions and encom-
passes the region defined by |cos 8] < 0.98. The active material of the calorimeter
is lead loaded glass (50% by weight).

The barrel consists of a cylihdrical array of 9440 blocks arranged in an ‘almost
pointing’ geometry of 59 azimuthal rings, each of which contains 160 blocks (see
figure 2.4). Complete coverage is provided in the region | cos 6] < 0.82. The blocks
do not point exactly back to the origin in either 8 or ¢ to prevent particles from
passing undetected through inter-block gaps. The blocks are situated at a radius of
245.55 cm and are read out using phototubes that are insensitive to the relatively
low magnetic field (0.01 T) in this region. Each block has a square cross section
with length of side 10 cm and an average length of 37 cm, corresponding to 24.6 xo.

Each endcap contains 1132 blocks arranged parallel to the beam axis, where
constituent blocks have a square cross section with length of side 9.2 cm and are
variously 38 cm, 42 cm or 52 cm long. An endcap presents a minimum depth

of 20.5 yo to incident particles from the origin in the range 0.81 < |cosf| <
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Figure 2.4: Perspective view of one half of the lead glass barrel.

0.98. Vacuum photo triodes (VPTs) [27] are used to read out each block which
is necessarily located in the full axial field of the coil. Both barrel and endcap
detectors have elaborate systems of calibration and monitoring, involving xenon
flash tubes (barrel) and light diodes and UV lasers (endcaps).

The spatial resolution of the lead glass system is approximately 11 mm. It is
possible to obtain a resolution of less than half of the width of an individual block
by studying the lateral profile of electromagnetic showers, which are not normally

confined to a single block. The intrinsic energy resolution of the system, %2, is 5%

vE
in the endcaps and 6'73% + 0.2% in the barrel.

2.2.5 The hadron calorimeter

The hadron calorimeter measures the energy of hadrons that emerge from the
ECAL and provides valuable information for the identification of muons. The
HCAL is particularly important for measuring the neutral hadronic energy com-

ponent, which is measured to a lesser extent by the ECAL. In order to provide a
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Figure 2.5: Distribution of material in OPAL from Monte Carlo.

hermetic and relatively accurate measurement of the energy of hadronic showers,
as well as to reduce the non-muon particle flux reaching the muon chambers, the
HCAL has a large acceptance which covers 97% of the solid angle with more than
4 Ay (see figure 2.5).

It is a sampling calorimeter formed by instrumenting the iron layers that con-
stitute the return yoke of the coil. Gaseous detectors are placed between these
layei's and are read out by a system of pads and narrow strips. The energy of
a hadronic shower is sampled by the active gas detectors after the shower has
traversed successive layers of passive iron absorber. The pads are arranged in ge-
ometrical ‘towers’ pointing back to the origin with the width of pads varying from
layer to layer. The pads are read out after being summed in depth within each
tower whilst the innermost pad is also read out separately. The strips provide
tracking information for minimum ionising particles and are used to map shower
profiles.

The energy resolution of the HCAL is limited by the amount of material in

front of the detector (~ 2.2 Ap), most of which is present in the ECAL (see




figure 2.3). As a large fraction of hadronic interactions will be initiated in this
amount of abhsorber and the ECAL is not compensated! it is necessary to combine
the ECAL and HCAL signals using an appropriate ansatz to fully reconstruct the
hadronic energy in an event. The resultant hadronic energy resolution, eL.is %’gﬁ.

The HCAL is divided into barrel. endeap and pole-tip regions. The HCAL
barrel region is defined by |cos §] < 0.81. the endcap region by 0.81 < |cos 6| < 0.91
and the poletip by 0.91 < |cos 8] < 0.99 The endcap and barrel hadron calorimeters
are similar in that they both use limited streamer tubes [26] with a gas mixture
of 25% argon and 75% isobutane as the active elements and have iron layers that
are 10 cm thick. The barrel is segmented into 15° azimuthal sectors, each of which
contains 8 plates of absorber and 9 layers of streamer tubes between radii of 339 cm
and 439 cm. The streamer tubes are read out by 1 cm wide strips parallel to the
axially oriented anode wires and by large area pads, typically 50 cm x 50 cm. The
pads form 1152 towers.

The endcap is an annular device with an outer radius of 320 cm composed of
7 iron plates and 8 sampling regions. It is read out by strips and pads, the latter
forming 192 towers. Both barrel and endcap have a 20 cm thick layer of iron after
the last sampling to enhance the muon filter. The geometric tower arrangement
of pads in the endcap and barrel divide the solid angle into 976 equal elements,
with 48 bins in ¢ and 21 in 4.

The pole-tip extends the HCAL coverage as far as |cos§| = 0.99 and uses 10
iron plates, each 8 cm thick, and 10 samplings. (This very marginally improves
the energy resolution in the region where the CD momentum resolution starts
to deteriorate, but not significantly so.) The active elements are narrow gap
proportional chambers filled with 45% n-pentane and 55% carbon dioxide. The
overall thickness of each element is 7T mm. The wire chambers are read out with
pad towers and radially arranged strips. A 30 cm thick layer of iron on the rear

surface of the pole-tip reduces the hadronic flux reaching the muon chambers.

'Hadronic showers do not develop in the same way as electromagnetic showers. Most of the
secondaries produced by hadrons interacting in the ECAL travel at speeds below the Cerenkov
threshold and so an accurate measurement of the hadronic energy is not possible in the ECAL.
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Figure 2.6: Geometric acceptance for muon detectors, averaged over ¢.

2.2.6 The muon chambers

The muon chambers are used to measure the position and direction of charged
particles that manage to penetrate the material of the ECAL, HCAL and addi-
tional iron absorber outside the HCAL. Track segments in these chambers are
matched in posifion and direction with CD tracks to identify muons, taking into
account the effects of multiple scattering and energy loss in the absorber. Hadrons
reaching these chambers may therefore be misidentified as muons. As there are
more than 7 A1y in front of the muon system over a large fraction of the solid an-
gle (see figure 2.5) the probability of a hadron reaching the muon system without
strongly interacting is small (~ 0.1%). (A large fraction of the regions in which
the amount of absorber in front of the muon chambers is significantly less than
T Ame correspond to areas of reduced acceptance of the muon chambers them-
selves.) Secondaries from strong interactions in the absorber and from in-flight

decays dominate the hadronic background.

The muon system is divided into endcap and barrel regions and covers ap-

proximately 94% of 4. the loss in coverage being necessary to allow for support

28




Figure 2.7: The endcap muon detector.

structures, cables and the beam pipe. The geometric acceptance (averaged over
¢) inside which track segments may be reconstructed in the endcaps and barrel
is shown in figure 2.6. Both sub-detectors consist of 4 layers of gaseous detectors
and the active area of each covers an area of approximately 1200 m?

The muon barrel detector consists of 110 drift chambers developed from a
design used at JADE [28]. Each chamber is 1.2 m wide, 90 mm thick and variously
10.4 m, 8.0 m or 6.4 m in length and is divided into two lateral drift cells of width
60 cm, both of which contain a single sense wire parallel to the beam axis. The gas
mixture used is 90% argon and 10% ethane. The chambers are arranged to form
a cylinder 4 layers deep. outside and coaxial with the HCAL barrel, staggered by
£50 mm in ¢ to resolve drift ambiguities. The drift time determines the r-¢ co-
ordinate to an accuracy of 1.5 mm. The z co-ordinate is estimated using a timing
measurement from the sense wires and a novel system of diamond shaped pads
[29] placed above and below each wire. This arrangement is intrinsically capable

of determining the = co-ordinate with an accuracy of 1.5 mm.

The muon endcap (ME) detector is composed of two large structures placed at




cither end of the OPAL detector. An endeap consists of two planes of detectors
perpendicular to the beam axis and separated by 65 cm. Each of these planes.
which measures 13 m x 13 m. is constructed from 4 "quadrants’ and 2 ‘patches’
as shown in figure 2.7. This arrangement ensures a large coverage of the solid
angle, particularly at small polar angles. without unduly impeding access to the
inner sub-detectors for cables and maintenance. For reasons of conciseness. the
term ‘quadrants’ will be used to refer to both ‘quadrants and patches unless it
is necessary to make a distinction between them. The active detector elements
used are limited streamer tubes having a square cross section of 9 mm and typical
length of 6 m (in the quadrants) or 2.5 m (in the patches). The endcap muon
system in total contains 21248 such elements.

The chambers operate on a gas mixture of 25% argon and 75% isobutane and
are read out by measuring the charge induced onto 9 mm wide aluminium strips
placed on either side of the streamer tubes, oriented parallel and perpendicular
to the anode wires. The anode wires are not read out and the streamer positions
determined by parallel and perpendicular strips for a given hit are essentially inde-
pendent of one another, i.e. each layer of streamer tubes measures two (orthogonal)
2-dimensional co-ordinates. The resolution of the parallel strips is approximately
3-4 mm whilst that of the perpendicular strips is 1-1.5 mm. Full details of various
aspects of this sub-detector are available elsewhere [24,30,31].

Each plane contains two orthogonal layers of streamer tubes and therefore
determines two zz and two yz co-ordinates. The planes are referred to hereafter
as ‘inner’ and ‘outer’ (with réspect to the vertex) and ‘upper’ and ‘lower’ (with

respect to the zz plane) if it is necessary to make a distinction between them.

2.2.7 The forward detector

The forward detector measures the luminosity of LEP in the region of the OPAL
experiment by detecting small angle Bhabha scattering into a region with an accu-
rately known accepfance. as well as tagging electrons from 2-photon interactions.
As small angle Bhabha scattering is well described theoretically and the cross sec-

tion integrated over a given solid angle close to the beam axis is calculable, the
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Figure 2.8: Vertical section through the forward region of OPAL at £ = 0 cm.

number of observed events is an absolute measure of luminosity.

The forward detector consists of two identical sets of tracking and electromag-
netic calorimeter elemeﬁts located at either end of OPAL. In total, polar angles
from 40 to 220 mrad are covered by this device with unobstructed coverage (apart
from the carbon fibre beam pipe, a 2 mm aluminium window in the CD pressure
vessel and support struts for the beam pipe) in the region from 47 to 120 mrad.
The largest part of the forward detector is between |2| = 205 cm and |z| = 290 cm
and is composed of a 29 layer. 20 yo calorimeter, a 6 layer, 4 xo pre-sampling
calorimeter, three sets of tracking chambers, a fine luminosity monitor consisting
of 4 pairs of 6 mm thick precision scintillators and a ring shaped 7 x, calorimeter
called the ‘gamma catcher’. The layout of these components is illustrated in fig-
ure 2.8. The figure is a section through the main part of the forward detector in

the z = 0 plane which does not intersect with the fine luminosity monitors, which
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are positioned at ¢ = % modulo §. For illustration, they have been projected onto
this plane and included in the figure. The second part of the forward detector con-
sists of the far forward Inminosity monitors. These are small 20 yo calorimeters
located 7.85 m from the intersection region.

The calorimeters are made from a lead-scintillator sandwich and are divided
into 16 azimuthal segments. Two of the tracking chambers are radial drift cham-
bers and the third is an array of proportional tube chambers. The radial resolution
of the drift chambers is approximately 300 um, whilst that from the calorimeter is

2 mm. The azimuthal resolution of the calorimeter (from energy sharing between

adjacent segments) is less than 1.5° and the energy resolution of the calorimeter,

17%
Wik

The best luminosity determination in 1990 (which is used in this thesis) utilises

Z£, is approximately

all components of the forward detector. The relative luminosity between different
energy points is measured by the main calorimeter as this component accumu-
lates the highest Bhabha statistics, whilst the weighted average of two different
determinations of the absolute normalisation determine the final normalisation to
be used for the main calorimeter luminosity. The first method of determining
the absolute normalisation uses the fine luminosity scintillators alone, whilst the
second method uses the tube chambers, the calorimeter and the drift chambers.
This latter procedure uses the precision drift chambers to improve upon the po-
sition survey of the tube chambers and the calorimeter to provide redundancy
for the angular measurement, to remove spurious tube clusters and to reduce the
inefficiency to less than 0.3%. The end products of the involved procedure are
.systematic uncertainties in the relative luminosity measurement of 0.8% and in

the absolute normalisation of 1.0%.







Chapter 3

Event reconstruction in the muon

endcaps

The purpose of event reconstruction is to convert ‘raw’ data recorded by the OPAL
detector into quantities such as energies, momenta and vertices that characterise
the original collisions which were selected by the triggering system (described in
chapter 5). The reconstruction of these collisions within OPAL is carried out by a
large computer program called ROPE! {32], which is run in an online environment
as the last stage of the data acquisition system.

The main objective of this chapter is to describe the reconstruction of data
within the muon endcaps, which are a typical OPAL sub-detector. It therefore be-
gins with a brief overview of how OPAL events are reconstructed and is followed
by a detailed description of the muon endcap reconstruction process. The latter
includes the algorithms used, the treatment of calibration and processing param-
eters and a discussion of the tuning of the reconstruction algorithms. The final
section presents a comparison of the reconstruction of real and Monte Carlo data

to illustrate that the muon endcaps are well simulated and thoroughly understood.

3.1 Overview of OPAL event reconstruction

The purpose of ROPE is to produce data summary tape (DST) records for each

event which contain as much information about the original event as it is possible

1Reconstruction of OPAL Physics Events
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to extract from the raw data. As the raw data produced by the actual detector
and Monte Carlo are treated il‘l the same way by ROPE, all references to *data’
are used to mean input from either source. The Monte Carlo simulation of the
detector. called GOPAL [33]. is based upon the GEANT3 package [34] which allows the
detector to be described in terms of a set of standard three-dimensional shapes.
GEANT also performs the tracking of particles through the detector so defined and
simulates various secondary physics processes including particle decays, scattering
and interactions. In order to use the simulation for analysis purposes GOPAL data
must reproduce the observed response of the OPAL detector to real particles, as
is shown later in this chapter.

The reconstruction process is divided into a number of self-contained units of
software or processors in ROPE, leading to an overall program organisation that is
modular. There are 30 such processors at the present time with well defined tasks

that may be grouped as follows:
¢ Reconstruction within individual sub-detectors, such as the muon endcaps.

® Association and merging of information from related sub-detectors, such as

muon endcaps, muon barrel and hadron calorimeter strips.
¢ Global merging and production of event summaries, 7.e. DST generation.

o Provision of utility services such as access to calibration data, the three-
dimensional interactive event display program (GROPE?), monitoring of event

statistics and so forth.

These processors are driven by a kernel of steering routines, which initiate three

types of activity in each processor. These are:

1. ‘Initialisation’, in which defaults that will remain in effect for the duration
of a job are defined and FFREAD cards are initialised. (FFREAD data cards
[35] are a convenient way of selecting options, such as the processors that
should be used or the datasets to be read, in a format-free way and are used

extensively in ROPE.)

2Graphical Reconstruction of OPAL Physics Events
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o

‘Processing’, in which events are read into memory and reconstructed.

(]

. "End’. in which processing terminates. Examples of tasks that are performed
are the creation of statistical summaries of the processor performance, the
printing of histograms and the production of updated calibrations for use in

subsequent jobs.

As reconstruction requires a detailed knowledge of the apparatus, each sub-
detector group provides a set of subroutines that comprise a processor to recon-
struct data from the corresponding detector element. The muon endcap processor
(ME) is described in detail below. To facilitate this description, the data structure,
within which all reconstruction takes place. is first outlined. Details are available

in t_he literature cited.

3.1.1 Data structure

The ROPE data is maintained by the FORTRAN memory manager ZEBRA [36] in a
series of banks which are spread over three divisions in memory. Each division
contains a unique top level bank from which subsidiary banks are hung, contain-
ing either items specific to sub-detectors, such as the raw data or reconstructed
quantities, or more global information such as statistics or details of files being

" read. The three divisions contain the following data structures:

Statistics structure This is contains information about the processing of a given
job. The data accumulated includes status messages (e.g. errors, successes
and warnings), the average numbers of reconstructed tracks or the amount of
memory used for each processor where appropriate. The statistics structure

is created during the initialisation phase of the program.

Constants structure This contains the processing parameters for a given job,
~such as the processors which are to be activated and the calibrations and
survey information that are common to many different jobs. The calibrations

are maintained in a central direct access database in which all data is stored

in association with a period of validity. This allows the ‘best’ calibrations

and processing parameters to be varied to reflect changes that occur during
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data taking. such as drifts in pedestal levels or periods of high beam related
background. In principle, calibrations can be varied on an event-by-event

basis.

Event structure This contains the raw data and the results of the reconstruction

process. such as the DST records.

For completeness. it is noted that as most of the software mentioned above
must necessarily function on several different computer operating systems, it is
written in FORTRAN 77 [37] and required to conform to a strict set of conventions
[38]. The code management system PATCHY [39] is used to maintain this suite of
programs as well as to incorporate machine dependent features, most of Which are
associated with the input and output of data, where they are unavoidable. Having
summarised the main features of ROPE, and to a lesser extent those of GOPAL, the

description of the ME processor now follows.

3.2 Algorithms

The reconstruction process is divided into two entirely separate tasks, viz.

o The determination of hits in the OPAL co-ordinate system from the raw
data, where a hit in the muon endcaps is a two-dimensional zz or yz co-

ordinate.
¢ The formation of the best track segments® possible for a given set of hits.

These tasks are implemented as two sets of subroutines both of which are called
from a steering routine (MEBAT). Other routines are present in the reconstruction
software which are responsible for the handling of calibration data and processing
parameters. A summary of the calling sequence of the subroutines present in the
ME processor is presented in figures 3.1 and 3.2. Descriptions of the algorithms

involved are given below.

3In this chapter. a segment or track segment is used to mean a three-dimensional track in
a particular sub-detector. Track segments from different sub-detectors are combined to make a -
complete track. Two-dimensional track segments will be explicitly referred to as 2d-segments.
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"RCGPE" ROPE steering routines.

E=====sS=s==== Initialisation level =============

|---MEINIT Initialise defaults.

I |---MEDEFF Define FFREAD cards.

|---MESETR Book histograms and set run parameters.
================ Processing level ====s======s====

|---MECALR Read calibrations and parameters from database.

l |---MECLNK Check data structure integrity.

| |---MECFLI Option: Read new calibrations for testing?

! ! |---MESVNO Option: Interpret test calibrations?

| |---MEUPCO0 Update processing parameters where appropriate.

! |---MEDABS Option: Validate current survey information?

| ---MEBAT Convert raw data to track segments.

| |---MEDICN Find hits present in (packed) raw data.

| | | -~--MESTCO Convert strip number to OPAL co-ordinates.
| |---MEPATR Find and fit track segments.

|
I

|~==ee- >>> Perform "PASS 2" processing?? (See Appendix B.)
-=-=-MEDROP Tidy up intermediate processing results.
================== End level =================
V | ---MEFIN Close down after processing of all events.

|---MECHCO Option: Check any requests to save calibrations.
| ---MEUPCO Option: Obtain best current calibrations.
|---MECARZ Option: Save calibrations to database on request.
|---MECFLO Option: Save calibrations to file on request.

Figure 3.1: Decomposition of the ME reconstruction process into subroutines.

MEPATR Find and fit track segments.
| ---MEINDX Construct cross reference tables for hits.
| ---MESEG Pattern recognition: form 2d-segments from hits.

I ---MELSF  Perform weighted least squares fit for 2d-segments.

| | ---MEBITS Encode list of quadrants for hits on

l 2d-segments.

|---MEDIRC Combine 2d-segments to form 3d-segments.

I | ---MECOMB Decide which 2d-segments may be combined to form
3d-segments.

Figure 3.2: Detailed decomposition of segment finding process into subroutines.




3.2.1 Hit finding algorithm

Two different reference frames are used in the reconstruction of hits within the
muon endcaps. These are the OPAL or “master co-ordinate” frame. which is il-
lustrated in fignre 2.2, and the mmon endcap ‘local co-ordinate’ system. where
a ‘local’ co-ordinate is a point measured within (and relative to the edges of) a
given quadrant. The raw data used by this processor is an ordered list of integers
containing details of readout strips that are considered to be above threshold and

the digitised charges on each such strip.

reduced activity, where the level of reduction or ‘step-down’ is a parameter that
has been optimised. The distribution of pulse heights around a muon track in these
chambérs is different for readout’ strips that are parallel and perpendicular to the
anode wires of the streamer tubes. In the case of the perpendicular readout, the
pulse distribution can be described by two gaussians having a common centroid
and full width half maxima (FWHM) of 2-3 strips and 8 strips. In the parallel
case, the pulse shape can be approximately described as a gaussian with FWHM
of 2-3 strips. These pulse shapes are modelled in GOPAL.

~ After all the hits have been found. their local co-ordinates are transformed into
the master frame. To do so. it is essential that the position of the muon endcaps
relative to the rest of OPAL and the location of readout strips within a given
quadrant are accurately known. These vital dimensions are obtained from a precise
(~ 1 mm) survey of the chamber positions after installation in the experimental
area underground. This was hindered by the proximity of the both endcaps to the
walls of the experimehtal hall, with access to triangulate measurements somewhat
restricted.

The zz and yz co-ordinates and a *‘quadrant number’ which uniquely identifies
the quadrant or patch in which they are found are passed on as input for the
segment finding process. Despite the muon endcaps containing 42496 readout
channels, the level of noise within the chambers is sufficiently low that in a sample
of approximately 4000 events recorded in normal data taking conditions, the online

digital signal processor (DSP. see [24] for details) only found an average of 21 hits
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Figure 3.3: Vertical section of the muon endcaps at £ = Ocm, expanded in z.

per event. For comparison, an ideal muon pair event would produce 16 hits. The
hit finding described above is an offline analogue of the DSP process, although the
exact algorithm used is different in the two cases. The method described above
is such that a strip with no recorded pulse height in the midst of a peak will not
prevent that peak from being located, although there will necessarily be a small

shift in the centroid.

3.2.2 Segment finding algorithm

The philosophy adopted in the segment finding process is that, at the level of a
sub-detector processor, finding the occasional excess of segments is preferable to
not finding all of the genuine segments. This will maintain a high efficiency in the
muon endcaps although it will occasionally complicate matters for processors that
try to associate these track segments with those in other sub-detectors.

As the hits produced by the hardware are two-dimensional objects, the segment
finding is carried out independently in two projections (zz and yz). Figure 3.3

illustrates the definition of the so-called logical planes, as opposed to strip planes,
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a more hardware oriented grouping of the readout system: each endcap contains
eight xz and eight y: logical planes. Herein. “planes’ will be used to refer to
logical planes. Each logical plane is composed of all the readout strips located at a
given (nominal) = co-ordinate. There are four sets of planes corresponding to two
projections and endcaps at = > 0 and z < 0: all 2d-segment finding is performed

in the framework of a given set of planes.

2d-segment formation

d taking all possible combi-
nations of two hits. one from either plane. each such pair of hits defining a straight
line. These lines are then extrapolated to the next plane, where a search is made
for a third hit that is consistent with being on the same straight line. For this to be
the case, the third hit must be within some tolerance of the point of intersection
of the original line and the third plane. This tolerance is called a roed. If any
2d-segments can be constructed that contain three hits, then the same procedure
is carried out for the fourth plane, and similarly up to the eighth plane. The result
is a list of 2d-segments. defined by their constituent hits.

This operation is then repeated iteratively, each time starting with a different
pair of planes, until all combinations have been exhausted. Hits that are not
contained in any 2d-segment are noted as such for later use. In general, 2d-
segments may contain between two and eight hits although for most of the active
area of the detector the maximum possible is four hits. Small regions of overlap
between quadrants and patches (approximately 6% of the area of the chambers at
normal incidence) as illustrated in figure 3.3 allow the increased hit multiplicity.
Two hit 2d-segments can only be formed if one hit is in the inner part of an endcap,
the other in the outer part and if neither of the two hits is included in another
2d-segment with greater than two hits.

2d-segments are then compared with one another to remove any double count-
ing that may have occurred as a result of the comprehensive search procedure
described above. Any in which the constituent hits form a subset of those in an-

other (larger) 2d-segment are discarded., on the assumption that the larger one
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has a greater likelihood of being genmine. Those remaining are then fitted using a
weighted least squares procedure. As the fitting process requires a relatively large
amount of computation. attempts are made to eliminate spurious segments before
fitting commences.

By default. 2d-segments that do not extrapolate back to the CD volume are
removed. although this check can be bypassed to allow non-pointing cosmic rays to
be reconstruicted. Further duplication may still exist, e.g. use of too small a road

will occasionally cause a 2d-segment to manifest itself as two smaller ones. This

2d-segments have the same gradient and ordinate within errors (£30 added in
quadrature). only the one possessing the highest y2-probability* is retained. The
algorithm thus far has produced and fitted what are considered to be the ‘best’
2d-segments for a given set of planes and a set of unused hits that do not appear
in any 2d-segment. Attempts are made to incorporate unused hits in segments

during the merging of muon endcap data with other sub-detectors.

3d-segment formation

The series of steps outlined above is carried out sequentially for each of the four
sets of planes (zy and yz projections at z > 0 and z < 0) that contain hits. It is at
the subsequent stage—the combining of 2d-segments from orthogonal projections
to form (three-dimensional) track segments—that the segmentation of the detector
in some sense degrades the purity of reconstruction by introducing ambiguous (or
ghost) track segments. Any given pair of 2d-segments from different projections
may define a track segment, which is characterised by a trajectory in terms of
direction cosines (or 8 and é) and a single point on a ‘reference plane’ defined at
|z] = 539.55 cm. The difficulty arises in trying to determine which 2d-segments
to combine, given that only a weak correlation exists in the pulse heights between
hits from t‘he different projections in the same quadrant. (As this correlation had
not been observed when the ME processor was written, no use is made of this

effect, although to do so would be a fairly straightforward procedure.)

*More precisely, this is a y? upper tail distribution.
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The default requirement imposed on combining 2d-segments is that there must
be two or more rz and y= hLits that have originated from the same streamer tube
planes. with the further constraint that one pair of matched hits must be in an
inner endcap and the other in an outer endcap. It is unwise to insist that 2d-
segments have all hits in identical streamer tube planes as this prevents tracks
being formed whenever a single hit is missed from either 2d-segment, as might
conceivably occur due to an occasional hardware problem or survey imperfection.
In contrast. allowing segments to be formed in the absence of constraints occasion-
ally leads to an inordinately high segment multiplicity when additional hits (e.g.
from sources such as beam halo. or delta rays) are present in the chambers.

The requirement that segments have two streamer tube planes in common at
the hit level before they are combined has been found to be a reasonable com-
promise. However, extra hits close to a genuine track do cause large numbers of
segments to be generated. Such hits are attributed to electromagnetic showers
in the vicinity of muons, initiated by an accompanying delta ray or photon. The
comparison with GOPAL presented later in this chapter shows that the‘ frequency of
multiple segments in the data is consistent with expectation. This reinforces the
idea that the extra hits originate from secondary processes rather than from noise
in the chambers as the latter is not simulated in GOPAL; electronic noise as such is
very limited in the actual chambers.

In the rare instances when very large numbers of localised segments are pro-
duced, the ME ROPE processor enters a second processing pass in which more
stringent requirements are used in creating segments. The conditions which initi-
ate this second pass and the changes to the segment finding parameters used are
described in Appendix B. This procedure enables the ME processor to cope with
all but a few recorded events without imposing an arbitrary cut on the total num-
ber of segments. For example, in reconstructing a sample of 9057 GOPAL muon pair
events that contained hits in ME, the second pass processing was only required
5 times; in 3 out of these 5 events the reprocessing succeeded in producing track

segments.




3.3 Calibration and processing parameters

In order to be able to reconstruct track segments in the muon endcaps. there are
two types of information that must be available to the ME processor at run time.
These are generically referred to as “calibration data’ or ‘constants’ although the
latter is a rather misleading name as they will in general change in value during a

given processing run. The two categories into which this data fall are,

e Survey The positions and dimensions of the chambers in the OPAL co-

ordinate system.

e Processing parameters The options and parameter values that define the

rules governing segment reconstruction.

This data is distributed over five ‘directories’ in the calibration database, where
each directory is arranged to have a one-to-one correspondence with a bank in the
part of the constants structure reserved for the ME processor. (The motivation for
segregating the data into different directories is that the database utility processor,
OPCAL. is more efficient when data with differing update frequencies are stored in

separate directories.) These banks themselves contain the following information:

MESF (ME Survey Frame) This is the survey information for the positions of
the large, iron support frames of the muon endcaps in the OPAL co-ordinate
system. These are stored as the Cartesian co-ordinates of a series of fiducial
dowell pegs accurately positioned upon the frames. There are a total of 216
real data words (corresponding to 72 three-dimensional co-ordinates) that
are stored which are updated whenever the muon endcaps are moved into or

out of the beam position.

MESI (ME Survey Internal) This is the survey information for the internal struc-
ture of the quadrants. i.e. the relative positions of all of the dowell pegs.
There are a total of 2448 real data words (which is equivalent to 816 mea-
sured points) stored: these are only updated when a quadrant is dismantled
and subsequently rebuilt. The only forseen update of these parameters took
place recently when the ideal. design specification for the internal dimensions

was superceded by surveyed values.
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MEGM (ME GeoMetry) This bank contains various geometric parameters in-
trinsic to the detector such as the readout strip widths and the gap between
adjacent units. The data stored consists of 8 real words and will only be up-

dated when more parameters are required by future program development.

MECN (ME CoNstants) The contents of this bank are the parameters that con-
trol the behaviour of the ME processor and include the road width, resolu-
tions and control flags. It is updated whenever better tuned sets of param-

eters are obtained and comprises 20 real words.

MEDR (ME Dead Region) This consists of a list of integers which specify a
series of readout strip numbers. Taken in pairs, these strips define intervals
of readout strips which are considered inoperative or unreliable. Although
this facility has been successfully tested, it was not used during the 1990

run.

This data can be obtained from several sources and there is a well defined
hierarchy to determine which is used, depending upon the type of data that is
being processed and the external input available in a given ROPE run. Calibrations
may be read from the main calibration databases, sequential files and FFREAD cards
amongst others, in various combinations. The mechanics of handling calibrations
by the ME processor is quite technically involved and definitive details are given

elsewhere [40].

3.3.1 Features of survey data

The position of a given readout strip is obtained by combining the known position
of the quadrant in which it is located and the position of the strip within the given
quadrant. For all processing to date. the positions of the quadrants have been
calculated from detailed survey measurements made in situ in the experimental
hall. The position of each quadrant is defined by a single survey point after much
cross checking and validation. some of which is performed automatically by the

ME processor. The precision of these points is typically +1 mm.
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The internal dimensions of the quadrants have hitherto been taken from the de-
sign specification althongh recent measurements and careful checking has allowed
the actual internal dimensions of the chambers to be used. Studies in the overlap
regions between quadrants and patches have proved to be useful in evaluating the
validity of new survey measurements. It is estimated that the new calibrations will
only affect the position of reconstructed hits at the level of a few mm in directions

perpendicular to the beam axis.

D £ a1
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erformance of the ME ROPE
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In addition to reconstructing tracks segments. this software also provides basic
monitoring data in the form of simple histograms which summarise the overall

performance of the muon endcaps. These distributions, shown in figure 3.4, are:

o The distribution of hits amongst the qliadrants and patches. Hits are recorded
for each individual quadrant and patch in a plane and these are ordered
_according to their high voltage configuration, resulting in a characteristic
‘comb-like’ distribution because of the relative areas of patches and quad-
rants. Deviations in this distribution have indicated high voltage problems

in the chambers.

¢ The hit multiplicity within 2d-segments. considering zz and yz projections
séparately. This shows the proportion of segments that are found with the
expected number of hits. the mode being four hits for events which do not
have excessive activity in the chambers. (In the presence of large back-
grounds. more spurious segments are likely to be formed which will tend to

have fewer hits than genuine segments.)

e The track segment multiplicity per event—the end product of the muon

endcap detector and ME processor.

o The trajectories of track segments with respect to the beam axis, expressed

as a direction cosine.
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(a) Road = 5 mm
(b) Road = 20 mm

{c) Road = 9 mm (default)
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Figure 3.5: Hit multiplicity within segments, for three different roads (note loga-
rithmic scale).
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3.4.1 Dependence on road width

The accuracy and speed of reconstruction depend upon a number of parameters
such as the basic road width and the minimum number of matched hits required to
form a segment. These rules have been tuned by varying parameters using FFREAD
data cards at program exccution time [40. p 2]. An optimal set of such parameters
is ‘maintained in the calibration database in such a way that these rules may in
general be changed from event to event: in practise. this parameter set has only
been modified once since the first physics data recorded in 1989. To illustrate the

he qualitative
dependence of the hit multiplicity in 2d-segments on the road width is discussed
below. It should be noted that away from the edges of the quadrants. 2d-segments
having four hits are expected to be more common than other hit multiplicities
- and so the fraction of all segments that are of this type, N#\;’;, should be a good
indication of the quality of the reconstruction.

If too small a road is used (e.g. 5 mm. ~ chamber resolution) many 2d-segments
that should have four hits are reconstructed as several 2d-segments, each with only
two or three hits (see figure 3.5a). As two or more hits must be matched between
projections to form a track segment and most 2d-segments only have three hits,
the overall number of three-dimensional objects produced is not proportional to
the product of the number of 2d-segments in either projection, as is approximately
true under normal conditions. Having too small a road width tends to increase
the total number of 2d-segments whilst reducing the number of 3d-segments.

Conversely, if too large a road is used (e.g. 20 mm) an abundance of high
multiplicity 2d-segments will be reconstructed (see figure 3.5b). Having a higher
number of hits, these have an increased probability of being combined with 2d-
segments from orthogonal projections, as only two hits need to be associated in
order to define a 3d-segment. Extra hits present a more serious problem when
using a larger road. particularly in the overlap regions of the detector.

The compromise adopted is for the road to be a few times larger than the

estimated detector resolution. 7.e. 9 mm (see figure 3.5¢). - As explained above,

the number of segments reconstructed does depend upon the precise value of the
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Figure 3.6: Variation in four hit 2d-segments with road.

road used.. However, the variation in the gquantity, TV]%,:’ proposed above as an
indicator of reconstruction quality, is relatively small over such a wide range in the
road width as illustrated in figure 3.6. This optimisation was carried out making
extensive use of Monte Carlo data and so-called ‘cheat hits’—true hits from the
simulated muon—against which the reconstructed tracks may be compared to
optimise track finding efficiency. The overall efficiency for finding muons within
the geometrical acceptance is high (2 98%) as only two hit out of a possible four

hits are necessary to make a segment.

3.5 Comparison of GOPAL and real data

The muon endcaps are modelled in detail within GOPAL with each of the 21243
streamer tubes being simulated. In order to use this simulation for physics analy-
sis, reconstructed Monte Carlo events must resemble reconstructed OPAL events.
Distributions of four quantities that are representative of the reconstruction pro-
cess are compared below, ﬁsing dimuon events for simplicity. The datasets used are

a sample of 20000 GOPAL muon pair events and an OPAL standard event sample
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Figure 3.7: Comparison of total number of segments reconstructed/event

of 6033 muon pair events recorded in 1990. In order to allow a ‘clean’ compari-
son to be made, a simple cut is made to ensure only relatively high quality muon
segments are used.

The cut imposed on the data samples is that there must be exactly two three-
dimensional muon endcap segments. In the first quantity presented, the number
‘of segments reconstructed per event, this cut is inappropriate and is not applied.
For presentation purposes all Monte Carlo data below has been normalised to fhe

appropriate quantity of real data. such as the total number of segments or events.

The total number of track segments reconstructed per event

The number of reconstructed three-dimensional track segments is shown in fig-
ure 3.7 (with logarithmic scales) for real and Monte Carlo data. The agreement
here is very good. even in the tail region where higher number of segments are
produced. The number of Monte Carlo and real events in which more than 50

segments were reconstructed are also mutually consistent. Slightly more events
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Figure 3.8: Comparison of error on reconstructed polar angle, oy

containing three segments are reconstructed in the real data set. This is attributed
to small imperfections in the knowledge of the chamber positions from the survey
which cannot be modelled in the Monte Carlo. This effect is most pronounced in
the overlap regions between upper and lower quadrants.and also between patches
and quédrants (in total abéut 6% of the detector area at normal incidence) where

it is possible to have eight hits on a 2d-segment.

The error on the reconstructed polar angle, oy

The error on the reconstructed trajectory of three-dimensional segments with re-
spect to the = axis, 4. is shown in figure 3.8 for real and Monte Carlo data. These
two profiles closely resemble one another. In using this error to form associations
between muon endcap segments and those from other sub-detectors, it is necessary
to include a term to allow for systematic uncertainties in their relative positions.

The extra contribution is similar in magnitude to o4 itself.
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Figure 3.9: Comparison of hit multiplicity in 2d-segments
The hit multiplicity in 2d-segments

The hit multiplicity in 2d-segments is shown in figure 3.9 (with logarithmic scales)
for real and Monte Carlo data. There is an excess of 2d-segments with more that
four hits in the Monte Carlo data. This is an artefact of imperfections in the survey
of the detector: in the overlap regions where more than four hits are possible,
systematic shifts between quadrants cause 2d-segments to be split resulting in
lower proportion of 2d-segments with more than four hits in real data than in the
Monte Carlo.

A rough estimate of the overall hit finding efficiency of each plane (i.e. the
combined efficiency of the streamer tube planes and the hit finding algorithm) can
be obtained from the ratio of the number of three hit 2d-segments to the number
of four hit 2d-segments. %,‘assuming that three hit 2d-segments would have been
reconstructed with four hits but for an inefficiency in one of four streamer tube
planes. It is assumed that any inefficiency in the 2d-segment finding algorithm is

negligible. Defining the efficiency for finding a hit in a given streamer tube plane

ut
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as €. the probability of obtaining a 2d-segment with four hits is €'. To obtain a
three hit segment, any one ont of the four possible planes must not have a hit
(probability (1 — €)) whilst the other three do have hits (probability €3). As this
can occur in four different combinations the probability of obtaining a three hit
2d-segment is 4€3(1 — ¢€).

The quantity -%j is given by the ratio of the probabilities for obtaining three
hits and four hits on a 2d-segment: it follows that the efficiency per plane is given

by,

& —
&€ =

Using the expression above, the efficiency per plane is estimated to be,

eccopaL = 96.24+0.1%

€QOPAL — 904i13%.

As the segment finding efficiency is approximately given by (1 — (1 - €)?), the
discrepancy between these efficiencies leads to a difference in the segment finding
efficiency between Monte Carlo and real data of less than 1%. The inconsistency
in these efficiencies is not sufficiently large to cause any problem in using the
simulation because of the large redundancy in the ME system. This result is
consistent with other studies [41]. A parameter of the streamer tube simulation,
the minimum path length that a muon must traverse within the active volume of a

streamer tube before a hit is produced. can be tuned to resolve this disagreement.

The y? per degree of freedom for 2d-segments

The y? per degree of freedom distributions are shown in figure 3.10 for real and
Monte Carlo data. This x'2 is calculated from the straight line fit for 2d-segments
assuming resolutions of 2 mm for the high resolution readout planes and 3 mm for
the low resolution planes. The data presented in the figure includes 2d-segments
with between three and eight hits and is therefore proportional to the sum of
six different y? probability density distributions P(x?,n), each divided by the

appropriate number of degrees of freedom. n.
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Figure 3.10: Comparison of y?/degree of freedom for 2d-segments

By calculating these six different distributions from the definition,

adding them together according to the relative numbers of 2d-segments of each
type present (which is obtained from figure 3.9) it is possible to find an ‘ideal’
x%/n distribution for both real data and Monte Carlo. These ideal predictions for
the observed hit multiplicities. normalised to corresponding real or Monte Carlo
distribution, are included in the figure as solid curves. It can be seen that the ideal
curves agree well with the v?/n obtained from the segment reconstruction in both
real and simulated cases. In the actual experiment, the y2/n has been used as an
indicator of systematic shifts in the survey measurements between quadrants by

using segments reconstructed in the overlap regions.




3.5.1 Conclusions

The agreement above is illustrative of the compatibility between the very detailed
simulation and data recorded with the OPAL detector. These comparisons are
typical of those performed for each sub-detector in OPAL. Thus, GOPAL may be
used in analysis for various tasks such as estimation of the efficiency of event
selection criteria or the correction of data for detector effects e.g. acceptance. It

is used extensively in the analysis presented later in this thesis.







Chapter 4

Theoretical description of ete™ — ptu~

A high precision measurement of parameters present in the standard model, such
as the width or couplings of the Z° boson, may be used to strictly test the model
by comparing the predicted values with those determined experimentally. Such
parameters may be extracted by the analysis of final states produced at LEP
energies; only the muon pair final state is studied herein. Muon pairs are very
attractive theoretically as they are only produced via s-channel exchange processes
at tree level. unlike ete™ production which has a large contribution from t-channel
processes, and there are no complications associated with particle decays, as is
the case for 717~ or ¢g production. Furthermore, muon pairs are a desirable
state to study from an experimental point of view because their detection and
reconstruction is comparatively straightforward and they have a relatively small
background. They have been the subject of many studies in the past [14,16] to
which the reader is referred for details.

This chapter outlines briefly the process of p*p~ production® near the Z° pole
and the theoretical description of two important quantities which are experimen-
tally accessible, viz. the forward-backward asymmetry (Arg(8)) and the cross sec-
tion (o(s)). The choice of input parameters for calculations within the standard
model is discussed. as is the effect of higher order diagrams which modify AFB(S)
and o(s) from their tree level values. The amount by which the various classes

of higher order diagrams modify App(s) and o(s) is illustrated by a numerical

1Most results are applicable to a general ff, f # e final state in which fermion masses may be
neglected.




(a) virtual v exchange (b) Z° exchange

Figure 4.1: Feynman diagrams for ete™ — u*p~ in lowest order

comparison.

4.1 Lowest order (Born) processes

There are two processes with amplitudes of order « that contribute to u™u~ pro-
duction in e*e” annihilation, the Higgs exchange process being completely neg-
ligible. These are the virtual photon and Z° exchange diagrams, illustrated in
figures 4.1a and 4.1b respectively.

The vertex factors that determine the coupling strength of fermions to gauge
bosons in neutral current (NC) interactions can be expressed in terms of the charge
on the electron, e, and the weak mixing angle, w. The vertex factor for the

electromagnetic interaction (ffv) is given by,
—2Q f Vu>

whilst that for the weak neutral current interaction ( ffZ°) is given by,

e

1 v —a
2sin fwcos 9w7“< f f’)’s),
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where 5, and ~5 are Dirac gamma matrices, and vy, ay and Qg respectively denote
the vector coupling constant. axial vector coupling constant and the charge of a

given fermion species f. The couplings ¢y and a; may be parameterised® as.
f ) —7f
v = I3 — 2Qsin Oy, ay = Iy,

where I{ is the third component of weak isospin for a given fermion species. In
the standard model. eacl species of lepton should experience the same coupling
to the photon or Z° as all lepton generations possess the same doublet structure
and hence isospin and charge assignments. This lepton universality can be tested

by a direct measurement of the couplings for different species at LEP.

4.1.1 Choice of stahdard model parameters

There are seventeen free parameters in the minimal standard model, the values of
which have to be determined by experimental measurements. These are the quark
and charged lepton masses, three quark mixing angles, the mass of the Higgs
scalar, the vev of the Higgs field and three gauge couplings (one from the strong
and two from the electroweak sector). A meaningful test of the standard model
requires that as many of these parameters must be measured experimentally as
possible. For electroweak tests, the vev of the Higgs field and the SU(2) and U(1)
gauge coupling constants have to be independently fixed by experiment although
the actual input is via observable quantities such as Mw or M73. The masses of the
top quark (M;) and Higgs scalar (\\/y) remain as free parameters in célcula,tions
as their values have not been determined to date.

For experiments at LEP, a good (i.e. well measured) set of input parameters
~ to use is the Fermi constant Gp. the fine structure constant o and the Z° boson
mass, Mz. By comparing the lowest order standard model expression for the muon

lifetime with the Fermi model expression for the same, one can identify,

aw 1
Gr = I 4.1
P /B My sin’y (1)

2Various conventions are used in defining these couplings, e.g. vy and ay are larger by a factor
of 2 in [20].

3In order for Az to be a valid input. it must be independent of the other standard model
parameters; this is illustrated in the literature [16, pp 89-128].

(W]
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Using the on-shell renormalisation scheme [42]0 the weak mixing angle is defined

by
AMw?
AR

Thus. with essentially negligible experimental errors on Gr and a. an accurate

sin*fy =1 — (4.2)

measurement of 1/7 effectively fixes the numerical values of sin?fw and M. Using

the relations given in equations 4.1 and 4.2. it follows that,

M 44
My? = =21+ ,/1- ,
W 5 < TV T

/1_/1_4‘4\
UV T )

[CVEN

~1..2n _
Sin"oyw =

where
T

A= 0"
2 Gy

(4.3)

4.2 Radiative corrections

In studying ete™ — putu~ near the Z° pole it is insufficient to only consider the
lowest order processes of figure 4.1, as loop diagrams (contributing to the elastic
process) and real photon bremsstrahlung emission (contributing to the inclusive
inelastic process) are of numerical significance. At the level of one-loop corrections
to the basic process, these diagrams can be divided into ‘weak’ and ‘photonic’ (or
‘QED’) corrections. Beyond the one-loop level, this simple categorisaﬁon cannot
be made. The two classes, which are expanded upon in the following sections, are

~defined thus:

e Photonic corrections This set consists of all diagrams with a single ex-
tra real bremsstrahlung plioton or virtual photon loop added to the Born

diagrams (see figure 4.2).

¢ Weak corrections This set is composed of all remaining one-loop diagrams
(see figure 4.3). These include vertex corrections with virtual gauge bosons,

: R . . . . 0 £ di
propagator corrections (vacuum polarisation and Z° self-energy diagrams)

and box diagrams with the exchange of two massive gauge bosons.




Figure 4.2: One-loop photonic corrections to efe™ — p*u~ (from [16]).

:Y:Z § v:Z < :Y:Z § Y:Z <

Figure 4.3: One-loop weak corrections to ete™ — p*pu~ (from [16]).
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Currently. complete two-loop calenlations of purely photonic corrections have
been performed. whilst weak corrections have been calculated complete in one-loop
level with leading terms from two-loops. (A complete calculation is defined as one
that retains all terms of a given order that are non-vanishing in the limit of m? /s
tending to zero.) Cross sections or asynunetries incorporating these corrections
are normally evaluated by Monte Carlo methods or by semi-analytic calculations.
where a semi-analytic procedure is an analytic computation in which some integrals
are performed numerically. It should be noted that the former allow exclusive
quantities to be calculated in the presence of complex cuts on the phase space of
all the particles present in a given process. whereas the latter are restricted to the
evaluation of inclusive quantities subject to limited cuts. However, there is always
a statistical error associated with any Monte Carlo result which semi-analytic

procedures do not suffer from.

4.2.1 Photonic corrections

The most significant subset of diagrams are those including radiation of real pho-
tons from the initial state fermions, which reduce the peak cross section by ap-
proximately 40%. In an e¥e” initial state with centre of mass energy /s, the
radiation of photons reduces the energy available for Z° production to v/s’. The
cross section that is actually observed for an initial state characterised by s is the
Z° production cross section at s’. For s corresponding to the peak cross section,
o(s) > a(s') by definition. hence the observed cross section is reduced by photonic
corrections. The effect is large due to the very rapid variation in cross section in
the vicinity of the the Z°.

These corrections are independent of the non-electromagnetic details of the
theory (such as structure of the Higgs sector). require only the global parameters
of the model in order to be evaluated. are gauge invariant and their effect is
influenced by the details of the experiment and cuts imposed. Cross sections and
asymmetries may be corrected for photonic effects by convolution with a photon

distribution function or ‘radiator™. as described in Appendix C.

4A radiator, G(s/s'), is a function that represents the probability that the centre of mass energy.
Vs is reduced to Vs’ by initial state radiation.
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There are severe practical problems that have to be overcome in calculating
cross sections with photonic radiative corrections. So-called infrared divergences
are present in the virtnal photon and soft® real bremsstrahlung cross sections.
arising from the presence of photons that. in the limiting case. have zero energy
and zero mass. These divergences may be formally regulated by the introduction
of an artificial. finite photon mass (3/,). The subsequent combination of the
two cross sections forms a "soft photon cross section. which includes all photons
that are not detectable. in which the A/, dependence vanishes—the phenomena of
‘infrared cancellation’.

Despite the cancellation of M,,. an arbitrary distinction between soft and hard
bremsstrahlung exists at Ey. This E, should be sufficiently small that no three-
body behaviour is observable in the soft photonic final state. whilst being suffi-
ciently large to ensure that all the cross sections remain positive. (If Ey is set
to zero, the original divergences are recovered.) This conflict is problematic for
Monte Carlo techniques. in which all cross sections must remain positive definite
so that they may be interpreted as probabilities: in contrast, it presents no trouble
to semi-analytic calculations in which only the final cross section is constrained to
be positive. The dilemma occurs in all cross sections that contain an odd number
of soft bremsstrahlung or virtual photons and cannot be resolved by incorporating
terms up to a finite higher order.

It has been shown [43] that this problem can be solved by considering soft pho-
ton contributions up to infinite order. This technique is known as ezponentiation

and is extensively used in the most complete calculations to date (e.g. [44,45]).

4.2.2 Weak corrections

These corrections are dependent on the detailed structure of the theory including
" the masses of the top quark and Higgs scalar and the renormalisation scheme
used but are independent of the experimental cuts imposed. Cross sections and
asymmetries may be corrected for weak effects by the use of ‘effective’ parameters

such as couplings. This allows one to retain the lowest order form of the amplitude

5Soft bremsstrahlung photons are those with energies below some arbitrary cutoff, say Eo, that
is sufficiently small that such photons are not detectable.
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for the process by modifying parameter definitions appropriately. An amplitude
modified in this way is referred to as *Born-like’. The O(a) weak corrections can
be divided into the categories of propagator corrections (2-point functions). vertex
corrections (3-point functions) and box corrections (4-point functions) as shown
in figure 4.3.

Propagator corrections comprise a universal contribution to the amplitude, .e.
they are independent of the external fermions in the process, arising from the in-
sertion of self-energy loops in the propagators. For light fermions such as muons
where vertex and box diagrams containing the Higgs scalar and top quark are van-
ishingly small. these corrections are the only place at which the unknown masses
M, and My may enter. The effect of including the self-energy insertions to the pho-
ton propagator may be incorporated in the definition of a ‘running’ charge; e(s),
or electromagnetic coupling, «(s). Similarly, the self-energy contributions from
pure Z° exchange may be closely described near the resonance by the introduction
of an s dependence to T';.

There is also v-Z° mixing beyond tree level, in which a neutral gauge boson
may leave a fermion line as a Z° and arrive at another one as a photon or vice
versa. the change occurring via self-energy loops. This mixing may be treated
as the existence of a new, combined +-Z° propagator or (more commonly) as a
change in the NC couplings of the Z°. The required change in the couplings can
be made by the introduction of a new mixing angle, sin®fw. It should be noted
that in order to define this angle as a real quantity, imaginary terms from the
self-energy diagrams must be omitted. As the imaginary part of sin?8y ~ —0.01
on resonance and the real part &~ 0.23 for Mz= 92 GeV, this is not a large effect
[16, p 25]. Furthermore. the self-energies from bosonic loops do not form a gauge
invariant set of diagrams and so cannot be included if sin?8yy is to be an observable
quantity. Despite the séeming complexity, propagator corrections in the region of
the Z° may be accounted for to a goo‘d approximation by introducing a simple
energy dependence to the width of the Z%(see section 4.3.2).

Vertex corrections are non-universal in nature as the possible virtual states

depend upon the external fermion species. The corrections to the ffZ° vertex
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may be accommodated in a Born-like amplitude if s-dependent form factors are
used in the definition of the NC couplings [16. p 29]. Corrections to the ffv
vertex may be merged with other vertex and propagator corrections near the z°
resonance. despite not being Born-like. as they are non-resonating (z.e. do not
become large at s ~ 1[,°). If vertex corrections are combined with propagator
corrections. the effective weak mixing angle must in general differ for each fermion
species in order to account for the non-universal behaviour. Vertex corrections
affect quantities such as the resonance cross section at the level of 1%.

Box corrections are neither universal nor Born-like in nature and have a com-
plicated form which includes angular dependent terms through the Mandelstam
variable s. ¢ and u [16. p 33]. As these terms are non-resonant, they may be
combined with both vertex and propagator corrections to give weakly ‘dressed’
amplitudes with a Born-like structure near resonance, where the couplings are
physical observables. Near resonance, box contributions are negligible e.g. the
on-resonance differential cross section is affected at the level of 0.02%.

The specific effects of radiative corrections on Apg(s) and o(s) are illustrated

in the following sections after the lowest order expressions have been presented.

4.3 Forward-Backward asymmetry

The Z° and « exchange diagrams contributing to muon pair producﬁon have iden-
tical initial and final states and so the amplitude for the combined process is the
coherent sum of these diagrams. The resulting interference manifests itself as an
asymmetric angular distribution which is characterised by 6, defined as the angle
between the incident e* and the outgoing u*. This forward-backward asymmetry
is formally defined as

OF — 0B

A = —. 4.4
FB o + o5 (4.4)

where,

2

op =

+1 do 0 do
T —-—. = 2% —_—. 4.5
/o d(cos 8) o 8 r/_ld(cosé‘) 70 (4.5)

Measurements of the asymmetry can be used to extract functions of the vector and

axial vector couplings of fermions to the Z°. These functions appear as coefficients
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in the differential cross section and are given below.

4.3.1 Lowest order expressions

The Born approximation to the differential cross section for muon pairs (after [16,
p 205], [20]), which is symunetric about the initial state e*e™ axis, may be written

in the form:

do® 2 :
%Z- = 3—8 [(1 + cos26)Cy + cos 9C'(2)] Ixo(8)]* + (1 + cos?8)C,,

+ [(1 + c0s20)CLY) + cos 6C ] R{m(s)}} (4.6)

where terms in m2/s, which are ~ 107%, have been neglected. R(x) is used to

denote the real part of y. The remaining coeflicients are given,

1 2
ClY = 2Q.Q,v.v,, c? = 4Q.Q,a.a,, Cyy = Q.2Q,2%,

Célz) = (v + a”) (v, + a,?), CZZ = 8V,v,0ca,,

and xo(s) is the resonating function which is defined as

GFA';[ZQ 8

. 4.7
2\/§ T 8 — 11122 + M7z ( )

| Xo($) =

In equation 4.6. the terms in C’élz'z) s+ Cyy and Cy (2 are associated with pure Z°
exchange, pure v exchange and v-Z° interference respectively. All coefficients are
simple functions of the charges and the vector and axial vector couplings of the
fermions.

do®

Given this form for &%, it follows from equations 4.4 and 4.5 that the lowest

order asymmetry is given:

[R{xo0(5)}C7 + Ixo(8)2CS7]
R{xo(s)}C +'\0(3)|2C(1) 10‘77].

3
A%B(s) =3 [ (4.8)
In detail this approximation is inadequate in the region of the Z°, given the
experimental precision attainable. It is necessary to consider not only the large,
lineshape distorting photonic corrections but also effects arising from weak correc-

tions to propagators and vertices.




4.3.2 Higher order expressions

The photonic corrections to Apg(s) can be incorporated by convolution with a
radiator. analogous to the procedure for cross sections given in Appendix C. The
convolution may be performed numerically to facilitate cuts on exclusive quantities
such as acolinearity (e.g. as in the program ZFITTER [46]). The main effects of
the O(a) weak corrections. which are nuinerically small compared to the photonic
_corrections, originate from propagator corrections and can be incorporated into
a differential cross section with a Born-like structure by redefining the following

parameters using the substituti

Tz - Tz(s) = % from Z' propagator corrections
a — alifz?) = e from ~ propagator corrections
sin?fy — sin%fw from ~-Z° propagator (4.9)
ay — ay = \/pay mixing corrections and
vy — U = \/pvy vertex corrections

where the photon vacuum polarisation contribution at s =M2, (Mz in GeV) is
given [16, p 45]
40 o .AJZ

Aa =£0.0602 + —.—log
)«

— £ 0.0009
9 92. *

and where the Z amplitude is normalised by p (appearing in the effective couplings,

as and 9;) which is given.

M?
1 ith Ay GEM
1-Ap 8v/2r2

In the standard model. the effective mixing angle is related to p by,

44 ~
(l ) \F" pMy(1 - Aa)) -

with A as defined in equation 4.3. Furthermore, the standard model relation

14

p (4.10)

-

sin?fyy

o]

between Aa and p is,

4

'1'—_—‘&—(; = p‘\-f§5i112§\\r COS2§W' (4.12)

This is the essence of the so-called improved Born approximation {16,47]. There

are many variants on this parameterisation in use and various levels of corrections
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that may be “absorbed” into the effective parameters. with corresponding degrees
of model dependence. These are discussed in the final chapter of this thesis in
connection with fitting the parameters of equation 4.9 to measured asymmetries
and cross sections. Althongh the improved Born approximation does not include
the imaginary parts of self-encrgies. nor a proper treatment of the vertex and box
corrections. for muons at resonance these contributions accidentally cancel. (This
is not the case for other final states.)

A useful feature of the improved Born approximation is that qualitative fea-
tures of the lowest order expressions are still applicable. This allows a simple
interpretation of the non-photonic behaviour near the resonance, e.g. from equa-

tion 4.8. the asymmetry on-resonance is determined predominately by the ratio

2 s (2)
Coz .. . . . R{xo(s)}Cyz

(1) and its energy evolution is determined by the ratio AT
Czz Czz |xo(3)]

4.4 Line shape

Measurements of the cross section for different decay channels of the Z° allow
measurements of the mass and partial and total widths of the Z°. As with de-
terminations of NC couplings from asymmetry measurements, there are various
degrees of model independence with which the lineshape can be parameterised.
For example, in the standard model the only significant free parameter is My from
which values for I'; and the peak cross section without photonic corrections, aﬁzle,
can be calculated for a given M, and My. Removing the standard model con-
straint that I'z is a function of M7 allows one to test the model by comparing the
measured values of I'; and oP°'® with the predicted values for the measured Mj.

1

4.4.1 Born cross section

The lowest order total cross section for muons can be obtained from the Born

differential cross section of equation 4.6 and is given by,

8ra?
3s

. 1 .
where the term from s-channel Z° exchange, Cly. dominates near the resonance.

{Con + CPR{xo(9)} + CHIxals) %}, (4.13)

a%(s) =

As the radiative corrections to this cross section are large a more detailed descrip-
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tion of the lineshape must be nsed.

4.4.2 Higher order expressions

The lineshape may be cast in zi more model independent form by the use of elec-
trbweak corrected partial widths. I'y and T.. (i.e. corrections have been absorbed
resulting in effective widths). and by replacing 'z and a by their s-dependent
counterparts in precisely the same way as for the improved Born approximation
substitutions. Neglecting the external fermion masses. the one-loop electroweak
corrected total cross section may be approximated by, [16, p 99],
s 12zT.T, I(s — M3)
7els) = {(.s — M3 + $2T4° AL { M
L 3mQu al(A0)
3 s

}(1 + bqcp)s | (4.14)

where I is an interference term (explicit form given in [16, p 94]). It is of order
ff—z- multiplied by the vector and axial vector couplings of both initial and final
- state fermions and is therefore negligible for muons pairs (and largest for d-type
quarks). The term qcp is of order 4% and only applies to hadronic final states.

This expression is a very good approximation to the exact calculation, the
discrepancy being of order 0.3% near to the resonance. With the weak corrections
adequately parameterised. the photonic corrections must be included to obtain
a realistic description of the lineshape. This may be performed numerically by
convolution with an appropriate photon distribution function. It is also possible
to obtain an approximate analytic expression for the cross section, folded with a
first order (exponentiated) photon cross section. This latter approach is used to
extract lineshape parameters from muon pair data and is included for completeness

in Appendix C.

4.5 Radiative corrections to Arp(s) and o(s)

The purpose of this final section is two-fold. The first objective is to present a

concise summary of the effect of radiative corrections on the forward-backward




asymmetry and cross section that are the foundation of the main analysis pre-
sented in this thesis. Where these effects are relatively large. they must be well
understood and calculable to allow the extraction of other physical parameters
from the measurements of a(s) and Apg(s). The various levels of initial state
pliotonic corrections are treated separately in the case of the cross section for this
reason. The cffects are summarised by evaluating cross sections and asymmetries,
corrected to various orders. and presenting the resulting distributions. The cross
sections and asymmetries are determined using semi-analytic calculations.

The second objective of the section is to compare the results of two semi-
analytic calculations and one Monte Carlo event generator that are used in the
analysis of real data later in this thesis. The total cross section is used for this
comparison as it is the only quantity that all three calculate directly. More detailed
studies have been performed along similar lines in the past {17, p 102]. In addition
to illustrating the good agreement between different calculations, this study is
a useful check for the existence of bugs introduced in tailoring these pieces of

software for analysis purposes.

4.5.1 Modification of A%;(s)

Following a qualitative argument used earlier to explain the large reduction of the
peak cross section as a result of initial state radiation, the effect of such radiation
upon the forward-backward asymmetry is expected to be a global shift towards
more negative asymmetries at all energies in the vicinity of the Z°. The shift is
anticipated to be greater at centre of mass energies a few GeV above the Z° as more
energy is radiated from the initial state. leading to a distortion of the asymmetry

as a function of /s with respect to the lowest order form.

' The integrated muon pair forward-backward asymmetry is calculated by the
semi-analytic program ZFITTER. which can be used to perform a full standard
model calculation of this quantity. The program is based upon a complete one-
loop calculation of weak corrections with photonic effects calculated complete to
O(a) with exponentiation in hoth initial and final states. with leading terms from

second order in the initial state. Vertex and box diagrams are also calculated.
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Figure 4.4: Apg(s) including various classes of correction.

Several illustrative calculations are carried out, the results of which are pre-
sented in figure 4.4. The different levels of detail to which Arg(3) is calculated

are:

1. Lowest order asymmetry. no corrections on tree level calculation.
2. Lowest order with weak corrections only.

3. Weakly corrected asymmetry with O(a) initial state radiation, leading terms

from O(a?) and exponentiation.

4. As above with the addition of O(a) exponentiated final state radiation and

initial-final state interference.

The standard model input to this calculation was Mz = 91.18 GeV and My =
M, = 100 GeV. The lower limit on the invariant mass of the final state muon pair
was 4M? for calculations including photonic corrections. It can be seen that the
correction to the asymmetry is large well above Mz and reiatively small and uni-
form, close to and below 1Jf;. The most significant modification to the asymmetry

of those considered is the result of photonic corrections to the initial state.
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Figure 4.5: o(s) including various classes of correction.

4.5.2 Modification of ¢%(s)

The total cross section for muon pair production is reduced by approximately 40%
at the peak of the resonance as discussed above. Other corrections significantly
modify the cross section but to a far lesser extent than the previous correction.
The large reduction quoted is from the weakly corrected rather than the lowest or-
der cross section. The total muon pair cross section has been determined using the
semi-analytic program ZSHAPE [44], which is considered the most complete calcu-
lation of this cross section at the current time [17, p 113]. This program performs
a complete one-loop weak calculation. with initial state photonic corrections of
O(a?), final state photonic corrections of O(a) and exponentiation in both cases.
All self-energies and vertex corrections are evaluated.

The cross sections that have heen evaluated, using the standard model input

Mz = 91.18 GeV and My = 1, = 100 GeV. are the following:
1. Born cross section. no corrections applied.

2. Born cross section with weak corrections.




3. Weakly corrected cross section with O(a) initial state radiation.
4. As above but with exponentiation of the initial state photons.

5. Weakly corrected cross section with O(a?) initial state radiation and expo-

nentiation.

The various lineshapes are shown in figure 4.5. In all calculations with photonic
corrections. the lower limit on the invariant mass of the muon pair was 4M 3 The
main point of interest is the relative size of the O(a?) photonic corrections with
respect to the O(a) corrections: the difference is very small. (To avbid confusion.
only initial state photonic corrections have been evaluated here.) This implies
that the effect of successive corrections to the initial state appear to be converging
even at O(a) when exponentiation is included. This observation is used later to
justify fitting an analytic expression for the lineshape, calculated to O(a) with

exponentiation, to experimental data.

4.5.3 Comparison of cross section calculations

In analysing real data it is always necessary to have a cut on the minimum invariant
mass of the muon pair, s'. Even if this cut is not explicit, it will exist if muon
chambers or calorimeters are used to detect muons as the material in front of these
components will prevent muons below a certain threshold from being correctly
identified. This lower limit on the muon pair invariant mass defines an upper
limit on the amount of energy that may be radiated in the form of photons and
must therefore be known in order to evaluate photonic corrections. The effect
“of this cut on the observed cross section is small but not negligible. A typical
experimental cut is s/ >100 GeV?2,

The comparison performed below illustrates the size of the correction to the
total cross section that such a cut produces and the extent to which the three pro-
grams considered agree when subject to this cut. The programs that are compared
are ZFITTER and ZSHAPE. as used above and the Monte Carlo program KORALZ [43].
This latter is considered the most complete muon pair event generator available

[16, p 127] and includes initial state radiation to second order with exponentiation,
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Figure 4.6: o(s) with s’ > 83 GeV? relative to o(s) with s’ > 4MZ.
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Figure 4.7: o(s) with s’ > 83 GeV? relative to ZSHAPE o(s) with s’ > 83 GeV?2.
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whilst final state radiation is restricted to first order. Initial-final state photonic
interference is not included: however. this is predicted to be a small effect. modi-
fring Apg(s) by less than 107% if only relatively loose cuts are applied to the phase
space of photons [43]. In the sense uscd here. a loose cut is one that only affects
photons with energics greater than 10 GeV.

In order to make a comparison of quantities that are nominally the same, all

programs are restricted to o(a?) exponentiated photonic corrections in the initial
state. and no final state corrections are included. The standard model input to the
calculations is Mz = 91.18 GeV and My = M, = 100 GeV, and the invariant mass
cut used is given by ' > 83 GeVZ2. (The s’ cut in KORALZ is actually specified as a
fraction of the centre of mass energy rather than as a fixed value for all energies.
The fixed s/ > 83 GeV? cut is obtained by taking the average of s’ = 0.01s
evaluated at the limits of the energy range considered. The discrepancy between
‘specifying the cut as s’ 'S 83 GeV? and ¢/ = 0.01s is equivalent to a difference of
less than 0.3 GeV in the centre of mass energy.)
" The results are summarised in two figures. In figure 4.6, the cross sections
evaluated by each of ZSHAPE. KORALZ and ZFITTER subject to the s’ cut above
are divided by the cross section predicted by ZSHAPE with the minimum invariant |
mass cut of 8’ > 4. The error bars on the cross sections evaluated by KORALZ
are statistical. The lineshapes are all in reasonable agreement and the net effect
of this cut on the cross section is seen to be an overall reduction in the cross
section of approximately 1%, the effect being largest below the peak and smallest
on peak. In order to see more clearly the extent to which the programs agree, the
cross sections evaluated by ZFITTER and KORALZ are divided by that evaluated by
ZSHAPE, where all cross sections are those evaluated with the large s’ cut. The
results of this procedure are given in figure 4.7.

The level of discrepancy between the semi-analytic programs is less than 0.2%
whilst that between the Monte Carlo and ZSHAPE is less than 0.3% at all centre
of mass energies considered. It is concluded that the predictions of these three
programs are in good agreement with one another and they may be used with

confidence in analysis of muon pair data.







Chapter 5

Selection and analysis of muon pair
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The main analysis presented in this thesis is a measurement of the electroweak
parameters Mz, 'z, O'Ef}e and combinations of the effective couplings, @; and 9.
The experimental input to this analysis is a set of muon pair asymmetries and
cross sections calculated at various centre of mass energies between 88 GeV and
94.5 GeV. The data set used consisted of all muon pair events recorded in OPAL
during the 1990 run. in which LEP delivered an integrated luminosity of approxi-
mately 8.7 pb~1.

This chapter describes the calculation of these asymmetries and cross sections,
including the main triggers used to detect muon pairs, the cuts imposed to iso-
late them from other final states, an estimate of background contamination and

corrections applied to the data. A measurement of the u¥*p~v (colinear ) cross

section is also presented.

5.1 Thé OPAL trigger and filter

In the current 4-bunch operation of LEP. bunch crossings occur at a frequency of
45 kHz. With typical luminosities in 1990 of 4 x 10%°cm™~2?s7!, the rate of Z° pro-
duction and decay to observable final states is approximately 0.14 Hz on resonance.
Although the probability of a genuine e*e™ interaction in any given bunch crossing

is very low, the ambient rate is increased by background processes such as cosmic
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# hin cos  range o bin | o range (°)
#, -0.980 - -0.396 04 0 - 30
6, |-0.823 - -0.213 2 15 - 45
g |-0.396 - 0.213 O3 30 - 60
6, -0.213 - 0.396
s 0.213 - 0.823 0a3 | 330 - 360
Gs 0.596 - 0.9380 O24 345 - 15

Table 3.1: A-0 segmentation of the detector at the trigger level

rays. beam-gas interactions. synchrotron radiation and interactions between off-
momentum beam particles and the wall of the beam pipe leading to hadronic or
electromagnetic showers. The purpose of the triggering system is to select bunch
crossings in which an interesting interaction has occurred and to reject background
without introducing biases. whilst keeping the deadtime of the detector as small
as possible. This is achieved by means of a two level trigger and is summarised

below.

5.1.1 First level trigger

The first level trigger [49] makes a decision in the 22 us between successive bunch
crossings as to whether or not a given event should be read out. If an event is
to be rejected, reset signals are sent to each sub-detector 6 us before the next
bunch crossing. The average rate of the first level trigger during the run was
approximately 2 Hz leading to a deadtime of about 5% as the readout time of
OPAL is 25 ms. The first level trigger incorporates signals from most sub-detectors
and events may be selected on the basis of a number of independent criteria. This
redundancy for event selection leads to a high detection efficiency which may
be reliably measured. Triggers may be either ‘standalone’ or formed by spatial
correlations between detectors.

Standalone signals are typically total energy sums or segment multiplicities
within sub-detectors: threshol‘ds for standalone trilgger signals are high in order to
avoid noise problems with summations extending over a large number of electronic

channels. Spatial correlations are made by dividing the 4= solid angle into 144




overlapping bins. 6 in # and 24 in o, and requiring sub-detectors to supply trigger
signals from zones corresponding (as closely as possible) to the mapping of this
-6 *matrix’. The definition of the bins in the #-0 matrix is shown in table 5.1.
As the area of cach 6-0 biﬁ is comparatively small. electronic noise from summing
over all channels in a given 6-6 zone allows relatively low thresholds to be used
in the formation of #-¢ signals compared to standalone triggers. For example.
a typical standalone trigger is EBTOTLO. the minimum summed energy in the
barrel ECAL. which has a threshold of 4 GeV whereas the threshold for an ECAL
f-¢ input signal is 1 GeV.

The 6-¢ signals are used to detect spatial coincidences between sub-detector
triggers and in the definition of back-to-back hits. The central trigger logic of
the trigger system makes a decision to accept or reject each event on the basis of
programmable criteria that the 6-¢ signals and standalone triggers are required
to satisfy. In 1990. OPAL recorded approximately 5.2 M first level triggers. The
main features of the three most important sub-detector triggers for muon pairs
are briefly summarised below; the ECAL trigger is not described as it was unable

to trigger on minimum ionising particles during the 1990 run.

Track trigger

The track trigger is a fast pattern recognition processor that identifies tracks orig-
inating from the vicinity of the interaction point in the region |cosf| < 0.95. It
makes use of the fact that charged tracks with moderate momenta transverse to
the beam axis (pr > 0.25 GeV). have appro*dmatelv linear trajectories in the

z plane due to the axial field of OPAL. s.e. a — Z distribution for all hits on a
good track would ideally be a narrow cluster centred at a well-defined value of ;
(= cot 8). In order to avoid looking at ; for all hits in the central detector, the
track trigger only considers four annular groups or ‘rings’ of 12 (adjacent) wires,
one ring consisting of all the axial wires of the vertex chamber, the remaining three
rings being at various (and variable) radii within the jet chamber.

Each ring is effectively divided into 24 overlapping azimuthal sectors of 30°,

corresponding to the o bins in the A-0 matrix. and up to 32 6 bins (only 18
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arc used at present). The overlaps in o are introduced to allow for curvature in
the r-o plane causing tracks to cross sector boundaries and neighbouring 6 bins

-

are combined to define honndaries. Histograms of = are filled for hits in each
r

o sector of each ring and the contents of each bin compared with programmable

thresholds. Coincidences hetween ,1 bins in different rings are used to categorise
the track multiplicity as 0. > 1. > 2 or > 3. over the whole detector or restricted
to the barrel region. and form standalone triggers (TM1, TBM1, ...). The track
trigger produces further standalone triggers. generated by summing hit counts in

each ring (VXH. JH1. ...) and by identifying tracks with very high or low charge,

as well providing input to the §-¢ matrix.

Muon trigger

Triggering in the muon detectors is performed separately in the endcap and barrel
regions. The muon barrel. with no = resolution for triggering purposes and seg-
mented into 24 ¢ sectors. provides 24 #-6 input signals each of which corresponds
to a single & bin summed over the bins 6,-65. In addition, a standalone trigger
formed by the logical OR of all & bins (MBH). A ¢ sector is required to have hits
in 3 out of 4 layers of drift chambers to form a trigger signal.

The basic muon endcap trigger signals are formed by the summation of induced
charge on groups of either 64. 96 or 128 adjacent readout strips. These are arranged
to form non-overlapping 6-¢ bins (providing coverage in bins 6y, 6, 65 and 6) to
increase the information of each signal. although some ambiguity between adjacent
bins is unavoidable as the muon endcap geometry is Cartesian. The minimum
requirement for a -¢ signal is that there are at least two active trigger zomes
that are consistent with a track originating from the interaction region in both
rz and yz projections. with one zone in an inner endcap and one in an outer
endcap. The tolerance on this limited pointing cut is typically equivalent to £45°.
In addition to 96 6-6 signals. the muon endcap supplies three standalone triggers,
two corresponding to hits in either endcap individually (MEL and MER) and
a third corresponding to a loosely colinear match between hits in either endcap

(MELR). ‘Loosely colinear' is used to mean that at least one hit in the left endcap
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is matched with a hit in the right endeap in the equivalent 8 bin with the opposite
sign of & co-ordinate. A more detailed deseription of the muon endcap trigger is

given in [50].

ToF trigger

The ToF trigger signals are formed by coincidences between phototubes at either
end of the long scintillator bars. where all coincidences must occur within £50 ns of
the beam crossing. As with the muon barrel. there is no § information available.
The ToF bars are merged in groups of 6 or 7 to form 15° ¢ sectors which are
subsequently combined in pairs to form 24 overlapping sectors of 30°. Standalone
triggers from the logical OR of all ToF bars (TOFOR), the multiplicity of ToF
bars (TOFMUL) and the multiplicity of overlapping ¢ sectors (TOFMANY) are .

provided in addition to the 6-¢ input signals.

5.1.2 Second level trigger

The second level trigger or ‘event filter’ [23, pp 33-35] works 'by identifying and
i'ejecting background events rather than by attempting to recognise and accept
interesting events. In this sense. it is a rather conservative system, reducing the
likelihood of rejecting new physics events with unknown topologies. The filter
processor decision is based on a fast analysis of the entire event (performed in
a multiprocessor 68020/68030 [52] environment) in which attempts are made to
verify all first level trigger signals. having found ECAL clusters and identified
muons. The online reconstruction of jet chamber track segments forms a central
part of this analysis.

At the start of the 1990 run events flagged as ‘junk’ by the filter were recorded
on magnetic tape with other data passing the first level trigger; events flagged
as junk were not reconstructed. This is ‘passive’ filtering. ‘Active’ filtering, in
which junk events were not even recorded. was introduced early in the run. The
filter flagged a total of 1.2 M (23%) of all first level triggers as junk, of which
536 k (10%) were not written to tape. The remaining 4 million events which were

accepted by the filter were reconstructed by ROPE.
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5.1.3 Triggers for muon pair events

The trigger processors above provide a high degree of redundancy. particularly
in the barrel region where ToF. mmon and track triggers all overlap. By careful
choice of event samples sclected on the basis of one trigger. the efficiency of other
available triggers may be deduced in given angular regions. This is straightforward
for muon pairs as the events have a simple topology. Using a subset (60%) of the
events in this analysis. the overall first level trigger efficiency for muon pairs has

been estimated to be 99.8 + 0.2% whilst the filter has been estimated to be more

)

~r

%) ~ Fo> 4 . e 1
than 99.9% efficient [20].

s}

5.2 Data selection

With a total integrated luminosity delivered to OPAL of 8.7 pb~!, the maximum
number of Z° decays that would be expected assuming, a standard model resonance
cross section to charged final states of 35 nb, is approximately 305 k if all data
was acéumulated at the peak. This crude estimate suggests that at most 8% of
the 4 M events reconstructed within OPAL during the run originate from genuine
Z° decays. For this reason. as well as purely logistical problems associated with

handling such large amounts of data sparsely populated with interesting events, a

further loose selection (called ‘PHYS1’) was performed after each event had been

reconstructed. DST records for all events that satisfied the PHYS1 criteria were
accumulated on disk throughout the duration of the run to improve access to the

data for analysis.

5.2.1 The PHYS1 selection

One of the last stages in the reconstruction process is the assignment of loose
(inclusive) event classifications based upon information from the first level trigger,
the filter and the reconstructed physics quantities. These classifications are packed
into a single event type word in the ‘header’ of each event to improve efficiency
when analysing a large sample of the data or when separating a given type of

events from the main DST stream. Each DST record consists of a relatively small
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header of 40 (32-bit) words and a mneh larger *event part’, which is typically a few
tens of kB. Before detailed analysis can be carried out. the event part of the DST
must be read which requires CPU time to relocate the data structure into memory
and to carry out format conversions. A large improvement in processing speed
is achieved if all decisions to reject events are made on the basis of information
stored in the header alone. thus reducing the amount of unnecessary data read.
The standard event classifications that are performed are preselections for many
analyses and together they comprise the PHYSI data stream. The current def-
inition of PHYS1 includes preselections for multihadrons (two slightly different
selections are in use). single photon triggers, tagged two-photon events. Higgs
searches. heavy lepton searches and charged lepton pairs. In addition. the PHYS1
data includes so-called ‘luminosity” events, i.e. very small angle scattered Bhabha
events that are recorded by the forward detector and used to measure the luminos-
ity in a given period of data taking. The retention of the headers of these events in
the PHYS1 data set (or any other subset of the data, such as the lepton pair pre-
selection) enables cross sections to be calculated in straightforward manner [53],

- the essence of which is to simply count the number of such events.

5.2.2 Lepton pair preselection

The lepton pair preselection. which is divided into a positive leptoh pair identifi-
cation and a high multiplicity (or multihadron) veto, is defined by the following

criteria:
Positive selection An event is selected if it includes,
e atleast two ECAL clusters both having transverse energy, Ex > 6.0 GeV

- (potential Bhabha candidates). or

e at least two ECAL clusters. one of which has Er > 2.0 GeV, that are

back-to-back within 25° in o (potential tau candidates), or
&

e at least one track with pr > 1.0 GeV. |do| < 1.0 cm, |z| < 20.0 cm
that has a minimum of 30 hits. summing hits from vertex, jet and Z

chambers (potential muon candidates).
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Figure 5.1: Combined ECAL cluster and track multiplicity, showing high multi-
plicity veto cut.

High multiplicity veto An event is rejected if it satisfies,
o number of ECAL clusters + number of charged tracks > 17
For the purposes of counting in this test (and in all subsequent analysis):

¢ Endcap ECAL clusters are used if they have energy, E > 0.2 GeV and
contain a minimum of 2 blocks with no single block containing more
than 99% of the total energy of the cluster.

e Barrel ECAL clusters are used if they have energy, £ > 0.1 GeV.

e Tracks are used if they satisfy the same charged track quality cuts as

used in the positive selection with the additional requirement that the

first hit on each track must occur within 75.0 cm of the beam axis.

The distribution on which the high multiplicity veto cut is imposed is il-
lustrated in figure 5.1 (with logarithmic scale), showing a clear separation
of events in the region of the cut. The purpose of the tighter restrictions

imposed on endcap ECAL clusters is to avoid rejecting events in which some
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endeap lead glass blocks had exeessive noise due to hardware and pedestal
problems. These were corrected in later processing, but not before the pre-

selection was made during online reconstruction.

Two bits. which are set in the event type header word if an event passes the positive
selection and fails the high mmultiplicity veto. are all that is required thereafter to
rapidly identify events comprising the lepton pair preselection. The identification

of muon pair events from this combined lepton pair data sample is presented below.

5.3 Muon pair selection

Events are regarded as muon pair candidates if they contain a minimum of two -
good quality charged tracks. both of which are identified as muons, and they pass
a small number of simple cuts to reject residual background from cosmic rays,
two-photon events and tau pairs. A ‘good quality’ track is defined as one that
is formed from at least 30 central detector points, the first of which must be no
more than 75.0 cm from the beam axis., with momentum p > 6.0 GeV, |do| <
1.0 cm and |z} < 20.0 cm. Imposing a cut on the minimum momentum allowed
for each of two charged tracks in a candidate event reduces the background from
tau pair and two photon events. whilst the cut on do eliminates part of the cosmic
ray background.

In order to be identified as muons a good charged track is required to either,

1. have p > 15 GeV and less than 3 GeV deposited in the ECAL inside a cone
of half angle 200 mrad around the track, where the angle is defined in the

r-¢ plane. or
2. have associated activity in the muon chambers or the HCAL or both.

There are small regions of OPAL where there is no coverage by the muon system,
either due to gaps in the acceptance (approximately 94% and 97% of the solid
angle is instrumented by muon chambers and HCAL respectively) or as a result
of infrequent hardware problems with the constituent sub-detectors. It is in these

areas that the identification of muons using the ECAL is most important.
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The loose cut on the clectromagnetic energy associated with a track avoids
accepting Bhabha events without undne risk of rejecting muons which. being min-
inum ionising particles. will only deposit approximately 600 MeV in the lead glass.
The»association between ECAL and charged track information is not carried out
in three dimensions becanse of imperfections in the = resolution of the jet chamber
which result in a slight degradation of 8 measurements. This is in contrast to the
excellent ¢ (and hence momentum) determination by the jet chamber.

As the HCAL and muon chambers are less homogeneous than the ECAL, the

more involved. The slightly different criteria used to define the matching between

tracks and the four currently used components of the muon system are given below.

5.3.1 Association of charged tracks with the muon system

The matching of hits in the muon system with charged tracks is carried out during
the generation of DST records by comparing the 'trajectory of the track with
the appropriate quantity from the muon system, the objective being to indicate
in which layers of the muon system there is activity related to the presence of
the track. For every charged track in the DST the result of this association is
stored in one word. where each bit set indicates that the track in question matches
muon activity in a given layer of the HCAL or muon chambers. (Details of the
implementation of this scheme are given in [54].) A more thorough match is also
performed during the reconstruction. using both the position and trajectory of the
muon and charged track segments—for the simple event topologies of muon pairs
this more thbrough matching is not necessary.

The association is performed by means of a comparison in the r-¢ plane for
the HCAL and muon barrel sub-detectors ha&ing cylindrical geometries, whereas a
change of co-ordinates is necessary to incorporate data from the endcap detectors.

‘It is necessary to propagate the charged tracks through the material of the detector,
taking into account multiple scattering. energy loss and the magnetic field in the
iron return yoke of the coil. in order to obtain a meaningful set of track parameters

at the surface on which the matching takes place [34,55]. After muon activity has
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been associated with a track. further ents are made to increase the likelihood that
it originated from a genuine muon. e.g. on the number of layers containing related
hits. The association is carried out for cach component of the muon detector

system as described bhelow.

Muon endcap

All two dimensional vz hits are combined with all y= hits within the same streamer

tube plane. forming a set of three-dimensional points. The #-¢ co-ordinate of each

lated track and i
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deemed to have matched if the differences. Ao and A6, satisfy

Ao <20 mrad.

Af <100 mrad.

This match compares position measurements and does not compare directions of
the muon segments and the extrapolated track. The advantage of this procedure
is that acceptance in the endcap region is marginally increased at the periphery
of the chambers, by effectively removing the minimum requirement that there
should be at least one hit in both the the inner and outer parts of an endcap. It is
implicit that all tracks originate from the interaction point. At least two such hits
out of four (up to eight in the small overlap regions) must be matched to classify

a charged track as a muon.

Muon barrel

Reconstructed muon barrel hits are compared directly in r-¢ with the trajectory
of the charged track. No 6 information was used in the association as calibration
problems rendered the = resolution of the muon barrel unreliable. A weak momen-
tum dependence is incorporated in the matching, though the effect is limited as

charged tracks below 6 GeV have been excluded. The criterion used is,

100
Ao <100+ — mrad.
P
where p is in GeV. At least two hits out of four must be matched to classify a

charged track as a muon.
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Hadron endcap

In the hadron endeap. the matehing is carried ont using only the y: (vertical)
co-ordinate from the strip readont: information from the pads is not used. The
central detector track is extrapolated to each laver of the calorimeter in turn and
association takes place if the extrapolated position lies within a distance, Ayz. of

the calorimeter hits. where

45
Ayz<204 — cm
P
At least four hits out of a maximum of eight. one of which must be in the outer
three layers. must be matched to classify a charged track as a muon. In addition.

no layer must have more than two associated hits to suppress the association of

HCAL activity from hadronic showers.

Hadron barrel

As with the muon barrel. the matching of hits is performed in r-¢ only, with the

road used for matching defined by.
100
Ao <20+ — mrad.
P

The only cut imposed in 6 is that the track should fall within the angle subtended
by a given barrel readout strip. each of which is approximately half of the length
of the calorimeter. The same restrictions are applied to the number of associated

hits as in the hadron endcap.

5.3.2 Rejection of remaining backgrounds.

The dominant backgrounds are from cosmic rays, 777~ and two photon events
and the means whereby these different types of event are removed from the data
sample are described in detail below. Rejection of cosmic rays is very efficiently
carried out by the imposition of simple cuts. based on either timing information of
the muons as measured by the ToF or on the quality of the muon tracks measured
within the central detector. The ToF covers the angular region |cos 8] < 0.82 and

all candidate events with tracks inside this region are rejected if they do not have
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Figure 5.2: Minimum time difference between back-to-back ToF counters.

a minimum of one ToF hit. where a ToF counter is only required to have a signal
at one end to be included in the definition of a ToF hit. In most cases two or
more hits are present. In events containing two ToF hits that are separated by
more than 165° in ¢. the minimum relative time difference, At, between hits is
required to be less than 10 ns. The distribution of the time differences for such
back-to-back ToF hits for a sample of events from the lepton pair preselection is
shown in figure 5.2. |

The reason for using the relative time difference is that tracks from a particle
decaying near to the interaction region will both arrive at the ToF at approximately
the same time. whereas back-to-back ToF hits from cosmic rays will be separated
by at least 16 ns i.e. the time required to travel from a scintillator bar on one
side of the ToF to a diametrically opposite bar on the other side of the beam
axis. a minimum distance of roughly 4.7 m. Most cosmics will fail to have any
ToF hits as the detector is only sensitive for £350 ns of the bunch crossing signal.
The acceptance of the ToF is such that a genuine muon will occasionally (~2-3%

probability) pass throngh the ToF without hitting a scintillator. In events such
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Figure 5.3: Absolute time measured for back-to-back ToF counters having
At < 10 ns. '

as this which contain only a single hit. the absolute time relative to the bunch
crossing is required to be less than 10 ns. The cut is based upon the absolute
time measured in events containing back-to-back ToF hits with A¢ < 10 ns, the
distribution of which is given in figure 5.3.

In the endcap region. cuts on the track parameters dy and z, are used to reject
cosmic ray background as there is no equivalent of the ToF system. The preferred
values to use for these cuts are obtained by inspecting combined distributions of
gkl 4 plrack? gq |gurackl] 4 |2 k2| for barrel events which have been classified
as cosmic rays or Z° decays. as shown .in figures 5.4 and 5.5 respectively. The
effectiveness of the ToF as a tool for rejecting cosmic background is apparent from
the distinction between the distributions of the track quality parameters for these
two classes of event.

In the region beyond the ToF. events are rejected as cosmics if they do not have
two charged tracks which satisfy. |di**!| +|d>*?| < 0.6 cm and |z52! 4 zfeek?| <

25.0 em. The momentum distribution of muon candidates in the endcap region is

compared with that for events which are rejected as cosmics in the same angular
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region in figure 5.6. Analogous distributions are shown in figure 5.7 for barrel
events, where the better momentum resolution of the detector at larger polar
angles is apparent. These distributions indicate that most of the events that are
rejected are cosmics. without discarding a significant fraction of genuine muon pair

events.

5.3.3 Rejection of 777~ and two-photon events

The largest fraction of these events may be removed by applying a cut on the
total visible energy of the event. E.;. defined as the sum of the energy of the
two muon track candidates and the highest energy photon (if any photons are
present). Charged particles with momenta measured to be greater than the beam
energy are assumed to have momenta equal to the beam energy. A photon is
defined as an ECAL cluster that is not associated with a charged track and the
muon track candidates are taken as the two highest momentum tracks that have
an acoplanarity. £. such that cos§ > —0.95. ¢.e. the muons must be separated by

more than 18.2° in the r-o plane. The main purpose of the latter cut is to prevent
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a relatively poor quality track. which may occasionally be reconstructed as more
than one track. from being identificd as a mmon pair. Events are classified as muon

pair events if they satisfy,

where Ey., is the criergy of one beam. The distribution on which this cut is
imposed is shown in figure 3.8 for muon candidates after all other cuts have been
applied.

Throughout the analysis. no restriction has been made on the acolinearity, ¢,
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of the muon pairs. A cut that is sufficiently weak that i
affect the cross section has been observed to have a minimal effect on background
rejection when used in conjunction with the cuts described above. For éxa,mple,
rejecting events with ¢ > 13° a cut proposed as being weak in the sense used
above [56], rejects 1.4% of muon pair candidates after all other cuts above have
been applied without 1'eje¢t.i11g any additional (Monte Carlo) tau pair events, as
used in the study carried out below.

The resultant efficiency of these cuts for selecting muon pairs has been es-
timated by a Monte Carlo study. details of which are given in section 5.6.1, to
be 98.8 & 0.1% within the angular region |cos 8| < 0.95. The level of background
present in the final muon pair sample is estimated in a similar manner as described

below.

5.4 Estimate of background contamination

The level of background contamination after all analysis cuts have been applied
is evaluated by using the full OPAL analysis chain. For each background process
considered. Monte Carlo event generators are used to produce simulated 4-vectors
which are processed by GOPAL to reproduce the combined effect of measurement
by the various detectors. including inefficiencies and resolutions. The simulated
raw data is subsequently reconstructed by ROPE and finally analysed by the same
software as used to study real data. thus eﬁ5111-ing that the Monte Carlo data is

subjected to precisely the same cuts.




Four principle sources of hackground are considered. viz. tau pairs. Bhabhas.
multihadrons and two plhoton events. All are generated with comparable standard
model input parameters and at centre of mass energies within 0.2 GeV of AMz.

Relevant features of cach 4-vector sample are presented below.

Tau pairs

A sample of 10000 events. generated by the KORALZ program at a centre of mass
energy of 91.17 GeV. was used. Initial state radiative corrections of O(a?) with

PRI, Y Sy —~
C.\PUILC.[UA'(LLIU.U. \9)

[}

and a leading log approach to incorporate weak effects [57] are included in the
simulation. Standard model parameter values used were Mz = 91.17 GeV, M, =
150 GeV and My = 100 GeV. The ploton system was permitted to take no more
than 90% of the available centre of mass energy (i.e. the minimum invariant mass
squared of the muon pair. 8’ > 0.01s). This simulated set of events corresponds to

an integrated luminosity of 6.8 pb~1.

Bhabhas

The data sample consisted of approximately .14000 Bhabha events, generated by
the BABAMC program [38] at a centre of mass energy of 91.25 GeV. This gener-
ator does not include higher than O(a) radiative corrections nor does it include
exponentiation of soft photons: consequently the cross section for the process is
obtained from another source [59]. Events were generated within a limited angu-
lar range defined by |cos 8] < 0.976. Standard model parameter values used were
M; = 91.135 GeV and M, = My = 100 GeV. This set of events simulates the

vield from an integrated luminosity of 4.2 pb~!.

Multihadrons

A sample of approximately 51000 multihadronic events, generated with the JETSET
program [60] at a centre of mass energy of 91.2 GeV, was used. This genera-
tor includes initial state radiation at O(a) without exponentiation and does not

incorporate any weak loop effects. The standard model parameters used were
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Process Events accepted/Total | a(accepted)/o(muons)
2t~ = T
cfeo = 771 IR 0.01120.001
efe” — c¢Te” B < 0.001
ete” — g7 i < 0.001
ete™ — eTeutp” .—;—’,—, < 0.001

Table 5.2: Estimated background contributions to ete™ — p*tpu= (7).

Mz = 91.2 GeV. M, = 150 GeV and My = 100 GeV. This data set is equivalent

to an integrated luminosity of 1.9 ph~!.

Two-photon events

The sample studied was a set of approximately 8000 ete™ — ptu~ete™ events
produced by the Vermaseren event generator [61]. As the two photon cross section
is relatively large and the full detector simulation is somewhat slow, only events
within a restricted region of phase space were processed by GOPAL. The phase
space limitations imposed were that either one charged particle was generated
- with p > 4 GeV and |cosf| < 0.95. or two charged particles were generated
in the same angular range having p > 0.5 GeV and cos( > 0.95, i.e. the two
tracks were acolinear by less than 18.2°. The minimum invariant mass of the two-
photon system was 0.5 GeV, This-sample corresponds to an integrated luminosity
of 8.0 pb1. |

The results of the analysis of these large Monte Carlo samples are summarised
in table 5.2. This includes the number of simulated events in each channel that
were selected by the muon pair analysis cuts, and also the the fraction of back-
ground events relative to muon pairs. The only significant background contami-

nation is found to be from 77~ production.

5.5 Forward-backward asymmetry measurement

The forward-backward asymmetry may be measured in several different ways,
three of which are used and discussed herein. These methods, which are used to

determine the asymmetry at each centre of mass energy in the scan, are:
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o simple counting of events in the forward and backward hemispheres.
e performing a \ *-minimisation fit to the binned differential cross section,

e performing a negative log likelihood fit to the unbinned differential cross

section.

It is central to such measnrements that the sign of the charge of the muon tracks
and the angle, 6. are well determined. In view of this. data taking periods in which
[elolug

essential components of the detector (or trigger) were not fully operational have

been excluded.

Detector and trigger status

Each sub-detector supplies two status codes. one for trigger and one for detector,
in the range 0-3 where 0 indicates that the status is ‘unknown’ and 3 that the
detector (trigger) is deemed ‘fully operational’. As a result of the redundancy
present in muon pair detection. it is sufficient to require that each of the vertex
chamber, jet chamber and ToF had a detector status of at least 2 and the jet
chamber had a trigger status of at least 2. |

A measurement of the asymmetry is independent of the absolute normalisation
by integré.ted luminosity and therefore no réstrictions are imposed on detector

status of the forward detector. These ‘status quality’ cuts rejected 7.17 & 0.08%

of non-luminosity events in the 1990 low multiplicity sample.

Charge and 6 determination

Only events in which the charge. g. of both muons is well determined can be
meaningfully used to measure an asymmetry. All events in which both muon
candidates are assigned a chafge of the same sign are discarded for the purpose of
the asymmetry measurement. The probability of either muon having an incorrect
charge assignment can be deduced from a distribution of (%)trackl vs. (%)trackiz, as
shown in figure 5.9. The data is presented as (%) as the curvature measurement
in the magnetic ficld. from which the momentum p is determined, is proportional

to zla' This plot therefore illustrates the quantity actually measured by the central
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charge mis-assignments.

aetectér and that the charge ﬁ1easurement is slightly degraded at higher momenta.
This gives an indication of the fraction of events in which the charge on both muons
has been wrongly assigned. assuming that the reason for the chafge determination
problems are not correlated. The probability of the same charge being assigned to
both muons in an event is 3.1 & 0.2%. This gives a double charge mis-assignment
probability of 0.1 £+ 0.0i%‘averaged over all cos @ considered.

The 6 determination of tracks by the central detector is adequate in the barrel
region where t_hé z-chambers are present to provide accurate z information of

track endpoints. However. in the forward region there is a visible degradation

of resolution where all = information is provided by the vertex and jet chambers -

and an alternative method is employed. The muon endcap information is used
whexfever it is available and matched to a track and in its absence, the central
detector is used.

As muon pair tracks originate from a very small region around the interaction
point. an accurate measurement of 6 is possible by taking a single point on the

muon endcap reference plane and assuming the track has a straight trajectory from
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the beam crossing point. By using this method. a more reliable measurement of
8 can be obtained than from the trajectory of central detector tracks. The high
accuracy obtained in this way is a result of the large lever arm for the angular
measurement between the interaction p().int and the muon endcap reference plane.
which is approximately 540 cm. The nncertainty on 6 determined in this manner

is estimated to be less than 2 mrad.

5.5.1 Differential cross section

The use of the improved Born approximation for the differential cross section has
been discussed in chapter 4. By solving equations 4.6 and 4.8 to eliminate terms

. 2 (2 . . . . . :
in Cﬁ(,z) and C33). the differential cross section can be written in the form

do

. 8
= B(s) |(1 4 cos? 8) + EA%BCOSG , (5.1)

where the overall normalisation. B(s). is an s dependent function. Cast in this
form, A%p(s) is the coefficient of the only asymmetric part of the differential cross
section. This expression is later fitted to the experimentally determined differ-

ential cross section at each of seven centre of mass energies to extract observed

obs(s).

It should be noted that no overall normalisation conditions are imposed upon

asymmetries. A4

the data for the asymmetry measurement and all differential cross sections pre-
sented herein are expressed in terms of numbers of observed events. Furthermore,
from the definition of the asymmetry in equation 4.4, it can be seen that asymme-
try measurement by event counting rather than by performing a fit to the shape of
the differential cross section will lead to a value for 42%(s) that must be qualified
~ by the restricted angular range of the acceptance. The results from the fits will
be given for both the full solid angle and scaled down by the appropriate factor to
simplify comparison with the event counting results.

The measured differential cross section at each centre of mass enérgy, from
which Apg(s) is determined. is shown in figure 5.10. The error bars are statistical
only. A qualitative inspection of these distributions indicates that with increasing

centre of mass energy there is a small change in the relative populations of the
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Figure 5.10: Differential cross sections measured at each energy point.

forward and backward hemispheres. with more events in the backward hemisphere

at lower energies and more in the forward hemisphere at higher energies. Before

measuring the asyminetry, the effect of determining the differential cross section
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using the OPAL detector is studied.

Bin-by-bin correction

The three methods of measuring the asymmetry can all be considered as using
binned data. althongh the event counting (2 bins) and maximum likelihood fit (in-
finitessimal bins) are both limiting cases. In order to use experimentally measured
data for physics. all effects of the detector should be removed or ‘unfolded’. For
the total cross sect.ion. the main effect to be removed is that of acceptance which

may be corrected for by a single numerical factor. In the case of th

e differen
cross section such a correction is effectively required for each individual cos 6 bin
of the distribution. This bin-by-bin correction procedure was performed as below.
A set of 20000 muon pair 4-vectors was generated by the KORALZ Monte Carlo
with the standard model parameters M/, = My = 100 GeV and Mz = 92.0 GeV.
Initial state radiation (O(a?) exponentiated) and final state radiation (O(«a)) were
included in the simulation. These 4-vectors were processed by the full detector
simulation and reconstruction and analysed in complete analogy with the real data.
The differential cross section was evaluated for the original Monte Carlo 4-vectors
aﬁd for the corresponding events that had been processed by GOPAL and ROPE, and
compared in a 10 bin distribution in the angular range —0.95 < cos 8 < 0.95.
This binning was chosen in order to ensure that the statistical error in the
most sparsely populated cosé bin should be less than 3%. By comparison, even
close to resonance where most events were detected, the statistical error in each
cos @ bin for real data is 4-3%: away from the peak the statistical error for real
data in each cos# bin is considerably larger. typically 10-20%. Thus with the
accumulated Monte Carlo statistics. the uncertainties on any correction factors
will be significantly less than the statistical error present in the real data.
Denoting the contents of the i*" bin of the 4-vector distribution by f(cos 8;)
and that of the fully analysed events by g(cos 6;), the correction factor for this bin

is given.
_ g(cos 8;) ' (5.2)
f(cos ;)

This set of correction factors. {C'(cos 6;)}. which incorporates detector inefficiencies

C'(cos 8;)
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Figure 5.11: Bin-by-bin correction factors to the differential cross section.

and the effects of cuts and acceptance (assuming GOPAL is an accurate represen-

tation of OPAL), is used to extract the true differential cross section, dgﬁ, from

the experimentally observed one. (d—:’f;;)obs, by

do do 1
d cos 8; - (dcos 6;)0‘35 % m
The correction factors evaluated from this procedure are shown in figure 5.11.
A straight line fit to this distribution has a gradient of 0.01 £0.02 and an ordinate
of 0.99 £ 0.01. with a Y2 per degree of freedom of 10.2/8. This does not differ
significantly from attributing a correction factor of unity in all bins. Thus, no
angular dependent correction factor is applied to the differential cross section with

the current accumulated data.

Migration effects

The set of correction factors become highly correlated if the bin size used is such
that a significant proportion of the events with 4-vectors generated in a given bin
migrate into a different bhin after the effects of the detector have been simulated.

This can be studied on an event-by-event basis as the simulated raw data contains
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Figure 5.12: Variation in average migration as a function of bin width.

the original 4-vectors in the event record. Migration is larger in the forward region
where the @ resolution is worse and smearing from bin to bin is more probable.
The percentage of events that migrate. a{'eragecl over all bins, as a function of the
bin size is presented in figure 5.12.

The bin sizes used for the asymmetry determination by event counting (bin
width = 0.95) and to study the effects of the detector on the measured angular
distribution (bin width = 0.19) are both sufficiently large that migration effects
are negligible. Having shown that migration effects and the angular dependence of
the detector are not significant for the measurements in hand, the three methods

of asymmetry determination are now described.

5.5.2 A%(s) by event counting

This is the most straightforward method of measuring the asymmetry and is
independent of the detailed form of the 6 dependence of the acceptance, except in
the region close to the boundary between the forward and backward hemispheres.

The measurement follows directly from the definition of the asymmetry in equa-
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tion 4.4 and is given

9

NpNp
i 'F + J.NTB

Np - X
Af(s) = 2

e AT U obs >~ py i -
Ne+ N\ AT Ve + Np

where Nt and Ng are the number of events in the forward and backward hemi-
spheres respectively and 7 gota(qy 18 the (binomial) error on A%(s). The effect of
events migrating hetween hemispheres due to the finite angular resolution has been
shown to be negligible above. The measured asyminetries for each centre of mass

energy are presented in table 5.3

5.5.3 AY3(s) from x*-minimisation fit

The differential cross section is fitted at each centre of mass energy using the

CERN minimisation package MINUIT [62], to extract the asymmetry. The form

of di;o used in the fit is that given in equation 5.1, where B(s) and AZ%(s) are

treated as free parameters. The procedure is to minimise a y? function which,

assuming correlations between different cos 8 bins is negligible, is given by

2
Nbi N, — —de
2 _ o (‘\J dcos@-‘)

X = N’r. *

Jj=1 ‘1

do
dcosf;

where N; and ‘are respectively the number of observed muon candidates and
the differential cross section (expressed in terms of numbers of events) in the j*&
cos 6 bin.

The number of cosf bins into which the data was accumulated, Npjne, was
varied between 5 and 11 and fits were performed at each centre of mass energy
with the different binning. In no case did the fitted asymmetry at a given centre
of mass energy vary by more than half a standard deviation with this range in
binning. The results of the fits should all be equally meaningful and an arbitrary
decision to use distributions with 10 bins was made. The differential cross sections
and the corresponding fitted cnrves for each of the seven centre of mass energies

used are shown in figure 5.13. The numerical results of these fits are presented in

table 5.4,




V3 (GeV) [ N [ N APE(s)
838.223 45 61 | -0.151 + 0.096
S0.227 S5 141 | -0.248 + 0.064
90.220 140 166 | -0.085 £ 0.057
01.222 2372 | 2326 | +0.010 £ 0.015
092.216 2721 243 | +0.056 £ 0.044
03.220 160 138 | +0.074 + 0.058
94.219 112 31 | +0.161 4 0.071

Table 5.3: Measured asymmetry by counting events within |cos | < 0.95.

5 (GeV) | ATB(s) %) |/ DF
|cos 8] < 1.0 |cos ] < 0.95

88.223 -0.195 £ 0.091 | -0.190 + 0.089 6.3/8
89.227 -0.280 4+ 0.039 | -0.272 4 0.058 7.5/8
90.226 -0.076 + 0.053 | -0.074 + 0.053 | 2.5/8
91.222 +0.010 + 0.014 | +0.009 & 0.014 | 4.6/8
92.216 +0.045 & 0.041 | +0.044 & 0.040 | 10.9/8
93.220 +0.091 £ 0.055 | +0.088 £ 0.054 5.4/8
94.219 +0.141 £ 0.070 | +0.137 £ 0.068 6.7/8

Table 5.4: Measured asymmetry by y2-minimisation fit.

5 (Gev) | AB(s) AT ()
lcosf| < 1.0 |cos 8] < 0.95
88.223 -0.194 + 0.093 | -0.189 £ 0.090
89.227 -0.273 £ 0.062 | -0.266 £ 0.060
90.226 -0.073 £ 0.055 | -0.071 £ 0.053
91.222 +0.010 £+ 0.014 | +0.010 £ 0.014
92.216 +0.054 £ 0.043 | +0.052 £ 0.042
93.220 +0.086 £ 0.056 | +0.084 + 0.054
94.219 +0.132 £+ 0.067 | +0.128 £ 0.066

Table 5.5: Measured asymmetry by maximum likelihood fit.
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Figure 5.13: y%-fit to the measured differential cross section at each energy point.

104




5.5.4 AY5(s) from maximum likelihood fit

The same fitting package and strategy are used as for the previous fit, the vital
difference being that a negative log likelihood function is minimised instead of a
2 function and the data is not binned (after [20]). The function to be minimised
is given by

N

3 obs ) 8
W= In(1 + cos*d + g_{glg(s)cos ),

J=1
where the summation extends over the .V,,, observed events. As the measured
asymmetry occurs in this function in the form of the logarithm of a product with
cos 8. A2%(s) has the very desirable property of being independent of any explicit
cos 8 dependence in the acceptance.

The results of the fits at cach energy are suimarised in table 5.5.

5.5.5 Measured asymmetries

‘The three different methods of measuring the asymmetry considered above have
been found to give results that are entirely consistent with each other in all cases.
This further reinforces the observation that to a good approximation any cos
dependence of the acceptance that may exist can be safely neglected at the current
level of precision. In subsequent fits to extract more fundamental parameters such
as couplings. the asymmetries determined by the maximum likelihood approach
will be used in preference to the other methods. As the agreement between the two
fitting methods is so good. the only justification for using the maximum likelihood

results is the @ priors lack of explicit 8 dependence inherent in this procedure.

5.6 Muon pair cross section measurement

The experimentally measured cross section is defined as,

N (5.3)

/.Cdtg

where / L dt is the integrated luminosity and N, is the number of muon pair

o'uu( S)

events produced for a given integrated luminosity. Ny, is calculated from the
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observed number of muon pair events, .\"‘,“"’“. by correcting for events lost due to

imperfections in the detector and sclection procedure. for the acceptance being
less than 47 and for backgronnd contamination.
These different sonrces of inefficiency are combined into an overall correction

factor. F..,.. such that

r — ' \robs
A e Fcorr X "\'““ .

P

3
€ riggm’fﬁlterAel = Esimulation

R ore =

where €yigger ‘and €nier are respectively the efficiencies of the trigger and filter,
Ayr is the acceptance of the detector (evaluated using GOPAL), €gimulation 1S @ factor
to compensate for losses arising from effects present in actual data that are not
included in the simulation. such as tracking problems in particular regions of the
jet chamber. and P is the overall purity of the selection procedure.

The purity is defined as ﬁi@b—g with Npg the number of background events in
the sample that have survived the muon pair selection cuts. It has been illustrated
in section 5.4 that the only significant background is from 77~ events, i.e. Ny, =
N... By assuming that the production cross sections for 7*7~ and ptp~ are equal,

the purity depends entirely upon the ratio %rf‘r— Using the results from Monte Carlo

;:' . the purity is found to be P = 0.989 4 0.001,

F

studies in table 5.2 to determine

where the error is from the statistics of the simulated data samples.

5.6.1 Acceptance correction

The overall acceptance of the detector. A,,. is the largest single contribution to
Feorr. It is evaluated by using the KORALZ data set described above and following
the same procedure as used to determine background contamination. A total of
18309 events out of a generated sample of 20000 were classified as muon pair
candidates. This is leads to an acceptance measurement of A,, = 0.915 + 0.002,
where the quoted error is statistical only. The energy variation of the acceptance
was studied using event samples at the 4-vector level and is estimated to be less
than 0.3% over the range of the energy scan.

This was evaluated by generating 16 samples of 4-vectors, each consisting of
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Figure 5.14: Energy dependence for p*p~(7v) events.

half a million KORALZ events. Eight of these samples were generated without any
photonic corrections in either the initial or final states, whilst the remaining event
samples were generated with second order exponentiated initial state radiation
and first order final state radiation. The standard model input to the simulation
was My = 92.0 GeV and My = M, = 100 GeV. The centre of mass energies were
chosen to have approximately the same /s — Mz as in the actual data, assuming
Mz = 91.174 GeV from [20]

Only a very simplistic definition of acceptance was used, viz. two muons were
required be within |cosf| < 0.95: no cnuts on the momentum or acolinearity of
the muons were made. The results of this study are shown in figure 5.14. It can
be seen from the figure that in the absence of photonic effects, the acceptance
has negligible energy dependence and is also equal to the lowest order expectation
of approximately 92.7%. (This is obtained by integrating the standard model
angulai distribution of (1 + cos?) within |cos 8] < 0.95 and comparing it with the
same distribution integrated over the full solid angle.) In the presence of photonic

radiation, the acceptance does vary with the centre of mass energy, but only by a
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Source of inetliciency numerical value
Trigger officioncy. €jgeer 0.998 + 0.002
Filter etficieney. egar 1.000
Acceptance. A 0.915 &£ 0.002
Moute Carlo imperfections. €gmuaton | 0.991 4 0.008
Purity of selection procedure. P 0.989 £ 0.001

] Overall correction factor. Fe,,, [ 1.093 £+ 0.009 !

Table 5.6: Contributions to correction factor. Fio.p. and systematic error.
relatively small amount compared to the statistical error on the measured data.

5.6.2 Sources of systematic error

By its very nature, the overall correction factor to the cross section, Fiopm, is
a source of systematic error. The errors associated with several of the quantities
that define F...; are unchanged from previous work [20], whereas the estimates of
P and Ay and the associated uncertainties have been re-evaluated. Systematic
discrepancies between GOPAL and the detector itself are incorporated into Fior
through the factor €gmulation. Numerical values for all constituents of the global
correction factor and errors are given in table 5.6. With the contributory factors
considered, the resultant overall correction is estimated to be F.,,, = 1.093 + 0.009
(systematic).

A further source of systematic error for cross section measurements is the
measurement of the luminosity. This has been extensively described elsewhere
[20.63.64] and it is sufficient to note herein that the total systematic error on lu-
minosity measurements in 1990 has been estimated to be 1.0%. This is larger than
the statistical error present in luminosity measurements. arising from the number
of small angle scattered Bhabha events recorded in the forward detector, which is
typically 0.5% in a given energy bin with the integrated luminosity accumulated
per bin. In addition. there is a systematic uncertainty on the overall LEP energy

scale of £24 MeV,
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Vs (GeV) /L’ dt (nb=h) | Nk T (nb)
88.223 479.6 £ 3.2 | 109 | 0.248 £ 0.024
§0.227 507.1 £ 3.6 | 231 | 0.423 4 0.028
90.226 104.7 £ 3.0 | 317 | 0.836 £ 0.048
91.222 | 3519.6 £ 9.0 | 4834 | 1.501 &£ 0.022
92.216 5244 £ 3.3 | 330 | 1.105 £ 0.049
03.220 558.7 £ 3.7 | 307 | 0.601 £ 0.035
94.219 548.7 £ 3.7| 202 |0.402 + 0.028

| Total | 6633 £ 12 |6530 | |

Table 5.7: Measured mmon pair production cross sections, corrected for inefficiency

and acceptance.

5.6.3 Measured cross sections

The muon pair cross section is evaluated according to equation 5.3 in each of

seven energy bins. Each bin combines data from several energy points with slightly

differing centre of mass energies (the typical variation in centre of mass energy is

less than 7 MeV). the central energy value for a bin being determined by weighting

the different energies according to their respective integrated luminosity. The final

cross section in each bin is presented in table 5.7, together with the (uncorrected)

number of muon pair events and the integrated luminosity. The errors on the

luminosities and the cross section are statistical only.

5.7 ppy (colinear ) cross section measurements

This section describes a study of the utu~+ final state for the case where photons

and muons are colinear. Three measurements are presented, viz.

1. the differential cross section with respect to energy of the colinear photons,

N
dry’

[

. the total cross section for the process. oo (ut =),

3. the cross section for this process relative to the muon pair cross section with

inclusive photons. Tl st

a(utu= ()"
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These measnurements depend uimn two parameters. The first of these. a. is the half
angle of a three dimensional cone aronnd each mmon and photons within such a
cone are defined to he colinear with the mmon in question. The second parameter.
™ is a lower honnd on the colinear photon energy divided by the beam energy.
Zo. This is used during the integration of the differential cross section at each

centre of mass energy in order to obtain the total cross section as a function of

V3. By defining the differential cross section in terms of the scaled photon energy,

min
o

Tq, the same 2™ can be used at all points in the scan.

In the detector. the energy of colinear photons is obtained by summing the
energy of all ECAL clusters within a fixed a cone around each muon candidate in
an event. The experimental measurement is complicated by the fact that muons
themselves deposit a small amount of energy in the ECAL, E,;,, which is approxi-
mately 600 MeV per muon. A further complication is presented by the production
of bremsstrahlung photons as the muons travel through the material of the de-
tector. This latter effect is corrected for using the detector simulation in order
to obtain a physical measurement that is independent of the particular hardware
configuration of which OPAL is composed.

In order to establish that the behaviour of these clusters is well understood, a
comparison is made between the candidate muon pair events and Monte Carlo. It
is essential that the Monte Carlo is capable of reproducing distributions observed
in the real data before it may be used to correct the data. Having done this,
the parameters « and »™" are fixed. the treatment of the E.;, contribution to

the ECAL energy is quantified and finally the three physical quantities above are

measured.

5.7.1 Comparison with Monte Carlo

The muon pair candidates used herein are as for the inclusive u*p~ () cross section
measurements. These are compared with the same sample of 20000 Monte Carlo
muon pair events (including detector simulation) that have been used above to
determine the acceptance for ptu=(4) events. It should be noted that although

these events have a thorough second order (exponentiated) treatment of initial
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Figure 5.15: Energy flow around muon candidates.

state radiation. they only allow for single (unexponentiated) photon production in
the final state. The most relevant quantities to compare are the electromagnetic
energy flow around muon candidates. the total electromagnetic energy colinear

with muons and the differential cross section.

Energy flow around muons

The energy flow is defined as the distribution of ECAL cluster energies as a function
of their angular separation. a. from a muon track, where the cluster energies are
expressed in terms of z,. This is shown in figure 5.15. There are approximately
three times as many Monte Carlo events as real muon candidates in this figure. It
is apparent that a higher proportion of low energy ECAL clusters are very close to
charged tracks (within 2°) in Monte Carlo than in real data. The fact that the 6
resolution of the central detector is better in the simulation than the real detector
contributes to the discrepancy.

However. there is a relatively good agreement on the fraction of all clusters
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Figure 5.16: Summed ECAL energy in a cone of half angle 200 mrad in r-4.

within 10° of a muon candidate (92.4 + 0.2% and 93.4 + 0.2% for real data and
Monte Carlo respectively). given that residual noise clusters in the ECAL which

remain after all ‘hot’ clusters have been removed is estimated to be of order 0.5%.

Total colinear electromagnetic energy

Energy is summed in a cone of half angle 200 mrad in the r-¢ plane around each
muon candidate and the distribution of this quantity for real and Monte Carlo
events is presented in figure 5.16. where the simulated data has been normalised
to the number of real muon candidates. By using a more inclusive quantity such
as the sum of all ECAL cluster energies around a muon, a good overall agreement
is obtained between Monte Carlo and real data although the peak positions are
shifted by 1 bin (50 MeV) and the sum of real ECAL energies is slightly broader.

The sum of ECAL clusters in r-o is used to illustrate this agreement as this

quantity is used in the definition of muon candidates in the absence of muon
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Figure 5.17: Differential cross section, before Epy, subtraction.

chamber and HCAL information associated to a charged track. Muons identified
in this way are constrained to have less than 3 GeV of associated ECAL energy
and so will not make a large contribution to the measured colinear cross sections.
However, these events constitute less than 4% of all muon candidates and the

losses can be corrected for using the simulation of the detector.

Differential cross section

The differential cross section for real data and Monte Carlo are compared in fig-
ure 5.17 (note logarithmic scale). The simulated data has been normalised to the
total number of real muon candidates. For clarity, the Monte Carlo data is pre-
sented as a solid profile. despite the fact that the statistical error in each bin is
approximately G0% of the corresponding error for real data.

dN

In these spectra. colinearity is defined by a = 10°. Both =~ distributions

contain a contribution to the ECAL energy sum from the minimum ionising energy
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of the mmons. although most events in which the only electromagnetic clusters are
of this origin will he contained in the frst bin. f.e. x4 < 0.05. which is equivalent
to 2.3 GeV on peak. The agreement hetween the simmlation and the observed data

1s good, even in the large v, region.

5.7.2 Choice of parameter values

The differential cross scction must always be qualified by the value of a used in
carrying out the measurement. whilst the total and relative cross sections must
additionally specify the appropriate value of 2™", Each of the three measurements
(differential. total and relative cross sections) requires that the minimum ionising
energy be removed from the differential cross section. The simple criteria used
to select appropriate values for the two parameters, and the treatment of the

minimum ionising signal are summarised below.

Colinearity half angle, o

This is set to 10°. In order to study the effect of the choice of a upon the measured
differential cross section. half a million muon pair events including initial and final
state radiation were generated at 4-vector level. The value of /s — Mz in this
event generation was +0.2 GeV. The calculated differential cross section for various
values of a is shown in figure 5.18. The a = 10° curve is a compromise, being
sufficiently large that the measured differential cross section is insensitive to small
variations in «a. without being so large that it amounts to defining all photons in
a given event as being colinear with either muon. i.e. a = 90°.

It is important that the differential cross section is not critically dependent
upon the choice of a due to the finite angular resolution of the detector and to
allow for a distortion in the definition of the cone at small polar angles. This

affects the cone at the edge of the acceptance.

Minimum colinear photon energy, »m"

A further half a million events were generated without the simulation of final

state radiation. The differential cross section for these events for various values
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of « 1s shown in figure 5.19. This figure is for illustration only. hence curves
are nsed rather than points with error bars. despite very limited statistics in the
larger . Dbins. In contrast to the previous figure. most events do not contain
significant amonuts of colinear photonic energy. Thus. by choosing " =0.05
a large fraction (~ 10%) of all of the events generated with final state radiation
(shown in figure 5.18) are sclected whilst almost all of the events generated without
final state radiation (shown in figure 5.19) are rejected. To increase 27" to 0.10
would reject a further 35% of remaining events. which is deemed unacceptable

given the limited munber of real muon candidate events.

Minimum ionising energy, E, .,

The minimum ionising energy for any given muon candidate, En;p, is sampled from
a distribution of energies and thercfore cannot be strictly subtracted on an event
by event basis. However. as this distribution is expected to be narrow compared to
the binning used in the differential cross section. a fixed value of Epnp, is subtracted
from each muon with a non-zero colinear electromagnetic energy. (The half width
of the distributions in figure 5.16. which contain both colinear photonic energy and
the minimum ionising signal, are 170 MeV whereas the differential cross is binned
in divisions of approximately 2.3 GeV on peak.) The result is that every event
has either Erip ot 2E,;, subtracted; any events with a colinear energy numerically
less than zero after this subtraction are rejected.

In order to assess the effect of this procedure, the value of Eny, used was
varied in the range from 400 MeV to 800 MeV in steps of 50 MeV for real and
simulated data. The relative proportion of events rejected in the real data and the
simulated data by the E;, subtraction procedure varied with changes in Ep;p, as
expected from the summed energy distributions shown in figure 5.16. The value
chosen was En;, = 600 MeV. The total and relative colinear photon cross section
measurements. in which only events containing more than zT"® photonic energy
are used, are found to be relatively insensitive to the precise value chosen for Epnp.
Variations in En;, by £50 MeV around a central value of 600 MeV change the

total colinear cross section by +£2.8% whilst even very large changes in E.p, of
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4200 MeV only modify the total colinear cross section by +11%.

5.7.3 Measured colinear photon cross sections

With o - 10°, z7r = 0.05 and a straightforward method defined with which
to treat the minimum ionising energy deposit, the proposed measurements are
performed. To a good approximation. the acceptance for colinear putp~v events
is the same as that for u+p~(7), the most probable origin for a discrepancy being
the imposition of a harsh cut in acolinearity or acoplanarity of the muon pair, or a
cut in the maximum ECAL energy in a muon pair event. No acolinearity cut has
been used throughout the analysis and the only restriction on acoplanarity made is
that the two muon track candidates have an acoplanarity such that cos{ > —0.95.
The application of a cut on the ECAL energy is discussed below.

In the absence of muon chamber or HCAL information, some charged tracks

are identified as muon candidates on the basis of the total associated ECAL energy
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(as defined in fignre 5.16) being less than 3.0 GeV. Muon candidates identified by
this method alone represent 3.8 £ 0.1% of the total number of recorded ptu™ (%)
events. By studying mmons identified using the HCAL and muon chambers. 10.3
+ 0.2% of pnTp (%) events would be expectéd to fail this ECAL cut. The total
loss of jutp™~ events from this source is therefore estimated to be 0.4 + 0.01%.
There is very good agreement between Monte Carlo and real data on the value of
this inefficiency. It is part of the overall correction to the cross sections which is

described below.

Differential cross section

. . . . . 7 .
The differential cross section with respect to the colinear v energy, (;ix]:-'o—, is shown

in figure 5.20 for the observed muon candidates and Monte Carlo data including
detector simulation. The simulated data has been normalised to the real data. A
good agreement is seen between the distributions. It has been illustrated above
that with the chosen values of a and ™" most of the initial state radiation has
been excluded from this (and subsequent) distributions. However, bremsstrahlung
radiation produced during the passage of the muons through the detector will also
contribute to the colinear cross section.

In principle it is possible to correct for bremsstrahlung contributing to the
measured colinear ~ cross section by comparing a Monte Carlo sample of 4-vectors
with the results of the detector simulation. In the case of the differential cross
section this is not performed due to the relatively limited Monte Carlo statistics
of the event sample with the full detector simulation. However, the correction
is applied to the total and relative cross section measurements and is described

below.

Correction factors for total and relative cross sections

The correction factor for the total colinear 4 cross section Cro, is defined in

analogy with equation 5.2 as.

_ 0,4u-,(GOPAL)

C'Tot = (54‘)

@ o+ -~ (4-vector)
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Data sample GOPAL | 4-vectors
Events generated 20000 50000
N4 p-sJeos 0] < 0.95 1931 3369
Ntp-(4)- |cos 8] < 0.95 | 18309 46260
Cron 1.33 £ 0.04
Crel 1.45+£0.04

Table 5.8: Correction factors for p* =~ cross sections (errors are statistical)

where 7,+,-,(GOPAL) and 0,+,-,(4-vector) are the total cross sections deter-
mined using GOPAL and the 4-vector simulation respectively. This Cr,, appears in

the expression for the total measured cross section as

Vobs

Tty

aro(pt1™y)
Tot /‘C dt

In the same way, the correction factor for the relative cross section is given by,

| U”+‘,—7(GOPAL)/0#+ I“(‘/)(GOPAL)

C = 3.5
Rel O+ u-+(4-vector) /o ,+ .- ()(4-vector) (5:5)
and is incorporated into the relative cross section by
- rob

o(ptu=(v)) CRelA’Obs ()

As the same generator and standard model input was used for the events
processed by the detector simulation as for the pure 4-vector events, relative nor-
malisations are used in equations 5.4 and 5.5, i.e. Ct,, and Cre are calculated in
terms of numbers of events rather than in nb.

In the case of the total cross section. the correction factor must be multiplied
by an additional factor to allow for the loss of events between 0.95 < lcos 8| < 1.0,
trigger efficiency, imperfections in the detector simulation and the selection purity.
The correction from the events lost at small cos 8 is given by the fraction of all
4-vector events generated that are within |cos 6| < 0.95, i.e. 0.925 & 0.001. The
remaining three corrections are taken from table 5.6 and give a combined factor
of 1.000 £ 0.008 (systematic). The final correction factors and the numbers of
events generated to calculate them are given in table 5.8. No energy dependence

is attributed to these correction factors.
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Vs (GeV) /L'(H (ub™h) _\’;:L’jl__; gl ) (ph) %
338.223 479.6 £ 3.2 10 16 £5 0.063 £ 0.020
89.227 507.1 = 3.6 20 336 0.078 £ 0.015
90.226 404.7 £ 3.0 37 69 £ 11 0.080 £+ 0.013
01.222 3519.6 £ 9.0 492 105 £ 5 0.070 £ 0.003
92.216 5244 £ 3.5 65 93 + 12 0.085 £ 0.011
93.220 538.7 £ 3.7 25 Hx7 0.056 + 0.011
94.219 548.7 £ 3.7 34 47 + 8 0.116 £ 0.020

| Total | 6633+12 | 639 ] ] |

Table 5.9: Measured absolute and relative u*u~v (colinear vs) cross sections.

Total cross section

The total cross section for the process. ao(utp~7), after this correction for
acceptance and efficiency has been made is presented in figure 5.21. The numer-
ical values at each centre of mass energy are given in table 5.9. The measured
cross sections have a 3% systematic error from the correction factor, Cto and 1%
systematic error from the luminosity determination. The data exhibits resonant
behaviour with a peak value in the region of 91.5 GeV (by inspection). To simplify
the comparison with Monte Carlo, the cross section for this process relative to the

inclusive p*pu~(v) cross is used. as described below.

Relative cross section

010(#*’#"*/} sys-

By considering the ratio of two similar cross sections and studying (a0
tematic errors arising from the measurement of luminosity and acceptance cancel.
This is illustrated by the definition of relative cross section given in equation 5.6
in which the only measured quantities are numbers of events. The only remaining
errors are therefore statistical errors from the number of recorded events, assum-
ing that any difference in the acceptances for the two cross sections is negligible.
The numerical values of %i(%%% shown in figure 5.22, are included in table 5.9.
Also in the figure is a prediction for the relative cross section from a Monte Carlo
at 4-vector level. None of the 4-vector predicted points plotted was used in the
evaluation of the correction factor. Cre-

There is a good agreement between the measured data and the Monte Carlo
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prediction: the - per degree of freedom of the measured data compared to the
prediction is 9.3/7. The non-resonant hehaviour in this distribution indicates that
the colinear plotons are not strongly dependent upon /s — Mz. As discussed
above. the values used for a and +™* eliminate most initial state radiation from
these measurements. The actual contribution from final state radiation has been
estimated by studying 4-vectors events simulated without final state radiation; it
is found to be less than 0.01%. The measurements are therefore taken to be a

measurement of the colinear final state radiative cross section.




Chapter 6

Measurement of electroweak parameters

The calculated muon pair cross sections and asymmetries described above may
be used to measure the electroweak parameters Mz, I'z, Uﬁf}e, a;? and @29, In
the minimal standard model, the latter four of these may be expressed in terms
of M. Comparing the experimentally determined values of these four parameters
with theoretical predictions for the measured My constitutes a test of the standard
model. This chapter describes a measurement of the five electroweak parameters
above and the results of a such a test of the standard model.

The measurements Vare performed by fitting theoretical expressions for either
the lineshape alone, or both the lineshape and integrated asymmetry simultane-
ously, to the corresponding observed quantities corrected to the full solid angle at
each energy point in the scan. The fits are divided into two categories, viz. stan-
dard model and model independent. In this context, a ‘standard model’ fit is used
to mean that the only parameter fitted is Mz and all couplings and widths (and
hence the overall normalisation) depend upon Mz. Conversely, a ‘model indepen-
dent’ fit is one in which the couplings and widths are fitted as free parameters
in addition to Mz, although the functional form of the standard model is used
throughout for the cross section and asymmetry. Both standard model and model

independent fits are presented below.
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6.1 Standard model fits

In order to fully describe the lineshape and asymmetry, it is necessary to include
various higher order corrections to the tree level cross section as discussed in
chapter 4. In a pure standard model fit, the electroweak corrections to the partial
widths from self energies and vertex corrections must be evaluated, whereas in the
model independent case the partial widths are made free parameters of the fit and
so automatically include all such corrections. To avoid making unnecessary ap-
proximations, the standard model fits are based upon two semi-analytic programs
which incorporate a full one-loop calculation of weak corrections; the contribution
from box diagrams, which is negligible at ‘the current level of precision, is not
included in the fits.

Both programs also include initial and final state photonic corrections of at
least O(a) with exponentiation and interference between initial and final states
of O(a). The total cross section calculated by the two programs agree to better
than 0.2%, as shown in section 4.5.3. On a technical note, as the evaluation of
self energies to determine I'z, Mw and sin®@w is very slow, this calculation is only
performed once for a given value of M7 during the fitting process. The lower limit
on the invariant mass of the final state muon pair, which is needed in order to
evaluate the effect of photonic corrections, is taken to be 12 GeV in all fits as

muon candidates are required to have a momentum greater than 6 GeV.

6.1.1 Cross section fit

The cross section is described by the lineshape programs ZSHAPE and ZFITTER.
The former program contains a full O(a?) treatment of initial state photonic cor-
rections, whereas the latter calculation is complete to O(a) with leading terms

from O(a?). Fits are performed by minimising a x? function given by

™ (Guls5) = 0(s;))”

X'=3 - : (6.1)

J=1 0-‘7;4;4(3.1')
where 0,,(s;) is the measured cross section, of¢(s;) is the fitted value of the cross

section and 03““(31,) is the variance on the measured cross section. The summa-
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Figure 6.1: Cross section for muon pair production, with standard model fit.

tion extends over the seven centre of mass energies at which cross sections were
evaluated. The same fitting package was used as in previous fits of section 5.5.

There is a correlated systematic error on each measured cross section arising
from the 1.0% uncertainty in the luminosity measurement. This overall normal-
isation should strictly be taken into consideration by defining the x? function in
terms of a covariance matrix, as described in [65]. However, as the most precise
cross section measured has a statistical error of 1.4%, and all other cross sections
have statistical uncertainties = 5%, this more refined treatment is not necessary
with the muon pair data so far accumulated.

Fits based upon both ZFITTER and ZSHAPE were performed and the results
were indistinguishable to four significant figures. The fitted lineshape is presented
with the measured cross sections in figure 6.1. The fitted value for the mass of the

Z° obtained is given,

My = 91.20 £ 0.04 GeV, with x*/DF = 3.2/6.
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Figure 6.2: Forward-backward asymmetries for muon pairs, with standard model

fit.
6.1.2 Cross section and asymmetry fit

The forward-backward asymmetry may also be reduced to a function in which the
only significant free parameter is My and therefore may be fitted together with
the measured cross section data. A fit is carried out based upon the program
ZFITTER, in which the cross section and the integrated asymmetry are calculated

and compared with the measured data. It is necessary to modify the definition of

. (62)

the function to be minimised for this fit such that,
2 2
2 (Gu(s) = o®(sy))  (As(s;) — ABs(s))
X'=3 o2 + o2
j=1 Tuuls;) A% (s5)
where AZ%(s;) is the measured asymmetry, A8%(s;) is the fitted value of the asym-

metry and afs;‘;; (s7) is the variance on the measured asymmetry. The result of this

fit, which is dominated by the relatively precise cross section data, is
Mz =91.20 £ 0.04 GeV, with x?/DF =6.9/13.

The fitted and measured asymmetries are illustrated in figure 6.2, showing that

the fit to the data is very good as indicated by the xy?/DF. The conclusion is
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that at the current precision. the minimal standard model provides an adequate

deseription of the measured muon pair data.

6.2 Model independent fits

Model independent fits are made to the data in an analogous manner to the stan-
dard model fits, 7.e. first the lineshape is fitted and then the lineshape and in-
tegrated asymmetry are fitted simultaneously. The fitted results are discussed
and compared with the standard model after all fits have been described. In the
three model independent fits described below, the cross section is characterised
by three parameters, ¢q.v. Mz, I'z7 and aﬁzle. The reason for introducing aﬁf‘le, the
weakly corrected, resonant component of the cross section at s = M2 without
photonic corrections, is to reduce correlations between the parameters in the fit.

By definition, it can be seen from equation 4.14 that the pole cross section is given

by,
12=T.T,
by = W’

where all widths are weakly corrected quantities.

pole —

(6.3)

This particular combination of parameters represents an overall normalisation
of the cross section on resonance where the v-Z° interference and pure QED terms
‘are relatively small. If universality is assumed between initial and final state
charged leptons (I'; =T, = T,), it is possible to fit I')? in place of aﬂﬁle. However,
doing so makes the overall normalisation near to resonance a function of three free
parameters which introduces large correlations between them. By fitting the pole
cross section these strong correlations are circumvented and the results of the fit

may be used to determine I';.

6.2.1 Cross sectidn fits

Two fits are made to the cross section data. These are based upon the program
ZFITTER and an analytic approximation to muon pair cross section. Both fits were
carried out by minimising a x? function, as defined in equation 6.1, and have Mz,

T'z and aﬁzle as parameters to be determined by the fit.




Analytic calculation

The analytic expression for the cross section is based upon the weakly corrected
cross section for massless fermions given in equation 4.14. In order to account for
the effect of initial state radiation on the lineshape, this cross section has been
convoluted with a first order (exponentiated) photon distribution function [16,
p 114]. The final form of the cross section, in which interference effects have been
neglected, is given in Appendix C.

The fit carried out using this expression describes the data well, with a x*/DF

B
o
o
[¢]
th
o+
W
4
[¢]

value of 2.4/4. The parameter values derived from presented in table 6.1.

Semi-analytic calculation

The second model independent fit to the cross section is based upon ZFITTER and
includes the same photonic corrections as in the standard model fit based upon
this program. The cross section to which these photonic corrections are applied
includes 7-Z° interference and is based upon the improved Born approximation.
By inspection of the lowest order form for the total cross section given in equa-
tion 4.13, and the resonating function (xo(s)) of equation 4.7, it can be seen that
the interference term (Cf,lz)) makes no contribution to the total cross section at
s = M7 in the absence of photonic corrections.

Furthermore, this term is numerically small, contributing less than 0.2% to the
cross section at all centre of mass energies considered. In the fit, C’,(YIZ) is taken from
the standard model prediction for My = M, = 100 GeV to avoid the introduction
of an additional free parameter. Similarly the pure QED term (C,,), which is both
small and accurately known, is taken from the standard model prediction. These

| approximations do not significantly influence or bias the measurements made.

. 1) & .
In contrast, the term in Céz) is large on resonance and may be written as

cll) — i@r_r ’
ZZ GFMZ& l ’

which in turn may be rewritten in terms of the pole cross section. As muon pair
data alone is analysed, the only partial width that may be extracted from the

data is one for which universality between electrons and muons is assumed, i.e.
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T, 8) fit 7,4(3) and App(s) fit
Parameter Analytic ZFITTER ZFITTER

My (GeV) 91.21 £ 0.04 | 91.21 £ 0.04 91.21 + 0.04
'z (GeV) 2.52 £ 0.07 | 2.46 £ 0.07 2.46 + 0.07
Uzzle (ub) 2.03 £0.03 | 2.03 £ 0.03 2.03 £ 0.03
&° " (x107%) 73 + 54
& 0.23 + 0.04
Yv*/DF 2.5/4 1.9/4 5.7/9

Table 6.1: Parameters measured by model independent fits.

model independent parameters Mz, I'z and O'Ezle, a good fit is made to the data.
The x?/DF value for the fit, which is 1.9/4, indicates that this formulation of the
cross section accommodates the data well. The parameter values derived from the

fit are summarised in table 6.1.

6.2.2 Cross section and asymmetry fit

This is the most refined fit of this analysis and is performed by minimising a x?
function, as defined in equation 6.2. By fitting the asymmetry as well as the cross
section it is possible to measure the effective vector and axial vector coﬁplings
(defined by equation 4.9) in the combinations @,°%,%> and ;°. The improved Born
| approximation of the differential cross section is used as the basis for the cross
section and asymmetry calculations. The same cross section calculation is used
as in the previous fit. Implicit in this form for the differential cross section is
that only axial vector and vector couplings exist between the Z° and charged
leptons. The form of the integrated asymmetry that is fitted to the data (before
photonic corrections have been applied) is given in equation 4.8. This expression
simplifies at s = M2 as the tesonating function ha,s(2)no real component and the

resonant asymmetry is determined by the value of =%&

L Off resonance, the energy
27

R c'?
{’(ch))(s)} Z . Thus the
Czz1x0(8)P

parameters Cg“’z) and C’,Szz) directly influence the asymmetry, as intuitively expected

dependence of the asymmetry is governed by the ratio

of terms in the differential cross section that are linear in cos 8.
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Figure 6.3: Cross section for muon pair production, with model independent fits.
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In the improved Born approximation, these two parameters are assigned the

values.

4Q.Qia’

o =84%2, cY¥ = ,
2z =20 H 25 1 Aa’

~

where the couplings are effective leptonic couplings as universality has been invoked
between the initial and final state fermions. The denominator in C,(fz) differs from
unity as a consequence of the interference terms in the differential cross section
being linear in the effective electromagnetic coupling constant, a(M?2). The value

of the QED vacuum polarisation itself, Aa, depends upon Mz and M, as shown

100 GeV is used in evaluating Aa.

This combined fit is carried out and the five parameters so measured are sur-
marised in table 6.1. The x?/DF for this fit is 5.7/9. The lineshape resulting from
this and the analytic fit are compared with the observed data in figure 6.3. Both
fits to the measured cross sections are excellent. A good agreement is also found

between the fitted and measured asymmetries, as shown in figure 6.4.

6.3 <Comparison of results with standard model

The experimental observables to be compared with the standard model predictions
have been determined by three slightly different fits. The results of the various fits
are discussed briefly in the next section in order to obtain the ‘best’ measurement

“of each parameter before the comparisons are performed.

6.3.1 Summary of experimental results

The electroweak parameters extracted from the model independent fits are sum-
marised in table 6.1. The measured cross section and asymmetry data are accu-
rately described by each of the fits detailed above. A consistent value of the mass
of the Z° is found among the different fits. All model independent fits yield the
same My, which is within one quarter of a standard deviation of that resulting
from the from the standard model fits. This implies that the standard model is
not likely to be excluded on the basis of this analysis. The value of Mz to be used

131




as input for subsequent standard model calculations is that from the model inde-
pendent fits. In addition to the 40 MeV uncertainty on My arising from the fitting
procedure. there is a systematic error of approximately 21 MeV on My due to the
uncertainty in the absolute beam energy of LEP. (The absolute LEP energy scale
was determined by injecting protons into the LEP ring at 20 GeV as originally
proposed in [66].)

In the measurement of the total width I'z, the central value of I'z determined
by the analytic fit is within one standard deviation of that obtained in the other
model independent fits. The value of I'; from the semi-analytic based fit is used
in comparisons with the standard model as is derived from a more complete cal-
culation. Although the fit based upon the analytic expression for the cross section
contains a greater number of approximations than the correspondingvsemi-analytic
based fits, it is invaluable as a cross check of the more complicated fits. It also il-
lustrates that at the current level of precision in the data, the sensitivity to purely
photonic effects beyond O(«) is limited. There is a systematic error on I'y arisis-
ing from the point-to-point uncertainty in the LEP machine energy and radiative
corrections; it has been estimated to be approximately 10 MeV [2].

The value of the pole cross section is indistinguishable to four significant figures
between the various model independent fits. As with all cross sections calculated
in this analysis, this is qﬁaliﬁed by a systematic error due to the uncertainties in
the overall correction factor, Fuoy (0.8%) and the luminosity measurement (1.0%).
These dominant contributions to the systematic error on the pole cross section
are added in quadrature and included as a second error term in the table. A
measurement of I';, derived from the fitted values of O'Ezle, T'; and Mgz by using the

definition of aﬁf‘le from equation 6.3, is also included in the table. The systematic

pole

e 1s propagated through to Iy and quoted for completeness.

error on o

The effective couplings, measured as %%, and &%, are only determined by the
combined cross section and asymmetry fit. As the values of aﬁﬁle and I'z found by
this fit are in good agreement with those from the other model independent fits,
all parameter values are taken from the combined asymmetry and cross section

fit. Doing so allows the correlation of the different parameters to be studied. The
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Parameter Experiment Standard model
My (GeV) 91.21 £+ 0.04 £ 0.02 | input parameter
Tz (GeV) 2.46 + 0.07 + 0.01 2.48970037
g% (nb) 2.03 + 0.03 £ 0.03 1.9887000
T, (GeV) 0.0834 £ 0.0025 % 0.0005 0.083673000°
a;“0," (x107%) 73 + 54 287%°
a° 0.23 £ 0.04 0.2508%30032
x*/DF 5.7/9

Table 6.2: Comparison of measured values with standard model predictions.

‘best’ set of parameters is therefore deemed to be that shown in the rightmost

column of table 6.1.

6.3.2 Standard model tests

The standard model predictions for aﬁzle, Iz, &%%° and &?, which are functions
of My, depend upon the values chosen for the mass of the Higgs boson My and
the top quark mass M,. The My dependence of the observables measured herein
is far stronger than that predicted for even relatively large changes in either M,

or M. The standard model expectation for a given parameter is determined by

setting M; = My = 100 GeV and using the value,
My = 91.21 + 0.04 (exp) & 0.02 (LEP) GeV

obtained in the model independent fits as input to the calculation. An estimate of
the error is derived by allowing My to vary from 44 to 1000 GeV and M, from 70 to

230 GeV. The lower limits on these masses are based on [10] and [67] respectively.

The measured parameters and the corresponding theoretical predictions are
presented in table 6.2.

There is a good agreement between all measured parameters and the standard
model expectation. The prediction for the pole cross section is found to be ap-
proximately 1.5 standard deviations away from the observed quantity on the basis
of the fitted error alone and less than one standard deviation away from the mea-
surement when the systematic error is added in quadrature with the fitted error.

The measurement is entirely consistent with the standard model. It is important
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Figure 6.5: Confidence level contours for the measurement of a’ﬁﬁle and I'z.
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to be aware of the particular convention that is used to define the lowest order
couplings from which these effective quantitics are derived in order to compare
these measurements with other measurcments.

A different convention that is commonly encountered is one in which a; = 213
rather than ¢; = I3, and siwilarly for v;; quantities subsequently derived from these
couplings must be rescaled by the appropriate power of 2 before a comparison may
be made. For example, the quantities 4,°%;> and & in the above table must be
multiplied by the factors 16 and 4 respectively. Expressed in this convention,
the effective couplings measured are @29;2=0.0117 + 0.0086 and ¢,>=0.92 % 0.16,
which are consistent with the measurements 4,%6,2=0.0036 £ 0.0034 and &,2=0.99
+ 0.13 of [20] in which a similar analysis was performed using data from three
species of leptons and multihadrons.

In order to illustrate the correlation between the measured parameters, the
confidence level contours in the ozzle-I‘z plane from the fit are plotted in figure 6.5.
The values assumed by the parameters not appearing in the figure are allowed to
vary such that the contour may represent a locus of constant 2. In this plot,
the star indicates the central value of the fit and" the shaded area represents the
theoretically preferred region of this plane for the allowed variation of M, and My
described above. The data is seen to agree with the standard model prediction.
The two parameters in the plot are clearly correlated. However, the correlation
between aﬁzle and I'z is far less than that existing between all parameters in a fit
‘which used T'; rather than a’ﬁf‘le as a free parameter.

A similar plot of the confidence level contours in the &12612-0521" plane is shown
in figure 6.6. The absence of strong correlation between these parameters is ex-
pected as the former governs the asymmetry on resonance, which is independent
of the absolute normalisation, whilst the latter is proportional to the absolute
normalisation on resonance. The region of this plane preferred by the standard
model is consistent with the measurements made. The validity of definition of the
theoretically preferred region has been verified by mapping the region in question
from the &12612-02216 plane to the a,°¢;*-T; plane and comparing with a previous

prediction given in [20].
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6.4 Conclusions

Using the entire data set recorded by the OPAL detector in 1990 the electroweak
parameters of the Z° vector boson have been measured to a high precision by
studying the process ete™ — utu~(v). The p*pu~+ final state has been studied
and the colinear hard photon cross section and differential (energy) cross section
have been measured. The photons measured in this process are attributed to final
state radiation. The cross sections measured are consistent with the predictions
of the standard model. The putu~(v) final state has been studied and forward-
backward asymmetries and cross sections have been measured at seven centre of
mass energies in the vicinity of the Z° resonance.

The asymmetries have been determined by three different methods which give
consistent results that are in agreement with previous measurements [20]. The
cross section data has been used to measure the mass and width of the Z° and the

muon pair pole cross section in a model independent way. The results are,

M; = 91.21+0.04+0.02 (LEP) GeV,
Tz = 2.46+0.07+0.01 (LEP) GeV,

oPl® = 2.03+0.03£0.03 nb,

These results are used to deduce a value for the partial decay width of the Z° to

charged leptons,
I'; = 0.0834 4 0.0025 &+ 0.0005 GeV.

The cross section and asymmetry data have been used to obtain a measure-

ment of the leptonic couplings to the 7°. These couplings are measured in the

combinations,
a6 = (T3+£54) x 107%,
4% = 0.234+0.04,
adopting the convention that a; = I;3. For a given value of the mass of the Z°

and an allowed range of masses for the Higgs scalar and top quark, the standard

model makes unambiguous predictions for each of the parameters which has been
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measured. The predicted values are shown in table 6.2. The predictions are in good
agreement with the measured values for these parameters. which at the present
arc limited by statistics of the muon pair event sample. On the basis of the studies
performed herein, the standard model provides a good description of the process

efe™ = ptu=(v).
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Appendix A

O

PAL co-ordinate system and track

The OPAL co-ordinate system is a right-handed Cartesian system. The origin of
this system is defined by the centre of the jet chamber. The beam axis and the
axis of the OPAL solenoid are inclined at an angle of 13.9 mrad to the horizontal
plane. The z axis is defined by the e~ direction, the z axis points approximately
towards the centre of the LEP ring and the y axis is approximately vertical. Two
angles are defined in the OPAL co-ordinate system. These are the azimuthal angle,
#, which is measured about the z axis with ¢ = 0 defined along the +z axis and
the polar angle, 8, which is measured from the +z axis. This is best illustrated in
figure 2.2 which also shows a perspective view of the OPAL detector.

The vertex quality parameters, dy and zo are defined in various ways by different
experiments. Here, dy is defined to be the distance of closest approach of the track
to the origin in the r-¢ plane. It is a signed parameter with do > 0 for tracks that
enclose the origin and dy < 0 for all other tracks. The parameter 2 is defined to
be the z coordinate of the track at the point of closest approach in the r-¢ plane,
i.e. where dj is defined.

Other quantities which are required are the physics variables, pr, Et, { and
¢. The transverse momentum, p, is defined as the momentum transverse to
the beam direction, i.e. in the r-¢. The transverse energy, Er, is defined as the
electromagnetic energy at a given (6, ¢) that has been corrected for the amount

of material through which the particle has passed (the ‘corrected’ as opposed to
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‘raw’ ECAL energy) multiplied by sin 6.

Two important angles may be formed between any two tracks with momentum
vectors p; and p,. These are the acolinearity,‘ ¢, and the acoplanarity, £. It is
important to note that the acolinearity is a three-dimensional quantity, whereas

the acoplanarity is only a two-dimensional one. The acolinearity is defined by,

cos( = —%,
1711
and the acoplanarity by,

é = ”(bl ""452! - 7"!:

where ¢; and ¢, are the azimuthal angles of the two tracks.
From these definitions, it can be seen that two tracks that have an acolinearity
of zero are back-to-back in three dimensions, and similarly tracks having a zero

acoplanarity are back-to-back in the r-¢ plane.
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Appendix B

PASS 2 processing in the ME processor

The ME processor is capable of recognising certain conditions in which it cannot
reconstruct an event. On detecting such a circumstance, an attempt is made to
recover the event by restarting the processing using a modified set of segment
finding rules. The conditions under which this second pass takes place, the mod-
ifications to the segment finding and the changes to the program control within
the processor are described below.

Second pass processing is normally associated with localised areas of high ac-
tivity in the chambers caused by showers of low energy particles emerging from the
outer surface of the HCAL or iron absorber. As the muon endcap readout is projec-
tive and small correlations that exist in pulse heights between the signals recorded
in either projection are not used, the number of possible three-dimensional track
segments tends to increase as the square of the number of 2d-segments in either
projection. It is clear that in events with an exceptionally high number of hits in
a small area, the number of possible combinations of track segments will become
unphysically large.

A series of checks are made before loop variables or certain array indices are
incremented in order to trap possible ‘overflow’ events. The internal checks made
correspond to readily identified objects in the detector. Details are given by the
processor of the particular point in the code for which PASS 2 processing was
necessary. The ME processor invokes second pass processing if any of the follow-
ing conditions are satisfied during the initial processing of the event with default

processing parameters:
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|
[---MEBAT Convert raw data to track segments.

| |---MEDICN Find hits present in (packed) raw data.

| I |---MESTCO Convert strip number to OPAL system.

| |---MEPATR Find and fit track segments.

l |---MEUPCO Save normal parameters if processing incomplete.

| |---MEWIPE Clear debris if event processing incomplete.

| |---MEUPCO Use "PASS 2" parameters if appropriate.

| |---MEPATR Try to find track segments in "PASS 2"7

I |---MEUPCO Restore normal parameters after re-processing?

| |---MEWIPE Clear debris if event processing still incomplete.
| ---MEDROP Tidy up intermediate processing results.

Figure B.1: Decomposition of the ME PASS 2 processing into subroutines.
1. There are more than 500 clusters in the whole detector.
2. There are more than 1500 2d-segments in any projection at either end.

3. There are more than 200 2d-segments that satisfy CJ pointing and survive

ambiguity resolution in any projection at either end.

4. There are more than 150 unused coordinates.

ot

. There are more than 1500 3d track segments in either endcap.

For second pass processing the segment finding rules are significantly modified
from those used in normal processing, which are described in chapter 3. The
- second pass processing parameters result in the following changes of behaviour of

the segment finder:
e The road width is increased from 0.9 cm to 1.0 cm

e Each track segment is required to have minimum of four zz hits matched
to four yz hits from the same streamer tube planes; thus no 2-hit or 3-hit

2d-segments will be formed during a second pass processing.

e 2d-segments are considered ‘identical’ if their slope and intercept differ by
less than 10 standard deviations. (Normally this comparison is performed

at the 3 standard deviation level.)




If any of the original limits that initiate the second pass processing are exceeded
during a second pass phase then all segments are cleared and the event is considered
lost. This occurs in less than 0.05% of all events with a comparable frequency in
both Monte Carlo and real data. The control of the ME processor under these
circumstances is illustrated in figure B.1. Failure of the normal processing is
indicated by a non-zero return code from the routine MEPATR. This causes the
current set of processing parameters, which may have been altered by FFREAD

data cards from the default values, to be stored temporarily (MEUPCO); the

L

data structure is cleaned up to remove incomplete processing results ( MEWIPE);
the PASS 2 parameters are loaded from either the main calibration database or
from data cards if they are present (MEUPCO) and then the segment finding is
restarted (MEPATR).

The initial segment finding parameters are subsequently restored to reinstate
normal segment finding rules (MEUPCO). If the event processing is still incom-
plete, the event data is cleared (MEWIPE) and the event is deemed unusable.
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Appendix C

Approximate analytic cross section for

+a— +,,—
ele - 11 1]
v < il o

Any expression for the efe™ — ptp~ cross section that is to be of practical use in
the vicinity of the Z° must include at least the first order photonic corrections and
preferably exponentiation of the soft photon terms as well. Such an expression can
be derived, albeit with approximations, following the structure function formalism
(outlined in [16, p 104]) in which a cross section without photonic corrections, opoy
~is convoluted with a ‘radiator’ or photon distribution function, G(y), to yield a
cross section that includes photonic corrections.

The general form of the cross section in this approach is given by

o(s) = /w 4y Onor(59)G (@), (c.1)

in which the function G(y) represents the probability of radiating a fraction (1 —y)

of the centre of mass energy from the initial state with,
2

M
and 4—+ <y, <y <1,
8

s
y=—
S8

The specific form of G(y) used here includes only first order terms and is given
by,
Gly) = A -yl (1 +87) + 8

where,

2
e = 3( L+”——2),
s




44
6t = —Z(1+yNL-1),

. 2
L=In—. 3=L-1)
ris

777,;

A further approximation that simplifies the convolution is the use of the weakly
corrected cross section for massless fermions ¢,(s), as given in equation 4.14, in
the integral above. For the precision required with the current integrated luminos-
ity, the interference term of o,(s) has been excluded as its retention requires an
additional free parameter if this expression is fitted to real data. The integral of

equation C.1 has been evaluated ([16, p 114]) and leads to the final approximate

expression for the total muon pair cross section given below.

C - vT 8 ﬂ
o) = { % (Fosteosc o1+ 57 - B,)
CR ﬁ B-1 . v s é
P (,6 17 @(cos(,B+1)(1 + 677°) 2J2
i 7 !
1L [1+ 2L (2111(1 _ %y gl _s_g)
3 T K] 8 2 s /
2 ! ! /
+ = (1—1-21n(1—3—°)+1n39-8—°>”
w\3 s s s
where,
Co = 12=T.T,
BTOMIA+ )
47
Co = ZQua (M),
_ mBsin[(1 - B)(]
¢(cosC,B+1) = sinwBsin{
2+a B
J = ; A— 2
2 Y
with the substitutions,
y MZ ~ I‘z

Mz

— s FZ = ’
1+ T2/ Mz)? 1+ (Tz/Mz)?
a = .7\71'22/8 - 1, b= .Z\jfzfz/s,

n= Va2+b27 COS<=a/773

a a’+2a+1+05°
5 — arctan 7’ B=In Z1 5 .

a
A = arctan
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The parameter ) is the minimum invariant mass squared of the final state muon

air 1 e o = 2
paur, ne. $; = sy 2 4.
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