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Abstract

Measurements of the trilinear gauge boson vertex coupling (TGC) pa-
rameters and the W polarisation of WYW~ boson pairs produced in ete™
collisions are presented. The data were recorded by the OPAL experiment
at LEP during 1998, where a total integrated luminosity of 183 pb~! was
obtained at a centre-of-mass energy of 189 GeV. Only events where one W
boson decays into a quark and an anti-quark, and the other W decays into a
lepton and a neutrino are used. The selected data sample comprises of 1075
events.

All the measurements are performed through a spin density matrix anal-
ysis of the W boson decay products. In addition to this, an analysis of the
W production angle is performed to further constrain the measured trilinear
gauge boson coupling parameters.

The sets of TGC parameters measured are Ax,-A-Agf and fsz-:\z—gj. The
first set are all CP-conserving, where as the second set are all CP-violating.

Both sets of parameters may have anomalous values without violating the

SU(2) x U(1)y gauge symmetry of the electroweak Lagrangian. The mea-



sured values of the CP-conserving parameters are:

Ak, = —0.23570:232
A = —0.0821102
Agi = —0.038¥3:192

and for the CP-violating parameters the following are obtained:

f, = —0.184+0:991
A, = —0.13613181

g = +0.07075288

All errors include both statistical and systematic uncertainties.

In addition to the measurement of the TGC parameters, the SDM anal-
ysis is used to directly measure the W bosons polarisation states. The W
boson may have either longitudinal or transverse polarisation. The frac-
tion of W bosons produced with longitudinal polarisation is found to be
oL/0sotal = (21.9 & 3.4 £ 1.6)%, where the first error is statistical and the
second systematic.

The joint W-pair production fractions were found to be; orr/otota =
(76.8 £ 9.0 £ 3.2)%, oLL/0total = (20.6 7.2 + 1.8)% and o7 /0total = (2.6 =
14.7 + 3.8)%.

All results are consistent with Standard Model expectations.
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Chapter 1

The Standard Model

The most widely accepted theory that describes interactions at their most
fundamental level is the Standard Model. This theory has so far stood up to
to all the tests that have been applied to it at the highest possible energies
reachable today. It is, however, a far from complete theory and is only a low
energy approximation.

A scientists goal should always be to question the theories and test them
to see how accurately they represent the true data. One of the main aims of
particle physics has been exactly this, to test the Standard Model. In this
thesis some previously unexplored areas of the Standard Model are investi-
gated, along with some areas that are not well constrained and the results
are compared directly to those predicted by the Standard Model.

Firstly, in this chapter a few of the basic ideas of the Standard Model are

described to give an overview of the theory that is being tested.

18



1.1. THE FUNDAMENTAL PARTICLES 19

1.1 The Fundamental Particles

The Standard Model can be described in terms of the interactions of a few
fundamental particles. These particles are separated into two distinct groups,
the “matter” particles called fermions, and the “force-carrying” particles
called bosons. The two groups of particles differ in their intrinsic angular
momentum. The fermions have half-integer spin and the bosons have integer

spin'. A description of the two types of particles is given below.

1.1.1 The Fermions

The fermions can be subdivided into two groups, those that can interact
via the strong force, and those that cannot. The first group are called the
quarks and the second the leptons. Both groups contain six particles and six

anti-particles which are separated into three generations.

The Leptons

The six leptons are, generation one; electron (e”) and electron-neutrino
(ve). Generation two; muon (x~) and muon-neutrino (v,). Generation three;
tau (77) and tau-neutrino (v,). The corresponding anti-particles, positron,
anti-muon and anti-tau, have the same mass as the particles and the opposite
quantum numbers.

The fermions have half-integral spin so they may exist in two helicity
states. However, the neutrinos only exist in left-handed states and anti-
neutrinos in right-handed. For this to be possible, the neutrinos must be

massless? and this is how they are described within the Standard Model.

1The spins are taken in units of A.
2There is now strong evidence from the Super-Kamiokande experiment that the neu-

trinos may not be massless[1, 2, 3, 4]. Thus they must exist in both helicity states.
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The mass of the leptons increases with generation, the electron is the
lightest (~ 0.51 MeV) and tau the heaviest (~ 1.78 GeV).

The massive leptons have charge —1.9 x

10! Coulombs, but this is often denoted

Vi in terms of the positron charge, e, thus they

are said to have charge -1 and the massive

anti-leptons to have charge +1. The neu-

trinos have zero charge. The massive lep-

tons in higher generations may decay into
those from lower generations, for example,
Figure 1.1: The muon decay the dominant muon decay channel is g~ —
process. e~ VgV, as shown in figure 1.1. The main
tau decay channels are shown below. (1.3)
is known as the one prong hadronic decay and (1.4) is known as the three

prong hadronic decay.

T = p o, (1.1)
To = e e, (1.2)
7~ = 7 naly, (1.3)
™ = aanty, (1.4)

The Quarks

All quarks have mass and this increases with generation. Each generation
contains two quarks with fractional charge, one with %e and the other —%e‘
The quarks are called; up, down, strange, charm, bottom and top. All these

quarks also have an anti-particle of the same mass, but opposite quantum
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numbers. The up quark is the lightest quark with a mass of 1.5 - 5 MeV,
whereas the top quark is the heaviest, with a mass up to 100,000 times greater
than the up quark at about 170 GeV. For a full description of the quark, as
well as the lepton properties see [5].

Quarks are never observed in isolation. They are always found in bound
states with other quarks. The composites of quarks are called hadrons.
Quarks have the quantum number of colour and may take one of three colour
charges, red, blue or green (or the corresponding anti-red, anti-blue and anti-
green for the anti-particles). The bound states of quarks must be colourless
objects, and so hadrons can come in two types, fermionic baryons comprised
of three quarks or three anti-quarks, one of each colour, and bosonic mesons
comprised of a quark and an anti-quark, one with colour and the other with
the anti of this colour. Both baryons and mesons will always have integer
charge. The most well known baryons are the proton, which is a uud bound
state, and the neutron, which is a udd bound state.

A summary of the properties and basic quantum numbers of all the

fermions is shown in table 1.1.

1.1.2 Bosons: The Force-carrying Particles

Within the Standard Model all interactions of fermions are mediated by
the exchange of a gauge boson. So all the forces may be described by the
interaction of fermions and bosons. Each force has it’s own gauge bosons

associated with it.

e The electromagnetic force is mediated by a single boson called the

photon (). This boson is massless and chargeless. It couples to the
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i Mass Charge Colour
Fermion | Gen. | Flavour (ts)L
(MeV) (Q) Charge
X e 0.51 -1 -3 0
Ve 0 0 +1 0
105.7 -1 -1 0
Leptons 2 s 2
Yy 0 0 +3 0
3 T 1777 -1 -3 0
vy 0 0 +3 0
, u 1.5-5 +2 +; | RGB
d ]. 7-27 - % - % RaGaB
5 60-170 +2 +1 | RGB
Quarks 2 2 :
c 1100-1400 | -3 -3 | RGB
5 b 4100-4400 +2 +: | RGB
t 173800 —% -3 R,G,B

Table 1.1: The properties and basic quantum numbers of the fermions. t3
is the weak isospin of the particle, which is the quantum number for the
weak force. The quantum numbers for the corresponding anti-particles are

obtained by taking the negative of the numbers given in the table.

charge of other particles, so only charged particles feel the effect of the

electromagnetic force.

e The weak force has three mediating bosons. There is the chargeless Z°
which has a mass of 91.2 GeV and a width of 2.5 GeV [5, 6]. Then
there are the two charged bosons W* which each have a mass of 80.45

GeV [7, 8] and a width of 2.0 GeV [8].

The W bosons couple to the weak isospin of particles (t3). Only left
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handed fermions and right handed anti-fermions have non-zero weak
isospin. W bosons themselves also have non-zero weak isospin so can

couple to each other.

The Z° boson couples to a combination of both weak isospin and charge,

as shown in equation 1.5. It has zero weak isospin itself.

Cpo = (ts —sin 6, Q) (1.5)

sin ,, cos 6,

In equation 1.5, 8,, is known as the Weinberg or weak mixing angle and

is related to the masses of the Z° and W= as follows:

cos b, = My ~ 0.87679 (1.6)
Mz

The weak force is the only force that couples to all the fermions. When
a W boson interacts with a fermion it will always change the flavour of

the fermion. There are no flavour changing neutral weak interactions.

A property of the weak force is that its bosons can couple to each other
in certain combinations and also the photon. The coupling of a W+
and a W~ boson to a photon or Z° boson is known as a Trilinear or
Triple Gauge Coupling (TGC) and this process is the basis for this

thesis.

e The Strong Force has eight mediating bosons called gluons. These are
massless and chargeless and couple to the colour charge of particles. Of
the fermions only quarks have non-zero colour charge. Gluons are the
only bosons that have non-zero colour charge and can couple to other

gluons.
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The strong force is unlike the other two forces in that its strength
actually increases with distance. This is the reason that no unbound
quarks are seen. All quarks are bound as colourless baryons or mesons

as discussed earlier.

A consequence of this property is that if two bound quarks are sep-
arated the potential energy between them increases until it reaches a
level where two new quarks will form. Although each of these is a
colour singlet, they effectively combine with the original object to form
colourless objects. Continued separation will cause further quark pairs
to form. Figure 1.2 shows a simple schematic of this process. If this sep-
aration occurs at high energy, the newly formed quark anti-quark pairs
are seen as jets of particles. As the quarks in each jet form hadrons,

this process is known as hadronisation.

— @ @@ @ E

Figure 1.2: Production of quark anti-quark pairs when a single pair are

separated.

1.2 Spin, Helicity and Polarisation

The intrinsic angular momentum of a particle is known as its spin. The

fermions all have spin half, whereas the bosons have spin one. The component
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of the spin in the direction of motion of a particle is called helicity. This
means that the fermions can have helicity :i:%.

Massless particles may exist in just one helicity state. Neutrinos only exist
in negative helicity states, known as left handed states, and anti-neutrinos
in positive helicity, right handed states.

The W* and Z° bosons have spin 1 so may have helicity 1 or zero. As
the photon and gluon are massless, they cannot exist in a helicity zero state.
However, virtual photons and gluons do have mass, so they may have the
zero helicity states

Particles with helicity =1 are said to be transversely polarised and those

with zero helicity are longitudinally polarised.

1.3 The Electroweak Theory

All the forces described above are formulated in the Standard Model as
gauge symmetric quantum field theories. The strong force is described by
quantum chromodynamics (QCD), whereas the electromagnetic and weak
forces are both described by the electroweak theory.

Any system can be described by its Lagrangian. The Lagrangian contains
creation and annihilation operators that act at a particular position in space,
and thus they are field operators, hence the name “quantum field theory.”

The theory contains fermionic fields representing the fermions and when
local symmetry is imposed, gauge fields arise that form the interaction terms
with the fermionic fields. These gauge fields are then identified as the gauge
bosons discussed earlier.

The Electroweak theory is an SU(2), x U(1)y gauge symmetric field the-

ory. It has four gauge fields, three associated with weak isospin, these being
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the W* fields. The subscript on the SU(2),, indicates that these fields only
couple to left-handed fermions. There is then the B* field that couples to
the weak hypercharge (Y) of particles. All fermions have non-zero weak
hypercharge.

The four fields cannot be directly associated with the four gauge bosons
discussed earlier, for a start they represent massless particles. These fields
may be connected to the massive gauge bosons via the Higgs mechanism [9].
This causes the gauge fields to mix. The W*# and W~* fields gain mass
from the vacuum expectation value. These two fields can then be directly
related with the W+ and W~ bosons. The W% and B* fields mix to form
two new fields, the Z* and A* fields, that can be identified as the Z° and ~

bosons respectively. The form of the mixed fields is shown below.

Z¢ = cos,W% —sing,B" (1.7)
A¥ = sinf,W% + cosf,B* (1.8)



Chapter 2

The LEP Accelerator and
OPAL Detector

This thesis uses data collected by the OPAL detector, which is one of the
four detectors situated on the LEP accelerator ring. This chapter will give a

brief description of both the LEP accelerator and the OPAL detector.

2.1 The LEP Accelerator

The Large Electron-Positron storage ring (LEP) collider [10] is based
at CERN (La Centre Européene pour la Recherche Nucléaire) beneath the
border between Switzerland and France, near Geneva. It is the largest syn-
chrotron accelerator in the world, with the main ring tunnel having a circum-
ference of 26.67 km. Although studies and plans for LEP machines started
as early as 1976, the first fill wasn’t until 13th July 1989, with actual physics
runs starting a month later, on the 13th August.

As the name suggests, LEP was designed to bring extremely high energy

electrons and positrons into collision with one another. Initially, the energies

27
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of the positron and electron beams were such that the centre of mass energy
(v/8) at the point of collision was 91 GeV, the rest mass of the Z° boson,
thereby opening a whole new world of investigation into the neutral current
interactions in the electroweak force. LEP was a huge success, with over
900,000 Z° bosons being produced in the first year alone. LEP ran at this
energy until 1995. Then the machine was upgraded [11, 12], so that it could
run at above the W* pair threshold, allowing the investigation of the charged
current sector of the electroweak force [13]. However, unlike for the Z° boson,
where it is most profitable to have collisions close to the Z° boson mass, the
higher the energy, the better for W* bosons as its production cross-section
increases with energy, up to a centre-of-mass energy of approximately 200
GeV. So each year the centre-of-mass energy was increased.

The complete LEP collider does not consist of just the very large LEP
ring, although this is easily the greatest engineering feat of the project. There
are a number of other, smaller, older, CERN accelerators around which the
particles are accelerated, before injection into the main ring. Figure 2.1 shows
the lay out of the complete system. The electrons are produced by thermionic
emission, these are then accelerated along an electron linear collider, the Lep
Injector Linac (LIL). Some of the electrons are collided with a tungsten target
to produce the positrons, the remaining electrons, along with the positrons,
are then passed into the Electron Positron Accumulator ring (EPA), where
they are stored and accumulated before injection. The particles are then
passed into the Proton Synchrotron (PS) where they are initially accelerated
to a few GeV. They are then transfered to the Super Proton Synchrotron
(SPS) where further acceleration takes place and finally they are injected
into the LEP ring.

The LEP ring is 26.67 km in circumference and lies between 40 and 150
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m below the surface. The plane of the ring is inclined by 1.4%. This is purely
due to engineering reasons, ensuring that no shaft had to be deeper than 150
m, but also that the underground caverns and tunnel would be located in solid
rock. The LEP ring consists of eight arcs and four straight sections. The arcs
contain magnetic cells to guide the beams around the ring. Each magnetic
cell is comprised of a defocusing quadrupole, a vertical orbit corrector, a
group of six bending dipoles, a focusing sextuplet, a focusing quadrupole, a
horizontal orbit corrector, a second group of six bending dipoles, and finally
a defocusing sextuple. The total length of a cell being 79.11 m and each arc
contains 31 of these cells. Acceleration of the beams occurs in the straight
sections. Also on these Straight sections are the four experiments, OPAL,
ALEPH, DELPHI and L3, where the beams are brought into collision.

The energy and number of particles in a bunch is limited by the syn-
chrotron radiation, causing an upper limit on both current and energy. The
ring is designed with the maximum radius of curvature to minimise the en-
ergy loss through synchrotron radiation. The main loss of particles is through
beam-gas interactions, so a high vacuum has to be maintained in the tunnel.
Without beams the pressure in the tunnel is 1072 Torr, and with beams cir-
culating this is degraded to 10~ Torr. The main problem with maintaining
this vacuum is out-gassing caused by synchrotron radiation interacting with
the beam pipe walls. Synchrotron radiation can also cause heating of the
vacuum chambers, and so the chamber walls are made of aluminium which

is cooled by surrounding water channels.



%

11

#$

R3

#

$

07

34/&3 % "$;";(

# 5678
#9$ $

46*"



2.2. THE OPAL DETECTOR 31

2.2 The OPAL Detector

Like the other three LEP detectors the OPAL (Omni Purpose Apparatus
for Lep) detector is a symmetric barrel detector. It was designed to give
good measurement of both particle momenta and energy and in some cases
even particle species. It roughly consists of a long central cylinder, called
the barrel, and two flat endcaps at either end of the barrel to give the widest
possible coverage of the solid angle.

A diagram of the OPAL detector is shown in figure 2.2. Indicated on
the diagram is the OPAL co-ordinate system. The electrons and positrons
travel along the beam pipe and are bought into collision within the detector.
The z-axis is parallel to the beam pipe and positive in the direction of the
electrons’ momentum. The z-axis indicated in figure 2.2 is taken as positive
in the direction pointing towards the centre of the LEP ring.

The main features of the OPAL detector are shown in figure 2.2, and they
can concisely be described as follows:

e A central detector, consisting of vertex and tracking subdetectors and
surrounded by a solenoid. The central detector provides measurements of
the particle’s direction and momentum and their identification by dE/dx as
well as reconstruction of primary and secondary vertices at and near the
interaction region. The solenoid causes bending of the charged particles in
the tracking chamber.

e An electromagnetic calorimeter to provide identification of photons and
electrons and to measure their energy.

e A hadronic calorimeter to measure hadronic energy. This is imple-
mented by measuring the total absorption using instrumentation which in-
corporates the magnetic yoke.

e A Muon detector to identify muons by measurement of their position
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and direction within and behind the hadron calorimeter.

e A forward detector, situated in the very forward direction, and used
to measure the received LEP luminosity at OPAL using Bhabha scattering
events.

A representation of the cross-section of the OPAL detector can be seen
in figure 2.3. A detailed description of each OPAL subdetector is beyond the
bounds of this thesis, however, a brief overview of each subdetector is given
for completeness. A complete and detailed description of the OPAL detector

and all its constituent parts can be found in [14].

2.2.1 Central Tracking Detector

Within the central detectors of OPAL tracking of charged particles is
performed. Listed in order of increasing radius, this job is undertaken by,
the silicon microvertex detector (SI), the central vertex detector (CV), the
central jet chamber (CJ) and the central Z chambers (CZ). The configuration

of these subdetectors is shown on figure 2.3.

Silicon Microvertex Subdetector (SI)

The SI detector [15] is designed to give accurate measurement and detailed
information on the primary vertices of interaction between the electron and
positron particles in the beam. It is designed so that it can also measure the
positions of any secondary vertices resulting from the decays of particles that
could have been produced in the primary interaction, such as 7-leptons and
heavy flavour hadrons. The SI consists of two cylinders of silicon ladders.
The inner cylinder has a radius of 61 mm, consisting of 11 ladders and the
outer a radius of 75 mm, consisting of 14 ladders. Each ladder has two back-

to-back single sided sets of silicon wafers, one giving co-ordinates in the r-¢
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plane and the other along the z-axis.

To measure the path of charged particles the strips have a voltage bias
across them. When a charged particle passes through them charge from
ionisation in the silicon is collected on the read-out strips. By combining in-
formation from all the strips on both layers, the path of the particle travelling

through the silicon can be reconstructed.

Central Vertex Chamber (CV)

The central vertex tracking drift chamber [16] is situated inside the central
jet chamber and is 1 m long. Its main job is to measure the vertex positions of
decay particles and improve the momentum resolution for charged particles.
It consists of two layers of drift chambers. The inner layer containing 36
cells of axial wires and the outer layer 36 stereo cells. The outer cells contain
read-out wires that are inclined at an angle of approximately 4° to the inner,
axial wires. The inner layer lies between radii 103 mm to 162 mm, and the
outer layer between radii 188 mm and 213 mm.

The CV chamber, like all the central tracking drift chambers, is filled
with 88.2% argon, 9.8% methane and 2.0% isobutane at a pressure of 4 bar.
When a charged particle passes through this chamber it ionises the gas, this
is detected in the sense wires. The inner axial cells provide measurements in
the r — ¢ plane with resolution of 50 ym. Combining information from the
inner and outer cells gives a resolution of about 700 um on the position in

the z-plane.

Central Jet Chamber (CJ)

The job of the Central Jet chamber [17, 18] is to improve the measurement

of the trajectory of the charged particles. It also has an important role in
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helping in particle identification by measuring the specific energy loss, dE/dx.
The curvature of the track of the charged particle in the magnetic field as it
passes through CJ can be measured, thus making it possible to calculate the
momentum of the tracked particle.

The chamber is 4 m long, with an inner radius of 0.245 m and an outer
radius of 1.85 m. The chamber is divided around the ¢ direction into 24
segments of equal size. Each segment contains 159 anode sense wires running
parallel with the beam direction along the z-axis. The wires are arranged in
radial planes.

Between a polar angle of 43° < 6 < 137°, 159 points on the track are
measured. For 98% of the 47 solid angle at least 20 points are measured on
every track. The r — ¢ position of the hits is given by the radial position
of the relevant wire and the drift time. A resolution of 135 um is achieved.
The z-position is given by the time difference between signals at either end

of the wire, a resolution of 6 cm is possible in the z-direction.

Central Z Chamber (CZ)

The Central Z subdetector [19] surrounds CJ and makes precise measure-
ments of the Z position of a particle’s track as it exits CJ. CZ is made up
of 24 chambers each of which is 4 m long, 500 mm wide and 59 mm thick.
Each chamber is divided into 8 cells along the z-direction, each cell contains
6 sense wires lying perpendicular to the z-direction.

CZ covers a polar angle range of 44° < 6 < 136°. Its resolution is 300 um

in z and 1.5 cm in r — ¢.
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2.2.2 The OPAL Magnet

The OPAL magnet consists of a water cooled solenoid and an iron yoke
to provide flux return. The solenoid and pressure vessel surround the cen-
tral tracking chambers and the iron yoke is incorporated into the hadron
calorimeter.

The purpose of the magnet is to cause charged particles to move in a
helical path, therefore aiding measurement of particle momentum within CJ.
The solenoid provides a field of 0.435 T within the central tracking region

and is uniform to within 0.5%.

2.2.3 The Time-Of-Flight Detector

The time-of-flight system measures the transit time of particles travelling
from the interaction region, which helps in charged particle identification.
Its main job is, however, to aid in the rejection of cosmic ray events and
generate trigger signals. It is divided into two parts, the time-of-flight barrel

(TB) and the tile endcaps (TE)

Time-Of-Flight Barrel (TB)

TB is situated at a radius of 2.36 m, surrounding the solenoid. It is made
up of 160 scintillation counters, which are trapezoidal in shape. Each one is
6.84 m in length, 45 mm in depth and ranges between 89 mm and 91 mm in
width. The tiles form a layer that covers a solid angle range of | cos | < 0.82.
The time resolution of TB is approximately 300 ps and the difference in time
between the signal arriving at each end of the counter is used to make a

z-position measurement.
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Tile Endcaps (TE)

The tile endcaps [20] were installed into OPAL in 1996, and perform the
same function in the endcap region as TB does in the barrel region. TE
consists of 10 mm thick scintillating plastic tiles. Embedded in the tiles are
wavelength shifting optical fibres. It has a timing precision of about 3 ns
and covers the region close to the beam pipe. It is an essential detector in
both exotic particle searches and two photon studies. An extension of TE,
the Minimal Ionising Particle (MIP) plug was installed in 1997, and gives

coverage of the polar angular region down to 43 mrad from the beam pipe.

2.2.4 Electromagnetic Calorimeter (ECAL)

The electromagnetic calorimeter is designed to give the most precise and
important measurement of particles’ energies. It can measure energies be-
tween a few tens of MeV up to 100 GeV. It measures the energies and posi-
tions of electrons, positrons and photons, and helps to discriminate between
electrons and hadrons. ECAL is divided into a barrel region and two endcap
regions and gives a coverage of 98% of the solid angle. Each region consists

of a presampler in front of a lead-glass calorimeter.

Electromagnetic Presamplers (PB & PE)

Most electromagnetic showers are initiated before reaching ECAL as there
are approximately two radiation lengths between the interaction region and
the calorimeter, because of this there is a presampler [21] incorporated into
the ECAL. The presamplers help in energy resolution of the shower and
discrimination between particles.

The barrel presampler is a 6.623 m long cylinder of radius 2.388 m situated
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between the time-of-flight barrel and the barrel electromagnetic calorimeter.
It consists of 16 chambers containing two layers of streamer mode drift tubes
with sense wires parallel to the beam axis. The barrel presampler covers a
polar angle range of | cosé| < 0.81. The two endcap presamplers (PE) are sit-
uated between the time-of-flight endcap (TE) and the endcap electromagnetic
calorimeters. Each PE is divided into 16 overlapping wedges and gives full

azimuthal angle coverage and a polar angle coverage of 0.86 < |cos 8| < 0.95.

Electromagnetic Calorimeters (EB & EE)

The electromagnetic calorimeter is separated into three sections, a barrel
section and two endcap regions. The barrel section is a cylindrical array
of 9440 lead-glass blocks. These blocks are pointed towards the interaction
region, but slightly tilted away from the exact interaction point. This ori-
entation serves to prevent neutral particles being lost in the gaps between
blocks whilst also trying to prevent most particles traversing more than one
block. Each block is 37 cm deep, which is 24.6 radiation lengths, and has an
approximate surface area of 10 x 10 cm. The blocks have a density of 5.54
gem™3 and are situated at a radius of 2.455 m from the interaction point.

The subdetector works on the principle that relativistic particles travel-
ling through the blocks will emit Cerenkov radiation which can be collected
by photomultiplyer tubes at the end of the blocks. EB covers a polar angle
range of |cosf| < 0.82 and has a spatial resolution for a particle of, say 6
GeV, of approximately 11 mm. The energy resolution of EB in units of GeV

is:

o 6.3%
~ 0.2% +
‘T VE

(2.1)

SIS
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The endcap electromagnetic calorimeters [22] cover a polar angle range
of 0.83 < |cosf| < 0.95. Each of the two EEs consists of 1132 lead-glass
scintillator blocks. These blocks differ slightly from those in EB in that they
have a smaller density, 4.06 gcm~3. The blocks vary in length from 380 to
520 mm, so that they will fit around the dome shape of the pressure bell at
either end of the detector. Particles traversing the blocks are presented with
a minimum of 20.5 radiation lengths. The energy resolution is approximately

1% in the energy region 3-50 GeV.

2.2.5 Hadronic Calorimeter (HCAL)

The hadronic calorimeter [23, 24, 25], like the electromagnetic calorimeter,
has a barrel region and two endcap regions covering roughly the same regions
as the ECAL, however, HCAL also has a hadron poletip calorimeter which
covers regions were the momentum resolution of the central detectors is poor.
HCAL uses the iron return yoke of the OPAL magnet as passive absorbing
material. Layers of the iron are sandwiched by planes of detectors.

Due to the large amount of material between HCAL and the interaction
point, most hadronic showers are likely to have initiated long before reaching
HCAL, this means that the hadronic energy measurement is made by adding
the energy deposited in HCAL with that deposited in ECAL. The energy
resolution for all parts of HCAL are similar, although there is more variation
with energy for the poletip calorimeter. The resolutions, depending on the

energy measured are;

%E ~ W% forF < 15GeV (2.2)
7E W% {0 < 50GeV (2.3)

|
e
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Barrel Hadronic Calorimeter (HB)

The barrel hadronic calorimeter has an inner radius of 3.39 m and outer
radius 4.39 m, and is cylindrical in shape. There are eight layers of 100 mm
thick iron and these are separated by nine layers of detector. The detectors
consist of limited streamer mode tubes with wires parallel to the beam axis.
The tubes are filled with 75% isobutane and 25% argon. The iron layers are
separated by 25 mm.

Endcap Hadronic Calorimeter (HE)

The endcap hadronic calorimeters are situated at either end of the OPAL
detector. They work on very similar principles to the HB. There are seven
layers of 100 mm thick iron and eight layers of detector. These detector
layers are of the same design as for HB. The iron layers are separated by 35

mm.

Poletip Hadronic Calorimeter (HP)

The poletip hadronic calorimeters are of slightly different design to HB
and HE. They lie behind the endcap electromagnetic calorimeters and give
coverage of the polar region 0.91 < |cosé| < 0.99. They are made of ten
layers of detector separated by nine layers of 80 mm thick iron. The gaps
between the iron are just 10 mm. Unlike the other parts of HCAL, the
detectors in HP are multi-wire chambers operating in high gain mode. They

contain 55% CO, and 45% n-pentane.
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2.2.6 Muon Chambers

The muon chambers, like many of the other detectors, are split into a bar-
rel region and an endcap region. They give coverage of 93% of the solid angle,
and are designed to detect muons. Muons are highly penetrating and will pass
through the ECAL and HCAL. Hadrons also usually pass through ECAL, but
almost never through HCAL to reach the muon chambers. The probability
of a pion reaching the muon chambers is less than 0.1%, so misidentification

within the muon chambers is highly unlikely.

Muon Barrel (MB)

The muon barrel [26] consists of 110 drift chambers arranged so that there
are 44 chambers on either side of the OPAL detector, twelve chambers below
and ten above. The side chambers are 10 m long, the top 6 m long and the
bottom chambers 8.4 m long. All the chambers are 1.2 m wide and 900 mm
deep. Four layers of chambers give polar angle coverage of | cos 8| < 0.68, but
due to structural support, only one layer gives coverage up to | cos 8| < 0.72.
The cells consist of two chambers containing 90% argon and 10% ethane.
They have a z-position resolution of 2 mm and a ¢-position resolution of 1.5

mm.

Muon Endcaps (ME)

The muon endcaps [27] cover a polar range of about 0.67 < | cos 8| < 0.985
either side of the detector. Each consists of eight quadrant chambers, which
are 6 m X 6 m in size, and four patch chambers, 3 m x 2.5 m in size.
The chambers are filled with 75% argon and 25% isobutane and consist of
two layers of limited streamer tubes. All the streamer tubes are aligned

perpendicular to the beam axis. One layer has the wires in the tubes aligned
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vertically and the other horizontally. The spatial resolution is ~ 2 mm.

2.2.7 Forward Detector (FD)

The forward detectors [28, 29] are situated at either end of the detector
to measure very low angle particles. The FDs are in fact made up of four
separate subdetectors; the main calorimeter (FK), the forward tube chambers
(FB), the y-catcher (FE) and the far forward luminosity monitor (FF). Their
principle purpose ss to measure the luminosity OPAL received by identifying
Bhabha events, for which the cross-section is well known.

The main calorimeter is made up of 16 azimuthal segments of lead-
scintillator sandwich. Each segment has a presampler of 4 radiation lengths
thickness and a main calorimeter of 20 radiation lengths. The azimuthal

angular resolution is 2° and the energy resolution of FK in units of GeV is:

@_NIS%
E =~ VE

The polar angle resolution ranges from 4° at the inner edge, to 10° at the

(2.4)

outer edge. The tube chambers (FB) consist of three planes of proportional
tubes, two of which are mutually perpendicular and the third at 45° to these.
Information from FB is combined with that from FK to provide a more
precise position measurement. Resolutions of 2 mrad can be achieved in the
polar angle and a spatial resolution of 3 mm is possible.

Filling the gaps between the electromagnetic endcap and the forward
calorimeter are the gamma catchers (FE). They are small annular 7 radiation
length lead-scintillator calorimeters. They have an electromagnetic energy
resolution of about 20%.

The far forward monitors (FF) are used to measure positions and energies
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of showers from electrons and positrons in the 5-10 mrad region, close to the
horizontal plane. They are also used to measure OPAL trigger rates during
data taking. They consist of 20 radiation length lead-scintillator calorimeters

and are stationed £7.85 m from the interaction point.

2.2.8 The Silicon-Tungsten Calorimeter (SW)

The silicon-tungsten calorimeters [30] are situated either side of OPAL,
2.389 m in the z direction from the interaction point. They were installed
in 1993 to give an improvement on the luminosity measurement. They are
sampling calorimeters and consist of 19 layers of sampling silicon separated
by 18 layers of tungsten. Each calorimeter is divided azimuthally into 16
wedges and can achieve a spatial resolution in 7 of ~10 ym and an energy

resolution in units of GeV of:

28%
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2.2.9 The OPAL Trigger

As the electrons and positrons circulate around the LEP ring the OPAL
detectors must be ready to detect events when they occur. The electrons and
positrons circulate in several bunches which cross at a frequency of about 45
kHz. The OPAL detector is synchronised to become active when the bunches
cross at its central point.

A large number of different events occur when the bunches cross, however
many of them are of no interest for physics. The OPAL trigger system {31, 32]
decides whether the detector should read out the event or if the subdetectors

should be reset and the event ignored. The trigger has two types of signal
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to decide whether the event is interesting. The 6 — ¢ signals are made by
dividing the 47 solid angle into 144 overlapping bins, 6 in # and 24 in ¢. The
trigger signals sent by detectors are matched to this spatial binning and then
a decision can be made on the event. The second signals are stand alone
signals, each subdetector has an energy and/or track count threshold, and if
this threshold is breached then the event is read out.

The trigger system consists of a pre-trigger and trigger. Both combine
stand alone and 8 — ¢ signals, however, since 1994, when LEP changed from
8 + 8 bunch mode to 4 + 4 bunch mode, the pre-trigger was no longer used,
although it was still kept in place to minimise change. The time taken for a
negative decision by the trigger is about 14.5 us and it takes about 4.5 us to
reset the subdetectors. The trigger system reduces the 45 kHz frequency of

bunch crossing to an event rate of about 10 - 15 Hz.

2.2.10 Data Acquisition

Once an event has been selected as interesting by the trigger, information
about the event is read out by all the subdetectors individually. This isn’t,
however, the end of the story. Once the event is read out, the information
from each subdetector is combined and passed into the filter [33], at which
point, typically 15-35% of the selected events are rejected. Selected events
are then passed to ROPE (Reconstruction of OPal Events) [34], which re-
constructs the individual events using calibration constants from individual
subdetectors. Information about reconstructed events is written to an opti-
cal disk as a Data Summary Table (DST). This DST is then stored on tape

and disk so that it can be used in analysis.



Chapter 3

Trilinear Gauge Boson
Couplings and W-Pair

Production.

Within the Standard Model, the vector bosons not only couple with
fermions, but they can also couple to each other in certain combinations.
The coupling of three gauge bosons is known as a trilinear gauge boson in-
teraction [35, 36]. These occur when two oppositely charged W bosons couple
to a photon or Z° boson, as shown in figure 3.1. These are the only two pos-
sible TGC interactions in the electroweak sector. Gluons may couple with
each other in many combinations.

The coupling of four gauge bosons in the electroweak sector is also pos-
sible [37, 38, 39]. There are four possible combinations within the Standard
Model. The coupling of Four W bosons (WtW~-W+W~), the coupling of two
W bosons and two Z° bosons (WTW~Z°Z°), the coupling of two W bosons
and two photons (W+*W~vv), and the coupling of two W bosons a Z° bo-

son and a photon (WHW=Z%). Measurements of the quartic couplings have

46
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been made at OPAL [40].
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Figure 3.1: The self coupling of three gauge bosons, known as the Trilinear

Gauge Vertex.

This thesis is only concerned with the trilinear gauge coupling of the Z°
and 7 bosons to W* bosons. In this chapter the theoretical description of
the trilinear gauge coupling will be discussed. It will then be shown that
the main processes at LEP containing this coupling are W-pair production
processes. Accordingly all possible W-pair production processes are then dis-
cussed. This will include the identification of the role that the spin of the W
bosons take in this process and the Spin Density Matrix (SDM) will be intro-
duced. Throughout, some theoretical predictions on what observations could
be made through Standard Model and non-Standard Model interactions are

given.

3.1 The TGC Lagrangian

Any system is described fully by its Lagrangian. The general couplings
of two charged vector bosons with a neutral vector boson can be described
by the effective Lagrangian given in equation 3.1 [35, 36, 41, 42]. Where e is
the positron charge and 6, is the weak mixing angle of the Standard Model.

The Lagrangian contains 14 separate terms and each term has a coupling
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parameter, indicated in red. The coupling parameters are known as the Tri-
linear Gauge Couplings, or TGCs. Many of the terms in the Lagrangian (3.1)
would give cross sections which diverge with the energy scale, 4/s. This would
lead to unitarity violation. As this is not possible, there then would have to
be new physics interactions occurring to counter the effect. Thus, within
the Standard Model, the values of the coupling parameters which violate

unitarity are zero.

Lrce = ieg](Au(@uW_y — O,W_,)W,f — A ("W — "W )W)

b ier (8, Ay — By A W

b iecotOugZ(Zu(B, Wy — 0,W_ )W — Zo(*W+ — FWHYW?)
+ iecotOykz (0,2, — O, Z,)WHW ™

+ 132 (BuA, — B, A, )(OPW* — B, W+#)(8,W* — 8,W~"))

+ iecotfy AAP (8,2, — 8,2,)(0°W* — 8, W*9)(8, W+ — 8,W~"))

— egiWSW(0"A” + 8" A¥)

— ecotf,gi W}HW, (8#Z* + 8 Z*) (3.1)
+ eglemp (BPW M)W+ — (W)W ) 4°

+ ecot ewgge,,,,,,a((aﬂw-u)ww — (W)W H)Z°

+ieR, WHW —e’“’”" (0,40 — 8, A,)

+ e (O Way = W) Oy = OV ) 360, Ac = D)

+ iecot wa%zW,j'W;§e“"”°(8,,Za —8,2Z,)

+ iecot ewﬁj—i((aﬂww — W) (8, W, — BuW"’)%e"””e(aaZg — 8,Z,)
w

The Standard Model values of the TGC parameters k., k., g; and g7

are one, all other parameters are set to zero. This leaves the Lagrangian
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shown in equation 3.2, which describes the trilinear gauge boson interaction
within the Standard Model. Table 3.1 shows the properties of all the 14 TGC

parameters.

Lroc = ie(Au(0,We, — B,W_ )W — A,(0*W+ — "W+ )W)

b ie(B, A, — 8, A WHW
4 iecot (2B Wy — BW_ )W — Z, (W — *WH)WS)
+ idecot0,(0,2, — 8, Z,)WHwW— (3.2)

The first six couplings of the Lagrangian, equation 3.1, respect the dis-
crete parity (P) and charge (C) symmetries. The first term of the Lagrangian
is for a photon coupling to two W bosons. It is called the minimal coupling
term. The value of the g7 determines the charge of the positive W boson,
Cw, in units of the positron charge, e, and therefore has a value of one,

equation 3.3.

Cw = eg] (3.3)

The second photon TGC, &, is called the anomalous magnetic moment
of the W [43, 44]. k, and A, are related to the magnetic dipole moment of
the W+, uy, [45, 46], as in equation 3.4.

e
Hw = m(l + Ky + Afy) (34)

Both these two photon TGCs, x, and \,, are also related to the electric

quadrupole moment of the W*, Qv , as in equation 3.5.
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Qw = 7= (r1 = M) (35)
Of the remaining eight couplings, g3 and g, violate both C and P symme-
try, but respect combined CP-invariance. The other six couplings all violate
CP. g7 and g¢%! violate charge conjugation symmetry. However, if g] or g7
are non-vanishing at g2 = 0, the photon part of the Lagrangian, equation 3.1,
will not be electromagnetically gauge invariant [41].
The remaining four couplings k., K, ;\7 and ), all violate parity. The
photon P and CP-violating couplings, %, and 5\7, are related to the electric

dipole moment of the W+, dy, as in equation 3.6.

€

dw = My

(k7 + ;\7) (3.6)

K~ and 5\7 are also related to the magnetic quadrupole moment, Qu, of

the Wtas follows:

Qw = ——(ky, — \) (3.7)

The Lagrangian given in equation 3.1 only contains the lowest dimension
operators, up to dimension six. As the strength of the coupling is gener-
ally suppressed by factors like (v/s/Anp)®* [12], where Ayp is the scale of
new physics and d is the dimension of the operator, neglecting operators of

dimension higher than six is a valid assumption at LEP energies?.

1The coupling parameterisation given here is taken from [35]. It should be noted that

the equivalent parameter to g5 in [36] would be —kz.
2Tt should be noted that if the scale of new physics is less than 1 TeV, or if there is no

light Higgs, then terms with higher dimensions cannot be neglected [47].
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Coupling | Dim. | SM Value | C-Conserving | P-Conserving | CP-Conserving
9,91 | 4 1 v v v
hyp ks | 4 1 v v N
Ayy Az 6 0 Vv Vv Vv
91, 92 6 0 X Vv X
93,95 | 6 0 X X v
Ry Ry 4 0 VA X X
Ay As 4 0 Vi X X

Table 3.1: Properties of the 14 TGC parameters. Dim. is the dimension of

the operator needed to induce each coupling.

A further consequence of higher dimensional operators would be to render
the photon part of the effective Lagrangian gauge invariant, even in the

presence of non-vanishing, C-violating photon couplings, g; and g7 [35].

Constraining the Number of Parameters

Considering terms with operators up to dimension six gives the 14 TGCs
in equation 3.1. However, further constraints can be made to the theory, by
taking into consideration physical effects seen in other experimental data.
Precise measurements made at LEP-1 on the Z° resonance [48, 49, 50, 51]
support embedding any anomalous terms in an SU(2); x U(1)y gauge invari-
ant structure [36].

By enforcing SU(2), x U(1)y gauge invariance and considering only op-
erators up to dimension six [52], the TGC New Physics (NP) Lagrangian can
be expressed in terms of the unmixed fields, the W3B base [36, 42], as in

equation 3.8.
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Lree = Oqu +gowe M2 2 Owe + g OW

gg aBW aw

+ 5 M2 03w+gM2 0 (3.8)

Where e = gsinf,, = ¢’ cos§,,. The O are the operators capable of induc-
ing the TGC NP couplings. The explicit form of the CP-conserving operators
are given by equation 3.9 and the CP-violating are given by equation 3.10

Oy = iB*(D,®)(D,®)

Owy = i(D,®)'1-WH(D,d) (3.9)
1 v
OW = Q(W"p XWP,,)'WM

Opw = @f% - W*®B,,

~ 1 .
OW = Q(W“p X Wp,,) -W u (310)
where
2 11% 1 uvpo xX7uy 1 uvpo
B* = 56 Bpa' , WH = 56 Wpa (3.11)

the 7 are the Pauli matrices, which represent the generators of the SU(2)
group and @ is the Higgs doublet. B, is the U(1)y gauge field strength, W,
is the SU(2), gauge field strength and D, is the SU(2), x U(1)y covariant
derivative. All of these are given below, (3.12), (3.13) and (3.14).

B, = 0,B,—-0,B, (3.12)
W, = OW,-0,W,—gW,xW, (3.13)
D, = 0, +zg -W, +1ig'YB, (3.14)
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In the covariant derivative, Y is the hypercharge of the field upon which
D, is acting. The a; parameters in equation 3.8 can then be written in terms

of the TGC parameters given in equation 3.1:

Qwe = cos? VAN

apy = Ak, — Agfcos®d,

aw = A (3.15)
apw = Ry

Gw = Ay

with the constraints:

Ak, = Agi—tan®6,Ax,

A= A=)
R, = —tan®0,k, (3.16)
A = Ay

Where the A indicates the deviation from their Standard Model value,
so Agi= gi—1 and Ak,= k,—1.

Not all 14 TGC parameters from equation 3.1 were included in this
SU(2)LxU(1)y gauge invariant constraint. The couplings that violate charge
conjugation symmetry, g7, g7 and the analogous Z couplings, have been ig-
nored. This is because, as mentioned earlier, without the intervention of
higher order operators, if the photon couplings were non-vanishing at ¢ = 0
they would violate electromagnetic gauge invariance. However, similar con-

straints through SU(2), x U(1)y gauge symmetry can be put on the charge
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conjugation violating parameters [53, 54], for example, the constraint on g]

and ¢7 is shown in equation 3.17.

g =94 (3.17)

We have considered both CP-conserving and CP-violating anomalous cou-
plings within the Lagrangian, and embedded them in a SU(2); x U(1)y gauge
invariant structure. However, there is very good experimental evidence from
the measurement of the neutron electric dipole moment [55, 56], against the
existence of a CP-violating electromagnetic interaction. Also, bounds on the
W Boson electric dipole moment [57], which is related to the CP-violating
photon TGCs, equation 3.6, would suggest that the existence of an anomalous
CP-violating photon TGC is unlikely. However, these measurements do not
constrain the C-violating coupling, g, as highly as they do the P-violating
couplings [58]. LEP1 data also suggests that SU(2), x U(1)y symmetry holds
to very high precision.

All this would then suggest that the possibility of a CP-violating TGC as
highly unlikely and thus the 14 TGC parameter set can be reduced to just
three parameters; Ax,, Ag}f and A. However, few direct limits have been
placed on the CP-violating couplings. Values for all the CP-violating TGCs
have been reported by the ALEPH collaboration [59, 60], and for &, and A,
by the DELPHI collaboration [63]. Values of &, and ), have been reported
by DO collaboration from the process pp — fvy+X [61, 62]. All these sets of
results do not constrain the couplings to SU(2), x U(1)y gauge invariance.

The set of couplings measured in this thesis will all require the SU(2), x
U(l)y gauge symmetry constraints, but will not be constrained to CP-

invariance, and so are as follows; Ak, Agf, A, k;, A, and gf.
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3.2 TGCs and W Pair Production at LEP

LEP is an electron-positron collider which has run above the W-pair
production threshold since 1996. The coupling of three gauge bosons, as
shown in figure 3.1, is possible at LEP through the annihilation of the leptons
into a photon or Z° which then decays into two W bosons (figure 3.2). There
is also a third possible process with the triple gauge vertex, the t-channel
process shown in figure 3.3. The first two TGC processes produce pairs of
W bosons, however, the t-channel produces only one and so is, accordingly,

known as the single W channel or process.

3 W 3 /W

Figure 3.2: The two W-pair production processes which contain the trilinear

gauge vertex.

There is a third channel that produces an identical final state of a pair of
W bosons as the TGC W-pair production channel, but does not include the
TGC vertex. This is known as the neutrino exchange, or t-channel W-pair
production channel and is shown in figure 3.4. Although the single W pro-
duction has fairly different characteristics to the TGC W-pair production,
and so can be separated from W-pair events, the t-channel W-pair produc-
tion has very similar characteristics, therefore all three W-pair production

processes have to be considered together.
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Figure 3.3: The t-channel single W production process which contains the

trilinear gauge vertex.

Figure 3.4: The t-channel W-pair production process. This is the only W-

pair production process at LEP that does not contain the trilinear gauge

vertex.
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3.2.1 Polarisation of the W-Pair System

W bosons can have helicity +£1 or 0. A W boson with helicity +1 is
said to be transversely polarised and one with zero helicity is longitudinally
polarised. This means that there are four possible final polarised states
of the W boson pair; transverse-transverse (TT), longitudinal-longitudinal
(LL), transverse-longitudinal (TL) and longitudinal-transverse (TL).

Of the final helicity combinations, all may be produced by both the s-
channel and t-channel processes, except the final state where the W bosons
have opposite helicity 1 and F1. These two final helicity states have angu-
lar momentum J=2 and are only accessible through the t-channel neutrino
exchange process.

It is possible to write the helicity amplitude for ete™ — WTW~ in terms
of the t-channel neutrino exchange process and the s-channel TGC processes,
including all 14 couplings parameters. For a final helicity state 77', where
7 is the helicity of the W~ and 7’ that of the W+, and with initial helicity
of the electron A = :t%, (In the limit of massless leptons, the helicity of the

positron is A’ = —J), the helicity amplitude is given as:
62)\ (v) (v)
Fyp = — —2—s[C (A )M, (s, cosBw) (3.18)

7
+ Z (Ci(”(/\, s) + CH(, s)) M; xrri(8, €08 Ow))

=1
s is the square of the centre-of-mass energy and 6y is the angle between
the electron direction and the W~ direction in the centre of mass frame,
known as the W production angle. ¢ is the four-momentum transfer and is

given by,
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t= M2 — %s(l — Bcosbw) (3.19)

where,

B=(1-4MZ/s)? (3.20)

Equation 3.18 for the helicity amplitude consists of three parts. The
first, denoted by superscript v is for W-pair production through neutrino
exchange. The second and third are for W-pair production through photon
and Z° decays, and are denoted by superscript v and Z respectively. The
TGC parts are each summed over the seven possible couplings given in the
Lagrangian, equation 3.1. The C's are the terms which carry the dependence
on the coupling value and hence there are seven each for the photon and Z°
TGCs. The Ms give the helicity composition and W production angle for
each of the different coupling terms, note that these are the same for the
photon and Z° TGC for each respective i.

The explicit expressions for each of the C's and Ms can be calculated
from the Feynman diagrams and written in terms of the couplings given
in equation 3.1 [36, 41, 65]. They are shown in table 3.2, where in the Z°

propagator, Dz is approximated at s > 4M3; to be:

Dz ~s— M2 (3.21)

and

—1+4sin%6, -1

= e 3.22
¢ = Lsin 0, cosb,’ 4 sin @,, cos 6, (3:22)
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The first column of table 3.2 gives the Cs given in equation 3.183. The
first row is for the neutrino exchange process. Due to the standard V—A
constraint, the first term in this row will be zero when the electron spin
A=+3.

To calculate the total amplitude for a certain helicity combination you
must multiply each term in the first column with the corresponding term
in the column denoted with the required helicity. Each product must be
summed together, then the final sum multiplied with the term at the top
of the corresponding column. For helicity combinations with 7/ = 0 and
T = %1, the last column can be used with 7 - 7/, 7/ — 7 and € — —e.

So, for example, the Standard Model amplitude, F2,, for a pair of W

bosons with spin 7 = 7/ = +1, with the initial electron spin \ = —%, would
be:
1 e’s . -2
F+1,+1 = —2— sin ow (m)(cos OW - ,3) (323)
-2 2cotb,
b (2 2 )(-g)|

The equivalent term for an initial electron spin of A = +—;— is as in equa-
tion 3.24. Notice how the terms due to the neutrino exchange are now absent

due to the fact that right handed neutrinos cannot be produced.

-1 —e?s -2 2cot b,
PRH:_TﬂwWG?+‘m

(a—0))(=P) (3.24)

Another important thing to note from table 3.2 is the column for W boson

31t should be noted that each term in column one does not directly relate to a single
coupling in equation 3.1. This is because the terms in table 3.2 were derived in [41], who

use a slightly different parameter set.
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helicities 7 = —7' = =1, this shows explicitly that these combinations can
only be produced via the neutrino exchange process.

The W-pair production differential cross-section due to both the neutrino
exchange and the TGC channels can be written in terms of the helicity

amplitudes:

do(ete” - WtW~) | B Zl
d cos By 167rsf ”' ’

(3.25)

where the W centre-of-mass momentum |P| = Vs/4— M2,

As well as the total cross-section, predictions about the polarised cross-
sections can also be made, for example, the production of pairs of transverse
W bosons orr. Figure 3.5 shows how the total cross-section and the total
polarised cross-sections behave as a function of centre-of-mass energy, /s.
The range is from the threshold of W-pair production, through the energy
range of LEP-2 (162-202 GeV), and beyond.

It can be seen that the total cross-section and each for the different po-
larisation states rise rapidly from the threshold value, however, they all peak
at different values of /s, with the total cross-section for W-pair produc-
tion peaking at about 200 GeV. From table 3.2, it can be shown that the
cross-section for transverse-longitudinal (TL) W-pairs is always equal to that
of longitudinal-transverse (LT) W-pairs, even in the presence of anomalous
couplings.

Figure 3.6 shows the total cross-sections as a function of centre-of-mass
energy in the presence of an anomalous coupling of Ak,=+1. The cross-
section blows-up with energy, which would violate unitarity unless some non-
Standard Model process occurs at some higher energy value, Axyp. With a

non-zero value of Ak,, as the centre-of-mass energy increases the W-pairs
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T=1T'=41| 7=—7 =41 T=7=0 T7=0,7 =32l,e=+1
AM?, sin Oy Lw; sin Oy lw:» sin Oy %wwﬁi cos By — 2))
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Table 3.2: The elements needed to construct the helicity amplitudes for the

W-pair production process.
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produced become almost entirely longitudinally polarised, so the dominant
polarisation state becomes LL. With the presence of any of the anomalous
couplings, as 4/s is increased, the polarisation of the W-pairs becomes dom-
inated by just one of the polarisation states. Some of the polarisation states
are completely insensitive to certain anomalous couplings. Table 3.3 shows
which polarisation states are sensitive to which anomalous couplings and

which state dominates when /s becomes large.

Coupling | Ag? | Bk, | A | 92 | 62 | Rz | Ae
TT v x | Vp| X | x|V |vb
LL Vo | Vp | X | X X X | x
TL v v vV |V | Vb | VD] X

Table 3.3: Table showing which final helicity states are sensitive to each

anomalous coupling. A tick indicates that the final state is sensitive to the
corresponding coupling. The subscript D indicates which helicity state be-
comes dominant at very high energy in the presence of the corresponding

anomalous coupling.

Plots of the differential cross-section of W-pair production as a function
of the W production angle have been made at centre-of-mass energy 189
GeV, as this corresponds to the data sample considered in this thesis. Fig-
ure 3.7 shows the total differential cross-sections and polarised differential
cross-sections for the Standard Model and anomalous C and P-conserving

couplings. The anomalous couplings have been set at values £1.
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Coupling 189 GeV 1 TeV
TT LL | LT+TL || TT LL | LT+TL
SM 0.593 1 0.094 | 0.313 | 0.975 | 0.007 | 0.019

Agi= +1 | 0.448 | 0.165 | 0.385 |{ 0.008 | 0.901 | 0.091
Agi= -1 1 0.426 | 0.181 | 0.393 |f 0.008 | 0.901 | 0.091
Ak,= +1 | 0.589 | 0.103 | 0.308 | 0.010 | 0.966 | 0.024
Ak,= -1 0.516 { 0.152 | 0.332 | 0.010 | 0.965 | 0.026
A=+1 0.653 | 0.071 | 0.276 | 0.988 [ 0.000 [ 0.012
A=-1 0.609 | 0.067 | 0.334 | 0.987 | 0.000 [ 0.013
gi= %1 0.542 | 0.085 | 0.372 |} 0.149 | 0.003 | 0.848
K,= £1 0.383 [ 0.033 | 0.584 || 0.045 | 0.001 | 0.954

~

A= %1 0.567 | 0.054 | 0.379 || 0.987 | 0.000 { 0.013

Table 3.4: The fraction of W-pairs with each polarisation state for the Stan-
dard Model, and with various anomalous couplings implemented. The first

column is at /s = 189 GeV and the second is at \/s =1 TeV.

3.3 W Boson Decays

As W bosons are massive vector bosons they only have a very short
lifetime. This means that within the OPAL detector the W-bosons are never
directly observed, only their decay products are measured. W bosons decay
into two fermions. A W~can decay into a lepton and anti-neutrino or a quark
anti-quark pair. The branching ratios for each of these decays have been
measured at OPAL from the W-pair production process [66], and is found to
agree well with theoretical predictions [12] for the Standard Model and the
world average [5]. The branching ratios calculated from all data collected

at OPAL, assuming lepton universality to calculate the qg branching ratio,
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is given below. In each case the first error is statistical and the second

systematic.

Br(W — e7,) = 0.1046 = 0.0042 £ 0.0014,
Br(W — p7,) = 0.1050 & 0.0041 £ 0.0012,
Br(W — r7,) = 0.1075 % 0.0052 % 0.0021,

Br(W — qq) = 0.6832 0.0061 = 0.0028.

With each W boson being able to decay into a lepton and neutrino or
two quarks, this means that there are effectively three possible final states;
Two leptons and two neutrinos, £7,fv,, known as the leptonic channel. Two
quarks and two anti-quarks, qqqd, known as the hadronic channel. Finally
there is a final state of a lepton, a neutrino, a quark and an anti-quark,
¢7,qq, known as the semi-leptonic channel. The branching ratios for these
three channels given in [12] are, 45.6%, 10.5% and 43.9% respectively.

As the decay of W bosons into fermions has been well studied and un-
derstood and is believed to proceed via the standard V—A coupling, it is
possible to predict the angular distribution of the decay fermions if the helic-
ity of the W boson is known. The dependence of the angular distribution of
the fermions, in the W boson rest frame, on the helicity of the W boson are
given by the so called D-functions [36]. The explicit form of these D-functions
is given in equation 3.26, where D,/.(0*, ¢*) = D? (6%, ¢*).

77!
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(3.27). Where 6, and ¢y, are the W~ decay angles analogous to 6* and ¢*
respectively. 07, and ¢z, are the Wt decay angles analogous to 6* and ¢*

respectively. Br(X — ab) denotes the branching ratio for that process.

do(ete™ = WHW~ = f1 fofsfs) _
d cosBwd cos by, dgy, dcos b7, dds,

v e 1P (3
Br(W™ — fifo)Br(W™ — f3f4) 167s+/5 (%)

X Z [F)) (s, co80w)] [F2,1, (s, cos bw)]” (3.27)

AT1T1ToT!

X DTl‘r’l (afl’ ¢f1)D7’27"2 (ﬂ— - 0f4’ ¢f4 + 7r)

This equation is the differential cross-section in terms of the W~ produc-
tion angle, cos 6y, the production angles of the particle from the W~ decay
in the W~ rest frame, 6y,, ¢,, and the production angles of the anti-particle
from the W+ decay in the W* rest frame, 67,, ¢7,. Thus it is known as the
5-fold differential cross-section.

With a final state of four fermions all the possible final helicity states
interfere with one another, so it is no longer meaningful to speak of TT,
LL or TL final helicity states. The subscripts on the D-functions, shown in
equation 3.26, do not indicate the spins of the two separate W bosons, but
rather are both for a single W boson. In the 5-fold differential cross-section
the helicity amplitude is multiplied by the complex conjugate of another
helicity amplitude which has different subscripts. The 7; and 7| both refer
to the W~ and so it can be seen that the first D-function relates to the W,
and intuitively the second D-function must relate to the W+. As the sum
runs over all four 7s this immediately implies there must now be 81 terms
for each A helicity in the sum, rather than the nine seen in equation 3.25.

Upon integration of the D-functions over the W decay angles the following
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is obtained:

+1 2 4
/ Dy (656 5)dcos 656y = 235, (3.28)
0

-1
Integrating the 5-fold differential cross-section over both the W= and W+
decay angles will thus retrieve the W-pair production cross-section as given

in equation 3.25.

3.4 Polarisation Properties

3.4.1 The Two-Particle Joint Spin Density Matrix

The polarisation properties of the W* bosons in the W-pair are com-
pletely described by the two-particle joint spin density matrix (SDM) [36, 41],

whose elements are given by:

oo (A (s,cos0w)) (F2,, (s, cos6w))”
Z/\ﬁﬁ IF‘lf\sz(s’ cos 0W)|2

The diagonal elements of the two-particle joint spin density matrix, which

Priryrer, (8, cO8Oyw) = (3.29)

have 1, = 7{ and 7 = 75 sum up to unity, i.e. the matrix has normalisation:

Z Primyrers (S,€080w) =1 (3.30)

172

This normalisation occurs because the diagonal elements are effectively
the probability of producing a pair of W bosons with helicity state 7,75.
The off-diagonal elements are complex, but the diagonal elements are always
purely real. The matrix elements are functions of both the centre-of-mass

energy squared, s, and the W production angle, cosfw. Examples of the
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F}. (s,cosfw) = F2__. (s,cosfw) (3.31)

A consequence of enforcing CP-invariance upon the reaction is to reduce
the number of independent elements in the density matrix from 80 to 35. This
is demonstrated in table 3.5, where the combinations of helicity amplitudes,
and thus the SDM elements, that are equivalent due to CP-invariance are
grouped into 36 sets.

As the two-particle joint density matrix contains all the information about
the polarisation of the W bosons, the 5-fold differential cross-section given
in equation 3.27 can now be written in terms of the joint density matrix,

equation 3.32.

do(ete - WHW~ = fifafsfs)
d cos fwd cos 0y, dgg, d cos 07, do,

_ do(ete -» WYW~) (3

- d cos Oy (SW) (3:32)

X Z PrythTer'y (57 Cos QW)DTITII (ofl’ ¢f1)D"'2T'2 (77 - 9f4’ ¢f_4 + W)
Anrthrat

The density matrix contains the probability of producing W-pairs of cer-
tain helicity states so the differential polarised cross-sections for producing
final states of two transversely polarised W bosons (TT), two longitudinally
polarised W bosons (LL), a transversely polarised W~ boson with a longi-
tudinally polarised polarised W+ boson (TL) and a transversely polarised
W~ boson with a longitudinally polarised polarised W+ boson (LT) can be
written in terms of the elements in the joint density matrix [41], as shown in

equation 3.33.
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SET | AMPLITUDE COMBINATIONS SDM ELEMENTS NO.
1 Fo Fy  FL_Fy  FL_F:  FoyF | Poyity Pty Py Pr—y— | &
2 FoiFio, F__Fio, FL_Fg_, Fi i Fg_ | Poii0s P—4—0, P—o——; Pros— | 4
3 Fo. Fy  F_Fp_ Pitt—s Pot—— 2
4 Fo F5, F__Fgy, FL_F2y, Fyy F2y P+0++: P—0—+; P———05 P+—+0 4
5 FyyFg, F__F5 P10+0, P-0-0 2
6 Fo F2,, F__FI, Pi—tts P———t 2
7 F+0F:-+1 FO—F-Q’--}-s FR_F*_, F-H)F:— P++0+5 Po+—+; PO———; P+—0— 4
8 FoFio Fo_Fiy, Fo_Fy_ . FioFy_ P++00: PO+—0, PO0——; P+00- 4
9 FoF;_, Fo_Fy_ Pit0-s Pot—— 2
10 | FioFy,, Fo_Fgy, Foo F2y, Frof?y P+00+ PO0—+; PO—~0, P+—00 4
11 | FioFgy, Fo-Fyy £+000; Poo—0 2
12 F—*—OF:.{.# FO—F:+ P+-0+s Po——+ 2
13 | Fy Fi,, Fy FZ_ Pt—ts Pr——— 2
14 | Fy_Fiy FL Ky P+-0; Pro—— 2
15 | Fi Fi_ Piy—-— 1
16 | Fy_Fgy, FL 7, Po—+; P+——0 2
17 Fy_Fg P+0-0 1
18 F+_F_:+ Pi——+ 1
19 | FouFiy, FoFty, FLoF*_, FolF*_ | potit: P—404s P——0—; Po—4— | 4
20 | Fo Fig FooFyy, FoFy . ForFy_ PO++05 P-100, P—00—, PO0+— 4
21 F0+F;__, F._()F*_ Po++—3 P~+0- 2
22 | R Fyy, FooFg,, FoF2y, Fo Fly Poo++; P—00+: P——00; Po—+0 4
23 | ForFgy, FoFg Poo+0; P—000 2
24 | Py Fr FoFr, Po—t+1 P-4 2
25 | FooF}y, FooF~_ Po+0+, Po—0- 2
26 | FooFig FaoFy_ Po+oe; Pooo— 2
27 FooF*__ Po+0— 1
28 | FooFy,, FooFZ, Poo0+; Po—00 2
29 Foo F Poo0o 1
30 FOOF:-} Po-0+ 1
31 | F F, F F:_ Ptis Pt 2
32 F_ Fiy, F_ F5_ P—++0s P—0+— 2
33 | F_. Fp_ Pt 1
34 | F F5, F_ F, P—0t+) P——+0 2
35 | FiFy P—0+0 1
36 F_,F:, Pt 1
TOTAL 81

Table 3.5: The helicity amplitudes and thus the Spin Density Matrix elements
that are related under CP-invariance. The helicity amplitude combinations
in each set are equivalent to each other under CP-invariance. The SDM
elements are those that correspond to each helicity amplitude combination.

CP-invariance thus means that there are only 35 independent SDM elements.
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+a- —\wrF
d(ciZsTgw - iic;: GVVZTWj) - dcj: Ow (Ptttt + Pt + Py +poo)
. _
di(: ;w Rt iicc:s)oVVZLWi) = dcz%w(poooo) (3.33)
4o _
d E:i(()f: ;W - ek iic;s) OVVZTWi) - dcjsa o (++00 + P——00)
- -
d ::lg: ;w — iicc;) GVVZL LiE2 dcgg . (Poo++ + Poo—-)

From figure 3.10 it can be seen that p4 00 + p——00 = Poo++ + Poo——, €VEN
in the presence of anomalous couplings?, so it intuitively follows that, as was

stated earlier,

dO’TL dO’LT

= 3.34
dcosByw  dcosbw ( )

3.4.2 The Single W Spin Density Matrix

If only one of the W bosons in the W-pair is considered then the differen-
tial cross-section can then be written in terms of the single W Spin Density

Matrix (SDM) [36, 41]. For example, if only the W~boson is considered,

do(ete- — WHW— = W+ + £ f)
d cos Bwd cos 0, dé,
do(ete~ - WTW-) /3 -
_ ( ) (é;) Z p‘lv'lllel (37 Cos OW)DTI’T'I (ofl ¢f1)

d cos Oy

(3.35)

mn7h
Equation 3.35 is known as the 3-fold differential cross-section. The single
W SDM completely describes the polarisation properties of one of the W

bosons when the helicity of the other W boson has been effectively summed

4This holds true even if the anomalous coupling is CP-violating.
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over. So the single W SDM is related to the two-particle joint density matrix

as follows,

pov . (s, cosOw) = E Pririirars (8, €OS Bwy) (3.36)

T2
Like the two-particle joint SDM, the single W SDM has purely real di-
agonal elements and complex off-diagonal elements. The single W SDM
contains nine elements, the diagonal elements of which are the probability of

producing a W boson of helicity 71, and so are normalised to unity,

> o (s,cos6w) =1 (3.37)
n

Examples of some of the real parts of the single W SDM elements can be
seen in figure 3.11. The individual W polarised cross-sections, which are the
differential cross-sections for producing a transversely (T) or longitudinally
(L) W boson in the pair, where the other W boson can take any polarisation,
can be written in terms of the single W SDMs. So for the polarisation of the

W~ we have,

dop  do(efe” - WtWr5) do (T + )
dcosby d cos Oy T dcosfy A+ TP

dop  do(ete” = W*Wr) do W
dcosbw d cos fw " dcosby (Poo ) (3.38)

Examples of the individual W polarised cross-sections can be seen in
figure 3.12. Shown, are the cross-sections for the Standard Model as well as

those with various anomalous couplings implemented.
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in the presence of anomalous couplings.
As mentioned earlier, at tree level, for a CP-invariant reaction, the helicity

amplitudes fulfill the following relation:

F) . (s,cos0yw) = F2___(s,cosby) (3.43)

—T2—m

Thus the single W SDM elements for the W~ would then be related to

those for the W+ as follows:

P (s, cosbw) = p¥ (s, cos by) (3.44)

Like equation 3.40, equation 3.44 has some important implications. Split-
ting the single W SDM elements into their real and imaginary parts once
again, for the real parts equation 3.44 reproduces equation 3.41 which was
brought about by CPT-invariance. However, for the imaginary parts the

following is now true,

Im (pm_ (s, cos 9w)) —Im (pKV:_T,(s, cos 0w)) =0 (3.45)

Combining equations 3.40 and 3.44 brings about a simple, but extremely
important conclusion. At tree level in a CP-invariant interaction, the imag-
inary parts of all SDM elements are zero. Any deviation in the imaginary
parts could only occur in the presence of CP-violation. Thus, this means
that equation 3.45 gives a sensitive test of tree level CP-violation within
weak bosonic self interactions. As CP and CPT-invariance give the same
relations for the real parts of the SDM elements, then the real parts do not

provide for sensitive tests of CP-invariance.
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In the presence of CP-violation at tree level, the magnitude by which

equation 3.45 differs from zero is given by:

Im (p,”i,_ (s, cos 0W)) —Im (p‘f’:_,,(s, Cos OW))
=2Im (pT“;,— (s, cos 9w)) (3.46)

= —-2Im (pv_v:_T,(s, cos OW))

Figure 3.13 shows the imaginary parts of the off-diagonal elements of
the single W SDM. It can immediately be seen that in the absence of CP-
violation all these elements are zero. The plots with CP-violating couplings
implemented verify the nature of the elements described by equation 3.46.
Figure 3.13 also demonstrates that a matrix element with a positive CP-
violating coupling implemented, is equal to the negative of the same matrix
element with a negative CP-violating coupling implemented. With the real
parts of the SDM elements there is no difference seen between a negative and
positive CP-violating coupling of equal magnitude.

These relationships will break down in the face of effects beyond tree-
level. The presence of loop effects, both CP-conserving and CP-violating
will always cause the imaginary parts of the SDM elements to deviate from
zero [67). However, these deviations, unlike tree level CP-violation, cause
both the W~ and W elements to deviate from zero in the same way. So
suitable combinations of SDM elements can be formed in which deviations
due to loop effects cancel, these are shown in equation 3.47. Any deviation
from these equations could only be due to tree level CP-violation and so give

a genuine and sensitive test of CP-violation [36, 67].
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Im(pyZ) + Im(p2})=0
Im(py) + Im(p¥)=0 (3.48)

Im(p%) + Im(pl) =0



Chapter 4

Application to Data Events

In this chapter the experimental realisation of the theoretical properties
of the W-pair production process are discussed. A method for extracting
the SDM elements from the angular distributions of the W decay products
will be presented. Then the possible final states available through W-pair
production are identified and the characteristics of each discussed. It will
be shown that the W¥W~ — qgfi, channel represents the channel with
the clearest access to the SDM elements and polarised cross-sections and so

accordingly is chosen as the signal process.

4.1 Calculating the SDM Elements

The W-pair production process is characterised by a final state of four
fermions. It was shown in equation 3.27 that the cross-section for the process
ete™ = WtW~ — fifofsfs may be written in terms of five angles, the
production angle of the W~ boson, the polar and azimuthal angles of the
W~ decay fermion in the W~ rest frame, cosfy,, ¢; and the polar and

azimuthal angles of the W+ decay anti-fermion in the W+ rest frame, cos 6y,,

83
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P,

Monte Carlo generators can be used to generate pseudo-data events for
the process ete~ — WtW~ — f,fofsfs. Figure 4.1 shows the Standard
Model prediction of the distributions of the five angles in W-pair produc-
tion and decay calculated from events generated by the EXCALIBUR Monte

Carlo generator.

N/10600
: \
N/1000
\9

N/1000
T

AL
N/1000
e
j

Figure 4.1: The angular distributions from Monte Carlo generated W-pair
events. a) the W~ production angle. b) W* production angle. c) & e) the
polar and azimuthal angular distributions of the W~ decay fermion in the
W~ rest frame. d) & f) the polar and azimuthal angular distributions of the

W+ decay anti-fermion in the W+ rest frame.
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The equation describing the 5-fold differential cross-section in terms of
these angles contains the helicity amplitudes and the D-functions that de-
scribed how the decay fermions couple to the W bosons through the stan-
dard V—A coupling. This coupling, and hence the angular distribution of
the fermions depends on the helicity of the W bosons.

Measuring the angular distribution of the W decay products then gives
an effective way of measuring the W bosons’ helicities. The D-functions,
given in equation 3.26, can be inverted, so that rather than giving the angu-
lar distribution for a certain helicity, it will give the helicities for a certain
angular distribution. A set of so-called projection operators [41] can thus
be formed from the D-functions. When these operators are applied to the
angular distributions of the decay fermions, they effectively project out in-
formation about the helicities of the W bosons. The projection operators
are given the form of ATT, where the 7 and 7’ relate to the interfering spins
of individual W bosons, and the W indicates that there is a different set
of operators for the Wt boson and W~ boson. The full set of projection

operators can be seen in equation 4.1, where A, = A},

- 1
AYD =AY = 5(5cos29fq:2cosof— 1)

AT = A%T = 2-5cos?6;
AW = AT = 2e7%4 (4.1)

M = (M) = g teosaen

The single W SDM elements that describe the helicity properties of one
of the W bosons can now be calculated using these projection operators.
The unnormalised single W density matrix elements can be extracted from

the 3-fold angular distribution of the W~ decay fermion (or W* decay anti-
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fermion), by integrating with the appropriate projection operators, for ex-

ample:

do(ete = WHW™) s

d cos Ow !
_ 1 do(ete” — Wff)
~ Br(W* = ff)J dcosbwdcosfdg;

Each projection operator projects out information about one of the W

(4.2)

AW (85, 65)d cos8;ddy

bosons in the W-pair. So, by integrating over combinations of the W~ and
W+ projection operators, all 81 of the unnormalised two-particle joint SDMs

can be calculated, equation 4.3.

do(ete” - WTW~)

T T, 4.
dcos fw Pririmar; (4.3)
_ 1 /da(e"'e‘ — WHtw- — f]_fgf;;f‘;)
~ Br(W- = f1fo)Br(W+ — f3f1) J dcosbwdcosOy,doys dcosby,dey,

XAZYT-'l (gfl’ b5 )Az;z (0f4, ¢f4)d cos 0f1 d¢f1d cos 0f4d¢f4

If the full angular distributions of the decay fermion from the W~ and
the decay anti-fermion from the W+ are known, all the SDM elements can
be calculated. If the set of data are binned into bins of cos @, then exper-
imentally equation 4.2 can be realised as a discrete summation over events,
as in equation 4.4, where k is the bin of cosfw, and Ny is the number of

events in that bin.

Ny
E (k) = Nik S A¥(cos by, dr): (4.4)
i=1

The summations needed for each of the single W~ SDM elements are

shown appendix A.l. Performing these summations on the Monte Carlo
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data whose angular distributions are shown in figure 4.1 will give the single
W~ SDM elements for this set of data. These SDM elements are shown in
figure 4.2. Overlaid are the analytical predictions for the Standard Model

calculated from equation 3.29.

— 0.95 -
- P .
osk
?‘;\ 0.425
or b
sa g ol as 0 0.1
1 0 1
cosfy,
0.5 - 0.5

cosOy,
0.4 - 0.4
Im(p, )
0 o= t—ttupme 0 g [}
ol laay 0.4 L L PY] IS .
-1 0 1 -1 0 1 -1 0 1
cosf,, cosBy, cosOy,

Figure 4.2: The single W~ SDM elements calculated from a Standard Model
EXCALIBUR Monte Carlo sample by application of the projection opera-
tors given in appendix A.l. Overlaid are the analytical predictions for the

Standard Model.

When calculating these SDM elements CPT-invariance can be assumed,

so that information from the W~ and W+ decay can be combined. CPT-

. . - -+ .
invariance means p)' = (p¥"_ )*. Therefore, the summation to calculate
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each single W~ SDM element may now be written as a summation over the
W~ — fif> decays, plus a summation over the W+ — f3fs decays with the
appropriate CPT transform applied to the projection operator.

The equation needed to calculate the single W~ SDM elements when both
the W~ decay fermion and the W* decay anti-fermion are measured in every

event is shown in equation 4.5.

P (k) = 2Nk zz_l:AT,,, (cosby,, dp, )i + Z ( N (cosbf,, ¢7,): )*J
(4.5)
If only one of the W bosons is measured in each event, the measurements
from the W+t and W~ can still be combined to form just the single W~ SDM
elements as shown in equation 4.6. In this equation N} * are the number of
events with the W+— ff decay measured in bin k of cosfw, and N}V~ are
the number of events with the W—— ff decay measured in bin k of cos fy.

Thus NV + NY~ = N;.

NW" NW+

P (k) = J_V— Z A¥ (cosby,, ¢5)i + Z ( Y (cosbr, d7,)i )*

(4.6)

For the two-particle joint SDM elements both the decay fermion from
the W~ and the anti-fermion of the W+ in the W-pair event need to be
measured. Experimentally, equation 4.3 can also be written in bins of cos fw

as a discrete summation over events, as shown in equation 4.7.

p7'17'17’27’2(k Ny, 4 Z AnT cos 0f17 ¢f1) T27) (COS efu ¢f4) (47)
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The complete set of summations of operators giving all the two-particle
joint SDM elements are given in appendix A.2. Taking, for example, the
operators for the diagonal elements (1 = 74,72 = 7%) of the two-particle
joint SDM and performing the summations on the Monte Carlo data, the
two-particle SDM elements shown in figure 4.3 are obtained. Overlaid are the

analytical predictions for the Standard Model calculated from equation 3.29.

cosOy, cosOy, cosOy,

Figure 4.3: The diagonal elements of the two-particle joint W SDM calculated
from a Standard Model EXCALIBUR Monte Carlo sample by application of
the projection operators given in appendix A.2. Overlaid are the analytical

predictions for the Standard Model.
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4.2 Calculating the Polarised Cross-Sections

Having calculated both the single W and the two-particle joint SDM
elements for the Monte Carlo, it is then possible to calculate the po-
larised differential cross-sections using equations 3.33 and 3.38 given ear-
lier. The individual W (do/dcosfw, dor/dcosfw) and the correlated
W-pair (dopr/dcosbw, dovr/dcos by, dorr/dcosfw) polarised differential
cross-sections for the Monte Carlo data are shown in figure 4.4. Overlaid
are the analytical predictions for the Standard Model calculated from equa-

tion 3.25.

4.3 Considerations for Real Events

When looking at the Monte Carlo data samples, it was assumed that
the angular distributions of all four of the decay fermions are well known
and that each individual fermion is perfectly identified. This is not the case
with real data. There are three possible decay channels of the W-pair. The
leptonic (4.8), the hadronic (4.9) and the semi-leptonic (4.10). Each of these

posses their own distinct signatures.

ecet = W Wt o g0y, (4.8)
ecet = W W' = qqqq (4.9)
eTet —» W WY 5 liqq (4.10)

Each final fermion type has its own difficulties associated with it when
trying to measure them. A brief description of these are given below. A full

discussion on event selection and reconstruction is given in chapter 5.
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Figure 4.4: The differential cross-sections for different W boson helicity states
calculated from Standard Model Monte Carlo. a) is the total differential
cross-section. b) is for the production of two transversely polarised W bosons.
c) is for the production of two longitudinally polarised W bosons. d) is for
the production of a longitudinal and a transverse W boson. e) and f) are
for the production of at least one transverse and one longitudinal W boson
in the pair respectively. Overlaid on all the plots is the analytical prediction

for the Standard Model.

e The massless neutrino cannot be detected and passes straight through

without leaving any signal.
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¢ The hadrons produce jets of hadronic particles, making identification of
charge, and therefore differentiating between fermion and anti-fermion

very difficult indeed.

o If the lepton is a 7 it will decay before it is detected. It can decay into
a lighter lepton and neutrinos or into hadronic particles. In all cases

reconstruction of direction will be made difficult.

These differences in the way each fermion behaves then mean that each
decay channel has its own set of difficulties associated with it when trying to

reconstruct the W production and decay angles.

e The fully leptonic decay is measured as two leptons. So, although the
lepton and anti-lepton are identified, the fact that not all the momen-
tum is measured immediately complicates things. There will always
be a two fold ambiguity within the calculation of the W production
angle. All the missing momentum is assumed to be that of the two
neutrinos. If there is any Initial State Radiation, the assumed four-
momentum of the neutrinos will actually be that of the neutrinos plus
the ISR photon. The production four-momentum of the W boson will
then be calculated incorrectly and so leads to incorrect calculation of
the the decay angles in the W rest frame. The problem will be further

enhanced if one or both of the leptons are taus.

e The fully hadronic decay produces four jets of particles. All the the
momentum components of the four jets will be measured, but there is
still a three-fold problem. Firstly, each hadron has to be assigned to the
correct jet. This can be done by, for example, using the Durham &, al-
gorithm [68, 69, 70, 71] to force each selected event into four jets. Once

this has been done the correct di-jet combination has to be identified,



4.3. CONSIDERATIONS FOR REAL EVENTS 93

i.e. the two jets from each W boson have to be paired together. This
is possible by using a likelihood algorithm [72]. Both these processes
are not 100% efficient. The charge of each jet is unknown, making it
very difficult to distinguish between the particle and anti-particle from
each W boson and even the W and W~. The charge can be inferred
by a jet charge technique [73]. This technique only has limited success
for calculating the charge of the di-jet pairs to identify the W* and
W=, but is almost useless when it comes to differentiating between the

fractionally charged jets from the particle and anti-particle.

e The semi-leptonic decay is signified by two jets of particles and a lepton.
Calculation of the W production angle can be performed as all the
momentum from the hadronically decaying W boson can be measured.
The problem of jet pairing only arises if there is a 7 lepton present
and even in this case it is far reduced from the problem seen in the
fully hadronic channel. ISR can still cause problems as once again all
the missing momentum is assigned to the neutrino. Identification of
the W~ and W™ bosons is given by the lepton charge. There is still
an ambiguity in assigning the correct particles to each of the two jets
from the hadronically decaying W boson. Identification of which jet

represents the fermion and which the anti-fermion is also very difficult.

The semi-leptonic channel presents the fewest ambiguities when calculat-
ing the five decay angles of the event, so is chosen as the signal process. The
polar and azimuthal angle of either the decay fermion or anti-fermion in the
W rest frame can be calculated for each event. Thus the single W SDM ele-
ments can be calculated from the semi-leptonic decay events. For the W—qq
in the W-pair the fermion and anti-fermion cannot be distinguished, thus all

the single W SDM elements cannot be calculated from these.
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Certain projection operators (or combinations thereof) used to calculate
the SDM elements are invariant under the transform 6y — 7 —60;, ¢; — ¢5+
m. This transform is equivalent to the interchange of the fermion and anti-
fermion from one of the W bosons. Thus, these projection operators can be
used on the hadronically decaying W boson with the choice of fermion being
arbitrary. The projection operators that are invariant under this interchange

include the following:

AY: + AV = 5cos’ 0 — 1

AW® = 2-5cos’b; (4.11)

Therefore pyy and py+p—_ can still be extracted from the hadronically
decaying W boson. The combinations of SDM elements needed to calculate
the W-pair polarised cross-sections only require the combinations shown in
equation 4.11, so may also be extracted from the semi-leptonic events, as
shown in equations 4.12-4.15. Both the individual W and W-pair polarised

cross-sections can then be calculated from the semi-leptonic decay events.

OTT X Pigpip F P+ P+ Py
oc AWTAYE L AWTAYT L AWOAYT L AV AT

o (A% + AW ) AT + A7) (4.12)

oL X Poooo

o« AFTAWT (4.13)
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ot X P4+400 + P——00
o AVCART 4+ AW ART

o (A% 4+ AVART (4.14)

oLt X Poo++ + Poo——
o AFTAYE 4+ ANTAYY

o AWT(AWS 4+ AYT (4.15)

4.4 Events with qg/7, Final States

So far, the signal processes e"et — W~W+ —qg¢p, have been considered.
At OPAL these are not the only processes that produce a final state of qG¢7,.
For example, the TGC process, seen in figure 3.3, which does not have a
intermediate state of two W bosons, can also produce a final state of qGé7,.
There are many more processes which produce the same final state which do
not contain the TGC vertex or an intermediate state of two W bosons [74]. It
is impossible to separate out these events in the data so they are considered
as part of the signal.

The processes producing a final state of qGfv, are called the Charged
Current (CC) processes. They can be split into three sub-sets; CC03, which
are the W-pair signal events shown figure 4.5. CC10, which are the processes
capable of producing a final state with the lepton being an electron, a muon
or a tau, this set includes the CC03 diagrams. The extra diagrams needed
to complete this set are shown in figure 4.6. Finally there is the CC20 group
which is all processes which produce a final state of an electron, an anti-

neutrino and a quark anti-quark pair. This set includes the ten diagrams
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from the CC10 set plus ten more diagrams that have a final state which can
have only an electron or a positron as the lepton in the final state, shown in

figure 4.7.
¢ r - <¢ r
1 “/r’/<v= 20 “,r/ Ve ¢ - Ve
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Figure 4.5: CCO3 diagrams.
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Figure 4.6: This set of diagrams plus the CCO03 set form the group known as
CC10 diagrams.
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Figure 4.7: This set of diagrams plus the CC10 set form the group known as
CC20 diagrams.



Chapter 5

Selection of Data

In this chapter the event selection procedures are described. The selection
is designed to enhance the signal over background processes. The background
processes fall into two categories, (i) the irreducible background from events
leading to the same final state as the signal. These were described in the last
chapter. (ii) background processes which lead to a similar, but not identical
final state which can be mis-identified as signal events. These processes
are described below. Also described in this chapter are the Monte Carlo

generators used in the analysis.

5.1 Background Events

5.1.1 Neutral Current Four-Fermion Production

In addition to the charged current four-fermion processes already dis-
cussed, there is another class of four-fermion final state events called the
neutral current (NC) processes. Unlike the charged current processes they
do not contain a W boson, so rather than a final state of qG¢i,, these events

contain two quarks and two charged leptons, q@¢*¢~. With a final state such

98
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as this, if one of the charged leptons is not detected by the OPAL detector,
the event will appear to have a final state of qG¢7,.
There are 24 neutral current processes which can produce a final state

with either electrons, muons or taus in it. These are called the NC24 dia-

grams. The diagrams for these processes are shown in figure 5.1.

Figure 5.1: NC24 diagrams.

There are a further 24 neutral current processes that can only produce a

final state with the charged leptons being an electron and a positron. The
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diagrams representing these events are shown in figure 5.2. When combined

with the NC24 events, this group is called the NC48 set.

Figure 5.2: Along with the NC24 diagrams, these make up the NC48 dia-

grams.

5.1.2 The Z°/y — qq Background

The Z°/v — qq processes are shown in figure 5.3. The final states pro-

duced by this process are generally unlike the signal process. However, if the
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initial state photon converts into an electron-positron pair and one of the
leptons is lost down the beam pipe, the event could resemble a signal pro-
cess. Furthermore, the photon is often radiated with an energy that means
the Z° is on-shell. This would mean that the jets would be boosted and also
have a similar invariant mass to a W boson. As the Z°/y — q process has
a cross-section 13 times higher than that of the signal process it is a major

contribution to the accepted background processes.

e

Figure 5.3: The Z°/~ — qq background processes.

5.1.3 The Two-Photon Background

The two-photon process is shown in fig-
ure 5.4. The final state of this process does
not really resemble the signal process, but the
cross-section is extremely high, over a 1000
times greater than the signal processes cross-

section, this means that some events may be

accepted as signal events. There are two pho-
ton events where both beam leptons are lost
Figure 5.4: The two-photon down the beam pipe, these are called untagged
béckground Pprocesses. events and will not contribute to the back-

ground. However, there are events where one
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of the beam leptons is detected, these are called tagged events. These
may contribute to the background as the lepton may resemble that from
a WtW~ — qger, event. Even with these events, the chances of it being
accepted in the selection is extremely low, so the two-photon process is not

as large a contributor to the background as the Z°/y — qq process.

5.2 Monte Carlo Generators

To mimic the actual events seen within the OPAL detector a number
of Monte Carlo generators are employed throughout this analysis. These
generators produce the final state four-vectors of all the particles within the
event. Not only are there generators that produce four-fermions seen from
the W-pair process, but there are also those which produce four-fermion
final states through all the processes discussed in this and the last chapter.
Generators are also used to simulate the other background events, such as
Z°/v — qq. Many of these generators do not only produce the final particles
calculated from the leading order Feynman diagrams, but they also include
such effects as Initial State Radiation (ISR), Final State Radiation (FSR)
and Coulomb corrections. In this section the different types of Monte Carlo

generators used are discussed.

5.2.1 Four-Fermion Monte Carlo Generators

The four-fermion generators can produce all four-fermion final states,
qdqd, q@fv, and £* v~y through all possible processes including ete™ —
WHW~= = fifofsfs, as well as the other CC20 and NC48 processes. All
the generators vary in a number of ways, not only in how they model the

basic process, but also in what extra processes are added such as Coulomb
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corrections. A brief description of all the four-fermion generators used in the

analysis is given below.

EXCALIBUR

EXCALIBUR ([75] is the most widely used generator. It contains not
only the Standard Model matrix elements, but also the option to switch
on a number of the anomalous couplings seen in the general Lagrangian,
equation 3.1. The couplings that can be varied are; g%, K, K, Ay, Az, and
9. They may be set at any value. It is not possible to implement the
CP-violating couplings.

EXCALIBUR generates four-fermion final states through all possible elec-
troweak four-fermion processes [74]. However, the QED two-photon diagram
is omitted from the OPAL version because this process is not well under-
stood and is better modelled by dedicated two-photon generators. This
means that the interference terms of this process with the other NC48
diagrams are neglected. This is thought to be a small effect, especially
compared to the uncertainty associated with the two-photon process itself.

All fermions are assumed to be massless

when they are generated. The generator

€ 9 0<q also includes the width of the W% and
0 001
Z
g

_ Z° bosons. QED initial state corrections
q are implemented using a structure func-
tion formalism [76]. Interfering QCD back-
grounds {77] are also possible. An example

of these diagrams are as in figure 5.5. These
Figure 5.5: The interfering

QCD background.

interfering backgrounds are only relevant for

the qqqq channel and in the OPAL version
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of EXCALIBUR they are not implemented.
This is to avoid double-counting because they are also contained in the stan-
dard PYTHIA quark pair production Monte Carlo that is used as the back-
ground generator for the qdqq channel. EXCALIBUR has a Coulomb cor-
rection [78] for the CC03 WW production. This correction accounts for the
fact that if the two W bosons are travelling slowly with respect to each other,
the pure Coulomb attraction between them is not negligible, and it changes
the W boson momentum distribution. This effect is particularly important
at the W-pair production threshold of 161 GeV.

A naive QCD correction is also implemented in EXCALIBUR. This is be-
cause, in addition to the four-fermion production that EXCALIBUR models,
there is also four-fermion plus one-gluon production which enhances the WW
production cross-section. The correction is applied naively to all final-states
with W—qq decays and it boosts the cross-section by (1 + a,(Mw)/7) for
each W—qq decay. It should be noted that the W—qgg topology is sim-
ulated in the events by the parton-shower part of the event generation, so
multiplying the cross-section by this correction is a reasonable thing to do.

The naive QCD correction in principle should be applied to all diagrams
with a vector boson V—qg decay. However to achieve this a,(Q?) has to
be evaluated at the correct (vector boson mass) scale Q2. This is extremely
involved, so the naive QCD correction is only applied to the WW diagrams,

where Q is well defined (Myw).

ERATO

ERATO [54], like EXCALIBUR, can generate all four-fermion final states
through all possible electroweak four-fermion processes. Once again fermions

are assumed massless. It contains QED initial-state corrections and the
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Coulomb correction. It also has radiative corrections related to the width
of the unstable Z° and W* bosons.

The main difference from the EXCALIBUR generator is that any of the
anomalous couplings seen in the general Lagrangian, equation 3.1, may be
varied. These include the CP-violating couplings. All the couplings may be
set to any value. It is possible to produce weighted events using ERATO
aswell. This means that one set of events can be generated along with many
sets of weights, each of which can weight the sample of events to a sample

with any anomalous coupling.

grcdf

gredf [79], like the other four-fermion generators, can generate all four-
fermion final states through all possible electroweak four-fermion processes.
However, it’s structure is slightly different. It is based on the GRACE [80]
system which automatically generates the matrix element in terms of the
helicity amplitude. This means that the fermion masses are treated as non-
zero. It contains the gauge boson widths and Coulomb corrections between
the two intermediate W bosons. It also has initial state corrections, these are
implemented in two ways. One is based on the electron structure function
formalism, as for the other four-fermion generators, but it also uses a parton
shower algorithm. All the C and P-conserving anomalous couplings may be
switched on and set to any value. The CP-violating couplings may not be

implemented.

5.2.2 WW Monte Carlo Generators

The WW generators share many features of the four-fermion generators,

but they only contain the three CC03 diagrams. This means that only four
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fermion final states via the process ete™ - WTW~ — fif,fsfs are calcu-
lated and so the interference between all possible final four-fermion processes
are not included. It should be noted that all the four-fermion generators
already discussed may also be used to generate just the CC03 events. Below

is a brief description of the WW generators used in the analysis.

KORALW

KORALW [81, 82] generates qdqd, qdf7; and £*ul~bp final states
through the process ete™ — WTW~ = fi fofsfs. The latest version of KO-
RALW can generate four-fermion final states from all possible four-fermion
processes, like the other four-fermion generators. However, that version was
not used in this analysis. KORALW contains initial state QED correc-
tions [83]. It contains gauge boson widths and a Coulomb correction. It
also has a naive QCD correction. Any of the 14 anomalous couplings given

by the standard Lagrangian, equation 3.1, may be switched on.

PYTHIA and HERWIG

PYTHIA [84] and HERWIG [85] are general purpose Monte Carlo genera-
tors for multi-particle production in high energy physics. They can both gen-
erate the four-fermion final states via the ete™ — WW~ = f,f,fsf4 pro-
cess. Being general purpose generators that can produce events for proton-
proton and electron-proton colliders as well as electron-positron colliders,
they do not contain the detailed modelling of all the specific corrections that
are contained in the dedicated four-fermion generators. Both generators only

generate events with Standard Model couplings.
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5.2.3 Background Generators

A number of different Monte Carlo generators are used to produce sim-
ulation of the possible background events. For the Z°/y — qq events both
PYTHIA and HERWIG are used. The two-photon events are much less well
understood than the other processes and there are a number of different gen-
erators available, each of which model the processes slightly differently. Of
the dedicated two-photon generators the PHOJET (86, 87] generator is used
to model some of the processes. In addition to PHOJET, the HERWIG and
PYTHIA generators are also used to simulate some events. A combination

of the three is used to produce the final sample of two-photon events.

5.2.4 Jet Fragmentation

The Monte Carlo generators produce the final four vectors of all the
particles in the main process. However the quarks and 7 leptons fragment
into showers of particles. To model this process and also Final State Ra-
diation (FSR), hadronisation programs are employed. There are two main
fragmentation schemes used at OPAL; JETSET [84] which is the fragmen-
tation scheme from PYTHIA, and the HERWIG fragmentation scheme.
Both these hadronisation programs have been tuned using data measured

at OPAL [88, 89] to give the best representation of true fragmentation.

5.2.5 Monte Carlo Samples Used

Table 5.1 shows all the fully detector simulated Monte Carlo samples
used in this analysis. In addition to these, a number of generator level sam-
ples of EXCALIBUR, ERATO and KORALW were used that had not been

subjected to detector simulation. A key to some of the important points in
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table 5.1 is given below

t contains ete~™ — €000 where £ = u, T, Ve, v, and v,. Events not included

are eeff (f=e,u,7,q) and 4-v.
1 contains final states fvqq, £/qq and vvqqg.
* contains all possible four quark final states.
* TGC indicates the sample contains events sensitive to TGCs only.

< non-TGC indicates the sample contains events insensitive to TGCs

only.
@ qqrv, final states only.

o events supplied with weights to make sample Standard Model or with

various anomalous couplings present.
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Run No. | Generator type No. cvents Modcl Frag. scheme
8027 PYTHIA CC03 100000 Standard JETSET
8099 HERWIG CC03 100000 Standard | HERWIG/JETSET
8626 KORALW CC03 200000 Standard JETSET
9865 GRCAF CCo3 246570 Standard JETSET
9866 GRC4F CC03 246570 Standard HERWIG
8263 | EXCALIBUR CCo3 200000 Standard JETSET
8264 | EXCALIBUR CC03 100000 Aky =41 JETSET
8265 | EXCALIBUR CCo3 100000 Ay = —1 JETSET
8266 | EXCALIBUR CCo03 100000 Agi=+1 JETSET
8267 | EXCALIBUR CC03 100000 Agi = -1 JETSET
8268 | EXCALIBUR CcCo3 100000 A=+1 JETSET
8269 | EXCALIBUR CCo03 100000 A=+1 JETSET
7844 GRCAF 4-fermion (1111)7 15855 Standard JETSET
8055 GRCAF 4-fermion (llqq)? 43396 Standard JETSET
7846 GRCAF 4-fermion {(qqqq)* 42088 Standard JETSET
8100 | EXCALIBUR | 4-fermion (TGC)* 460000 Standard JETSET
8101 | EXCALIBUR | 4-fermion (nou-TGC)® 52300 Standard JETSET
9103 EXCALIBUR 4-fermion (qqt.v)v 61000 Standard JETSET
8251 EXCALIBUR 4-fermion (TGC) 100000 Aky = +2 JETSET
8105 | EXCALIBUR 4-fermion (TGC) 100000 Aky = +1 JETSET
8252 | EXCALIBUR 4-foermion (TGC) 100000 | Ak, =+0.5 JETSET
8253 | EXCALIBUR 4-fermion (TGC) 100000 [ Ak, =—-0.5 JETSET
8106 | EXCALIBUR 4-fermion (TGC) 100000 Ak, = -1 JETSET
8254 | EXCALIBUR 4-fermion (TGC) 100000 Ak, = -2 JETSET
8255 | EXCALIBUR 4-fermion (TGC) 100000 Agi =42 JETSET
8107 | EXCALIBUR 4-fermion (TGC) 100000 Agi =+1 JETSET
8256 | EXCALIBUR 4-fermion (TGC) 100000 | Agi = +0.5 JETSET
8257 | EXCALIBUR 4-fermion (TGC) 100000 | Agi=—-0.5 JETSET
8108 | EXCALIBUR 4-fermion (TGC) 100000 Agi = -1 JETSET
8258 | EXCALIBUR 4-fermion (TGC) 100000 Agi = -2 JETSET
8259 | EXCALIBUR 4-fermion (TGC) 100000 A= 42 JETSET
8109 | EXCALIBUR 4-fermion (TGC) 100000 A=+1 JETSET
8260 | EXCALIBUR 4-fermion (TGC) 100000 A=40.5 JETSET
8261 | EXCALIBUR 4-ferinion (TGC) 100000 A=-0.5 JETSET
8110 | EXCALIBUR 4-fermion (TGC) 100000 A=-1 JETSET
8262 | EXCALIBUR 4-fermion (TGC) 100000 A=-2 JETSET
9019 ERATO 4-fermion (TGC) 200000 Standard® JETSET
5078 PYTHIA quark-pairs 500000 Standard JETSET
5080 HERWIG quark-pairs 100000 Standard JETSET
1045 PYTHIA 2-photon 200000 Standard JETSET
1049 HERWIG 2-photon 150000 Standard HERWIG
1055 PYTHIA 2-photon 5000 Standard JETSET
1042 PHOJET 2-photon 999999 Standard JETSET

Table 5.1: The fully detector simulated Monte Carlo samples used in this

analysis.
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5.3 Detector Simulation

Detector simulation is accomplished by passing the four-vectors of all the
particles produced by the Monte Carlo generator into a computer simulation
of the OPAL detector.

This is done by the GOPAL [90] Monte Carlo program. This is based on
the CERN GEANT [91] simulation package. The event generator produces
four-vector files for the particles. These are passed to GOPAL which simu-
lates the detector response, all the default constants for each of the OPAL
subdetectors are also passed into GOPAL. The output of GOPAL is a copy of
the constants used and the simulated “raw data.” These can then be passed
into the ROPE program in the same way as the “real data” from the OPAL
detector. DSTs can be produced and analysed in the same way for the Monte
Carlo as is done for the data.

A schematic for this process is shown in figure 5.6.

Event
Generator

Default Constants—|

4-vector file ]

Constants
+Raw Data

Physics Analysis

Figure 5.6: Outline of the organisation of the GOPAL program.
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5.4 Data Selection and Reconstruction

The selection and reconstruction of qd¢7, events consists of two basic
phases. Firstly the selection of qGfi, events is made using the WW pack-
age [92], a set of routines developed by OPAL and designed for the study
of W-pair events. This selection is the same as used by OPAL to measure
the total W-pair production cross-section [66] and therefore does not require
completely reconstructed events.

For the measurement of TGCs and the study of W decays, the tracks in
the event need to be more cleanly reconstructed. The second phase of selec-
tion and reconstruction involves taking the events selected by the previous
process and performing kinematic fits on them, this then rejects any poorly
reconstructed events. This process is achieved using the WV package [93],

which is a set of routines designed to complement the WW package.

5.4.1 Selection of qg¢v; Events

This selection of events is based on that used by OPAL at the lower centre-
of-mass energies of 172 GeV and 183 GeV, described in detail in [94, 95]. Due
to the higher energy, a number of the cuts have slightly changed, but the basic
structure remains the same.

Firstly, it should be noted that only events that fail the £*v,¢'~ 7y selec-
tion [66] are considered as possible qG¢7, events. Also the full qqr7, selection
is only applied to events that have already failed the qge?, and qquv, selec-
tion.

The selection of the qGeZ. and qqu#, events proceeds in four stages:

¢ Identification of the candidate lepton.

o Preselection.
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o Relative likelihood selection.

e Event Categorisation.

This selection will select some q4r, events as qgev, or qquv, events.
These are separated out in the event categorisation section. Below, each of
these stages is described in detail. Any events not selected as qger, and
qqu, are then passed through the qgri; selection, which is discussed later
in this section.

For the preselection and likelihood selection a number of variables are
used, before going on to discuss how these processes proceed, these variables

are defined below:
e dy 7 — ¢ impact parameter.
® 2 z impact parameter.

e P(¢), the lepton identification probability for the candidate lepton
track. For example P(e) is the electron identification probability and

P(u) is the muon identification probability.

® Eiepton, the energy of the lepton candidate. For the electron this is
calculated using the electromagnetic calorimeter energy. For the muons

the track momentum is used.

® Diepton, the momentum of the lepton track. For the three prong tau

decay it is the sum of the momenta of the three tracks.

e Iz, the sum of the lepton candidate track momentum and ECAL clus-
ter energy within a 200 mrad cone about the candidate track (excluding

clusters associated with the candidate track).

e E/p, the ratio of the energy of the associated ECAL clusters to the

track momentum.
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e Ag¢gc/cr, difference between the ¢ measurement from the track and

from the associated ECAL cluster.
o 9E the energy loss of the particle in the tracking chamber.

e Xgconv, the output of the IDGCON conversion finder which checks if
the track is compatible with an electron or positron originating from a

gamma conversion.
e N3, the number of blocks containing 90% of the ECAL cluster energy.

e Nyc2, the number of layers with hits in the first two layers of an asso-

ciated hadron calorimeter cluster.
e NycaL, the number of HCAL layers hit in an associated HCAL cluster.
¢ Niuon, the number of muon hits associated with track.

® Xyits/layer, the number of hits in the hadron calorimeter divided by the

number of layers with hits.

® c0s fipmis; the cosine of the angle between the lepton track and the

missing momentum vector.
° \/?, the reconstructed invariant mass s'.
e R, the visible energy of the event scaled by /s.

e N¢r, the number of tracks in the central tracking chamber which passed

the WW quality cuts.

N, the minimum number of tracks in a jet when the event (including

the lepton candidate) is forced into three jets.

e Ngc, the number of electromagnetic calorimeter clusters.
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Rehw, the total ECAL energy scaled to /s.

Erp, the energy in the calorimeter of the low angle detectors.
E,, the energy of the highest energy isolated photon.

|p|, the scalar momentum of the lepton.

P(s’), the probability from a kinematic fit which estimates the recon-

structed invariant mass of the event, v/s'.

cos O;s, the cosine of the angle the missing momentum vector makes

with the beam axis.

>~ Py, the transverse momentum of the event relative to the beam axis,

calculated using tracks, ECAL clusters and HCAL clusters.

NgPton=iét ' the number of tracks in the jet containing the lepton when

the event (including lepton candidate) is forced into three jets.

E;, the sum of the candidate track momentum and energies of the
ECAL clusters within a 200 mrad cone about the candidate track (not

including clusters associated with the candidate track).

IST, the sum of the track momentum of all the tracks within a 200

mrad isolation cone.

In00—500, the sum of the track momentum and ECAL energy of all the
tracks and ECAL clusters within a 200-500 mrad isolation annulus

around the candidate track.

cos Oy, the cosine of the angle between the track momentum and the

missing momentum vector.
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e M., the invariant mass calculated from the track momentum and en-
ergies of ECAL clusters within a 200 mrad cone about the candidate

track.

cos §, cosine of the polar angle of the lepton candidate.

Eqq, energy of the jet-jet system.

yo3, the y-cut value for the transition between two and three jets.

cos 0y, (jet), cosine between the lepton and the nearest jet axis.

Identification of Lepton Candidates

For every event two lepton candidates are selected. The track in the
event which is most consistent with being an electron and the track most
consistent with being a muon from the decay of a W boson into a lepton
(W — {i,) are taken as the lepton candidates. Some events will obviously
not contain a lepton, but a track will still be assigned as a lepton however
improbable. This procedure does not require explicit lepton identification
and is designed to maximise efficiency. For each track in an event which
passes the WW112 track quality requirements, a likelihood function is used
to give the probability that the track selected arose from a W — e, P(e),
or from a W — up, decay, P(1). The WW112 track quality requirements

are:

Momentum < 100 GeV.

Transverse momentum > 150 MeV.

do < 2 cm.

2o < 25 cm.
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o x? per degree of freedom, in both 7 — ¢ and z, less than 100.

e At least half the maximum possible number of CJ hits for a track at

the measured value of cos @ with an absolute minimum of 20 hits.

e Tracks crossing the anode plane, 7.9° < q.¢c; < 10.5°, are required to
be well measured, o,/p < 0.5. Where ¢ is the measured charge of the
track and ¢¢; is the local azimuthal angle of the track within the CJ

sector.

The variables used in the likelihood function can be split into two groups.
Firstly those that represent the probability of the track being due to a lepton,
namely the energy loss of the track through the tracking chamber and the
number of hits in the hadron calorimeter. The second group are variables that
represent the probability that the track came from the decay of a W boson,
such as the energy deposited in the electromagnetic calorimeter. Table 5.2
lists all the variables used in the likelihood calculation.

For each variable a probability is calculated from comparison with a ref-
erence histogram. There is a reference histogram for each flavour of lepton,
these are derived from large samples of Monte Carlo events. To calculate
the overall probability for each track, the probabilities for each variable are
multiplied together. The track with the highest P(e) is taken as the candi-
date electron in the W*W~ — qgep, selection and the track with the highest
P(p) is taken as the candidate muon in the WYW~ — qqup, selection. At
this stage no events are rejected, so every event will have one electron and

one muon candidate.

The use of this many variables ensures that the identification of the lepton

candidate is extremely efficient. Studies using Monte Carlo show that for
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Variable | W —ev, | W — pup,
Prepton v
Eiepton v v

I200 v v
E/p v

Adec/cr v
dE/dx Vv

Xcoonv v

Nok v

Nuca v
NucaL v
Nyuuon v
Xhits/layer Vv

Table 5.2: Variables used to calculate the likelihood of the electron and muon

lepton candidate.

events where the lepton track passes the WW track quality cuts, the following
efficiencies are possible. In 98.1% of the W*W~ — qge?. events the correct
track is identified as the lepton and in 99.1% of the WtW~ — qqu#, events

the correct track is identified as the lepton.

Preselection

The preselection cuts are applied to remove background events that are
obviously not W*W~ — qqfi, events, such as the two-photon events. It also
removes a significant fraction of the Z°/y — qq events.

A number of cuts are applied to both the W¥W~ — qge’, and WFW— —

qqui, selections, these are:
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® Eiepton > 10 GeV
® COS olpmis < 0.9
e P(e),P(y) >107°

e 0.3<Rys<1.2

Ner > 5

Renw > 0.1

Ngc > 17

Erp < (\/_ - Mzo — 10GeV)

E, < (/3 — Mgo — 10GeV)

In addition to these, the reconstructed s’ is required to be greater than
60 GeV? for the W — eb, and greater than 90 GeV for the W — ui,.

Further cuts are applied to the WTW~ — qge. selection designed
to reduce the backgrounds from two-photon events, which can resemble
WHW~ — qgev,. events and also further reduce the backgrounds from ra-
diative Z°/y — qq events where the initial state photon converts into an
electron-positron pair and one of the leptons is lost down the beam pipe.

The cuts designed to reduce these backgrounds are:

e If Eiepton is within 12 GeV of (1/s—Mgzo) then the following are applied:

— Event is rejected if the track of the lepton candidate and an oppo-
sitely charged track appear to have originated from the conversion

of a photon.

— b< % < 15 keVem ™},
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— If 4 is not well measured the event is rejected.

— If the electron candidates within 32°of the beam-pipe then |p] > 10
GeV.

o If the lepton candidate appears to have come from the conversion of a

photon and the kinematic fit converged, then P(,/s) < 0.01.

® | coSOmis| < 0.975. This cut is designed to reject events where a lepton
passing down the beam pipe is mistaken as the missing momentum of

a neutrino.

Relative Likelihood Selection

For events that have passed the initial preselection, a likelihood is given
to them that they are a WtW~ — qger, event (L) or a WYW~ — qqu,
event (L9%¥). A number of variables are looked at to calculate this likelihood.

These variables are shown in table 5.3.

A probability is calculated for each variable by comparing the observed
value with expected distributions obtained from Monte Carlo events. The
likelihood L% is calculated as the product of these probabilities. Using the
same approach a likelihood is also calculated for the event being a background
Z°/y — qq event (L93). A relative likelihood is then calculated for the event.
For example, the relative likelihood that the event is a W*W~ — qger,

would be:

qqev
£9aev — L

T Lader 4 f x Lad

(5.1)

Where f is the expected ratio of preselected background to signal cross-

sections calculated from Monte Carlo. Events with £33¢ > (.5 are selected as
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Variable | W*W~ — qgev, | WtW~ — qquo,
Elepton \/ \/
Ia00 v
P(£) v v
C0S Opis V4 Vv
R J y,
> PT v v
€08 Gipmis Vv Vv
P(s') v
Nlepton—jet v
Vs’ i v

Table 5.3: Variables used to calculate the relative likelihood selection of the

W*W~ — qged, and WYW~ — qqui, events.

W*W~ — qgev, events and those with £33# > (.5 are selected as WTW~ —
q4uy, events. Events can be selected as both of these. The combination of
preselection and likelihood selection rejects over 99.5% of the Z°/y — qq
background and is approximately 90% efficient for W*W~ — qges, and
WHW~ — qqui, events.

Event Categorisation

The preselection and likelihood selection are optimised to separate the
W+W~ — qdetl and WHW~ — qqub, events from the background Z°/y —
qq events. As a result of the relative likelihood selection, events are classified
as WTW~ — qged, or WHW~ — qqui, events, or as both. For the ambigu-
ous events, a relative likelihood is constructed to discriminate between the

two possible cases, so all events can only be put in just one category.
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However, approximately 30% of the events will actually be WtW~ —
qqr7, events. So all events passing the WrW~= — qgev. selection are reclas-
sified as WT*W~ — qges, or WHW~ — q4r 7, events. A similar procedure is
undertaken for the events passing the W*W~ — qguw, selection.

New relative likelihoods are calculated. The predominant WtW~ —
qqTP, events that are selected as WYW~ — qged. events are where the
tau lepton decays into an electron, WYW~ — qgr, — qgeder,v,, or a

Oy, ,. Likelihoods

one prong hadronic state, WtW~ — qqri, — qninm
are calculated for the event being from each of these two processes using the
same variables as before. Relative likelihoods are then formed to discriminate
between the WtW~ — qgev, and WHYW~ — qgr7, events. An example of
the relative likelihood between WY¥W~ — qgev, and WtW~ — qgrv, —

qqeve v, U, is shown below:

qeDevys b LadePerrr
o i (5.2)
Ladevev-or + T agev

If any of these relative likelihoods are greater than 0.5 the event is cat-
egorised as a W¥W~ — qqri; event. A similar procedure is applied to the
W+W~ — qqup, events to separate out the WtW~= — qdro, — qduo,v, o,

0

and WHW- = qqro, = qgninn®y,. 7, events from them.

Selection of WYW~ — qgro, Events

The only events so far categorised as WTW~ — qqro; events are those
that passed either the WtW~ — qged, or WtW~ — qqup, selection. These
amount to only about 30% of the total number of WYW~ — qqr7, events.
All events that failed both the W*W~ — qges, and WtW~ — qqup, se-

lection are now subjected to the WHW~ — qqro, selection. The selection
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is designed to be sensitive to the four main tau decay channels, namely the
electron, the muon, the hadronic one prong and the hadronic three prong,

WHW~ = qqro, — qarirnrFu. o,

Variable |7 —we|7— u|7—1h | 7— 3h

Plepton

Elepton v
E, v
Ia0o v v
b v v

I200-500 v v
E/p

Adec/cr
dE/dz

<<

Xaconv

90
Nblk

LKL

Nuc2

NucaL V4
Nmuon v
X nits/layer v
cos Oz Vv
Nigion—e VAR
M, v | v

Table 5.4: Variables used to calculate the likelihood of the tau lepton candi-

date in the four tau decay channels.

The selection proceeds as for the WtW= — qge, and WtW~ — qquo,
channels. The identification of the lepton candidate is replaced by the identi-
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fication of the track most consistent with being from each of the four possible
tau decay channels. For the three prong tau decay the combination of three
tracks most consistent with being from this process is identified. The vari-
ables used in this process are shown in table 5.4. The efficiency of this
identification is less than that for the electrons and muons, but still a re-
spectable 79.5% of events are expected to have the correct track(s) identified
as the tau.

Now preselection is applied. A list of all the cuts applied in the preselec-
tion for each 7 decay channel is shown in table 5.9.

The likelihood selection applied uses the same variables as for the other
leptons, but with the addition of more information about the tracks. An event
is selected as coming from a certain channel if the relative likelihood is greater
than 0.75. Once again, events passing more than one WtW~ — qgro;,
likelihood selection are subjected to a new likelihood selection using a subset
of variables to ensure it enters into the final data set only once. A list of all

the variables used in the likelihood selection can be found in table 5.5.

Performance of Selection

The performance of the selection on CC03 Monte Carlo signal events is
shown in table 5.6. The overall selection efficiency of the signal events is
estimated to be (87.7 + 1.1)%.

Figure 5.7 shows the cos 6w distributions of all Monte Carlo events com-

pared to that of selected events only from a sample of CC03 Monte Carlo.
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Variable |7 e |{7—pu|7—1h|7—3h
Enepton v v v v
PR() Vv Vv v

Iyo0 v v v
I v
I200-3500 v v v

Yo3 v v
€08 O s Vv Vv Vv V4
Ry v v v v
Rinis v v
XPT | Vv v Vv
€08 Bipmis Vv Vv
P(Vs) v v
Vs v v v v
o v v v v

N v

Eqq v
cos O ety |V v v v

Table 5.5: Variables used to calculate the relative likelihood of the WTW— —

qqrU, events. There is a different subset for each type of T decay.

The number of background events expected to be selected by this method
calculated from Monte Carlo are shown in table 5.10. The expected selected
cross-section is shown, along with the number of events this corresponds to in
the 189 GeV data. Table 5.7 shows a summary of all these results, along with
the actual number of events selected from the OPAL data. Good agreement

is seen between the expected number of events and the selected number of
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Selected as WHW~ — qali,
Efficiency [%)] 87.7 £ 1.1
Signal events 1173 £28

4-fermion, TGC-dep. 24 £ 4
4-fermion, TGC-indep. 34 +£3

Z° [y — ff 48 £ 5
Two-photon 3+2

Total Background 111 £ 8
Total expected 1284 + 29
Observed 1246

Table 5.7: The expected number of events selected from each of the different

processes. Also shown is the total number of observed events at 189 GeV.

5.4.2 Event Reconstruction

So far, all the events that are likely to arise from W-pair production
have been selected, however some of these may have very poorly measured
elements and so the angular distribution of the particles cannot be well recon-
structed. For the analysis of the W spins it is vital to have well reconstructed
angles, so events without these need to be removed from the sample.

All events will have a track identified as the lepton. The electron direction
is reconstructed by the tracking detectors and the energy is measured in the
electromagnetic calorimeters. For the muons the momentum is measured
using the tracking detectors. The case of the WtW~ — qqro, event is
slightly different, but this will either have one track or a narrow jet that is
identified as the tau candidate. The energy of the 7 candidate can only be
derived from a kinematic fit.

Now, all the other tracks and calorimeter clusters can be said to have
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come from the hadronically decaying W boson. These are grouped into two
jets using the Durham k; algorithm [68, 69, 70, 71]. The total energy and
momentum of each of the jets are calculated with the method described
in [96].

To improve the quality of the measurement of the kinematical variables,

a series of kinematically constrained fits are used:

A. Requiring a conservation of energy and momentum, neglecting ISR.

B. Constraining in addition the reconstructed masses of the two W bosons

to be equal.

C. Constraining in addition each reconstructed W mass to the average

value measured at the Tevatron, Mw=80.40 GeV /c? [97, 98].

For the WtW~ — qges, and W¥W~ — qguv, events kinematic fit A is
performed. This fit uses five constraints, four from conservation of energy
and momentum and one from the masslessness of the neutrino. This then
gives one over-constraint and, hence is called the 1c fit. Events are accepted
if this fit converges with a probability larger than 0.001. This requirement
rejects about 2% of the signal events and 4% of the background.

To give further improvement in the angular observables a second kine-
matic fit can be applied to the events which passed the 1c fit. This fit,
kinematic fit C, includes an additional contribution from the invariant mass
of the charged lepton-neutrino system and another from the di-jet system.
These two extra constraints, requiring the two W boson masses to be con-
strained by the average W boson mass measured at the Tevatron [97, 98],
then means that there are three over-constraints and this is then accordingly

known as the 3c fit. The correct mass distribution is a Breit-Wigner with the
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central value at the Tevatron value. However, due to the difficulties of in-
cluding the Breit-Wigner, the W mass distribution is treated as a Gaussian.
In order to simulate the expected Briet-Wigner form, the variance of the
Gaussian is updated at each iteration of the kinematic fit in such a way that
the probabilities of observing the current fitted W mass are equal whether
calculated using the Gaussian or the Briet-Wigner. Events are accepted if
the 3c fit converges with a probability greater than 0.001. Around 4% of the
events fail to do this, and for these the results from the 1c fit are reverted to.

For the WH*W~ — qqr7, events kinematical fit B is applied. In addition
to the 1c fit constraints, we have the extra constraint of the W bosons having
equal mass. This results in one over constraint in the WtW~ — qqro,
events. This fit is required to converge with a probability greater than 0.025.

About 14% of the signal events are expected to fail this fit and so are
rejected, however, about 41% of the selected background are also expected
to fail this fit. The fit requirements also suppress those events which were
correctly identified as W¥W~ — qqri7, events, but where the 7 decay prod-
ucts were identified incorrectly. The fraction of such events in the sample is
reduced from 18% to 12%.

Figure 5.8 shows the distribution of kinematical variables of the selected
events after the kinematical fits have been performed compared to the true

distributions. Reasonable agreement is seen between the two.

5.4.3 189 GeV Data Sample

A summary of the composition of the expected data sample after selection
and kinematical fits is shown in table 5.8.

After selection and reconstruction of the OPAL data events at 189 GeV,
there were 1246 WTW~ — qqéy, events selected. After the kinematic fits
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were applied this number reduced to 1075 events. Of these 1075 events,
368 were qger., 387 were qquv, and 320 were qqr¥,. The angular distri-
butions of these events can be seen in figure 5.9. Also shown on the plots
are the expected distributions for the Standard Model as well as for some
non-standard cases. The expected background contribution is indicated by

the hatched histogram.

Selected as WHW~— = qqlo,
Efficiency [%)] 787+ 1.1
Signal events 1053 +25

4-fermion, TGC-dep. 11+ 3
4-fermion, TGC-indep. 16 £ 3
Z0)y — ff 27 + 4
Two-photon 1+1
Total Background 55 + 6
Total expected 1108 &+ 27
Observed 1075

Table 5.8: The expected number of selected events from each of the different
processes after the corresponding kinematic fits have been performed. Also

shown is the number of actual events selected at 189 GeV.


















































































































































































































































































































































































































