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Abstract

The spin states of W bosons in ete™ - WTW~ — qg'ly, events recorded by the OPAL
detector at LEP are determined by an analysis of the angular distributions of their de-
cay products. This information is used to calculate polarised differential cross-sections
and to search for CP-violating effects. Results are presented for W bosons produced in
ete™ collisions with centre-of-mass energies between 183 GeV and 209 GeV. The average
percentage of longitudinally polarised W bosons measured from the data is found to be
(23.9 £ 2.1 + 1.1)% compared to a Standard Model prediction of (23.9 +0.1)%. All resulis

are consistent with CP conservation.
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1 Introduction

Our understanding of the world around us is founded on the search for patterns. This
process is formalised in the practice of physics, where a disciplined search for objectively
verifiable patterns is used as the basis for rational and predictive mathematical models.
The strength of the scientific methodology lies in recognising that any model is only an
approximation of reality; all models have limited realms of application and their predictions
must always defer to experimental results. Once the limitations of a model are discovered,
new models of wider scope can be developed which explain both the successes and the
failures of the old model as well as making further testable predictions. These new models
are then, in their turn, subject to experimental validation and refutation via a system of
peer-review and informed consensus. Through this iterative process of modelling, prediction,
experimentation and innovation, physics aims to unify superficially-disparate phenomena
in a single mathematical framework.

It is always possible to create new physics models in an ad hoc manner, but this often
leads to a proliferation of arbitrary free parameters without offering any new insights into
the physical processes involved. In practice, the models which explain the most physics
using the least number of parameters are not only the most intellectually satisfying but
are often those which prove to be the most durable. The comprehensive success of such
reductionist models strongly suggests that a wide variety of phenomena share the same
underlying mechanisms in common. Indeed, all matter observed to date appears to be
composed from a relatively small number of identical building blocks which interact in
well-defined ways. The science of identifying the elementary constituents of matter and
investigating their characteristics and interactions is known as particle physics.

The advent of modern particle physics was heralded by J.J. Thompson's discovery of

the electron in 1897. Throughout the twentieth century experimental physicists continued
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to identify a large number of previously unknown particles whilst theoretical physicists have
tried to explain each particle’s relevance and relationships. This work led to the development
of our most successful current theory of matter - The Standard Model (SM).

Today, many aspects of the SM have been tested to an unprecedented level of accuracy,
and no significant deviations from its predictions have yet been confirmed [1]. However,
compelling theoretical arguments suggest that its description of physical processes operating
on very small length scales is incomplete. Hence, consecutive generations of particle physics
experiments attempt to probe ever-smaller distances by studying the interactions of particles
accelerated to ever-higher energies. Contemporary particle accelerators operate at energies
of the order 100 GeV, giving a corresponding sensitivity to length scales of approximately
one hundredth of a proton radius in size.

One important aspect of the SM which has become accessible to experiment over the
last decade is that of the self-interactions of the ‘electroweak gauge bosons’ - the photon
(7), the Z° boson, the WT boson and the W~ boson. These particles are responsible for
mediating the electromagnetic and weak interactions in the SM, and are the main focus of
this thesis. Specifically, this thesis makes use of data recorded by the OPAL detector at
the LEP collider to study the formation of W pairs resulting from the collisions between
electrons and positrons.

The Standard Model process of most interest in the analysis can be loosely described
as one in which an electron and positron annihilate each other to form either a photon or
Z° boson, which then rapidly decays to a W+ and W—. The Standard Model is a strictly
quantum mechanical theory, but this classical picture is sufficient to show that simultaneous
interactions between three gauge bosons (WtW~Z% or WHW~+) are predicted. Such an
interaction is known as a triple gauge coupling (TGC) and the form of this coupling is
a strong test of the ‘non-Abelian’ nature of the weak force. Other ‘anomalous couplings’

may be present if physical mechanisms beyond those predicted by the SM are operating
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in the electroweak sector, e.g. the supposedly point-like W bosons may actually contain
sub-structure, or the coupling might involve exotic new particles whose effects have yet to
be observed.

Every electroweak gauge boson has an associated spin vector whose alignment deter-
mines the boson’s polarisation. The polarisations of the W bosons pair-produced at LEP
depend upon the characteristics of the triple gauge couplings. Conversely, by measuring
the bosons’ polarisations we can probe the TGC physics. The longitudinal helicity compo-
nent of polarisation is of particular interest as it arises in the SM through the electroweak
symmetry-breaking mechanism which generates the masses of the W and Z° bosons. In
addition, comparisons of the polarisation of the W~ and W™ are sensitive to so-called CP-
violating effects which can lead to differences between the observed reaction rates of matter
compared to those of anti-matter.

Although W bosons have a very short natural lifetime of order 10~?4s [1], their existence
can be unambiguously inferred from observations of their decay products. The latter are
preferentially emitted along the direction of each W bhoson’s spin vector, and it is this
important characteristic which is exploited in this thesis to facilitate reconstruction of the
spin state of the W bosons. Each W can decay either to a pair of quarks {W — qg’) or
to a charged lepton and a neutrino {W — £v). For practical reasons discussed later in this
thesis, the polarisation measurements are made using W-pair events in which one W decays
to leptons and one to quarks, denoted ete™ —+ WYW™ — qg'fvs.

In summary, the challenges for this analysis are: to use the data recorded by the OPAL
detector to identify likely qg'fv events, to determine which of those events involved pairs
of W bosons, to reconstruct the W bosons’ polarisations from measurements of the angular
distributions of the decay products, and finally to relate the results to the predictions of
the SM and consider any implications for possible anomalous TGC physics.

The SM and other background theory necessary to understand the analysis are de-
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scribed in section 2. The relevant features of the LEP accelerator and the OPAL detector
are summarised in sections 3 and 4 respectively, and a brief overview of the reconstruction
of the data is given in section 5. The analysis itself is described in section 6 and the sources
of systematic uncertainty studied are detailed in section 7. The measured fractions of longi-
tudinally polarised W bosons and other related results are presented in section 8 and their

implications discussed in section 9. Appendices A to F contain supporting results.



2 Theory

The Standard Model is unarguably the simplest self-consistent theory known to accurately
describe all established results in particle physics, and it is therefore the starting point
for any contemporary particle physics analysis. A brief overview of the SM particles and
their interactions is given in section 2.1. The weak force is then described in section 2.2
with special emphasis on the role of the couplings between electroweak gauge bosons, and
the reaction e*e” - W*W™ is discussed in section 2.3. As the analysis presented in this
thesis involves the measurement of the spin states of W bosons, section 2.4 discusses the
application of the helicity formalism in representing the spin states, and section 2.5 describes
how the information can be summarised by spin density matrices. Section 2.6 shows that
the matrices can be obtained from experiment by applying a pi-ojection operator technique
to the measured angular distributions of the W decay products. Sections 2.7 and 2.8 then
show how the elements of the spin density matrices can be used to measure the polarised
cross-sections of the W bosons and to test the CP invariance of the reaction. Finally, the
limitations of the approximations made in the theoretical calculations with regard to the
finite width of the W bosons and radiative corrections are discussed in sections 2.9 and 2.10

respectively.
2.1 The Standard Model of particle physics

The SM [2] consists of the electroweak theory of Glashow, Weinberg and Salam and quantum
chromodynamics (QCD), both of which are renormalisable quantum field theories. Renor-
malisable theories are desirable because they give calculable predictions even at very small
length scales (high energies), whilst the predictions of non-renormalisable theories generally
diverge and become unphysical. The renormalisability of the SM is a consequence of the
‘gauge invariance’ of the Lagrangian used to describe the dynamics of the SM fields, i.e.

even if the fields undergo certain unitary transformations, the physics characterised by the
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Lagrangian remains unchanged. Imposing these symmetries on a Lagrangian which initially
contains only matter fields, necessitates the introduction of gauge fields. Remarkably, the
properties of the gauge fields appear to correspond exactly to the known forces in nature.
This elegant result is the keystone of the SM.

The electromagnetic interaction is associated with a local U(1)e,, symmetry corre-
sponding to a free choice of the phase convention for a wave-function, the weak interaction
is associated with a (broken) local SU(2) symmetry, and the strong interaction is associ-
ated with a local SU(3), symmetry, where the designation ‘¢’ refers to the ‘colour’ charge
discussed later in the section.

The gauge-invariant Lagrangian describes both the dynamics of the fields and the
interactions between them, where the strengths with which different fields couple to one
another are characterised by ‘coupling constants’. Although the parameters in the theory
are indeed constant, the effective coupling strength-between fields depends on the nature
of the gauge fields and the centre-of-mass energy of the process being considered. This
‘running’ of the coupling constant occurs because charged particles tend to polarise the
fields around them, so that the charge of the ‘bare’ particle is obscured. At low energies,
the effective coupling strengths of the electromagnetic, weak and strong interactions are
approximately oem = %.7, aw = 1075 and o, = 1 respectively. Provided that the strength
of the coupling between fields is small, the Lagrangian representing their interactions can
be expanded as a perturbation series in terms of the coupling constant. Each term in the
series can be associated with a ‘Feynman diagram’ which is a time-ordered graph whose
vertices represent the exchange of energy and momentum between different fields. The
lowest-order terms in the perturbation expansion give the largest contribution to the series
and are known as the ‘tree-level’ or Born-level terms.

In a quantum field theory, both the matter and gauge fields are quantised, and each

of the field quanta represents a particle. All known particles obey either Fermi-Dirac or
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Bose-Einstein statistics and are classified as fermions or bosons respectively. The spin-
statistics theorem predicts that fermions have a half-integral spin and bosons have integral
spin (measured in units of k). The quanta of the gauge fields are bosons, known as ‘gauge
bosons’, and those of the matter fields are fermions. The Lorentz-invariant formulation of
the SM ensures that each particle has a corresponding anti-particle with the same mass but
opposite quantum numbers.

The gauge boson for the electromagnetic interaction is the photon, -y, which couples to
electric charge. The weak interaction’s three gauge bosons are the W+, W~ and Z° whose
couplings depend on ‘weak isospin’ ! in addition to electric charge. The strong interaction
has eight gauge bosons, called gluons, which couple to the colour charge. In addition to the
forces listed above, there is a putative gauge boson for gravity known as the graviton, but
a self-consistent description of quantum gravity lies outside the scope of both the SM and
this thesis.

Matter in the SM is composed from the twelve fundamental (i.e. without discernible
sub-structure) fermions shown in table 1 which interact via the exchange of the gauge bosons
described above. The momentum eigenstates of the fermions, u, are known as ‘Dirac spinors’

and are solutions of the Dirac equation,
(Ypu—mu = 0, (1)

where p,, 2 is the four-momentum of a particle with mass m, and v* denotes the four Dirac
gamma matrices (see for example reference [2]). For each matter solution, u, there is an
anti-matter solution, v, e.g. the anti-matter partner of the electron, e, is the positron, e*.

The fundamental fermions are divided into three generations containing four fermions each,

1Weak isospin is discussed in section 2.2.

YUnless otherwise stated, formulas in this thesis use the standard convention that Greek indices (u,v,...)
run from zero to three and Roman indices (4, j,...) run from one to three. The summation convention for
contravariant and covariant tensor indices is assumed throughout such that z*y, = Ei:o ZTuGuvlyy Where
Guv 15 the Minkowskl metric,
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Symbol | Name/ Flavour Mass (GeV) Charge (e)
e~ Electron 511 x 1074 -1
Ve Electron neutrino <3 x 1079 0
u Up quark (1.5—4.5) x 1073 2
d Down quark (5—85) x 1073 -1
I Muon 1.06 x 107! -1
Vy Muon neutrino <19 x 10°* 0
c Charm quark (1.0 - 1.4) 55’-
s Strange quark (0.8 -1.55) x 107! __;.
T~ Tau lepton 1.78 -1
vy Tau neutrino <182 x 1072 0

2
t Top quark 174 3
b Bottom quark (4.0 — 4.5) -1

Table 1: The elementary fermions in the Standard Model. The theory does not predict the
masses of the particles, and hence the experimentally determined values are shown [1]. The
predicted values for the electric charges are shown in units of the positron charge.

where each generation differs from the other two only in the mass of the particles. Each
generation comprises a pair of ‘leptons’ and a pair of ‘quarks’. Leptons do not carry colour
charge whereas quarks 3 do and therefore only the latter interact via the strong force. The
strong force is unique amongst the forces, in that the attraction between coloured particles
increases in strength as the distance between the particles is increased. This ‘anti-screening’
phenomenon ensures that coloured objects are always confined inside colour-neutral bound
states called hadrons. Quarks and anti-quarks are assigned baryon numbers of +;—, and —%
respectively. Hadrons with a total summed baryon number of 1 are known as baryons (e.g.
protons), and those with a total summed baryon number of 0 are mesons (e.g. pions). The
generic process by which unbound quarks and gluons rapidly form baryons and mesons is

known as hadronisation. The consequences of hadronisation are used later in this thesis to

The three possible colour states for a quark are conventionally referred to as red, green, and blue.
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distinguish between the experimental signatures of quarks and leptons.

In each generation, one lepton and both quarks carry electric charge, the remaining
lepton (the neutrino) is electrically neutral. This thesis retains the standard simplifying
assumption that neutrinos are massless. In recent years, indirect experimental evidence
has been found which strongly suggests that neutrinos in fact have a small non-zero rest
mass [3]. Although this is a discovery of great importance to particle physics as a whole,
its impact on this work is negligible.

In general, the mass terms of the fermions and weak gauge bosons violate the gauge
invariance of the Lagrangian. This problem is solved through a symmetry-breaking mecha-
nism, in which an additional complex scalar field is introduced into the theory - the Higgs
field [4]. In the Higgs mechanism, three of the four degrees of freedom of the Higgs field
are used to give rest mass to the three massive electroweak gauge bosons, W+, W~ and
Z°. The masses acquired by the gauge bosons through their interaction with the Higgs field
are not predicted by the theory. However, the mass of the W bosons, mw, is measured to
be 80.44 GeV and the mass of the Z° bosons, mz, is measured to be 91.19 GeV [1]. This
is in striking contrast to photons and gluons which are apparently massless. The fourth
degree of freedom of the Higgs field forms the physical Higgs boson, which, although yet to

be observed, completes the list of elementary SM particles.
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2.2 The weak force

The analysis presented in this thesis is primarily an investigation of the properties of the
weak force and the gauge bosons which mediate it. Although the focus of the work is
on the couplings between electroweak gauge bosons, any realizable experimental environ-
ment requires the bosons to be both produced and detected through their interactions with
fermionic matter fields (i.e. electrons and positrons are collided to produce the bosons which
subsequently decay to leptons and quarks). The analysis of the gauge boson self-couplings
is therefore only possible because the form of the coupling between the electroweak gauge
bosons and fermions is already well-measured and known to conform to the SM predic-
tion (5]. Moreover, as is explained in the remainder of this section, the form of the couplings
of gauge bosons to fermions in the SM leads naturally to the prediction that gauge bosons
must also couple to one another.

The Lagrangian originally devised by Fermi to describe nuclear beta decays (mediated
by the weak force) did not explicitly contain gauge bosons. It was a non-renormalisable
low-energy approximation, in which it was assumed that the range of the weak interaction
was small enough to be neglected. In this model, all four of the fermions which take part in
a weak decay must meet at a single point, as shown in the Feynman diagram in figure 1, and
hence neither the initial nor final states can have orbital angular momenta. Consequently,
the calculated contribution of the lowest order partial wave to the probability that an
electron, e, scatters from an electron neutrino, v,, diverges unphysically at high energies
(violating unitarity). Attempts to remove the divergence led physicists to hypothesise the
existence of the W boson ? - a massive vector boson which mediates the interaction through

the Feynman diagram shown in figure 2.

“The first direct experimental evidence for the existence of the W boson was reported by the experiments
UA1l and UA2 in 1983.
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Figure 1: The Feynman diagram for the effective Fermi interaction between electrons and
electron neutrinos.

Famously, in 1957 it was shown [6] that the weak force violates parity invariance 5.

This led to the later discovery that the W~ and W™ bosons couple only to the ‘left-handed’
chiral states of fermions and to the ‘right-handed’ chiral states of anti-fermions. The chiral
operators which project out the left-handed or right-handed chiral states of a Dirac spinor
are defined as 1 (1 — 7°) and % (1 + 7°) respectively, where 4° is equal to y%y!y2y%.

As the left-handed states of both leptons in a generation couple to the W bosons whereas
the right-handed states do not, a left-handed charged lepton and its associated left-handed
neutrino can be thought of as a doublet, and the right-handed charged lepton as a singlet.
There are no right-handed neutrinos in this model. Further weak isospin doublets can be

formed from linear combinations of the quark mass eigenstates by a unitary transformation

known as the Cabbibo-Kobayashi-Maskawa (CKM) matrix [2]. Therefore, in considering

"Under a parity operation, a right-handed Cartesian set of axes is transformed into a left-handed set via
the mapping £ =& —z,y &+ —y,z2 =& —=z.
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Figure 2: The tree-level Feynman diagram for a W boson mediating the interaction between
electrons and electron neutrinos.

electroweak processes it is convenient to write the left-handed components of either a lepton
or quark generation as a two-dimensional column vector, each component of which is a Dirac

spinor. The SM weak isospin doublets can be written as,

(o) (o) () (6 ()0 (0),

where d', 5’ and b are the weak eigenstate equivalents of the down, strange and bottom
quarks respectively. At tree-level, the W bosons couple with equal strength to each doublet.

Each vector is a representation of the left-handed part of a lepton or quark generation
in a complex two-dimensional space known as ‘weak isospin’ space. Conventionally, the
upper and lower components of the vector are assigned weak isospin values of +% and ——;-
respectively. In this abstract space the W bosons are represented by rotation operators
which transform an object with isospin —% (e.g. an electron) into an object with isospin

+% (e.g. an electron neutrino) or vice versa. The process is mathematically similar to the
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‘flipping’ of an electron’s spin through its interaction with a single photon.

Since two operators are not sufficient to describe a general rotation in a two-dimensional
complex space, a third gauge boson, WP, is introduced by analogy with the three Pauli spin
matrices [2] needed to generate the rotations of spin 1 objects in physical space. The
introduction of the third boson is a crucial step in preventing high-energy divergences in

the process ete™ — WTW™, which is described in section 2.3. Equation (2) shows the

Lagrangian [7] for the three weak vector fields, W,.

Luweak = —% (0. W, — 8.W,.) . (0#W” - W) (2)
+ig‘i’L7“Wy -7y

The first term describes their dynamics in free-space and the second term describes their
coupling to a weak isospin doublet of either quarks or leptons, ¥, whose left-handed chiral
state is denoted by ¥;. The components of 7 are the Pauli spin matrices, ¥ is defined as

U140, where 1 denotes the Hermitean conjugate, and g is the weak coupling constant.
Equations (3) to (5) show the relationship between the three massless W fields and
the physical W+, W~ Z? and photon fields which are observed after symmetry-breaking.
Equation (5) defines the weak mixing angle, 6,.,.., where A, is the usual electromagnetic
four-vector potential, and Z, is the equivalent potential for the Z°. In addition, the weak

coupling constant is predicted to be related to the positron charge as show in equation (6).

wl = 71_5 (Wh+w;) (3)
w2 = é (Wi -wy) (4)
W2 = cos(Oums) 2y + Sin(fuma ) Au (5)

g = e/ Sin(BWI'I'AB) (6)

If weak isospin is a conserved quantum number then the weak Lagrangian must be

invariant under rotations in weak isospin space. This condition is equivalent to imposing
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local SU(2) gauge invariance, which, as was asserted at the beginning of section 2, ensures
that the theory is renormalisable. As the generators of the gauge group do not commute
(the group is non-Abelian), applying SU(2); gauge invariance to the dynamical term in
equation (2) produces the additional terms shown in equation (7) which represent self-

interactions between the bosons.

Lec =

o

|

(3, — 0, W) . (W x W) (7)
% (W x W) (7 < )

The first term represents triple gauge couplings (TGC) between three gauge fields, and
the second term represents quartic gauge couplings (QGC) between four gauge fields. The

generic tree-level Feynman diagrams for these processes are shown in figure 3.

a b

Figure 3: Tree-level Feynman diagrams showing a) the generic TGC vertex, and b) the
generic QGC vertex.

Table 2 shows the groupings of three or four electroweak gauge bosons which are pre-
dicted to couple together via the terms in equation (7). Electrically neutral couplings
involving only the photon and Z° bosons are entirely absent at tree-level in the Standard
Model [8]. The contributions from quartic gauge couplings to physics processes at the

centre-of-mass energies used at LEP were negligible [9]. However, the triple gauge cou-
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plings play a prominent role in the W pair production process discussed in more detail in

the following section.

TGC QGC
WWWW
YWW WWZZ
ZWW WWZ~y
WWyy

Table 2: Table of Standard Model TGC and QGC vertices.
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2.3 The process ete” - WTW~—

W pairs can be produced through the annihilation of eTe™ pairs provided that the collisions
take place at centre-of-mass energies equal to or greater than twice the W boson rest mass.
A schematic diagram for the process ete™ — W+ W~ is shown in figure 4, where an electron
and positron with spinors u and v, and four-momenta k* and k* respectively are shown
colliding. The outgoing W~ and W+ have polarisation four-vectors €” and €/, and four-

momenta ¢# and §* respectively.

u (k) v (E)

€4 (9)

W+

Figure 4: Generic schematic diagram of an ete™ - W+W~ reaction.

The rate at which any reaction occurs is proportional to the modulus squared of its
scattering amplitude, M, which is itself derived from the Lagrangian. The SM tree-level
scattering amplitude for the process ete~ — WTW~ can be conveniently divided into three

parts,
Mete-swrw- = My +Mz+ M, . (8)

The first term represents an s-channel processes in which the reaction is mediated by a

virtual photon which couples to the W bosons through a TGC, as shown in the tree-level
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Feynman diagram in figure 5b. It can be expressed in terms of the spinors and polarisation

vectors by

fny
My = = (o} ||

{€3(98(@ — v — G (g + 2D)5 + 95,20 + D)’ } (9)

where the centre-of-mass energy of the collision is denoted by /s and the electric charge of
the positron is denoted by e.

The second term represents a second s-channel process in which the reaction is mediated
by a virtual Z® boson. The boson once again couples to the W bosons through a TGC, as

shown in figure 5¢. The term can be expressed as,

_ 1-9° g™ — (k + k)*(k + k)" /m?
M; = -¢ 1- 2
2 ¢ {’U‘Y‘"( 4sin®0,,, 'u.} { 5— m%
{Ela(gaﬂ(q - Q)v - gav(q + 2‘7),6 + gﬂy(zq + é)a)et—ﬂ} . (10)

The third term represents a t-channel process in which the electron and positron scatter
by exchanging a virtual electron neutrino. The corresponding tree-level Feynman diagram

is shown in figure 5a, and the term can be expressed as,

(k — g)?

These three dominant contributions to the scattering amplitude are collectively referred

2 T _ 5
M, = _m {ﬁfla’Ya(]- _75)} [M} {eiﬂq(ﬁ(I -—'75)'&} . (11)

to as the CCO3 (charged current) processes [10]. Figure 5 additionally shows a fourth W-
pair production process which is mediated by the Higgs boson, but its contribution is only
important in the limit of high energies, and can be ignored for this analysis.

The non-Abelian, SU(2)r, group structure of the SM ensures that cancellations occur
between the contributions to the scattering amplitude. Figure 6 shows how the total ‘cross-
section’, o, for ete™ —» WTW™ is predicted to change with centre-of-mass energy both with

and without the contributions from M., and Mz. The cross-section of a process is measured
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in units of area ® and is proportional to the reaction rate. Without the inclusion of both of
the s-channel diagrams, the predicted cross-section rapidly diverges with increasing centre-
of-mass energy, in contrast to the SM prediction and the measured data.

It is clear from the data that the SM prediction is at least approximately correct
in the energy regime probed by the experiment. However, only the minimal set of cou-
plings necessary to ensure gauge invariance is contained in the SM Lagrangian. In looking
for physics beyond the SM additional tree-level couplings between gauge bosons can be
introduced whilst preserving the gauge symmetry if the Lagrangian is allowed to be non-
renormalisable [11]. Although this approach may seem to be in direct contradiction to the
previous discussion, it is justified if we assume that any new terms are low-energy manifes-
tations of new physics operating at a higher energy scale that is not yet directly accessible
to experiment.

The most general Lorentz-invariant and U(1).m symmetric {(electric charge conserving)
WW+ coupling is described by seven coupling constants [12]. The number of parameters is
consistent with the general observation that a particle with a spin of J can have no more
than 6J + 1 electromagnetic form factors [13]. An additional seven parameters are needed
to describe the WWZ coupling. Although these parameters are not directly measured in
this thesis, a brief discussion of them is included here because their values determine the
polarisation of the W bosons.

A phenomenological Lagrangian [14] which can represent either the WW+~y or WWZ
coupling is shown in equation (12), where V), is the four-vector potential of either the Z°
boson or the photon, 7, and W, is the anti-symmetric field tensor 8,W, — 8,W,. The
symbol €., denotes the ‘totally anti-symmetric’ or ‘Bjorken-Drell’ symbol, defined such
that €912 = €513 = 1. The factor gww, which appears in the WW+y Lagrangian is defined

as the electric charge of the positron, e, and the factor gwwyz which appears in the WWZ

SThe unit of cross-section used in this thesis is the barn, b, which is equal to 10~ ®m?,
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Lagrangian is defined as ecot @,,.,,..

LY fgwwy = g/ VAW W -WiIW™)

+ NvW:Wy_V"w

+ ’\V L VW W

mw

+ igY e (W YW — W H(DPWH)) V7
+ g4 W WiH(B*VY + 8*VH)
- WIWE Y,

- 2*‘; W, W, e PPV, g (12)

In the phenomenoclogical approach, the coupling constants (g1, x, A, ¢4, g5, K, i) are
free parameters to be fitted to the data, and the Standard Model Lagrangian is recovered
by setting s, xz,9] and g% to one, and setting all the other parameters to zero {c.f. equa-
tion (7)). Any deviations from the SM values are known as anomalous couplings. Precision
measurements from low-energy LEP data and other sources have previously been used to
place model-dependent limits on some anomalous couplings [15]. In recent years these con-
straints have been supplemented by direct measurements of the gauge boson interactions
made by the detector collaborations based at both the Tevatron [16] and LEP [17] colliders.
Many of these measurements assume that there are constraints between the parameters in
the phenomenclogical Lagrangian. Such constraints arise when assumptions are made about
the energy scale of the new physics processes being probed, or when additional symmetry
requirements are imposed.

An intuitive understanding of the implication of the anomalous couplings can be gained

by considering the relationship between the WW+y coupling constants and the electromag-
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netic multipole moments of the W boson given by:

aw

rw

e.g]
me (gl + ﬁ:r)« + )\7)
[
—_— A
m2 (ry v)
e . -
F— (J‘C»T + A,,,)
€ - ~
Tz ("'1 - A,,) ’

20

(13)
(14)
(15)
(16)
a7)

where qw is the electric charge of the W, pw is the magnetic dipole moment, Qw is the

electric quadrupole moment, dw is the electric dipole moment and Qw is the magnetic

quadrupole moment. These last two moments are CP-violating, as is the term in the

Lagrangian associated with g; (see section 2.8). For each electromagnetic multipole moment

there is an equivalent ‘weak multipole’ moment which can be obtained by substituting the

WW7 coupling constants in equations (13) to (17) by the corresponding WWZ coupling

constants and multiplying each moment by a factor of cot(d,.,.) (the ratio of gwwz to

QWW'r)-
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w+

c d

Figure 5: Tree-level Feynman diagrams for the process ete™ — WtW~. Diagram a) shows
the ¢-channel neutrino exchange diagram. Diagram b) shows the s-channel diagram with a
photon propagator. Diagram c) shows the s-channel process with a Z° propagator. Diagram
d) shows the Higgs s-channel diagram, which is not considered in this thesis as the coupling
of the Higgs boson to the electron is vanishingly small.
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Figure 6: A preliminary measurement from the four LEP collaborations showing the total
cross-section for the process ete™ — W W™ as a function of centre-of-mass energy. The
lines show the predictions and the points show the measured results with error bars including
both statistical and systematic uncertainties. This figure has been reproduced and adapted
from that shown in reference [17].
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2.4 Helicity amplitudes

As shown in the preceding section, introducing anomalous couplings into the TGC La-
grangian leads to changes in the multipole moments of the W bosons. Just as the angular
distributions and polarisations of radio waves emitted from a transmitter depend on the
multipole moments of the transmitter, so the multipole moments of the radiated W bosons
determine their angular distributions and polarisations in the ete™ - W+ W™ reaction.

A particle is said to be polarised if its spin vector, §, is preferentially aligned along a
given direction in space. Alternatively, rather than expressing the spin vectors with respect
to a fixed frame of reference, the spin can be represented in the helicity basis [18]. The

helicity, h, is given by the projection of the particle’s spin onto its direction of motion,
h o= £, (18)

The helicity formalism is used to express the spin states of particles throughout this thesis.

Photons can be polarised with their spin vector aligned either parallel or anti-parallel to
their momentum vectors, where these two possibilities correspond to positive and negative
helicity states respectively (the right-handed and left-handed circular polarisation modes
of light). These states are also known as transverse polarisation modes, as the electric
and magnetic components of the electromagnetic field are both aligned transverse to the
photon’s direction of motion. Massive vector bosons such as the W and Z° can additionally
have their spin vectors oriented perpendicular to the direction of the particle’s motion. This
latter possibility corresponds to a zero or longitudinal helicity state.

A schematic diagram of the process ete™ — WHW~™ showing the electron, positron
and W bosons in one possible configuration of helicity states is shown in figure 7. In general,
the number of W bosons measured to be in a given helicity state will vary both with the
centre-of-mass energy of the process and with the angle between the W~ and e™ momentum

vectors in the centre-of-mass frame, 6. The helicities of the e~ and e are denoted by A
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and X respectively, and the helicities of the W~ and W+ are denoted by 7 and 7. As the
W~ and W7 are massive vector bosons, 7 and T may take the values +1,0. The electron
and positron are fermions with a spin of one half, and hence A and A can take the values

1
+1.

W+

Figure 7: Schematic diagram of the ete™ - WTW ™ reaction with initial and final states of
definite helicity. In this example, the electron is shown in a positive helicity state (A = %),
the positron is shown in a negative helicity state (3\ = —%) , the W™ is shown in a positive
helicity state (7 = 1) and the W+ is shown in a negative helicity state (+ = —1).

The scattering amplitude for a final state of definite helicity is known as a helicity
amplitude, F. As shown previously for the scattering amplitude, the helicity amplitude for

the reaction ete” - W+ W~ can be decomposed into the three CC03 contributions,

F(T’f;A’i) — FFST,‘!";A,X) + FéT!f;Aqi) + FIST:T;AJX) .

Equations (21), (22) and (23) show the helicity amplitudes derived by the author of this
thesis from the scattering amplitudes of equations (9), (10) and (11). The Lorentz factor
of the W~ and W is denoted yw, and the associated velocity measured in units of ¢ is

denoted Sw, where yw and Sw are related to the centre-of-mass energy of the collision and
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the momentum and the mass of the W bosons by,

o= L (19)
LY
B = 3—} (20)

The symbol sin(f,...) denotes the sine of the weak mixing angle previously introduced in

equation (5).

F(mmiAR) —ePw 1 1
7 2 V1421472
{ (1 —4A3) [ (77(1 4+ 77) — (¥4 + 1)(72 — 1)(F2 — 1)) sinby
F2rw(r(L = 72) + 7(1 — 72)) cos By }
+yw (A ~ A) (72 - 72) } (21)
FZ{T,f;A,)_\) — eBw m%v'?%v 1 1

25i0(0yma)? 4miys — mZ /1 + 72 /1 + 72
{ (1 —4AX) [ (4sin(f,,..)% — 1)

(771 + 77) = (298 + 1)(r% = 1)(7% - 1)) sin by
+2yw(T(1 — 72) + 7(1 - 72)) cos Ow)
2

+2yw(T —f2)}
+200— ) [ (45in(B.,.)2 ~ 1)27w (72 — 72)

+(rF(L+ 77) — (298 + 1)(r% ~ 1)(72 — 1)) sinfw

+2y(7(1 - 72 + 7(1 — 72)) cos Ow } } (22)
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e2(1+2X)(1—-20) 1 1
4Pw sin(fuma)? VI + 12 V/1 + 72

— l 2 :

2 . F _ —
+7272 (ﬁw +Pwlr —7) — 77 + 1'1") sin Gy

FIST,‘J";A,:\)

1+ 8% — 28w cosbw

o 1 —7hw T
+(r? = 1)F (’YW(I + Bl — 2Bw cosBw) W) foostw+7)
) 1+ 78w
+E =) (’YW(l + B — 2BwcosBw) TW) feostw =) } )

The helicity amplitudes are identically zero unless | A — A | is equal to one, such that
the spin vectors of the electron and positron are either both aligned parallel to the e
beam direction, or else both aligned anti-parallel to it. This constraint is present in both
the s-channel and t-channel but arises through two different mechanisms. The s-channel
contributions, F,, and Fyz, are constrained because they each couple to an intermediate
vector gauge boson (a photon and Z° respectively) at a point. By contrast, in the t-channel
contribution, F,, it is the form of the W boson coupling to fermions which selects specific
helicity states of the electron and positron . It is only the gauge structure of the theory
which connects these, otherwise unrelated, phenomena.

The polarised differential cross-sections can be calculated from the helicity amplitudes

by:

do(7,7) Bw FAA
— F(T:Tr y ) 2
dcos Bw 64m2s % | " (24)

where the pre-factor takes into account the kinematics of the reaction. Note that the

"Equation {23) is only valid where the electron and positron are moving at relativistic velocities such
that terms proportional to their rest mass divided by their respective total energies can be neglected.
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unpolarised cross-section is simply given by the sum over all the polarised cross-sections,

do(T,7)
Z dcos w (25)

dcos Ow

The cross-sections shown in figures 8 and 9 were calculated by the author of this thesis
at centre-of-mass energies corresponding to the lowest energy data (183 GeV) and highest
energy data (209 GeV) studied in section 6. It can be seen that the dominant contribution
to the total cross-section comes from the two helicity states with |7 — 7| = 2 (denoted +, —
and —,+ on the figure). These states can only be generated through the t-channel neutrino
exchange diagram and are therefore unaffected by TGC physics. The remaining seven
helicity amplitudes can be generated through both the s-channel and ¢-channel processes.
Each of these seven helicity amplitudes has a different dependence on the fourteen (seven
WW+ and seven WWZ) parameters in the phenomenological Lagrangian of equation (12)
(see reference [14] for details).

Figure 10 shows the predicted polarised cross-sections of the W™ averaged over the
Wt degrees of freedom at centre-of-mass energies of 183 GeV and 209 GeV. The large
asymmetry of the distribution in the W~ production angle, fw, is a direct consequence of the
prevalence of the ¢-channel which tends to favour scattering through small angles, as shown
in the upper plot in figure 11. The s-channel contribution alone (summed over all helicity
states) is symmetric about fw = Z, as shown in the lower plot in figure 11. Sensitivity
to anomalous couplings at LEP2 comes mainly from coherent interference between the ¢-

channel and s-channel terms.
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Figure 8: SM prediction of the differential cross-section for the process e*e™ - WHW~ for
specific WW helicity states at 183 GeV. cosfw is the cosine of the W~ production angle
with respect to the e~ momentum in the centre-of-mass frame. The W~ and W helicities
are represented by T and 7 respectively, and the y-axis is shown with a logarithmic scale.
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Figure 9: SM prediction of the differential cross-section for the process ete™ - WtW~ for
specific WW helicity states at 209 GeV. cosfw is the cosine of the W~ production angle
with respect to the e~ momentum in the centre-of-mass frame. The W~ and W™ helicities
are represented by 7 and T respectively, and the y-axis is shown with a logarithmic scale.
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Figure 10: SM predictions of the differential cross-section for the process ete” - WHW~-.
The upper plot shows the cross-section calculated with a centre-of-mass energy of 183 GeV,
and the lower plot shows the cross-section calculated with a centre-of-mass energy of
209 GeV. The dashed, dotted, and dash-dotted lines show the polarised cross-sections
corresponding to the negative, longitudinal and positive helicity states of the W~. The
solid line shows the sum of the three polarised cross-sections (the unpolarised differential
cross-section).
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Figure 11: SM tree-level predictions of the differential cross-section for the process ete™ —
W*W™ at a centre-of-mass energy of 196 GeV. The upper plot shows the ¢-channel con-
tribution and the lower plot shows the s-channel contribution. The dashed, dotted, and
dash-dotted lines show the polarised cross-sections corresponding to the negative, longitu-
dinal and positive helicity states of the W~. The solid line shows the sum of the three
polarised cross-sections (the unpolarised differential cross-section).
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2.5 The spin density matrix

The composition of any spin state can be conveniently represented by the spin density
matrix (SDM) as defined in appendix A. The SDM which describes the combined spin

state of the Wt and W™ in the reaction ete™ — WTW™ is given by:

s F(T,'F;A,X)(F(T",?’;A,X))*

2 (26)
Sans [T

Py (s, c08s )

where F{T7A4) ig the helicity amplitude for producing a W~ with helicity 7 and a W+
with helicity 7 from an electron with helicity A and positron with helicity A, following the
convention of section 2.4. Possible additional terms associated with any transverse polar-
isation of the incoming electron or positron beams are ignored in equation (26}, as the
beam polarisation was negligible at all LEP centre-of-mass energies used for this analy-
sis [19]. Moreover, the measurements presented in this thesis are expected to be inherently
insensitive to transverse polarisation effects [20, 21].

The WW SDM can be reduced by summing over the degrees of freedom of the W+
boson to give the W= SDM 8,
2)\,5\,? F(T,f;A,i)(F{r’,f;)«,X))¢

—— (27)
T s [FOTAD)]

P (s, cosByw) =

and the SDM for the W™ is defined analogously by summing over the W~ degrees lof

freedom,

EA,X,T F(r,f;x,f\)(F{r,f’;A,i))t
S |FETN]

By construction, all spin density matrices are Hermitean matrices with unit trace. The

PVl (s, cos0w) = (28)

W~ SDM and Wt SDM are fully described by eight parameters each. The elements lying

8The sum over the unobserved degrees of freedom is incoherent such that 7 = #'.
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on the major diagonal of the W~ matrix are the probabilities of observing a W~ in each
of the three possible helicity states and are therefore positive as well as purely real. The
diagonal elements of the W+ SDM have the analogous interpretation for measurements of
the W+ helicity. The real and imaginary parts of the off-diagonal terms of the matrices
measure the interference between the helicity amplitudes; i.e. if each W boson was produced
in a definite helicity state rather than in a linear superposition of helicity states then the
off-diagonal terms of the matrices would all be identically zero.

The SM tree-level predictions for the elements of the W~ and W+ SDMs at a centre-of-
mass energy of 196 GeV are shown in figures 12 and 13. Each SDM is displayed in two rows,
where the first row shows the major diagonal elements from the matrix, and the second row
shows the real parts of the off-diagonal elements of the matrix. The imaginary parts of the
off-diagonal elements are not shown because they are identically zero at tree-level in the
SM due to the presence of the symmetries discussed in section 2.8. The same symmetries
additionally impose relationships between the real parts of the W~ and W+ SDM, as can

be seem by comparing figures 12 and 13 (for example pf_; = p‘_N_T)
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Figure 12: Tree-level SM predictions for the elements of the W™ spin density matrix in
ete” - WTW~ collisions at a centre-of-mass energy of 196 GeV. Each element is shown
as a function of cos Gw.
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Figure 13: Tree-level SM predictions for the elements of the W spin density matrix in
ete™ — WHW collisions at a centre-of-mass energy of 196 GeV. Each element is shown
as a function of cos 6w.
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2.6 Decay distributions and projection operators

It was shown in the previous section that the W spin density matrices concisely summarise
the contributions of the different helicity amplitudes in the reaction ete~ — WHW~—. This
section details how, in principle, the spin density matrices can be reconstructed from ex-
periment using the decay products of the W baosons as polarimeters.

Once produced, each W boson rapidly decays to a pair of fermions. The probability
that a particle decays to a given final state is known as the ‘branching fraction’ or ‘branching
ratio’ for that state. In the absence of radiated photons or gluons, the SM tree-level branch-
ing ratios for W decays to quarks and leptons are £ 2 and L 3 respectively. As the decay mode
of the W~ and W+ in each WW event are independent of one another, approximately 2 g of
WW events have a qqg final state, approximately % have a qd'#v final state and % have
a fvfy final state. The predicted branching ratio for the q@'¢v and qdqq final states are
slightly enhanced when gluon radiation is included in the calculation, with q4qq receiving
the larger contribution.

A schematic diagram of the decay of the W bosons pair-produced in the lab frame is
shown in figure 14. Due to the form of the W boson couplings, the angular distributions of
the outgoing fermions depend on the polarisation of the W bosons. As previously, the polar
angle of the W~ with respect to the electron beam direction is denoted by fw. The polar
and azimuthal angles of the outgoing fermion in the rest frame of the parent W™ are denoted
by 9}1 and qﬁ}] respectively °. The polar and azimuthal angles of the outgoing anti-fermion
in the rest frame of the parent W+ are denoted by 9}4 and 45}4 respectively. Collectively
these five angles are denoted by Q and fully describe the kinematics of a ete™ = WTW~

reaction.

9The axes of the right-handed coordinate system in the parent W rest frame are defined using the helicity
axes convention such that the z*-axis is along the boost direction, b from the laboratory frame, and the
y*-axis is in the direction k x b, where k is the direction of the incoming electron beam.
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fa

Figure 14: Schematic diagram showing the ete™ — W+ W~ scattering plane of an ete™ —
WHTW~ o fif,fsf; event where the W~ decays to fermion f; and anti-fermion f2, and the
W+ decays to fermion fs and anti-fermion f1. The decay products (f1, f2, f3 and f3) are
not confined to the ete™ =+ W+W™ plane.

The differential cross-section for the process ete™ — WTW™ — fifyfsfy is related to

the spin density matrix by [14]

d5_0' — BIBW i 2 Z SWW oy (0%, 4% )Ds 5 ( _o &) (29)
aQ 3275 \ 87 ,-fo,-.rpT’T”f’f’ 7\ h) 700\ T+ o)

where df? is the differential element d cosfwdcos B}Idd)}ldcos 9}4d¢}4, B is the fraction of

WW events which decay to the state f,f>f3fs and pww is the un-normalised SDM (i.e. the
numerator of equation (26)). The D, ,+ are the angular decay distributions of the fermions.

Critically, for fermions and anti-fermions moving with relativistic speeds, the left-handed
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and right-handed chiral states produced by the weak interaction can be approximated by
the left-handed and right-handed helicity states respectively. In practice, the ratios of the
masses of the SM leptons and quarks to the mass of the W boson are sufficiently small that
deviations from this approximation are negligible compared to the statistical uncertainties
on the measurements being made!¥. The decay distributions of the W boson then follow

from the Wigner-Eckart theorem,

Dy (07,¢3) = 1:(8},67)0(6%,47%) (30)
g 1 *y  —ip%
—l(gf’¢f) = ﬁ(l + co8 Gf)e f (31)
W(8),4}) = —sing} (32)
L1(65,43) = —=(1 - cos})e®] . (33)

V2
The polar angular decay distributions for fermions originating from polarised W~ bosons
are shown in figure 15. By summing over the density matrix elements of one of the W bosons
and integrating over the boson’s decay angles, we can obtain the differential cross-section

for the remaining W,

&’o Pw
dcos Gwdcos 9}1d¢}1 = B~ 3973 (8,”) Z Pro D’r I 0!1 ) ¢f1) ) (39)
dio W . .
dcos Gy dcos 9}4d¢}‘} - 3211.3 (gﬂ.) Z P75 Dy zr (0 9f4,1r + ¢f4) . (35)

In practice, the differential cross-sections can be measured from experiment and the
SDM elements must then be derived from them. One possible method for achieving this is
to extract the elements of the SDM by fitting the differential cross-sections to the angular

distributions obtained from the data. Such an analysis has been published by the L3

'The top quark is too massive to be produced from on-shell W bosons and the production of bottom
quarks is highly suppressed.
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Figure 15: Distributions of the outgoing fermion in the rest-frame of its parent W~ boson
resulting from each helicity state of the W~. The solid line shows the distribution associated
with the negative helicity state, the dashed line shows the distribution associated with
the positive helicity state, and the dotted line shows the distribution associated with the
longitudinal helicity state.

collaboration [22], in which they extracted the diagonal elements of the SDM from the
cos f; and cos 9;‘; distributions. As in previous OPAL analyses [23,24], this thesis employs

the alternative method of constructing projection operators, A+, which satisfy:

; [ Gt eyeags Arrrdeos 83dg}
p“r’:,‘r’ (S,COS H'W) = = L d{;' . (36)

dcos Oy

Equations (37) to (39), listed below, give the projection operators used to extract the
diagonal elements of the W~ SDM. They depend only on the polar production angle of the
fermion, §7. The projection operators corresponding to the off-diagonal elements of the W~

SDM are given in equations (40) to (42) and have azimuthal angular dependence.
A = L(5cos?6% + 2cos6% — 1) (37)
Agg = 2- 50082 9} (38)

Ay, = :1_—,(50032 6% — 2cosf; — 1) (39)
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Apo = 2659 (40)
-8 ot
A+0 = 3‘”\/._ (1 — 4 cos Bf) e ¢f (41)
— iy
A = 3‘”\/_ (1 + 4 cos Bf) ! (42)

The operators for the W+ can be obtained by replacing cos B} and gb} by cos 6‘} and ¢>}.
2.7 Polarised cross-sections

Once the spin density matrices have been measured they can be used to obtain other
quantities of interest. The most obvious of these are the polarised cross-sections shown
previously in figure 10. The longitudinally and transversely polarised differential cross-

sections for W production are given in terms of the SDM elements by [25):

doy, _ do

dcosbw P00 dcos Gw (43)
doy _ do

dcosgw - (p+++p——) dCOSBW " (44)

The electric charge of the charged lepton in a W — £v decay can be reliably recon-
structed so that there is no ambiguity in determining cos 8} or ¢} for use in the projection
operators. The charge of a quark which undergoes hadronisation is not readily accessible, so
the measured angular distributions for hadronically decaying W bosons (W — q@’) must be
folded such that cos ¢} lies between 0 and 1 and ¢} lies between 0 and 7. Although neither
P44+ nor p__ can be measured individually after this folding, their sum is unchanged and
the polarised differential cross-sections can still be evaluated.

The total polarised cross-sections are obtained by integrating the differential cross-

sections in equations (43) and (44) with respect to cos fvwy:

d cos Gw (45)

oL

dcos Bw
dcosfw . (46)

o =
r dcos 6‘w
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It follows that the total fraction of longitudinally polarised W bosons is equal to,

oL
op+or

o =

40

(47)
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2.8 CP and CPT symmetries

In addition to the gauge symmetries, the SM physics also respects certain discrete symme-
tries. Systems related to one another under these symmetries should evolve in the same way
and at the same rate. The parity operator (P) was introduced in section 2.2; two other im-
portant symmetry operations are charge conjugation (C) in which all particles are replaced
with their corresponding anti-particles, and time-reversal (T) in which the initial and final
states of a reaction are exchanged. Each of these symmetries are individually violated in
the SM but the product of the three operations, CPT, is conserved in the SM and in all
other local, Lorentz-invariant field theories of point-like particles [26]. Although violation
of CP symmetry has only ever been observed in processes involving the weak eigenstates of
the quarks, there are reasons to believe that there must be other CP-violating mechanisms
in nature [27].

Much of the sensitivity of W pair production to CP-violating interactions is contained
in the distributions of the azimuthal angles ¢} and qb}'— Both azimuthal angular distributions
are symmetric about zero at tree-level in the SM. The presence of a CP-violating phase at
the TGC vertex would, in general, shift the distributions to introduce an asymmetry. This
effect can be measured from the off-diagonal elements of the SDM, as described below.

Under the assumption of CP invariance, the SDM for the W~ and the SDM for the

W+ are related by [28],
- +
p\'r’?'r’ = piv'r—'r’ . (48)

It is often difficult to produce two systems related to each other by the time-reversal op-
erator, T, in a practical experimental environment, but the operator can be approximated
by the pseudo time-reversal operator T which transforms the helicity amplitudes into their
complex conjugates rather than interchanging their initial and final states. At tree-level,

the effect of the pseudo time-reversal operator is exactly equivalent to the effect of the true
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time reversal operator [12,29]. Under the assumption of CPT invariance, the SDM for the

W~ and the SDM for the W are related by,
- + *
pgr’ = (p‘iv'r-'r ) . (49)

It follows from equations (48) and (49) that if both CPT and CP are conserved in W pair

production then,

prw = (V) (50)
+ +yu
pre = (o3r), (51)

and therefore the imaginary parts of both SDMs must be identically zero. Furthermore, any
tree-level CP non-conserving effects will only violate the imaginary part of equation ((48)).
Such effects could arise from non-zero values of the CP-violating terms in the phenomeno-
logical TGC Lagrangian of equation (12) (i.e. £,, );,, a7, Kz, Az, or gZ).

This observation motivates the construction of o¥Y, and aﬂf which are defined below
in terms of the imaginary parts of the off-diagonal SDM elements and are measured in units

of cross-section:

_ +1
oWV = f Im{pﬂ,}d——dcosﬂw (52)

ay‘-H = [ Im{p,",}d o5 0w dcosbw . (563)

From these quantities it is possible to form experimentally accessible CP-odd observables 1!

ASE = oW oW (54)

ASy = oW oW (55)
- +

ASy = ofy -aly (56)

1A quantity is said to be CP-odd if it changes sign under a CP transformation.
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and also construct CPT-odd observables sensitive to the presence of loop effects:

AEET = of: + 0\_?&:- (57)
AEET = ofo_ + 01‘? (58)
AT = oW W . (59)

Non-zero values of any of the CP-odd observables would indicate the presence of CP-
violating mechanisms operating at the TGC vertex, whereas non-zero values of the CPT-
odd observables would show that the analysis is sensitive to terms beyond the tree-level
approximation that has been considered in this derivation. No assumptions about the form
of the TGC vertices are necessary to extract any of the observables from the data. Hence
this study is complementary to the CP-violating TGC parameter measurements previously
published by ALEPH and OPAL [23,30].

There are pre-existing tight limits on CP-violating electromagnetic interactions which
arise from measurements of the electric dipole moment of the electron, neutron and atomic
nuclei {see for example reference [31] and the references therein). However, the current
direct constraints on CP-violating interactions at the WWZ vertex are less stringent, and
the search for these possible interactions motivates the measurements of the A“F and ACPT

parameters in this analysis.
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2.9 Four-fermion processes

The CC03 Feynman diagrams introduced in section 2.3 were shown to give a gauge-invariant
description of the ete~ — W+ W~ process at tree-level. In that discussion it was implicitly
assumed that the W bosons were not virtual, i.e. the bosons obey the relativistic energy
equation, E% = pd, + ml,, and can propagate in free space. However, in considering the
decay of the W bosons to a four-fermion final state, it is necessary to take into account
the finite width, 'w of the W boson resonance (I'w = 2.12 GeV [1}). In effect, promptly-
decaying W bosons can be produced with a distribution of masses centred on the rest
mass mw with a spread characterised by I'wy. The gauge invariance of the CC03 Feynman
diagrams is broken by this behaviour, and it follows that further tree-level diagrams are
required for a complete gauge invariant description of four-fermion production. These ad-
ditional diagrams are not of direct interest in this analysis as they do not involve W-pair
production, but coherent interference between the Feynman diagrams means that the CC03
contribution cannot be measured in isolation.

The number of additional Feynman diagrams which need to be considered depends on
the type of fermions present in the four-fermion final state. For practical reasons, discussed
in section 5.2, only the qg'#v final state was analysed for this thesis. There are ten tree-
level Feynman diagrams, including the CC03 diagrams, associated with the qg'#» final state,
where £ can be any charged lepton. Each diagram features at least one W boson; hence,
they are collectively referred to as CC10. The CC10 diagrams for a uc_l,uﬁ“ final state are
shown in figure 16. As there is already an electron present in the initial state, the q@'ev final
state is a special case and the extra ten Feynman diagrams shown in figure 17 must also
be taken into account. Two of the diagrams involve TGC vertices and contribute to single-
W production which has been analysed in reference [32]. Although there are no tree-level
neutral current Feynman diagrams for the qq'¢v final state, there are Feynman diagrams

which lead to a qgf*£~ final state, which can be mis-reconstructed as a qi'év event due
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to detector inefficiencies. Therefore, these diagrams must also be considered in a practical

implementation of the analysis.

< el <,
e _
,}v+ Y B’ gv+ 4 1
+y d w+ i +v
< E—a—l > <
U u 17

Figure 16: The CC10 tree-level Feynman diagrams for producing the udu#, final state. The
topmost row shows the CC03 Feynman diagrams. The diagrams were produced using the
CalcHEP [33] software package.
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Figure 17: The additional tree-level Feynman diagrams needed to provide a gauge invariant
description of the udef, final state. The topmost row contains the two diagrams which
contribute to single-W production. The diagrams were produced using the CalcHEP [33]

software package.
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2.10 Radiative corrections

In addition to the tree-level processes of the preceding section it is also necessary to consider
radiative processes in which gauge bosons are emitted from one or more of the particles
appearing in the CC03 Feynman diagrams. Radiative processes involving W or Z bosons
are highly suppressed because of the large mass of the bosons, but radiated gluons and
photons give important contributions to the cross-sections.

Gluon radiation is limited to coloured objects, and is considered as part of the hadro-
nisation process of the quarks produced from hadronically decaying W bosons. As this
process is non-perturbative, it is not possible to implement algorithms which calculate the
effects of hadronisation from first principles. In the simulations discussed in section 6.2,
model-dependent approximations were used whose parameters were tuned such that their
output agrees with previous experimental observations [34].

Radiative electromagnetic processes are shown in figure 18 and can be sub-divided into
four categories: initial state radiation (ISR), final state radiation {FSR), intermediate state
radiation !?, and virtual processes. The latter are further categorized as factorisable or
non-factorisable. All such radiative processes are suppressed by at least a factor of O{a)
compared to the tree-level four-fermion diagrams considered previously. A full implemen-
tation of these O{a) effects is currently impractical due to the large number of Feynman
diagrams involved. The simulations of section 6.2 use approximations in which only the

dominant contributions are considered.

enoted “WSR’ in the case of radiation from W bosons.
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Figure 18: An illustration of the four categories of radiative corrections discussed in the
text. The upper-left diagram shows the emission of an ISR, photon, the upper-right diagram
shows the emission of an FSR photon, the bottom-left diagram shows the emission of a WSR
photon, and the bottom-right diagram shows the exchange of a virtual photon.
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3 The Large Electron Positron Collider

The Large Electron Positron collider (LEP) was a circular particle accelerator with a cir-
cumference of approximately 27 km. It formed part of the accelerator complex built at
CERN !3 - the international physics laboratory located on the Franco-Swiss border close to
the city of Geneva. LEP was operational between the years 1989 and 2000, during which
time it was used to accelerate counter-circulating beams of electrons and positrons and
bring them into collision at the interaction points occupied bSr the four LEP experiments:
ALEPH, DELPHI, L3 and OPAL. Figure 19 shows a schematic diagram of the accelerators
at CERN prior to the decommissioning of LEP. A brief description of the LEP machine is
given below; technical details can be found in reference [35] and the references therein.

The LEP Injector Linac (LIL} facility supplied LEP with both electrons and positrons.
The electrons were generated by the familiar mechanism of thermionic emissicn, whilst
the positrons were generated by accelerating electrons to 200 MeV in a linear accelerator
(LINAC) and colliding them on to a fixed tungsten target. Once produced, both the
positrons and electrons were accelerated to 600 MeV in the second LIL LINAC and stored
in the electron-positron accumulator ring (EPA) in eight spatially-localised ‘bunches’. The
bunches were next accelerated to 3.5 GeV in the Proton Synchrotron (PS} and then to
22 GeV in the Super Proton Synchrotron (SPS}) , before finally being injected into the LEP
ring itself.

Once sufficient numbers of electrons and positrons had been accumulated within LEF,
the eight bunches of each type from the SPS were formed into four bunches of each type and
then accelerated to their required energy at a rate of 125 MeVs™!. After the acceleration
stage, electrostatic separators at the interaction points were turned off, bringing the beams

into collision, and collimators were deployed to protect the LEP experiments from beam

3 QOriginally the Conseil Européen pour la Recherche Nucléarie and now known officially as the Buropean
Organisation for Nuclear Research and commonly as the Buropean Laboratory for Particle Physics.
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Figure 19: The accelerators at CERN prior to the decommissioning of LEP at the end of
the year 2000. The figure is not to scale.

backgrounds. Near the collision points, each beam had a typical transverse r.m.s. spread of
150 pm by 5 pum (in z and y respectively - see section 4), and each bunch was of the order

of 1 em long [36] and contained approximately 250 billion electrons or positrans.
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The entire collider was situated in a tunnel 3.8 m in diameter at a depth of roughly
100 m below ground-level. The LEP beam pipe itself had a diameter of approximately
10 cm, and consisted of eight straight sections of approximately 420 m in length, and eight
arcs of 2.9 km in length. The interaction points were located at the middle of each straight
section, which additionally housed the RF acceleration system. Bending and focussing
of the beams was achieved using the dipole, quadrupole, sextupole and orbit correcting
magnets surrounding the beam pipe. The beam pipe vacuum system had a total volume of
270,000 litres and was maintained at a pressure of 10~1? Torr by rotary, turbo-molecular
and ion pumps, in addition to getter strips. The latter are metallic strips which adsorb gas
molecules when heated.

For the first seven years of its lifetime, LEP operated with beam energies close to
45.6 GeV - a value chosen to enable detailed study of the Z° boson. During the second
phase of it’s operation (LEP2), the beam energies were gradually increased to a maximum
of 104.5 GeV allowing a variety of other physics processes to be investigated including
the production of pairs of W bosons. The data used in this thesis were recorded at LEP
between 1997-2000 with beam energies in the range 91.5-104.5 GeV. As LEP was a circular
accelerator, the maximum energy of the beams was limited by energy loss due to the emission
of synchrotron radiation.

For centre-of-mass energies less than 100 GeV, the energy of the LEP beams was
determined using the technique of ‘resonant depolarisation’, which relies on the electrons
and positrons being slightly transversely polarised due to the Sokolov-Ternov effect [37].
However, at higher energies the polarisation of the beams was too small to measure and
the beam energy had to be extrapolated using measurements from NMR probes which
had previously been cross-calibrated with the resonant depolarisation technique at beam
energies between 41 and 60 GeV. An independent energy measurement was made using a

magnetic spectrometer.
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The number of collisions that take place inside a particle collider depends on the lumi-
nosity of the beams. For a generic reaction ete™ — X, the number of final state particles
‘X’ produced is related to the time-integrated beam luminosity of the experiment, £, and

the cross-section for the process, ox, by:

Nx = fox . (60)

At LEP2, the peak luminosity of the beams was approximately 104 pb~!s~! and
the total time-integrated luminosity was approximately 700 pb~! per LEP experiment.
Additionally, the SM cross-section for W pair production was approximately 15 pb in the
centre-of-mass energy range spanned by LEP2. This corresponds to roughly 10,000 W pairs
being produced at each of the four LEP collision points, which is an order of magx;itude
less than the number of quark and lepton pairs expected to be produced at these energies
through radiative return to the Z° mass pole. The cross-sections measured using the OPAL
detector at LEP for a variety of important SM processes are shown in figure 20 as functions

of the centre-of-mass energy of the ete™ collisions.
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Figure 20: The SM cross-sections measured at LEP by the OPAL collaboration as a function
of the centre-of-mass energy. The lines show the SM prediction and the points are obtained
from the data. The data points for the reaction ete™ — W+ W™ are mostly preliminary [38]
whereas the di-fermion, di-photon, Z-pair, WW+ and gqyy data have been published in
references [39], [40], [41], [42] and [43] respectively. The y-axis is logarithmic.
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4 The OPAL detector

The OPAL detector was a general-purpose particle detector centred on and surrounding the
nominal interaction point 16 at LEP. It operated from 1989 until being decommissioned at
the end of the year 2000.

The superstructure of the detector measured approximately 12 m by 12 m by 12 m and
consisted of an approximately cylindrical ‘barrel’ region sandwiched between two ‘endcaps’.
The barrel region contained concentric annular layers of sub-detectors and a solenoidal coil
which generated a strong uniform magnetic field. The major axis of the barrel coincided
with the major axis of the beam pipe containing the incident electron and positron beams 14.

Sub-detectors housed in the endcap regions gave complementary coverage to those in
the barrel (with some overlap), enabling the detection of particles produced at small angles
to the beam pipe. Only neutrinos and particles emitted at an angle less than 40 mrad to the
incident beamn directions were expected to be undetected. A cut-away view of the detector

is shown in figure 21. A summary of the individual sub-detectors is given in the subsequent

sections, and a more detailed account can be found in reference [44].

4.1 Central detector

The primary function of the central detector was to record the paths of the charged particles
emanating from the interaction point as they passed though the detector under the influence
of the axial magnetic field generated by the solenoid described in section 4.2. The detector
consisted of a silicon micro-vertex detector and three-specialised drift chambers: the vertex
chamber, the jet chamber and the z-chamber. The drift chambers were housed in an annular

pressure vessel filled with a gas mixture of argon, methane and isobutane at a pressure of

14 The QOPAL Master Reference System is a right-handed Cartesian co-ordinate system defined such that
its origin is at the nominal interaction point and the z-axis is aligned along the nominal electron beam
direction. The z-axis is horizontal and pointed towards the centre of the quondam LEP ring. In addition,
the azimuthal angle in the x — y plane is denoted as ¢ and the polar angle from the positive z-axis is denoted
as 6.
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»MUON CHAMBERS

Figure 21: A cut-away view of the OPAL detector showing the main sub-detectors.

4 bar.

The typical momentum resolution of tracks associated with 45 GeV muons from di-
muon events which were reconstructed using information combined from the four sub-
detectors was measured to be approximately 1.5 x 1073 GeV~! multiplied by the square of

the transverse momentum.
4.1.1 Microvertex detector

All the data used in this thesis were recorded after the 1995 installation of the phase III

silicon microvertex detector [45). The detector filled an annular volume between the beam
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pipe’s outer radius of 54 mm and the pressure vessel’s inner radius of 78 mm, and consisted
of two layers of silicon microstrip detectors with strips aligned both in the r — ¢ and r — 2

planes.
4.1.2 Vertex detector

The vertex detector was a 1 m long jet drift chamber consisting of two layers of wire cells.
The wires in the inner (axial) layer of cells were aligned parallel to the beam direction and
the wires in the outer (stereo) layer were inclined at an angle of 4°. The detector extended
out to a radius of 235 mm. Ionising particles passing through the chamber liberated electrons
from the gas which then drifted to the sense (anode) wires. The time taken for the electrons
to reach the wires (drift time) was used to reconstruct the position of the ionising particles.
Information from both the axial and stereo wire cells was combined to provide measurements
of the r, ¢ and z co-ordinates.

The vertex detector was used in conjunction with the microvertex detector to measure
the position of secondary vertices resulting from the decay of short-lived particles (such as

mesons containing b quarks).
4.1.3 Jet chamber

The jet chamber was a 4 m long drift chamber which surrounded the vertex chamber and
had an outer radius of 185 cm. The chamber was divided into 24 sectors in ¢ where the
sense wires in each sector were strung parallel to the z direction. The co-ordinates of
charged particles in the r — ¢ plane were measured from the known positions of the sense
wires and the drift time. A relatively crude measure of the 2z co-ordinates was obtained
by measuring the charge division between the two ends of the wire. In addition, the total
charge accumulated by each sense wire was used to measure the energy loss of each ionising

particle (%), and hence to help identify the particle [46].
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4.1.4 Z chambers

The z-chambers formed a layer 59 mm thick on the outside of the jet chamber with wires
strung in the local ¢ direction. The role of the z-chambers was to improve the resolution
of the z co-ordinate measured from the jet chamber. In addition, the ¢ co-ordinate was

obtained using charge division.
4.2 Solenoid

A solenoidal coil was used to maintain a magnetic field of 0.435 T parallel to the z direction
throughout the central detector. Non-uniformities in the magnetic field were measured to
be less than 0.5%. The curvatures of the paths of the charged particles in the magnetic field
were used to measure the particles’ transverse momenta. The solenoid was designed such
that the magnetic field between the coil and the iron return yoke was sufficiently small not

to perturb the operation of the calorimeters which lay in this region.
4.3 Calorimeters

Surrounding the coil were several layers of calorimeters giving close to 4w acceptance. As
different particles lose energy in matter at different rates and through different mechanisms,
the distance which a particle travelled through the calorimeters before being fully absorbed

was indicative of both the energy and nature of the particle.
4.3.1 Time-of-flight and pre-samplers

The time-of-flight sub-detectors were used primarily to generate trigger signals for the data
acquisition system. Photons excited from trapezoidal scintillating counters in the barrel
and planar scintillating tiles in the endcaps were directed along plexiglas light-guides and
optical fibres to phototubes. The endcap time-of-flight detectors were originally installed

in 1996 [47], and were supplemented by the Minimum Ionising Particle (MIP) plug from
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1997 onwards. The MIP plug consisted of additional scintillating tiles which extended the
coverage of the detectors down to an angle of 43 mrad from the beam axis.

The combined thickness of the central detector, pressure vessel and coil was approxi-
mately 2 radiation lengths, and consequently, the majority of electromagnetic showers be-
gan to develop before the photons and charged particles reached the main electromagnetic
calorimeter. The electromagnetic presampler was used to detect these showers and hence
improve both the discrimination between electrons and hadrons, and the overall energy res-
olution of the calorimeters. The barrel part of the presampler had an inner radius of 239 cm
and a length of 662 cm and consisted of limited streamer tubes with anode wires aligned

in the z-direction. The endcap presamplers were constructed from multiwire proportional

counters.
4.3.2 Electromagnetic calorimeters

The electromagnetic calorimeter was designed to fully contain outgoing electrons, positrons
and photons and their associated electromagnetic showers. The barrel calorimeter was
constructed from lead glass blocks aligned in a quasi-pointing geometry forming a cylinder
with an inner radius of 246 cm. Each block had a thickness of 37 cm (24.6 radiation
lengths) and an approximate cross-section of 16 ¢cm x 10 ¢m. The endcap calorimeters were
dome-shaped arrays of lead glass blocks, in which each block was aligned in the z-direction.
Cerenkov light generated by charged relativistic particles passing through the blocks was
detected by phototubes and used to measure the energy deposited in the calorimeter. The

photo-detectors used in the endcaps were vacuum photo-triodes which were tolerant of the

high magnetic field in this region.
4.3.3 Hadron calorimeters

The iron return yoke of the magnet had a thickness of approximately 1 m (four interaction

lengths) and was instrumented to detect hadronic showers and to assist in muon identi-
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fication. The yoke was composed of layers of iron slabs interleaved with gas-filled PVC
wire-chambers operating on the same principle as limited streamer tubes. The signals were
not measured directly from charge accumulated on the wires in the chambers but from
induced charge collected on aluminium pads and strips fixed to the chambers’ surfaces.
Additional hadronic calorimeters known as the hadronic poletips were located in the
regions close to the beamn pipe on either side of the interaction point. These were constructed
from multiwire proportional chambers operating in a similar fashion to the chambers in the

barrel and endcaps.
4.4 Muon chambers

The majority of electromagnetically charged particles and hadrons were fully absorbed
within the electromagnetic and hadronic calorimeters. However, muons are highly pene-
trating and typically passed through the hadron calorimeter with little interaction and then
traversed the surrounding muon chambers. The muon chambers were used to identify these
muons from a background of hadrons, and to provide position information.

The barrel part of the muon detector consisted of four layers of drift chambers varying
between 6.0 m and 10.4 m in length. The endcap parts consisted of between two and four
layers of limited streamer tubes divided amongst four quadrant chambers and two patch

chambers which fitted around the detector support structure.
4.5 Forward detector

The forward detector consisted of drift chambers, lead-scintillator calorimeters (known as
the forward calorimeter, far-forward monitor and gamma catcher} and silicon tungsten
calorimeters [48] which were positioned close to the beam pipe on both ends of the detector,
at distances of between 2 m and 3 m from the nominal collision point. One of their main
functions was to detect ete™ pairs that had undergone Bhabha scattering, as the event rate

of this process was used to calculate the instantaneous luminosity of the LEP beams.
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5 Data reconstruction

Before the signals obtained from the OPAL sub-detectors could be used in the SDM anal-
ysis, the data had to undergo several stages of reconstruction. The preliminary stage of
reconstruction, applied to all data recorded by OPAL, is described in section 5.1. The sub-
sequent problem of distinguishing e*e™ — W+ W™ reactions from other possible reactions,
and the problem of reconstructing the momentum vectors of the W boson decay products
are inter-dependent and cannot be cleanly separated from one another. For the purposes
of this thesis, an overview of the reconstruction of ete™ — W+W™ reactions is given in
section 5.2 and further details and references are given in the discussion of the data selection

procedures in section 6.3.
5.1 Preliminary reconstruction

The bunches of electrons and positrons circulating through the LEP beam pipe were coin-
cident with the OPAL interaction point approximately 45000 times a second. Individual
electrons and positrons could interact with one another during each of these ‘bunch cross-
ings’, but, in practice, interesting reactions occurred at a far lower rate of order 10 Hz.
During each bunch crossing, the OPAL trigger system [49] analysed the activity in the sub-
detectors to identify interesting ‘physics events’ from a background of electrical noise and
other parasitic physics. Any inefficiencies in the trigger’s acceptance of the events relevant
to this thesis were negligible compared to the statistical uncertainties obtained at LEP2.
Once the trigger had identified an event, the signals from the sub-detectors were read-out
over a period of 5 ms before being collated and passed to the data acquisition system, which
processed and stored the data for later analysis. The reconstruction of each event from the
raw data was automated by a computer software package known as ROPE (Reconstruction
of OPAL Physics Events).

Among other tasks, ROPE was used to interpolate the trajectories of outgoing charged
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particles from the measured co-ordinates of ionised charges produced in the central detector.
Each measurement was known as a ‘hit’, and the reconstructed trajectories were known
as ‘tracks’, where the momentum of the particle hypothesised to have produced a track
was inferred from the track curvature. Signals associated with the deposition of energy
in the calorimeters were grouped together to form ‘clusters’, where the summed energy
in each cluster was likely to have originated from a single particle or group of closely
collimated particles. If the extrapolated trajectory of a track coincided with the position
and orientation of a cluster then the track and cluster were considered ‘associated’ with one
another. Conversely, clusters without an associated track were referred to as ‘unassociated’,
and were typical signatures of photons or neutral hadrons. Figure 22 shows a graphical

representation of an OPAL event following reconstruction by ROPE.
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Figure 22: Graphical representation of an OPAL event with a centre-of-mass energy of
202 GeV reconstructed by the ROPE software package. The tracks and clusters in the
figure have been projected onto the plane perpendicular to the electron beam direction.
Each concentric ring in the figure denotes an interface between adjacent sub-detectors in
the OPAL barrel region, with the smallest ring showing the beam pipe and the largest
showing the inner radius of the hadronic barrel calorimeter. The segmented arcs outside
the hadronic calorimeters represent the chambers of the muon barrel calorimeter. The thick
lines running from the centre of the beam pipe to the edge of the pressure vessel are the
reconstructed tracks of charged particles. The shaded rectangles in the electromagnetic and
hadronic calorimeters represent energy clusters, where the area of each rectangle is directly
proportional to the amount of energy contained in the cluster. For clarity, clusters in the
forward calorimeters have not been shown. The small arrow drawn outside of the detector
indicates the path of a muon candidate reconstructed from hits in the muon chambers.
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5.2 W-pair reconstruction

As was mentioned in section 2.6, the ete™ — W*W~ reaction results in one of three final
states: qQqq , q@'év or vy . In all three cases, each of the four fermions in the final state
carries roughly one quarter of the total centre-of-mass energy of the e*e~ collision, i.e.
around 50 GeV at LEP2. However, as charged leptons, neutrinos, and quarks all behaved
very differently within the OPAL detector, each final state presented different reconstruction
challenges.

Each quark produced ina W — qg’ decay rapidly hadronised to form a collimated group
of hadrons in the lab frame known as a ‘jet’. Each jet produced 10+ 4 tracks in the central
detector as well as numerous associated and unassociated clusters in the calorimeters. The
jets often overlapped with one another spatially as the typical angular spread of the tracks
belonging to each jet was 60° &+ 30°. In reconstructing the event, tracks and clusters were
assigned to each jet by a jet algorithm [50].

In a W — £fv decay, the neutrino left no trace in the OPAL detector, whilst the
interaction between the detector and the charged lepton depended on the lepton’s flavour.
Electrons typically resulted in a single high-momentum track in the central detector with
an associated cluster in the electromagnetic calorimeter, and little or no activity in the
hadronic calorimeter. Muons also typically left a single track in the central detector, but,
in contrast to electrons, little of their energy was deposited in the calorimeters. Instead,
muons were identified from hits registered in the muon chambers °. The 7-lepton is far
more massive than either of the other two charged leptons and has a short lifetime of order
10~19s. Consequently, it decayed weakly within a distance of approximately 2 mm of the

beam interaction point producing either an electron (1 — ever;), a muon (r — py,v;), or

12Small amounts of energy were also deposited in the hadronic calorimeter. As most hadrons were absorbed
within the inner layers of the hadronic calorimeter, activity in the outer layers of the calorimeter provided
an additional indication of the passage of a muon.
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a mixture of charged and neutral pions (or kaons), T = wv,(7%) (7~ #"). In the latter case,
the 7-lepton decays are classified by the number of tracks produced in the central detector
(i.e. typically the number of charged pions produced in the decay), where the majority of
decays produced either one track or three tracks.

Although the qqqg final state has a large branching fraction, there is an ambiguity in
assigning the hadronic jets to their parent W bosons which means that neither the charges
of the W bosons nor the charges of the quarks could be measured with any certainty. In
addition, there were large systematic uncertainties associated with possible interactions
between jets originating from the W~ boson and jets originating from the W+ boson [51].

By contrast, it was comparatively simple to identify which of the two charged leptons
in a fvfv final state originated from which parent W boson. However, the loss of informa-
tion associated with the two undetected neutrinos made the kinematic properties of such
events difficult to reconstruct unambiguously. For these reasons, neither the qqqq nor fvév
channels were used in this SDM analysis - although, in principle, it is possible to construct
CP-odd and CPT-odd observables for these events [29].

The qG'fv final state was relatively simple to reconstruct. The main challenge was to
correctly identify which tracks and clusters were produced by the charged lepton and which
by the hadronic jets. This identification process was part of the event selection procedure
discussed in section 6.3 which alsc details how the energy and momentum of the quarks
(Eq, pq, E3, ps) and the charged lepton (E¢, p;) were obtained from the tracks and clusters.

In order to reconstruct the neutrino energy and momentum (&,, p,} it was necessary
to make use of kinematic constraints arising from energy and momentum conservation. As
the OPAL detector was nearly hermetic, the sums of the energy (E;) and momenta (p;) of

all the particles in the final state were expected to equal the energy and momentum of the
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incoming electron and positron,

ZEz' = s (61)

= E,+E;+E+E, (62)
Evis + Emis (63)

i =10 (64)
= Pqt+P;+Petpn (65)
Pyis + Pmis (66)
where the label ‘vis’ denotes the visible (detectable) energy and momentum in the detector
and the label ‘mis’ denotes the missing energy and momentum. The missing energy and
momentum in the detector can be attributed solely to the neutrino in the q’fv event,
provided that all other particles in the event were detected. Additional undetected particles
could include ISR photons emitted close to the beam pipe direction, or additional neutrinos
coming from weak decays. The average energy loss due to ISR photons in qg'#» events was
estimated from simulations to be approximately 5 GeV. Figure 23 shows a momentum-
space representation of a q@'fv event where the final state is assumed to have evolved
through a W-pair without the emission of ISR photons. The diagram can be compared to
the schematic WW decay shown previously in figure 14 which defines the angles of interest
in an SDM analysis.

The reconstructed physics event previously depicted in figure 22 was selected as a q@’pv
candidate by the selection procedure described later in section 6.3. During the selection,
the tracks and clusters most likely to be associated with the muon were identified, and the
remaining tracks and clusters were divided into two hadronic jets as described above. This
is illustrated in figure 24, in which an arrow originating at the centre of the beam pipe

represents the neutrino momentum direction as calculated from the kinematic constraints.
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Figure 23: Generic momentum-space diagram of a ete™ - W¥W~ — qg'fr; event pro-
jected onto a plane which contains the incoming beam direction. The solid lines depict
the momenta that can in principle be measured using the OPAL detector, the dashed lines
depict the momenta that cannot be measured directly, and the dotted lines show kinematic
constraints. The radius of the outer dotted ring represents the maximum momentum avail-
able to any particle in the initial or final states, and depends on the centre-of-mass energy.
The radius of the inner dotted ring shows the momenta of the outgoing W bosons, which
will vary depending on the mass of the bosons (which can be virtual).
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Figure 24: Reconstruction of an event recorded by the OPAL detector and selected as a
qd’uv candidate. The tracks have been divided into three groups: the tracks associated with
one of the quarks are shown by solid lines, the tracks associated with the second quark are
shown with dashed lines, and the track associated with the muon is shown by a dotted line.
The dash-dot arrow indicates the direction of the neutrino obtained from the kinematic
constraints.
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6 SDM analysis

The following sections describe the procedure used to measure the W~ SDM and W+ SDM
of section 2.5 from the OPAL data. Particular emphasis was placed on providing a robust
measurement of the fraction of longitudinally polarised W bosons. The composition of the
analysed data samples, and the definitions of useful ‘signal’ physics events and contami-
nating ‘background’ physics events are discussed in section 6.1. The computer-generated
‘pseudo-data’ samples (Monte Carlo simulations) used to study the response of the detector
to different types of physics events are discussed in section 6.2. The algorithms used to
identify signal events are detailed in section 6.3, and the subsequent measurements of SDM
elements using these events are explained in section 6.4. Finally, the problem of obtaining
unbiased results and the methods for combining these results are discussed in sections 6.5
and 6.6 respectively.

Unless otherwise specified, all the algorithms described in the following sections were
implemented in the FORTRAN 77 programming language and were compiled and executed

on a variety of computer platforms at CERN and the University of Victoria.
6.1 Data sample

This analysis used data collected by the OPAL detector during the years 1997 to 2000.
The data were collected with centre-of-mass energies clustered around eight nominal energy
values: 183 GeV, 189 GeV, 192 GeV, 196 GeV, 200 GeV, 202 GeV, 205 GeV and 207 GeV.
The luminosity-weighted mean centre-of-mass energies of the data samples [52] and their
integrated luminosities [39], as obtained from measurements of small angle Bhabha events
in the silicon tungsten forward calorimeter, are listed in table 3. Each mean centre-of-mass
energy measurement had an estimated uncertainty of approximately 0.05 GeV, and each
integrated luminosity measurement had a fractional uncertainty of approximately 0.3%.

The luminosity-weighted mean energy of the eight samples combined was 196.5 GeV, and
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the total integrated luminosity was 678.5 pb~!.

Nominal Vs (GeV) | L(pb™1)
Energy (GeV)

183 182.7 57.4
189 188.6 183.0
192 191.6 29.3
196 195.5 76.4
200 199.5 76.6
202 201.6 37.7
205 204.9 81.6
207 206.6 136.5

678.5

Table 3: The mean centre-of-mass energies and the integrated luminosity values for the
data samples at each of the eight nominal energies. The bottommost row shows the sum of
the luminosities.

During the year 2000, the procedure used by LEP to accelerate the e*e~ beams was
altered such that the energy of the beams continued to be increased (ramped) to higher
energies after the electrostatic separators at the interaction points had been turned off and
whilst OPAL was recording data. The data recorded during these ‘mini-ramps’ has been
excluded from this analysis and does not appear in table 3, as the centre-of-mass energies
of the collisions were not well-measured. The integrated luminosity of the excluded data
was approximately 2 pb~!.

Approximately one hundred million events were recorded by OPAL in total, of which
only ten thousand were expected to involve the creation of a W pair, and approximately 5000
were expected to have q'¢v final states. The eight data samples were analysed separately
and the results from each of these analyses were then combined using the method described
in section 6.6.1. Events with q'fv final states originating from a pair of W bosons (i.e.
processes involving the CC03 Feynman diagrams plus any radiative corrections), where the
charged lepton can be either an electron, muon or r-lepton, are referred to as ‘signal’ in the

remainder of this thesis. Events of all other types are referred to as ‘background’. Only those
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data events compatible with having a q'#v final state (see section 6.3 for details) were used
to form the SDM. As was explained in section 2.9, the qg’év final state receives coherently
interfering contributions from a variety of tree-level Feynman diagrams, not all of which
contain the W pairs required by the signal definition. This difference between the signal
definition and the observable final states was taken into account in the purity correction of

section 6.4.2 formed from the Monte Carlo samples described below in section 6.2.
6.2 Monte Carlo simulations

Monte Carle {MC)} computer simulations were used to predict the particle composition
and kinematic properties for large numbers of simulated physics events belonging to some
subset of the possible SM processes. The software packages used were commonly referred
to as MC generators, and a set of physics events simulated with a common centre-of-mass
energy and with common input parameters was known as a generator-level MC sample. For
each event in each generator-level sample, the expected response of the OPAL detector was
calculated using the full OPAL detector simulation program, GOPAL [53}. These ‘pseudo-
data’ were then stored in the same format as that of the real data recorded by the OPAL
trigger and data acquisition system. The generator-level information was used in evaluating
the SM predictions for the measured spin density matrices, whilst the relationship between
the pseudo-data and generator-level information was used to form the detector correction
described in section 6.4.2.

MC samples containing only those four-fermion final states consistent with the possi-
bility of having been produced via a pair of W bosons were generated using the KandY
Monte Carlo generator formed from the YFSWW3 [54] and KORALW 1.51 [55] software
packages. To provide pseudo-data samples conforming to the W-pair signal definition, each
qd'fv event was weighted by a positive factor, Prww /Prsy, calculated on an event-by-event

basis using KandY. The factor was defined as the probability of producing the generator-
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level MC event when only W-pair processes were considered, divided by the probability of
producing the event when the full set of four-fermion Feynman diagrams included in KandY
were considered. Bach qg’fv event also contributed to the background pseudo-data samples
with a weight 1 — Prww/Prys. Events with four-fermion final states other than qg'{v were
considered background and were not weighted by Prww /Pry;.

Background four-fermion final states inconsistent with having been produced via a pair
of W bosons (e.g. qGf¢*{~) were generated using KORALW 1.42 [56]. Additional samples
of four-fermion and W-pair events used in studies of systematic effects were also generated
using KORALW 1.42. The EXCALIBUR [57] MC generator was used to re-weight four-
fermion events for parts of the systematic error analysis (see section 7). The hadronisation
of quarks in the KandY and KORALW samples used in the main analysis was simulated
by JETSET [58]. To estimate the fragmentation and hadronisation systematic uncertain-
ties, HERWIG 6.2 [59] and ARTADNE 4.11 [60] were used as alternatives to JETSET for
simulating hadronisation in some KORALW samples (see section 7).

In addition to four-fermion events, only quark-pair or two-photon events were found to
be significant sources of background for the event selection described in section 6.3. Samples
of Z°/v — qq events were generated by KK2F [61] and hadronised by JETSET. In these
events, one or more ISR photons are typically emitted such that the effective centre-of-mass
energy of the colliding e*e™ pair (v/s') is close to mz. The event then evolves through a
Z° boson which decays to a quark anti-quark pair, whilst the ISR photons are typically
emitted at a small angle to the beam pipe and may not pass through the instrumented
volume of the detector. The event topology therefore appears qualitatively similar to that
of a qf’fv event, where the missing energy due to the undetected ISR photon mimics
the missing energy expected from a neutrino. Multi-peripheral two-photon processes with
hadronic final states (efe™ — ete vy — eTe " qg') were simulated by HERWIG. In these

ete™ = ete vy = ete qf’ processes the electron and positron emit photons which then
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interact to form a quark pair. If the electron and/or positron are not scattered into the
instrumented volume of the detector by the interaction, then this event topology is again
qualitatively similar to that of a q§'ér event.

Table 4 shows a complete list of the MC samples used to simulate SM physics for the
purposes of this analysis. Samples were generated at each of the eight mean centre-of-
mass energies shown in table 3. Samples used in systematic studies are listed separately
in section 7. The table shows the ‘run number’ of each sample (a unique identification
number by which the sample is known within the OPAL collaboration) and the integrated
luminosity represented by the sample. Each KandY run contained one million simulated
physics events.

At each nominal centre-of-mass energy, a complete SM pseudo-data sample containing
both signal and background events normalised to the luminosity of the data sample was
obtained by weighting and combining all of the MC runs in the corresponding column of
table 4. Each event in each MC run was scaled by a weight, w¢, equal to the integrated
luminosity of the data sample, Lg4ata, divided by the integrated luminosity of the MC run

itself, Lyyn:

we = —-—ii‘;;a. (67)

6.3 Event selection

In broad terms, the experimental signature of a q§'fv event in the OPAL detector was the
presence of two hadronic jets, missing energy associated with the neutrino, and one or more
high momentum tracks associated with the charged lepton. The selection algorithm used to
identify qi’fv candidate events in the data had four parts: the pre-selection, the likelihood
selection, the kinematic fit and the final selection. The first three parts of the algorithm
were developed collectively by the OPAL collaboration for use in a wide variety of W-pair

physics analyses. The final part of the selection algorithm was developed collectively by the
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Generator Nominal Energy (GeV)
& 183 189 192
Process Run [ £ Run L Run L
KandY 4f 11801 | 29.72 11802 28.01 11803 | 27.45
KoralW 4f 10304 | 11.66 9323 10.95 9920 | 10.72
KK2F 7Z0/v - qq {[ 5184 | 2.29 || 5188/5189 | 2.52/2.50 || 5195 | 2.64
HERWIG ete vy || 1048 | 0.51 | 1062/1066 | 0.50/0.52 || 1495 | 1.13

Generator Nominal Energy (GeV)
& 196 200 202
Process Ran | £ Run | L Run | £
KandY 4f 11804 26.91 11805 26.56 11806 | 26.43
KoralW 4f 9921 10.51 99224 10.37 9923 | 10.32
KK2F 2°/7 = a4 5196 2.78 5119 351 5199 | 3.00
HERWIG ee~~ || 1085/1087 | 0.48/0.52 || 1086/1088 | 0.48/0.52 || 1496 | 1.09

Generator Nominal Energy (GeV)
& 205 207
Process Run | £ Run [ £
KandY 4f 11807 | 26.34 || 11808 | 26.22
KoralW 4f 11404 | 10.28 || 11414 | 10.22
KK2F 2%/y —+qq || 5183 | 3.07 || 5190 | 6.30
HERWIG ete vy || 1498 | 1.08 || 1499 | 1.07

Table 4: The identifying run numbers and integrated luminosities measured in units of
inverse femtobarns of the Monte Carlo samples used to calculate the central values in this
analysis. Samples with four-fermion final states are denoted ‘4f’.

OPAL TGC working group (to which the author of this thesis contributed as a member} to
identify those W-pair events in which the momentum vectors of the four primary fermions
were accurately measured. Sections 6.3.1 to 6.3.7 give an overview of each part of the
selection 6. Further details of the pre-selection and likelihood selection can be found
in [24,62-64], and were based on the previously devised 172 GeV qq'#v selection described
in appendix A of [65]. Details of the kinematic fits and final selection can be found in [66].

Where there are differences between the selection described in the thesis and those in the

16T}his selection was produced collectively within the OPAL collaboration and is not presented here as
original work by the author of this thesis.
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references, the thesis should be considered to be authoritative. The numbers of events
passing the full selection are shown in table 5 and are consistent between data and pseudo-

data within the Poisson statistical uncertainties.

Nominal Selected events
Energy (GeV) (| Data | Pseudo-data

183 329 331.0
189 1090 1124.7
192 170 182.7
196 511 483.2
200 457 479.4
202 242 2374
205 482 516.0
207 895 862.7
Total 4176 4214.5

Table 5: The number of data events passing the event selection detailed in section 6.3 for
each data sample and the expected nmumber of events as calculated using the Monte Carlo
samples listed in table 4.

6.3.1 Sub-detector requirements

Not all of the sub-detectors described in section 4 are of equal importance to every analysis,
and hence data were recorded even at times when the performances of some of the sub-
detectors were degraded. The data used in this SDM analysis were recorded whilst at
least the following detectors were operating normally: either the central vertex or silicon
microvertex detectors, the central jet chamber, the electromagnetic calorimeters in both
the barrel and endcap regions, the silicon tungsten detector, the forward detector and the

muon endcap detectors.
6.3.2 Track and cluster quality cuts

Tracks and clusters reconstructed by ROPE varied in quality according to the amount

and nature of detector information available for the reconstruction. In general, those tracks
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which appeared to originate from a particle with anomalously high momentum, or did not fit
the hits in the central detector well, or whose distance of closest approach to the nominal
interaction point was large, or which had few associated hits in the central jet chamber
were considered to be poorly reconstructed. In addition, those tracks which crossed the
anode planes in the jet chamber or which were later considered as originating from lepton
candidates were subject to more rigorous checks. The requirements for a reconstructed

track to be included in the analysis are summarised below:

e If the nominal centre-of-mass energy was less than 196 GeV then

— Pirack < 100 GeV - where pyraci is the reconstructed momentum associated with

the track.
o If the nominal centre-of-mass energy was equal to or greater than 196 GeV then

— Piurack < 120 GeV - where py .0 18 the reconstructed momentum associated with

the track.

Pl > 0.150 GeV - where pl,, is the reconstructed transverse momentum associated
with the track, and ‘transverse’ refers to the plane orthogonal to the incident beam

direction.

e dy < 2 cm - where dj is the impact parameter of the track with respect to the origin

of the OPAL co-ordinate system.

e z < 25 cm - where z is the z co-ordinate of the track at its point of closest approach

to the origin in the OPAL co-ordinate system.

o x2_ s/dof. < 100 - where xZ_ o/d-of. is the Chi-squared per degree of freedom between

the track and its hits projected on to the r — ¢ plane.
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o x?_,/dof < 100 - where x2_, /d.o.f. is the Chi-squared per degree of freedom between
the track and its hits projected on to the s — z plane {where, in this context, s denotes
the 7 — ¢ path integral along the track from the point of closest approach of the track

to the origin in the OPAL co-ordinate system).

e If 7.0° < g X ¢c3 < 10.5° - where g is the reconstructed charge associated with the
track and ¢¢j is the local azimuthal angle of a track inside one of the 24 sectors of

the central jet chamber defined such that the anode plane is at 7.5°, then
— Op/Ptrack < 0.5 - where oy, is the uncertainty on the track momentum.

o If N3 > 80 where Npi2* is the maximum number of possible hits that could be
associated with the track in principle {(given the geometry of the detector and the

direction of the track) then
— Npis = 40, where Ny, is the number of hits associated with the track.
o If 40 < N2 < 80 then
~ Npigs > 3 NI
o If NT3* < 40 then
= Npits > 20

For a cluster in the electromagnetic, hadronic or forward calorimeters to be considered
in the analysis, the energy of the cluster had to be in excess of thresholds determined by the
level of electrical noise in the sub-detectors. Clusters in the electromagnetic calorimeter had
to contain more than 0.25 GeV, and also still contain more than 0.001 GeV after corrections
which take into account the effect of the material lying in front of the calorimeter had been
applied. Clusters in the hadronic calorimeter had to contain more than 0.60 GeV. In

addition, clusters in the hadronic poletip calorimeter {in which unexpectedly high levels
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of electrical noise were observed) were required to have a minimum energy of 1.5 GeV,
and, in addition, a cone of half-angle 30° around the cluster was required to contain a
charged track or electromagnetic cluster with a minimum energy of 1.5 GeV. Clusters in
the gamma catcher were required to have energies greater than 5 GeV, and clusters in the
forward calorimeter or silicon-tungsten forward calorimeter were required to have energies

greater than 2 GeV.
6.3.3 q@'fv pre-selection

The qd' fv pre-selection consisted of a series of loose cuts to veto those events which contained
fewer than six reconstructed tracks or fewer than six energy clusters or whose summed

reconstructed energy was less than 20% of the centre-of-mass energy of the ee™ beams.
6.3.4 Identification of lepton candidates

Following the qg'év pre-selection, an attempt was made to identify the nature of the conjec-
tured charged lepton in each remaining event. Six different hypotheses for the lepton were
considered: e, u, T = elelr, T = uVuvy, T — hvy and 7 — 3hv,(where 7 — hyr denotes a
r-lepton decaying to a final state containing one charged hadron, and 7 — 3hv, denotes a
7-lepton decaying to a final state containing three charged hadrons.). The sorting of each
event into one of these six categories {or the rejection of the event if it matched none of the
categories well) is described in section 6.3.5. However, before an event could be categorized
in this way, it was first necessary to consider each hypothesis in turn and to identify which
of the tracks in the event were most likely to be associated with the charged lepton in each
case. The properties of these identified tracks were subsequently used in the categorization
and selection of the events.

The identification of the candidate lepton tracks was itself accomplished using a likeli-
hood selection technique based on reference probability distributions of kinematic observ-

ables obtained from SM MC samples corresponding to each hypothesis. In each case, the
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track {or set of tracks for 7 — 3hw,) which had the highest likelihood (product of proba-
bilities) was identified as the best lepton candidate. Only those tracks which passed both
the quality cuts of section 6.3.2 and additionally had associated momentum greater than
1 GeV with a fractional uncertainty less than 50% were considered. Different sets of kine-
matic variables were used for each of the six hypotheses. The reference distributions were
generated at nominal centre-of-mass energies of 183 GeV, 189 GeV, 200 GeV, and 206 GeV,
where only those distl'ributions whose nominal centre-of-mass energy was closest to that of
the event being processed were employed to determine the likelihood. A list of all the vari-
ables calculated for each track is given below and table 6 shows which variables were used

for determining the best lepton candidate for each hypothesis.

e p; - The reconstructed momentum associated with the candidate track (or the sum of

the momenta associated with the three tracks in the 7 — 3he, case).

o E; - The energy of the electromagnetic calorimeter cluster associated with the candi-

date track.
e E;/p; - The ratio of E; to p,.

e Ag¢gc/cr - The difference between the reconstructed azimuthal angle measured from

the candidate track information and from the associated cluster information.

e E. - The sum of p; and the energy contained in the electromagnetic calorimeter
clusters within a cone of 200 mrad half-angle centred on the candidate track (excluding

clusters associated with the track).
e M, - The invariant mass calculated from E., and py.

e Iz00 - The sum of p; and the momenta associated with all tracks and the energy

associated with all electromagnetic calorimeter clusters within an isolation cone of
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200 mrad half-angle centred on the candidate track (excluding clusters associated

with the track).

e IGT - The sum of the momenta associated with all tracks within an isolation cone of

200 mrad half-angle centred on the candidate track.

® Is00—500 - The sum of the momenta associated with all tracks and the energy associated
with all clusters in the electromagnetic calorimeter which lay within a conical annulus

of 200 mrad to 500 mrad half-angle centred on the candidate track.
) %—%h,m - The rate of energy loss associated with the candidate track.

® X.+o- - The estimated probability that the track was caused by an electron or positron
originating from the pair-conversion of a photon (y — ete™), as defined by the ROPE

algorithm ‘IDGCON’ described in reference {67].

e NJ) - The number of lead-glass blocks in the electromagnetic calorimeter which must
be included in a sum of deposited energy to obtain 90% of the total energy in the

electromagnetic calorimeter cluster.

e Ngc - The number of layers in the hadronic calorimeter containing hits associated

with the track candidate.

e Npcz2 - The number of layers of the hadronic calorimeter containing hits associated
with the track candidate (considering the first two layers of the hadronic calorimeter

only).
e Nuu - The number of hits in the muon chambers associated with the candidate track.

® Xyits/layer - T he number of hits in the associated hadron calorimeter cluster divided

by the number of layers containing hits.
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» cos{fs7) - The cosine of the angle between the momentum associated with the candi-

date track and the missing momentum calculated from equation {64).

. é’:}?r’ The total number of tracks in the jet containing the candidate track, after the

event was forced into three jets. {See section 6.3.6).

Lepton hypothesis
Variable [ e |p|T7—2every | 7= pryyr | T2 iy | 7o 3he,

Pe - - -

I0 - - - -

CT
I 200 - B

I200-500 - -

dE

dz | track - -

Xete- - -
90

M blk - "

Nuc - -

Nuce - -

Nuy - -

X hits/layer -

COS(Ggf) -

£ jet
NCT - -

Table 6: The table of variables used in identifying the best lepton candidate track for each
of the six lepton hypotheses. A dash indicates that the variable in that row was used in
selecting tracks for the hypothesis in that column.
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6.3.5 Likelihood selection

Following the qg’fr pre-selection and the identification of lepton candidates, each event was
tentatively considered to be a qq’'év candidate and was partially reconstructed under each of
the six lepton hypotheses introduced in section 6.3.3. All tracks and unassociated clusters
not selected as being related to the charged lepton were forced into two jets by the Durham
k; jet algorithm [68]. The energies of the tracks and clusters in the jets were then adjusted
using the ‘Globally Corrected Energy’ (GCE) algorithm [69] to prevent the double-counting
of energy measurements for particles that were detected by more than one sub-detector. The
GCE algorithm scaled the total energy measured in each of the calorimeter sub-detectors
by an amount which depended on the total number of tracks reconstructed in the central
detector. The algorithm distinguished between activity due to pions, electrons and muons.
The tracks and adjusted clusters were then used to obtain the momenta of the two jets
in each event as defined in equation (68), where pirack is the reconstructed momentum
asgsociated with a track, pgc is the reconstructed momentum associated with a cluster in
the electromagnetic calorimeter, Pyc is the reconstructed momentum associated with a

cluster in the hadronic calorimeter, and the summations run over all tracks and clusters in

a jet.

Diet = D Puack+ ) PEC+ Y PHC (68)

The direction of the momentum vector associated with a cluster in one of the calorimeters
was extrapolated from the position of the nominal interaction point and the position of the
hits in the calorimeter. The momentum of the primary quark or anti-quark hypothesised to
originate a jet was then assumed to be approximately equal to the measured jet momentum.

The energy and momentum of electron candidates were estimated from the cluster
associated with the electron candidate track, and the energy and momentum of muon can-

didates were estimated from the muon candidate track. The energy and momentum of
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7-lepton candidates were estimated by the sum of the energy of the tau candidate tracks
plus the energy contained in those unassociated clusters in the electromagnetic calorimeter
which Jay within a cone of half-angle 200 mrad about the summed track momentum.

The reconstructed properties of each event were used to identify which, if any, of the six
lepton hypotheses it was likely to originate from. Six separate selections were used, where
each selection corresponded to one of the six lepton hypotheses and consisted of a further
pre-selection and a likelihood selection. Only events which passed a given pre-selection
were subsequently analysed by its associated likelihood selection. In the case of the q@'ev
selection, candidate events which passed the pre-selection were vetoed if the charged lepton
candidate was kinematically consistent with being either an electron or positron produced
in the pair-conversion of an ISR photon (see reference [63] for details). Additionally, to save
computer processing time, only those events which failed the qg'ev and qf uv likelihood
selections were considered as possible qg'rv candidates.

Each likelihood selection used MC reference distributions to calculate the likelihood
that an event belonged to a given signal hypothesis relative to the likelihood of it being
a Z°/y — qg event (which was the dominant background at this point in the selection
procedure). The reference distributions were generated at nominal centre-of-mass energies
of 183 GeV, 189 GeV, 200 GeV, and 206 GeV, where only those distributions whose nominal
centre-of-mass energy was closest to that of the event being processed were employed to
determine the likelihood. Events were considered to pass a selection if they satisfied the

criteria,

L{gg'tv; £ = X)

5 (X =ep,..
@i, L= X) + LB = q@ 08 (X =ethr) (©9)

where L{qq'#v, £ = X) represents the likelihood that the event belonged to the signal
hypothesis with a charged lepton of type ‘X’, and L(Z°/y — q@) represents the likelihood

that the event originated from a Z°/y — qg process.
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An event could pass none, one or more than one of the six selections (e.g. an event could
be selected as being consistent with both the qg'er and qg'uv hypotheses). Events which
passed none of the six selections were rejected from the event sample. Events which passed
only one of the six likelihood selections were categorized as belonging to that hypothesis.
Events which passed more than one of the likelihood selections were categorized as belonging
to the hypothesis which resulted in the greatest likelihood (more details of the categorization
can be found in reference [63]). Events failing all of the selections, as well as those events
selected as being qgf¢*¢~, qrr or Wei, were removed from the sample. Finally, the gg'ev
and qq’ur candidate events were subject to a further likelihood selection which was designed
to find and recategorize mis-identified q'rv events in which the r-lepton had decayed
leptonically. The whole procedure was optimised to reduce the background contamination
by Z°/v — qq events in the data sample.

The variables used in the pre-selections and likelihood selections were:
® F; - The reconstructed energy of the lepton.

® log;, Pr{¢) - The logarithm of the lepton identification probability from the track

selection described previously in section 6.3.4.

® [290 - The sum of p; and the momenta associated with all tracks and the energy
associated with all electromagnetic calorimeter clusters within an isolation cone of
200 mrad half-angle centred on the candidate track (excluding clusters associated

with the candidate track or tracks).

® IST - The sum of the momenta associated with all tracks within an isolation cone of

200 mrad half-angle centred on the candidate track.

® I200-500 - The sum of the momenta associated with all tracks and the energy associated

with all electromagnetic clusters within a conical annulus of 200 mrad to 500 mrad
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half-angle centred on the candidate track.
e Nct - The number of charged tracks passing the quality cuts of section 6.3.2.

e Npgc The number of clusters in the electromagnetic calorimeter passing the quality

cuts of section 6.3.2.

e 123 - The value of y.y for the transition between a 2-jet and 3-jet event, as defined

by the Durham jet algorithm.

e c08(fmis) - The cosine of the polar angle of the missing momentum calculated from

equation (64).

e R, - The visible energy (the GCE-corrected sum of the energy measurements made

by the detector) in the event divided by the centre-of-mass energy of the collision.

® Rghw - The total energy reconstructed in the electromagnetic calorimeters divided by

the centre-of-mass energy of the collision.

e Rnis - The ratio of the missing energy in the event (the centre-of-mass energy of the

collision minus the visible energy) divided by the centre-of-mass energy of the collision.
o pis _ The missing transverse momentum.
e cos(#) - The cosine of the polar angle of the lepton candidate momentum.

e cos(f¢ pmis) - The cosine of the angle between the lepton candidate momentum and

the missing momentum.

o c03(fg,jet) - The cosine of the angle between the lepton candidate momentum and the

nearest of the two jet momenta.
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» Pr(s’) - The probability that the event was consistent with being a Z%/v — qg event
with an effective centre-of-mass energy of v/s' following the emission of an ISR photon.

The probability was calculated from a kinematic fit (see section 6.3.6).
e /s’ - The value of the effective centre-of-mass energy of the event.

o N(“J’-Ii-“ - The minimum number of tracks in a jet when all tracks in the event were

forced into 3 jets by the Durham jet algorithm.

e N&p - The number of tracks in the jet which contained the charged lepton candidate

track when all tracks in the event are forced into 3 jets by the Durham jet algorithm.

E,q - The summed energy of the two jets (assuming the jet mass is zero).

e 7y, - The invariant mass of the lepton candidate momentum and missing momentum.

Epp - The total energy in the forward detectors.

e E, - The energy of the highest-energy isolated cluster in the electromagnetic calorime-

ter.

Tables showing which of the variables listed were used in the six different pre-selections
and likelihood selections can be found in reference [63]. Examples of the distributions
obtained from data and pseudo-data for those variables used in the 189 GeV qg'ew likelihood
selections are shown in figure 25. The data and pseudo-data show reasonable agreement
within the statistical uncertainties, validating the use of the MC generators employed to
form the likelihood distributions. At this stage in the selection procedure, the efficiency and
purity for selecting signal events were approximately 86% and 90% respectively with small
variations (of the order of 1%) between selections carried out at each of the eight nominal
centre-of-mass energies. The efficiencies for selecting signal q@'ev, q@'uv, or q@'Tv events

and correctly categorizing them were approximately 85% , 89%, and 68% respectively.
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Figure 25: The 189 GeV qg'ev likelihood variable distributions for those events which passed
the qf'ev selection. The points show data and the histogram shows the pseudo-data, with
the unshaded region showing signal and shaded region showing background. The vertical
error bars show the statistical uncertainty on the data. This plot has been reproduced from
reference [63]. The notation used in this plot and the notation used in the main text of
this thesis are identical except that the labels cos() and Epr refer to cos(d) and pf™®
respectively.
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6.3.6 Kinematic fit

The events surviving the likelihood selection were subject to a second reconstruction pro-
cedure which placed particular emphasis on the need to accurately reconstruct the angles
required for the SDM analysis. As before, all tracks and clusters not previously selected
as being related to the charged lepton were forced into two jets by the Durham % jet
algorithm. For each jet, the ‘MaTching track and cluster’ (MT) algorithm described in [70]
was applied to prevent the double-counting of energy measurements made by the OPAL
sub-detectors. The energy of the clusters in the calorimeters was reduced on a cluster-by-
cluster basis such that if a track and cluster were associated with one another then the
momentum of the track was subtracted from the energy of the cluster. Like the GCE al-
gorithm used previously, the MT algorithm distinguished between hadrons, electrons and
muons and adjusted the energy of electromagnetic and hadronic clusters accordingly.

The momentum of each primary quark was approximated by the jet momentum. As
mentioned previously, it was not possible to reliably determine which jet was produced by
the quark and which by the anti-quark, and so an arbitrary assignment was made. The
uncertainty on the measured value of a jet momentum was given by the square root of the
sum in quadrature of the uncertainties on each individual track and cluster in the jet.

For events categorized as qg’er or qd’uv, reconstructed photon candidates (charac-
terised by isolated clusters in the electromagnetic calorimeter) were recombined with the
charged lepton if they were closer to the lepton than to the jets and the angle between the
photon and the charged lepton track was less than 0.15 radians. Clusters recombined in
this way were not included among the tracks and clusters processed by the jet algorithm.
The momentum vector of an electron in a q@'er event was then given by the reconstructed
momentum of its cluster(s) in the electromagnetic calorimeter. The momentum vector of a
muon in a q@’uv event was given by the reconstructed momentum of its charged track.

In the case of events categorized as q@'7v with the 7-lepton decaying to one or more
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visible decay products, the direction of the summed momenta of the decay products was
used as an estimate of the direction of the parent 7-lepton momentum in the lab frame.
Reference [71] contains an analysis of this approximation by the author of this thesis. The
validity of the approximation cannot be established by considering kinematic constraints
alone, as the angle between the visible decay products of the r-lepton and the 7-lepton itself
in the lab frame can be large if the invariant mass of the decay products is small (e.g. the
angle can be as large as 16° if the visible decay product is a single charged pion). However,
Monte Carlo simulations showed that the average angle between the decay products and
the true 7-lepton direction in the lab frame was expected to be approximately 2° in the SM.
The magnitude of the 7-lepton momentum in the lab frame could not be directly measured,
and was estimated by the procedure described in [72].

The measured four-momentum vectors of the jets and of the charged lepton in the lab
frame were next adjusted to compensate for differences between the MC modelling and the
properties of di-jet and di-lepton events observed in Z°/y — qg and Z°/y — £ ¢* reactions
at OPAL with centre-of-mass energies close to the Z° mass pole [73], as discussed in section 7.
The adjusted momentum vectors were next processed by a series of ‘kinematic fits’ [74] which
varied the measured momenta within their estimated uncertainties subject to kinematic
constraints arising from the hypothesis that the event originated from a WW — qg'év
process. The fits improved the angular and energy resolutions of the measured momenta,
and produced an estimate for the unmeasured momentum vector of the neutrino associated
with the production of the charged lepton. Additionally, the fitting procedure provided the
probability (Pr) that the event was consistent with the fit hypothesis.

The kinematic constraints used in each of the three fits (labelled A, B and C) are
sumimarised below. None of the fit hypotheses included the presence of initial-state radiation

(ISR).
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Fit A

e Conserve four-momentum using known beam momenta (as shown previously in

equations (61) and (64)).

Fit B

Conserve four-momentum using known beam momenta.

e Constrain W masses to be equal.

Fit C

Conserve four-momentum using known beam momenta.

Constrain W masses to be equal.

e Constrain W masses to be 80.44 GeV.

If a kinematic fit is to have a unique solution which minimises the measurement un-
certainties then the system of equations which govern the fit must be over-constrained. A
kinematic fit for which the number of constraint equations minus the number of unmeasured
quantities equals ‘n’ is known as an n-C fit. For a qf’ev or qq’uv event, it follows that fit A
is a 1-C fit, fit B is a 2-C fit and fit C is a 3-C fit. In the case of q@'rv events, the neutrino
associated with the 7-lepton decay removes a further three constraints compared to qf’ev
and q4'uv events. As explained above, this problem was partially resolved by approximat-
ing the direction of the r-lepton by the direction of its decay products in the lab frame.
The error on the magnitude of the 7-lepton momentum was assumed to be arbitrarily large

when used in the fits.
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6.3.7 Final selection

Following the kinematic fits, a final selection was made by rejecting the events for which
the kinematic fits either failed to converge or else converged with low fit probabilities. For
qq'Tv candidate events, the cuts were chosen to suppress those events in which the tracks
associated with the 7-lepton had been wrongly identified. The number of such events in the
event sample following the final selection was approximately 12%. The cuts are summarised

below:

e WW decay modes: qd'ev or qf uv

— Prc > 0.001 - Use result from fit C.
— Prc < 0.001 and Pry > 0.001 - Use result from fit A.

— Prc < 0.001 and Pry < 0.001 - Reject.
o WW decay modes: q’'7v

— Prp > 0.025 - Use result from fit B.

— Prp < 0.025 - Reject.

Additionally, in order to identify which fermions belonged to which W boson, it was neces-
sary to measure the charge of the charged lepton, (¢, defined as the sum of the reconstructed
charges of the tracks previously selected as belonging to the lepton. As a consequence, any
events for which Q; was zero were rejected at this stage of the analysis, which automatically
excluded any events for which no tracks had been selected as belonging to the lepton.

The composition of the pseudo-data events passing the full event selection at 196 GeV
are detailed in table 7. Equivalent tables for all eight centre-of-mass energies can be found
in appendix B. Each table shows the admixture of pseudo-data events from the individual

signal and background sources which were categorized as q’er, qd'uv or q@'Tv during the
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event selection, where the qq'7v category includes all four of the 7-lepton decay modes
considered in the likelihood selection described previously.

It can be calculated from the tables that the estimated purities of the qf'er, qf uv
or q@'Tv event samples following the full selection were approximately 90%, 94% and 78%
respectively at 196 GeV, and the variation in the purities between different centre-of-mass
energies was less than 5% in all cases. The comparatively low purity of the qg’7v selection
reflects the difficulty of identifying a 7-lepton from its visible decay products in the presence
of hadronic jets produced from the hadronically-decaying W boson.

Even in the q@’7v case, the contamination of the event sample by background events
was low and was mainly due to mis-classified W-pair q@'fv events (e.g. events generated
as qf'er in the MC samples but reconstructed as being qq'rv during the event selection).
In practice, the following analysis made no distinction between q@'er, q@’ur and q@'rv
events when calculating the SDMs and so all such mis-classiﬁed WW events were treated
as signal, giving an overall purity for the q§'¢v selection of approximately 93% at 196 GeV.
The remaining 7% of background contamination was predominantly due to non-WW qg’#v
events and residual Z°/y — qd events. The total efficiency for selecting signal events at
196 GeV was approximately 79%. Further figures of merit for the selection are discussed in

section 6.4.2.

Generated event type
Reconstructed | eTe vy | qf qq v fvly | qhqq | qi'ev qd pr qg' Tv
event type {not CCO03) {CC03} | (CCo3) | (CCo3)
qi'er 0.11 0.52 1.45 0.01 | 0.02 31.75 0.04 1.36 35.26
qQa pv 0.00 0.26 0.39 0.01 | 0.14 0.07 32.66 1.35 34.89
qi’ Tv 0.03 1.26 2.39 0.00 | 0.21 1.18 1.42 23.35 29.85
0.14 2.05 4.23 0.01 | 0.37 33.01 34.11 26.07

Table 7: The composition of events passing the total event selection at 196 GeV as cal-
culated from the MC samples listed in section 6.2. Each number shows the percentage of
selected events that have a given generated event type and a given reconstructed event type,
normalised to the total number of events passing the selection. The far right-hand column
and bottommost row show summed totals.
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6.4 Angular and SDM distributions

The following sections describe how the SDM matrices of section 2.5. and other quantities
of interest were measured from the reconstructed properties of the events which passed the
full qq’#v selection described in section 6.3.

Section 6.4.1 describes how the momenta of the four reconstructed fermions in each
event were related to the production and decay angles of the two hypothesised parent W
bosons. Section 6.4.2 describes how the measured angular distributions were adjusted to
compensate for inefficiencies, impurities and resolution effects inherent in the event selection
and reconstruction procedure. Finally, section 6.4.3 describes the measurement of the SDM
matrix elements, the polarised differential cross-sections, the total fraction of longitudinally

polarised W bosons and the CP-odd and CPT-odd observables of section 2.8.
6.4.1 Measuring angular distributions

For each selected qq'fv candidate event, the fitted momentum vectors of the four fermions
{Pe, Pv, Dy> Pj) and the reconstructed lepton charge, (¢, were used to calculate the produc-
tion and decay angles of the W bosons, €2, as defined in section 2.6.

The momentum vector of the hadronically decaying W boson was simply given by the
sum of the momentum vectors of the two jets. As 6w was defined as the polar production

angle of the W~ 17 its value depended on Q. If Q; was positive then

cosbw = (—f?—-‘-f—q)'i ) (70)
[Py + Pyl-|2|
whereas if (), was negative then
— + — .—a
cosfy = e +py) 2 (71)

|Pe + Bul-|2| ’

1"Note that the kinematic constraints in the kinematic fit ensured that the centre-of-mass frame of the four
reconstructed fermions was coincident with the lab-frame. Because of ISR, these frames were not generally
coincident when considering generator-level momentum vectors. In this latter case the momentum vectors
of the four fermions were Lorentz-transformed to the centre-of-mass frame before the W production angle
was calculated.
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where z refers to the central axis of the detector in the OPAL master reference system. The
values of 6} and 47 (needed to reconstruct the W~ SDM) and the values of 9}4 and ¢}4
(needed to reconstruct the W+ SDM) were likewise dependent on the value of Q. If Q, was
negative then the fermion from the W~ decay, f, was identified with the charged lepton
in the W — #v decay, and the anti-fermion from the W+ decay, fi, was identified with the
anti-quark in the W — qq’ decay. Similarly, if Q; was positive then f, was identified with
the quark in the W — g’ decay, and f; was identified with the neutrino in the W — £v
decay. Following the convention of section 2.6, the polar and azimuthal production angles
of the charged lepton in the rest-frame of its parent W boson are denoted 67 and ¢;, and
those of the quark (or anti-quark, as they were not distinguished between) in its parent
rest-frame are denoted by 8 and ¢;. The angles of the neutrino in its parent W rest-frame
are trivially related to those of the charged lepton by 8 = m — 87 and ¢} = 7w+ ¢;. The
procedure for extracting cos 87, ¢y, cos8; and ¢; from the reconstructed momentum vectors
is described in appendix C. The procedure ensured that the extracted angles always lay in
the physically-allowed region. The cosf; and ¢} distributions were folded as described in
section 2.7, and the folded variables are denoted hereafter by | cos 87| and [4;] respectively.

Figure 26 shows the measured angular distributions, and table 26 shows the Chi-squared
statistics describing the goodness of the fit between the data and pseudo-data. It can be seen
that there is good overall agreement between data and pseudo-data for all five distributions,
but closer inspection reveals that the pseudo-data systematically over-estimate the steepness
of the slope in the cos 8w distribution. This effect is taken into account in the systematic

uncertainties of section 7.

cosbw | cos8y | ¢ | |cos| | [47]

xi/dof. | 1.69 | 122 | 151| 057 |0.80

Table 8: The Chi-squared per degree of freedom for the angular distributions shown in
figure 26.
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Figure 26: The WW production angle and decay angle distributions showing the number
of events reconstructed in each angular bin as obtained from the full data set summed
over all eight nominal centre-of-mass energies. The points show the data and the un-filled
histogram shows the pseudo-data from both signal and background MC samples combined.
The hatched histogram shows the pseudo-data from background MC samples only. The
error bars on the points show the statistical uncertainties on the data.
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There are a large number of possible techniques for realising the equations of section 2
from the discrete distributions measured experimentally. In this analysis, the events were
first divided into eight cos @y bins of equal width. The true number of signal events pro-

duced in each cosfw bin was estimated by,

N, = ip(ﬂi) ’ (72)

where the sum is over all ny data events reconstructed in the angular bin and p (22) /€ (Q2)
is the detector correction factor (defined in section 6.4.2) which allowed for variations with
the polar and azimuthal angles of the efficiency, purity and angular resohitions. The uncer-
tainties on the N}, were estimated from Poisson statistics by,
(M) & (P ()

=2 (_(ﬁ_)) . (73)
The unpolarised differential cross-section integrated over each cosfw bin, doy, was needed
to evaluate equations (43), (44), (52) and (53), and was estimated by dividing the number

of events, Ny, by the luminosities given in table 3:

aO'k = f . (74)

The uncertainties on the 8oy follow from equations (73) and (74) using the standard
quadratic error-propagation formula, in which both the uncertainty on Ny and the un-
certainty on the luminosity (see section 6.1) were included.

The generalisation of the equations defined in this section to apply to the number
of events produced in any other angular region in the five-dimensional {2 space is trivially
obtained by changing the region of the summation in equations (72) and (73) appropriately.
The resulting angular distributions for cosfw, cos8;, ¢; and |cos 9;] are shown later in
section 6.4.2 following a description of the details of the detector correction. The [¢7]

distribution is not shown as it was not used in the SDM analysis.



6 SDM ANALYSIS 96

6.4.2 Detector correction

The MC samples listed in section 6.2 were used to estimate the efficiency and purity of the
event selection and the angular resolution with which the directions of the W bosons and
their decay products were reconstructed in the detector. The efficiency for selecting a signal

event with generator-level angular co-ordinates Q¢ was estimated by,

nsig(QG)

B(QG) Nsig(QG) ’

(75)

where Ng;,($2¢) denotes the number of MC signal events which were generated in an angular
bin containing the point Q¢, and ns,-g(QG) denotes the number of MC signal events which
were generated in the angular bin and subsequently passed the selection. Similarly, the

purity of an event with reconstructed angular co-ordinates 2 was estimated by,

nsig(QR)
Naig (7)) + npga(N2F) °

p(f) = (76)

where ngg(2F) and nba(02F) denote the number of pseudo-data signal and background
events which passed the selection and were reconstructed in an angular bin containing the
point . Therefore, the estimates of the efficiency and purity depended on the size of
the angular bins used to determine 74z, Npga and Ngjg. Wider bins reduced the statistical
uncertainties on the estimates {determined by Poisson statistics), whilst narrower bins re-
duced the sensitivity of the estimates to the shape of the MC generator-level distributions.
The size of the bins also determined the size and types of biases in the final results (see
section 6.5).

An estimate of the global efficiency was given by considering a single angular bin which
spans the whole angular space of 2¢, and the global purity was given by considering a single
angular bin which spans the whole angular space of 2R, The global efficiency of the selection
used in this analysis varied between 78% and 81%, and the global purity varied between

93% and 95% depending on the centre-of-mass energy as shown in figure 27. In addition,
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Figure 27: The global efficiency and purity of the event selection plotted as functions of
centre-of-mass energy as obtained from the MC samples listed in table 4. The error bars
show the statistical uncertainties on the data.

the efficiency varied between 44% and 92%, and the purity varied between 15% and 100%
in the cos fw — cos 6 plane. Variations of the efficiency and purity with cos ] and ¢; were
- smaller but significant. Figures showing these variations can be found in appendix D.2 and
appendix D.3.

The large variations in purity in the cos fw — cosf; plane can be mainly attributed
to the variations with angle in the number of signal events selected (and generated) whilst
the number of background events selected remains approximately constant (see figure 26).
The efficiency was high in most angular bins but dropped sharply if the charged lepton was
emitted close to the beam-pipe (i.e. cosf; = 1 and either cosfw = 1 or cosfw = —1}. In
addition, the efficiency for selecting an event decreased if it was emitted in the opposite

direction to its parent W boson (i.e. cosd; = —1), as this reduced its energy in the lab
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frame.

The difference between the generated and reconstructed angles of a MC signal event is
governed by the angular resolution of the reconstruction. The angular resolution was dom-
inated by the measurement uncertainties in the four-momenta of the hadronically decaying
W bosons, but additionally included a small contribution from the 3% of charged leptons
which were assigned an incorrect charge (9% in the q@'7 decay mode and less than 1% in
the q@’ev and qq'pv decay modes). As the generator-level MC values of 6w were obtained
after boosting to the centre-of-mass frame of the four fermions, whereas the reconstructed
values were measured in the lab frame, the angular resolution was sensitive to ISR effects.
Example plots of the angular resolution obtained at 196 GeV are shown in figure 28. As can
be seen in appendix 1.2, there were considerable variations between the detector corrections
calculated for the three reconstruction categories qd’er, q’uv and q@'7v. In particular the
qd'7v decay mode had lower efficiencies and purities and a larger angular resolution than
measured for the qg’er and q@’ur modes. In this analysis, no distinction was made between
the three modes and all charged leptons were treated alike. This approximation is valid
provided that the branching fractions for the three modes as predicted by the SM are con-
sistent with the branching fractions measured from the data. This has been shown to be
the case in the analysis of the OPAL data contained in reference [39].

As shown in section 6.4, each selected data event was weighted by a detector correction
factor {p (2) /e () in equation (72)) given by the purity divided by an efficiency-like scaling

factor defined as,

Mg (QR)l R—_nG
(%) = gNsig(é'G)“ . (77)

The scaling factor differed subtley from the true efficiency defined in equation (75) as it
was defined in terms of both the reconstructed and generated angular spaces (where the

values of the co-ordinates in the space of reconstructed angles are set equal to the values
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Figure 28: The angular resolution in 6w, 67, 6; and ¢; (in radians) as obtained from SM
MC samples with a centre-of-mass energy of 196 GeV. The open circles show the values
calculated from the MC samples and the error bars show the statistical uncertainties on
the data. The histograms have been normalised to have unit area. For illustrative purposes
a solid line is superimposed on each plot to show the function composed of the sum of
two Gaussians which best fits the data, where the best fit was determined by minimising a
Chi-squared difference between the function values and the points.
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of the co-ordinates in the space of generated angles). It therefore included the effects of
both the efficiency and angular resolution under the assumption that the shapes of the MC
angular distributions closely approximated those of the data. Approximately 16% of the
MC events which passed the selection were reconstructed outside of the cos @y bin in which
they were generated, where the exact fraction depended on the centre-of-mass energy. In
studies using the full unfolding procedures described in [75,76], the bin-to-bin migration led
to correlations as high as 40% between the statistical uncertainties in neighbouring cos 8w
bins. As the SDM estimators in each cosfw bin are statistically uncorrelated with one
another by construction, special care should be exercised if using the results of this analysis
in fitting procedures. More details can be found in appendix E.

It can be seen from the figures in appendix D that ¢ differed substantially from the
efficiency, e, in some angular bins. Where ¢ is less than e there was a net outward migration
of the events generated in that angular bin {i.e. the number of selected events reconstructed
in the bin was less than the number of selected events generated in that bin). Conversely,
where € is greater than e there was a net inward migration of events generated in the
surrounding angular bins. One consequence of this is that € could take values greater
than 1 in some angular bins. Large values of € were seen in the region cosfw ~ —1 and
cos 07 == 1 where the number of generated signal events was low. The events migrating into
this region were mostly q@'7v signal events with mis-reconstructed r-leptons. Such events
were approximately uniformally distributed over the whole angular space.

The numbers of angular bins used to parameterise the detector correction for leptoni-
cally and hadronically decaying W bosons and for diagonal and off-diagonal elements of the
SDM are summarised in table 9.

These were chosen to make best use of the MC statistics whilst reducing possible bias
effects (see section 6.5). The detector corrections for positively and negatively charged W

bosons were combined by making use of the approximate CP invariance of both the SM
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SDM elements | Decay mode | cosbw | cos; | ¢7 | |cosf]

Po—s Prys Poo W= 8 20 " -
W - qf 8 - - 10

Pir Prgs Pp W — fv 8 5 5 -
W — qq - - - -

Table 9: The numbers of equal-width bins into which each angular distribution was sub-
divided to parameterise the detector correction. The hadronically decaying W bosons were
not used to measure the off-diagonal SDM elements, and hence there were no bins in [¢7].

MC and the response of the OPAL detector [77].

The measured angular distributions of cos 6w following the detector correction are
shown in figure 29 and the lepton and quark distributions are shown in figure 30. It can be
seen that the detector correction maintains the overall good agreement between the data
and pseudo-data seen in figure 26. The top row of figure 30 shows the angular distributions
related to calculating the diagonal elements of the SDM for leptonically and hadronically
decaying W bosons, and the remaining two rows show the distributions related to the off-

diagonal elements of the SDM for W~ and W bosons.
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Figure 29: The measured cos 6w distributions obtained from the full data set summed over
all centre-of-mass energies following the detector correction. The points show the measured
values from the data and the histogram shows the prediction from SM generator-level MC
samples. The topmost plot shows the distribution obtained using the full data set and
the lower plots show the distributions obtained using only those events in which the W~
decayed leptonically or in which the W decayed leptonically.
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Figure 30: The angular distributions of the W decay products obtained from the full data
set summed over all centre-of-mass energies following the detector correction. The points
show the measured values from the data and the histogram shows the prediction from SM
generator-level MC samples. The inner error bars show the statistical uncertainty on the
data and the outer error bars show the total error including the systematic uncertainty (see
section 7). The ¢} distribution for the W+ bosons has been offset by 7 radians so that it
can be readily compared with the ¢} distribution for the W~ bosons.
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6.4.3 Measuring SDM distributions

The analyses of the diagonal and off-diagonal elements of the SDM were carried out sep-
arately. By construction, the diagonal elements of the single W SDM are invariant under
CP transformations, and so the projection operator distributions from the W~ and W+
bosons were combined prior to calculating the SDM without loss of any important informa-
tion. However, as the distributions from the quarks were folded, the p, . and p__ elements
could only be measured from leptonically decaying W bosons. For this reason the diagonal
elements of the SDM were calculated separately for W — év and W — ', and the two
results for the py, element were combined later in the analysis. The combination procedures
are described in section 6.5.

As discussed in section 2.8, the off-diagonal elements of the SDM were sensitive to
CP-violating effects, and so the ofl-diagonal elements of the W~ SDM and W+ SDM were
calculated separately. Moreover, because the folding of the quark distributions in the W —
qq’ events forced the distributions to be CP-even, only the W — £ decay angles were used
in this part of the analysis.

Using the same notation as in section 6.4.1, the statistical estimators for the SDM

elements of equations (27) and (28) were given by,

1 & op(Sk)

E(Qi) AT‘T' (Qi) ’ (78)

and hence were simply the mean value of the projection operators defined in section 2.6.
An example of the Agp (see equation (38)) distributions obtained from the data without
the detector correction (i.e. with p{Q) /e(£2) replaced by 1 in equation {78)) is shown in
figure 31. The figure shows histograms of the number of events reconstructed in each of 14
bins of Agg, where each histogram corresponds to events reconstructed in one of the eight
bins in cos fw. The figure also contains a summary plot showing the mean values of each

of the eight histograms (i.e. the estimators for pyy). The data and pseudo-data can be seen
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Figure 31: The distribution of the projection operator Agp obtained from the data and
pseudo-data at a centre-of-mass energy of 196 GeV for leptonically decaying W bosons.
The dots represent the data, the bars show the statistical uncertainty, and the histogram
shows the pseudo-data prediction from SM MC samples. The first eight histograms show
the distributions of Agg in each of the eight cosfw bins. The last (bottom right-hand)
histogram shows the mean values of Agg (i.e. pyp) in each cos By bin.
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to agree within the statistical uncertainties on the data. An equivalent set of histograms in
which the detector correction was applied is shown in figure 32, and the corrected data and
generator-level MC can once again be seen to be in agreement.

The widths of the projection operator distributions were defined as,

(A) 1 <& p(E) 2 P
Sprpt = o 77! Q)) Arre Q) ’ 79
kT JNk o C(Ql) ( ( l) ( )
and the errors on the estimators of the SDM elements were then derived from the central
limit theorem:
{r — 'gk'r'r" , (80)
N]EEH)

eff)

where the number of effective events in each bin, N,E , was defined as,

3y 2
en _ (T EE) ()
= (55)
In the results shown in section 8, the denominator of equation (80) was calculated from the
data but the numerator was calculated from large MC samples. This avoided the difficulty
of having to estimate the standard deviation from sparsely occupied data bins which would-
otherwise lead to the bias discussed in section 6.5.1.

The estimators for the diagonal elements of the SDM were not explicitly constrained to
lie between 0 and 1, and hence could have unphysical values due to statistical fluctuations
in the data. For example, the projection operator Ayy can take any value in the range —3
to 2, and it is therefore possible for the estimator of pf, calculated using equation (78)
to also take any value in this range, even though the true value of pf, as calculated from
equation {36} is constrained to lie in the range 0 to 1.

By definition, the fraction of longitudinally polarised W bosons in each cos 6w bin was

equal to the value of pf, in that bin, and the fraction of transversely polarised W bosons in
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Figure 32: The distribution of the projection operator Ay obtained from the detector-
corrected data and generator-level MC samples at a centre-of-mass energy of 196 GeV for
leptonically decaying W bosons. The dots represent the data, the bars show the statistical
uncertainty, and the histogram shows the prediction from generator-level SM MC samples.
The first eight histograms show the distributions of Aggp in each of the eight cosfw bins.
The last (bottom right-hand) histogram shows the mean values of Agg (i.e. pgp) in each
cos Bw bin.
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each cosfw bin was equal to the sum of pﬁ_ + and p¥ _ in that bin. The estimator for the

total fraction of longitudinal polarisation of the W bosons was therefore given by,

_ Xk 30!:050
fu = ST, (82)

and the estimator for the fraction of transverse polarisation of the W bosons was given
similarly by,

_ TOor(phy +0E)
fr = Zk“b;k : (83)

In addition, the quantity aakpﬁo which appears in the numerator of equation (82)
divided by the width of the coséw bin was used as an estimate of the average value of
the longitudinally polarised differential cross-section of equation (43) in that cosfw bin.
Similarly, the quantity o (% | + p* _) which appears in the numerator of equation (83)
divided by the width of the cos#w bin was used as an estimate of the average value of the
transversely polarised differential cross-section of equation (44) in that cos fw bin. The total
unpolarised cross-section ¢ was simply estimated by the sum of the 0oy over all cos 6w bins.
The uncertainties on fr,, fr, the polarised cross-sections and unpolarised cross-sections were
derived from the uncertainties on doy and the uncertainties on the SDM elements using the
standard quadratic error-propagation formula.

The CP-odd observables defined in equations (54), (55) and (56) were estimated by,

A% = 3 (000 Im(pyy) — 80 Im(oyy)) (84)
k

where aaz"‘ and aa,‘;“ were the total unpolarised differential cross-sections measured in
each bin of cos fw for the leptonically decaying W™ and W™ bosons respectively. Finally, the

CPT-0dd observables defined in equations (57), (58) and (59) were estimated analogously

by,

AT = 3 (80W " Im(pW: ) + 0ol T Im(p¥er)) (85)
k
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6.5 Biases and bias correction

Section 6.4 defined estimators for the values of the SDM elements (p,,«) and for their
statistical uncertainties. This section describes the procedures used to ensure that any
biases in the estimators were removed or shown to be negligible compared to the size of the
statistical uncertainties. The expected statistical uncertainty on each SDM element when
data from all eight nominal centre-of-mass energies and all eight cos fw bins were combined
was approximately 0.02.

Three sources of significant bias in the estimators were identified:
I Low data statistics in specific angular bins.
II The size of the angular bins into which the detector correction was divided.

III The diagonalised form of the detector correction.
6.5.1 Type I biases

Type I biases occurred when there were too few events in a given coséw bin for the central
limit theorem to be applied to the projection operator distributions. Although the estima-
tors of the SDM elements were not themselves affected, the estimators of their statistical
uncertainties (see equations (79) and (80)) were systematically biased by an amount which
depended on the values of the SDM elements. Toy-model simulations in Mathematica [78]
were used to study this effect and found that the estimated value of the SDM element had
an average pull of approximately 20% when only ten events were reconstructed in a bin
which was reduced to an average pull of approximately 3% when one hundred events were
reconstructed in a bin. Examples of the pull distributions for 1000 simulated data samples
are shown in figure 33.

As mentioned in section 6.4, this bias was removed by using large MC samples to

estimate the widths of the projection operator distributions. It is valid to use these SM
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Samples Samples

Figure 33: The pull distributions for the estimated value of p___ (the mean of the projection
operator A__). The distributions were generated from a Mathematica MC toy-model in
which the mean and variance of the projection operator distribution was estimated from
one thousand small samples of pseudo-data. The pseudo-data samples consisted of random
instances of the angular distributions expected from the SM CCO03 prediction for ete™ —
WTW™ events with a centre-of-mass energy of 196 GeV. In the figure on the left, each
sample contained ten events. In the figure on the right, each sample contained one hundred
events.

MC estimates only if the widths of the projection operator distributions do not sensitively
depend on the values of the SDM elements themselves. The dependencies were calculated
analytically and the widths were shown to vary by less than 5% when the SDM elements

were varied by £0.1 of their SM values.
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6.5.2 Type Il biases

Type II biases occurred when the sizes of the angular bins used in forming the detector
correction were comparable to the size of the features to which one or more of the pro-
jection operator functions was sensitive. In these cases, the detector correction distorted
the projection operator distributions and hence biased the measured values of the SDM
elements. This effect was examined by reconstructing large pseudo-data samples and ap-
plying the detector correction to them. The MC samples used in these tests were the same
signal MC samples as were previously used to define the detector correction, and hence any
differences between the resulting angular distributions and their associated generator-level
distributions were attributed entirely to the binning bias. No background MC samples were
used in the tests, and the purity correction was therefore set to unity.

Figures 34, 35 and 36 show the distributions obtained for the diagonal SDM elements
and the real and imaginary parts of the off-diagonal SDM elements respectively. It can
be seen that any bias in the diagonal elements of the SDM due to detector binning was
negligible compared to the expected statistical uncertainty on the data. This was also true
of any bias in the unpolarised differential cross-section. However, the deviations between
the generator-level and reconstructed MC distributions for the off-diagonal elements of the
SDM in some cos éw bins were too large to be neglected. Particularly significant biases were
present in the real part of p,_ in most cos w bins, and in the real parts of p,, and p_,
for the rightmost cos ¢y bin in the figures. Smaller biases were also found in the imaginary
parts of p, and p_, for some cosfw bins.

A Mathematica toy model was used to study how the biases in the off-diagonal SDM
elements changed as a function of the number of angular bins used to parameterise the
detector correction in cos @} and ¢;. For example, figure 37 shows how the bias in p__ was
expected to vary with the number of angular bins in ¢;.

- Two methods were used to remove the type II bias from the off-diagonal elements
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of the SDM. In the first method the default parameterisation of the detector correction
was used with eight bins in cosfw, five bins in cos@; and five bins in ¢;. The bias was
removed by simply subtracting the difference between the reconstructed detector-corrected
pseudo-data and generator-level MC distributions from the reconstructed detector-corrected
data distributions. The uncertainty on this bias correction was estimated by the statistical
uncertainty on the MC values and was included in the systematic uncertainties discussed
in section 7.

In the second method, an alternative parameterisation of the detector correction was
used with eight bins in cos w, twenty bins in ¢ and no binning in cos §;. This method was
only appropriate for the element p,_ as it is the only SDM element with no dependence
on the polar angle §7. As can be seen from figure 37, the expected bias in both the real
and imaginary parts of p, _ are negligibly small for this parameterisation. The first method
was used to correct the central values of the off-diagonal elements of the SDM presented in
section 8, and the second method was used as a cross-check.

In addition to the bias, figure 34 shows a difference in the shape of the MC distributions
of pyq for leptonically and hadronically decaying W bosons. These differences are due to.
the treatment of radiative effects within the KandY MC generator. Throughout this thesis,
photons apparently radiated from the leptonically-decaying W bosons in the generator-
level MC samples have not been recombined with their parent boson as there is no clear
distinction between WSR and other radiative corrections. Within the MC generator, there
are no equivalent photons radiated from hadronically decaying W bosons and therefore
the quark and lepton angular distributions differ from one another slightly. However, the
total fraction of longitudinally polarised W bosons calculated from leptonically decaying
W bosons using the MC generator-level information is in good agreement with the total

fraction calculated from hadronically decaying W bosons.
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Figure 34: The diagonal elements of the SDM as functions of cosfw as obtained from
the KandY signal MC samples combined in a luminosity-weighted average (defined in sec-
tion 6.6). The points show the pseudo-data after detector correction, and the (very small) er-
ror bars show the statistical uncertainties. The histogram shows the generator-level KandY
MC prediction. The figures in the top row show g, and p__ for leptonically decaying W
bosons. The figures in the middle row show p,, for leptonically decaying W bosons and
hadronically decaying W bosons separately. The figure in the bottom row shows p,, with
the leptonic and hadronic decay modes combined. By construction, the diagonal elements
of the SDM are related to each other by the normalisation condition p, | +p__ + ppo = 1,
but have not been individually constrained to the physically-allowed region between zero

and one.
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Figure 35: The real parts of the off-diagonal elements of the SDM as functions of cos fw as
obtained from the KandY signal MC samples combined in a luminosity-weighted average
(defined in section 6.6). The points show the pseudo-data after detector correction, and
the error bars show the statistical uncertainties. The histogram shows the generator-level
KandY MC prediction. The top row shows the elements measured from W™~ leptonic decays,
and the bottom row shows the elements measured from W™ leptonic decays.
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Figure 36: The imaginary parts of the off-diagonal elements of the SDM as functions of
cos fw as obtained from the KandY signal MC samples combined in a luminosity-weighted
average (as defined in section 6.6). The points show the pseudo-data after detector cor-
rection, and the error bars show the statistical uncertainties. The histogram shows the
generator-level KandY MC prediction. The top row shows the elements measured from
W™ leptonic decays, and the bottom row shows the elements measured from W+ leptonic

decays.
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Figure 37: Dependence of the expected binning bias in p, _ on the number of ¢} bins into
which the detector correction was divided, as calculated from a toy-model in Mathematica
based on the predictions of the SM MC samples. The left-hand plot shows the bias in the
real part of the SDM element, and the right-hand plot shows the (typically much smaller)
bias in the imaginary part.
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6.5.3 Type III biases

By far the largest bias for the diagonal elements of the SDM were of type III. The bias was
a natural consequence of the angular resolution of the reconstruction being greater than the
width of the angular bins. This meant that the detector correction tended to bias the final
result towards the Standard Model prediction (see appendix E). In order to correct for this
effect in the W polarisation measurement, a bias correction was applied to each diagonal
element of the SDM and to the cos&w distribution.

For each cos 8w bin, the biases in the measured values of a quantity ‘y’ were calculated
using the KandY MC samples of table 4 where ‘y’ was one of pgy,, p__ or the number of
reconstructed events in the bin, N. As for the type II bias described previously, the bias
in ‘y’, by, was defined as the value of ‘y’ measured from the MC pseudo-data following
application of the detector correction minus the value cbtained from the generator-level
distributions. The MC sample at each centre-of-mass energy was consecutively re-weighted
so that the values of its generator-level SDM elements in a given cos@w bin took each
value on a grid of 40 equally-spaced values of py, and 40 equally-spaced values of p . _
distributed between 0 and 1. The value of p, , was calculated from the normalisation
constraint p,, + p__ + pgg = 1, and the bias was only calculated for those points on the
grid for which all three of the diagonal SDM elements lay in the physically-allowed region
between 0 and 1.

The expected bias on the value of ‘y’ measured from the data was estimated by a
weighted average of the biases calculated from the re-weighted MC samples. Equation (86)
shows the estimated average bias on ‘y’ (denoted &%), where the sum is over all the re-
weighted MC samples at a given centre-of-mass energy. The vector p; represents the values
of pyy and p__ for the ’th re-weighted MC sample. The vector 7 represents the values

measured from the data sample with error matrix R. The bias in ‘y’ for the ¢’th re-weighted
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MC sample is denoted by &Y.

B(FR) = ) Pr(g|7 b
i

_ P AP (5)
- Zt: Pr (7) o

= gZew|yE-m R -] o (56)

Equation 86 was derived from Bayes’ theorem. In the last line of the derivation a
uniform prior probability distribution for g; was assumed and the conditional probability
Pr (7] 5i) was approximated by a Gaussian distribution. The normalisation constant, G was

defined by,
1 - — —_ — —
6 = S [;-m-RG-5). (87)
H

The values of b for elements of the SDM typically had a magnitude less than 0.1.
The bias in the data '® was corrected for by subtracting the values of 5 from the mea-
sured values of ‘y’. The uncertainty on this bias correction was estimated by the standard

deviation of the biases, s5, where,
s = 3 Pr(gl ) - (). (88)
i

The error estimates for the SDM elements were typically smaller than 0.2. As the statistical
uncertainties on the bias corrections and on the values of 'y’ were fully correlated they were
added to one another linearly to give the total statistical uncertainties quoted in the results
in section 8.

Because the biases, bY, varied significantly over the range of measured values of
spanned by the statistical errors on the data, the uncertainty on the correction was often

larger than the correction itself. As an example, the dependence of the bias in the measured

18The bias on the value of p,, measured from the data was calculated from the estimated biases on the
measured values of pgg and p__ and the normalisation constraint.
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value of pyy with 1.0 < cosfw < 0.8 at 196 GeV on the generator-level value of py is shown
in figure 38. For example, it can be seen from the lefthand plot that if the true value of
Pgo in the cos fw bin is actually 0.6, and a measurement is made with a detector correction
formed from SM MC, then the result is expected to be biased such that i} is approximately

0.1 too low (i.e. the result will tend to 0.5 in the limit of high statistics).

Figure 38: Dependence of the type III bias in the measured value of gy, on the true value
of pyg- The values were evaluated using MC events with a nominal centre-of-mass energy
of 196 GeV and with the generated value of cosfw in the range 1.0 < cosfyw < 0.8. In
the figure on the left, the true value of p__ was fixed at its SM value. In the figure on the
right, p__ was allowed to vary within the range 0 to 1. It can be seen that the bias is zero
when the true values of pg; and p__ coincide with the SM prediction.

The shifts in the measured fraction of longitudinally polarised W bosons, fr,, (see equa-
tion (82)) which result from applying the calculated bias corrections to the SDM elements
and to the differential cross-section are shown in table 10. The uncertainty in each shift was
evaluated by smearing all the individual bias corrections by their uncertainties. Specifically,
a pseudo-random number was added to each bias correction, where the number was drawn

from a Gaussian distribution with a mean of zero and a width set equal to the uncertainty
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on the bias correction. The smearing was repeated six times in total and the standard
deviation of the resulting six values of f; was assigned as the uncertainty on the shift in
fL. At each centre-of-mass energy and for both decay modes, the shift in f; due to the bias
corrections is smaller than the statistical uncertainty on f; (c.f. table 18}. Tests with MC
samples were used to show that this bias correction procedure results in unbiased estimators

which give Gaussian pull distributions as illustrated in figure 39. The magnitudes of the

Bias Correction (%)
Vs (GeV) Wotlv| W-oqd
183 -0.8x1.7 3.0x19
189 —11+1.1{-0.8+1.2
192 3.7x24 20+1.9
196 0613 | -05x14
200 1.9+£1.0 2.7+22
202 —0.1x£1.6 25124
205 0615 26122
207 —-10x11| -03xX16

Table 10: Absolute shifts in the percentage of longitudinally polarised W bosons due to the
bias corrections applied at each centre-of-mass energy.

biases in the measured values of the off-diagonal elements of the SDM were also investigated
and shown to be typically of the order 0.01.

This bias correction technique was designed to be widely applicable to any bias regard-
less of the form of the bias’ dependence on the values being measured. A variety of different
detector corrections were investigated in the course of the development of the analysis, but
none were seen t0 substantially reduce the size of the biases on the SDM elements.

The type III bias correction was not extended to include the off-diagonal elements of
the SDM as the computer processing time required was prohibitive. To compensate, the

systematic uncertainties on these elements were increased as described in section 7.
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Figure 39: The figure on the left shows a Mathematica toy-model prediction of the pull
distribution expected for the measurement of a generic SDM element. The figure on the
right shows the pull distribution for the same SDM element after the bias correction shown
in equation (86) was applied. The legend above the histogram shows the mean and standard
deviation of the pull distribution. The solid lines show the Gaussian distributions which
best fit the pseudo-data in each case.
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6.6 Combining results

6.6.1 Decay modes

Where appropriate, the measurements of a quantity (generically denoted y in the equation
below) calculated from the W — qg’ and W — £ decay modes were combined using the
Best Linear Unbiased Estimator (BLUE) method [79]. This method is suited to combining
measurements of the same quantity from different decay modes or different experiments
were there may be correlations between the individual measurements. The estimator is

simply the weighted-average of the individual results:

g = §.a, (89)

where 7/ is the vector of measurements and & is the vector of weights. Each component of
the weight vector is defined as,

-1
> Y

— (90)
i Y

Wy

where Y is the full covariance matrix for the measurements of 7 including both the statistical
and systematic uncertainties. The correlations between the statistical uncertainties for the
two decay modes were measured from the data at each centre-of-mass energy and found
to have a magnitude of less than 10% in each case. Correlations between the systematic
uncertainties on different measured quantities are discussed in section 7.

The uncertainty on 4 due to any given error source is given by,
sg = WY, (91)

where Y’ is the covariance matrix corresponding to the error source under consideration.
If Y’ is set equal to the full covariance matrix, Y, then s; is an estimator of the total

uncertainty on §.
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6.6.2 Centre of mass energies

As the values of the elements of the SDM depended on the centre-of-mass energy of the
ete” — WTW~ collisions, the measurements made at each of the eight nominal centre-
of-mass energies were combined with one another in a luminosity-weighted average rather
than with the BLUE technique !°. The form of the average and the uncertainty on the
average is the same as shown previously in equations (89) and (91), where the weights are

replaced by,

_ L
w; = Eiﬁi’ (92)

and the luminesities, £, can be found in table 3.

In practice, the differences between the values obtained using the BLUE technique and the values
obtained using the luminosity-weighted average were negligibly small.
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7 Sources of systematic uncertainty

There were uncertainties in the shape of the MC angular distributions due to the mea-
surement errors on the parameters in the SM (such as the mass of the W boson), to the
incomplete description of non-perturbative physics effects in MC generators, and to the
simplifying assumptions made in modelling the detector response. This leads to uncertain-
ties in the detector corrections applied to the data and gives systematic errors on the final
results. For each source of systematic uncertainty, the full analysis of the data was repeated
using a range of different MC samples (or a single MC sample re-weighted appropriately) to
form the detector correction. Unless otherwise stated, the full difference between the results
obtained using each of the detector corrections in turn was assigned as the error estimate
for the error source being considered. The error estimates were considered to be symmetric
with respect to the central values such that a measurement of a quantity y with an error
estimate & corresponded to the range of values y + 4.

The total systematic error on each measured quantity was calculated by summing the
errors associated with each source of uncertainty in quadrature. The error sources are listed
on pages 126 to 131 and details of the additional MC runs used in evaluating the systematic
uncertainties are shown in table 11. As representative examples, the contributions of each
systematic error source to the total uncertainty on the values of py, and on the values
of the real and imaginary parts of p, _ in each cosfw bin are shown in tables 12 to 15.
Additionally, the systematic uncertainties in the fraction of longitudinally polarised W
bosons, fr, at each cenire-of-mass energy are shown in table 16, and the contributions
to the total systematic error on the luminosity-weighted average fraction of longitudinally
polarised W bosons is shown in table 17. The systematic uncertainty tended to be largest
for low values of cos Gy where the MC statistics were lowest and the amount c;f background

contamination comparatively high.
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There are in principle four sets of correlations that have to be known before the sys-
tematic (or statistical) uncertainties on the measured SDM elements can be combined with
one another: the correlation between decay modes (W — £ and W — qg'), the correlation
between centre-of-mass energies, the correlation between values in different cos 6w bins, and
the correlations among the SDM elements. There are apriori assumed to be no correlations
among the different systematic uncertainty sources themselves or between any systematic
source and the statistical uncertainty on the data. Nevertheless, the complete correlation
matrix for any given error source is prohibitively large (1280 by 1280) in the most general
case. Fortunately, the total errors on the results presented in this thesis are dominated by
their statistical uncertainties, and even the fluctuation in the total error caused by varying
all the correlations of all the systematic uncertainties between 0% and 100% simultaneously
was typically small, e.g. fluctuations in the systematic uncertainty on f; were less than
15% of the total uncertainty on f;.

In the results shown in the next section, each source of systematic uncertainty was
assumed to be 100% correlated between centre-of-mass energies and between decay modes
unless the source was obviously dependent on statistical fluctuations in the MC samples,
in which case the systematic uncertainties were assumed to be 0% correlated. Tables 12
to 17 indicate which sources were considered correlated and which were not. Each source
of systematic uncertainty was additionally assumed to be 100% correlated between the W~
and W1 SDMs, as identical detector corrections were used to evaluate the two matrices
in all cases. As none of the results in this thesis required different elements of the same
SDM to be combined, the correlations between the elements need not be considered here.
To avoid having to consider the effects of correlations between the values of py, in different
cos fw bins, the total fraction of longitudinally polarised W bosons was calculated each time
the analysis code was run so that no explicit error-propagation was required to evaluate its

uncertainties. In all other cases in which resulis from different cos 8w bins were combined,
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the systematic uncertainties were conservatively assumed to be 100% correlated.

1. The effects of the uncertainties in the modelling of the background MC samples were
evaluated by re-weighting the contribution of the two-photon and four-fermion back-
grounds one at a time. The two-photon samples were weighted by a factor of two and
subsequently by a factor of a half, and the contribution from the four-fermion back-
ground samples were weighted by a factor of 1.2. These factors were obtained by the
OPAL TGC group for use in the CP-conserving TGC parameter measurements (66}
using comparisons of the data and pseudo-data cross-sections described in [64]. In
addition, the effect of the uncertainty in the modelling of Z%/y — qq events was eval-
uated by comparing MC samples hadronised by JETSET to samples hadronised by
HERWIG. The hadronisation of both the Z®/y — qq background and the q'#v signal
events (see item 3) gave large contributions to the total systematic uncertainties of

all the SDM elements and the coséyw distribution.

2. Unlike the MC generators used in the previous SDM analyses published by the GPAL
collaboration [23, 24}, the KandY MC generator contains a full treatment of elec-
troweak radiative corrections up to O(a) in the double-pole approximation. The
double-pole approximation considers only radiation from those Feynman diagrams
which contain two W bosons (and are therefore ‘doubly-resonant’). The contribution
of the radiation originating from other diagrams is suppressed by at least a factor
O( TI;—‘EV"—) The WW cross-section predicted by KandY is approximately 2% less than
that predicted by less-complete semi-analytical calculations such as those of the GEN-
TLE software package [80], and the shapes of the cos fw distributions from the differ-
ent generators vary by approximately 0.5%. The effects of the missing higher-order
corrections above O(«) were estimated conservatively by re-weighting the KandY MC

samples to remove the Q) next-to-leading electroweak corrections and the screened
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Coulomb correction completely. The uncertainty in the implementation of initial state

radiation effects within KandY is discussed separately in item 5 of this list.

3. The error due to uncertainty in the modelling of the jet hadronisation was estimated by
contrasting the results obtained when forming the detector correction from WW MC
samples generated by KORALW and hadronised using one of JETSET, HERWIG
and ARIADNE which implement the ‘string’, ‘cluster’ and ‘colour dipole’ models
of hadronisation respectively. The KORALW WW MC samples were produced at
189 GeV, 200 GeV and 206 GeV only. The systematic errors at all eight nominal
centre-of-mass energies were then interpolated from these three energy points: i.e.
the uncertainty evaluated at 189 GeV was applied to the data results obtained at
183 GeV, 189 GeV and 192 GeV, the uncertainty evaluated at 200 GeV was applied
to the results obtained at 196 GeV, 200 GeV and 202 GeV, and the uncertainty
obtained at 206 GeV was applied to the results obtained at 205 GeV and 207 GeV.
In addition to the WW signal MC samples, KORALW was also used to generate
four-fermion MC samples (see table 11 for details). The four-fermion background
was then approximated by combining the WW and four-fermion samples but giving
all events in the WW samples a weight of minus one. Interference terms between
the CC03 and other Feynman diagrams were therefore treated as background. As
this treatment differs from that applied to the KandY samples used in the main
analysis, the results from the KORALW samples were compared only to one another.
This source of systematic uncertainty gave the predominant contribution to the total

systematic uncertainty on most of the measured quantities in most bins of cos 6.

4. The W mass obtained from Tevatron and UA2 data is 80.452 £ 0.062 GeV [1]. The
systematic error due to the difference between this mass and the W mass used in

generating the KandY MC samples (80.33 GeV) was estimated by re-weighting the
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KandY samples using the EXCALIBUR MC generator. EXCALIBUR contains a
convenient interface for calculating the differential cross-section (%) for four-fermion
production as a function of the generator-level four-momenta and flavours of the
fermions. The weight applied to each KandY event was given by the ratio of the
EXCALIBUR differential cross-section calculated for the event assuming a W mass of
80.454 GeV, divided by the differential cross-section calculated assuming a W mass
of 80.33 GeV. The procedure was then repeated with the mass of the W boson set
to 80.391 GeV and 80.514 GeV sequentially when calculating the numerator of the
ratio. The LEP measurements of the W mass were not themselves used in evaluating
the systematic uncertainty, as the published analyses implicitly assumed that the W

pairs were produced via the Standard Model mechanism.

5. The KandY MC generator includes an O(a?) treatment of initial state radiation (ISR).
A conservative estimate of the effect of missing higher order diagrams was obtained
by re-weighting the KandY signal MC samples to use a less-complete O(a) treatment.

The weights required were provided by the KandY MC generator package.

6. As explained in section 6.3.6, the modelling of the OPAL detector’s response to
hadrons and leptons in GOPAL was compared to the response seen in Z°/y — qq,
Z%/v — e*e~ and Z°/y — ptp~ calibration data collected at intervals during the
period 1996 to 2000 with centre-of-mass energies close to the Z° mass. As the ener-
gies of the jet and leptons produced in the calibration data were close to those of the
jets and leptons produced in the WW data (approximately 45 GeV), any differences
between the GOPAL simulation of the OPAL detector and the detector response as
measured from the calibration data were assumed to be also present in the WW data.

The three aspects of the detector modelling considered in this analysis were:

e The absolute energy of the reconstructed jets or leptons as a function of their
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polar angle in the detector.

e The width of the resolution of the reconstructed energy of the jet or lepton as

functions of their polar angle in the detector.

e The widths of the angular resolution of the reconstructed polar and azimuthal

angles of the jet or lepton as functions of the angles.

No separate analyses of 7-leptons were carried out, as these were treated as low-

multiplicity jets.

The angles and energies of the reconstructed jets and charged leptons from the pseudo-
data samples used in the SDM analysis were subsequently ‘smeared’ to compensate
for the small differences observed between the calibration data and corresponding Z°
pseudo-data. The smearing was achieved by scaling the central values and errors of
the reconstructed momentum vectors prior to processing them with the kinematic fit
procedure described in section 6.3.6. The error associated with the uncertainty on
this smearing was evaluated by varying the smearing within its assigned statistical

errors. A fuller account of this procedure can be found in [73,81, 82].

7. Some areas of the W boson production and decay phase-space were sparsely populated
by MC events. The effect of the limited MC statistics was evaluated by smearing the
efficiency-like scaling factor in each angular bin by its statistical error in that bin
(by adding a pseudo-random number from a Gaussian distribution with a mean of
zero and a width set equal to the Poisson statistical error for that bin). This process
was repeated five times using different random number ‘seeds’ to ensure a different
smearing in each bin each time. The error due to the statistical uncertainties was
then estimated by the standard deviation of the values obtained from the five smeared
samples and the central un-smeared sample. The whole procedure was repeated for

the purity correction.
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8. As described in section 6.5, biases of type II were negligible for the diagonal elements
of the SDM but were large in some cos 6w bins for the off-diagonal elements of the
SDM. The biases were estimated by carrying out the full analysis using KandY pseudo-
data samples in place of real data and then comparing the reconstructed values of
the SDM elements to their MC generator-level values. These expected biases were
subtracted from the values of the SDM elements measured from the data, and the
systematic uncertainty on each bias correction was estimated by the statistical error

on the corresponding MC generator-level values.

Variations were observed in the bias estimates calculated from differently re-weighted
MC samples. Specifically, the MC samples were re-weighted such that any asymmetry
in the pseudo-data ¢; distribution (about the point ¢; = 0) was varied within a factor
of two of the value found from the unweighted MC samples. However, the magnitude
of the shifts in the biases was negligible compared to the size of the statistical error
on the MC generator-level values, and this effect was therefore not included in the

systematic uncertainty.

9. Section 6.5 explains how biases of type II1I were removed from the diagonal elements
of the SDM and the cosfw distribution using a probabilistic correction, where the
uncertainty of the correction was included in the statistical errors on the measured
quantities. However, such biases in the off-diagonal elements of the SDM were not
explicitly removed. Instead the KandY MC samples used to calculate the detector
correction were re-weighted using a simple tree-level CC03 calculation to simulate
anomalous values of the CP-violating TGC parameters (z, Az and g3) which alter
the shape of the ¢} and ¢}‘— angular distributions. The weight of a given event was
defined as the ratio of the differential cross-section (‘f—“z’) for producing an equivalent

W-pair event (one which gave the same values of the angles  as the four-fermion
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KandY event being weighted) assuming anomalous values of the TGC parameters,
divided by the differential cross-section assuming SM values of the TGC couplings.
These weights were only applied to the signal events. Each of the TGC parameters was
varied sequentially by plus and minus one standard deviation of its value as measured

in the OPAL 189 GeV analysis [23)].
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Systematic Generator Nominal Energy (GeV)
Uncertainty & 183 189 192
Process Run | £ Run L Run [ £

1 HERWIG 29/ —> 4 5168 | 2.20 || 5169/5170 | 2.52/2.50 || 5171 | 2.64
3 KORALW (JETSET) WW - - 11101 60.34 - -
3 KORALW (HERWIG) WW - - 12422 60.34 - -
3 KORALW (ARIADNE)WW - - 12513 60.34 - -
3 KORALW qgqg - - 8636 20.00 - -
3 KORALW qgéte- - - 8637 20.00 - -
3 KORALW qgete™ - - 7849 5.00 - -

Systematic Generator Nominal Energy (GeV)
Uncertainty & 196 200 202
Process Run | £ Run | £ Run | £
1 HERWIG Z%/y — qa 5172 | 2.78 || 5173 | 3.51 || 5174 | 3.00
3 KORALW (JETSET) WW || - - [ 11111 |57 - -
3 KORALW (HERWIG) WW - - 12014 | 5751 - -
3 KORALW (ARIADNE)WW - - 11999 | 57.51 - -
3 KORALW qqqg - - 9207 | 20.00 - -
3 KORALW qgf* ¢~ - - 9208 | 20.00 - -
3 KORALW qgete™ - - 9318 | 5.00 - -
Systematic Generator Nominal Energy (GeV)
Uncertainty & 205 206 207
Process Run | £ Run L Run [ £
1 HERWIG Z%/vy — q§ 5176 | 3.07 - - 5179 | 6.30
3 KORALW (JETSET) WW - - 11121 | 57.08 - -
3 KORALW (HERWIG) WW - - 12428 | 57.08 - -
3 KORALW (ARIADNE)WW - - 12514 | 57.08 - -
3 KORALW qqqqg - - 10107 | 20.00 - -
3 KORALW qgé ¢~ N T [ 10106 | 2000 | - 5
3 KORALW qgetTe™ - - 10075 | 5.00 - -

Table 11: The identifying run numbers and integrated luminosities measured in units of
inverse femtobarns of the Monte Carlo samples used to measure the systematic uncertainties
in this analysis. The number in the left-hand column refers to the list of systematic error
sources in the main text.
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cos fw bin
1 2 3 4 5 6 7 8 Total
Two-photon MCT 0.012 | 0.005 | 0.002 | 0.005 | 0.001 | 0.001 | 0.001 | 0.003 || 0.031
Z°/~y = qg MCt 0.013 | 0.012 | 0.011 | 0.009 | 0.005 | 0.006 | 0.003 | 0.004 || 0.063
Four-fermion MCT [ 0.003 | 0.003 | 0.006 | 0.003 | 0.002 | 0.002 | 0.002 | 0.002 || 0.023
O(a) radiation’ 0.003 | 0.003 | 0.005 | 0.005 | 0.005 | 0.006 | 0.003 | 0.005 || 0.034

Hadronisation® 0.017 | 0.019 | 0.008 | 0.012 | 0.015 | 0.010 | 0.006 | 0.012 || 0.160
mw! 0.004 | 0.003 | 0.003 | 0.003 | 0.062 | 0.003 | 0.003 | 0.002 || 0.023
ISRT 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 [| 0.000

Jet/€ angular res. 0.000 | 0.000 | 0.600 | 0.000 | 0.001 | 0.001 | 0.001 | 0.004 || 0.008
Jet /£ energy res. 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 |} 0.001 | 0.008
Jet /€ energy scale | 0.001 | 0.001 | 0.002 | 0.002 | 0.001 | 0.003 | 0.002 | 0.001 |f 0.013
Efficiency statistics | 0.017 | 0.011 | 0.010 | 0.013 | 0.006 | 0.009 | 0.003 | 0.003 || 0.073
Purity statistics 0.014 | 0.007 | 0.006 | 0.008 | 0.004 | 0.004 | 0.001 | 0.002 || 0.047

[ Total [ 0.034 | 0.027 [ 0.020 [ 0.023 [ 0.019 | 0.017 [ 0.009 | 0.015 || 0.164 |

Table 12: The systematic uncertainties for the luminocsity-weighted average of gy, for the
W — fv decay mode. Error sources marked by a § were considered to be 100% correlated
between the W — £ and W — q@’ decay modes and also among the centre-of-mass energies.
All other sources were assumed to be completely uncorrelated. The bottommost row shows
the sum in quadrature of the uncertainties associated with each individual error source, and
the rightmost column shows the linear sum of the uncertainties in each individual cos fw
bin.
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cosfw bin

1 2 3 4 5 6 7 8 Total
Two-photon MCT 0.012 | 0.003 | 0.003 | 0.002 | 0.001 | 0.001 | 0.001 | 0.002 || 0.025
ZD/'y — gq MCT 0.016 | 0.012 | 0.009 | 0.006 | 0.006 | 0.002 | 0.002 | 0.004 || 0.058
Four-fermion MCY | 0.001 | 0.001 | 0.001 | 0.001 | 0.000 | 0.000 [ 0.000 [ ©.000 [| 0.004
Ola) radiation? 0.010 | 0.003 | 0.003 | 0.002 { 0.004 | 0.002 | 0.002 | 0.004 i 0.030
Hadronisation® 0.010 | 0.017 | 0.010 | 0.014 | 0.021 | 0.010 | 0.019 { 0.013 || 0.114
mu! 0.006 | 0.008 | 0.005 | 0.011 | 0.012 | 0.010 | 0.012 | 0.011 || 0.076
ISR 0.000 | 0.000 | 0.000 | 0.000 { 0.000 | 0.000 | 0.000 | 0.000 {| 0.001
Jet /¢ angular res. 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 [f 0.002
Jet/{ energy res. 0.001 | 0.002 | 0.001 | 0.001 | 0.001 | 0.000 [ 0.001 | 0.001 (] 0.007
Jet /£ energy scale 0.001 § ©.001 | 0.001 | 0.001 { 0.001 | 0.001 { 0.001 | 0.001 [ 0.008
Efficiency statistics | 0.007 | 0.015 | 0.006 | 0.006 | 0.005 | 0.004 | 0.004 | 0.005 || 0.052
Purity statistics 0.010 | 0.010 | 0.003 { 0.004 | 0.003 | 6.001 | 0.001 | 0.002 [ 0.034

[Total [0.028 | 0.029 | 0.017 | 0.020 | 0.026 | 0.015 | 0.023 | 0.019 || 0.177 |

Table 13: The systematic uncertainties for the luminosity-weighted average of py, for the
W — q@’ decay mode. Error sources marked by a t were considered to be 100% correlated
between the W — £ and W — q@' decay modes and also among the centre-of-mass energies.
All other sources were assumed to be completely uncorrelated. The bottommost row shows
the sum in quadrature of the uncertainties associated with each individual error source, and
the rightmost column shows the linear sum of the uncertainties in each individual cos fw
bin.



7 SOURCES OF SYSTEMATIC UNCERTAINTY 135

cosfw bin
1 2 3 4 5 6 7 8 Total
Two-photon MCF 0.011 | 0.001 | 0.004 | 0.002 | 0.002 | 0.001 | 0.001 | 0.001 | Q.022
78 /v — qq MCT 0.019 | 0.004 | 0.007 | 0.009 | 0.008 | 0.004 | 0.002 | 0.003 | 0.055
Four-fermion MCT 0.010 | 0.004 } 0.002 | 0.001 { 0.001 | 0.001 | 0.001 | 0.001 |} 0.021
O(a) radiationt 0.013 | 0.001 | 0.003 | 0.004 [ 0.003 | 0.003 | 0.001 | 0.006 [ 0.034

Hadronisation’ 0.012 | 0.025 | 0.011 | 0.008 | 0.014 | 0.011 | 0.007 | 0.004 || 0.093
mw! 0.005 | 0.003 | 0.003 | 0.002 | 0.002 | 0.001 | 0.001 | 0.001 {| 0.017
ISRT 0.007 | 0.000 | 0.001 | 0.001 | 0.000 | 0.000 | 0.000 { 0.000 || 0.010

Jet/f angular res. | 0.000 | 0.002 | 0.000 | 0.001 } 0.000 | 0.000 | 0.001 { 0.001 || 0.006
Jet/{ energy res. 0.00t | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.000 | 0.001 || 0.006
Jet/f energy scale | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.000 | 0.000 {| 0.006
Efliciency statistics | 0.013 | 0.016 | 0.016 | 0.009 | 0.006 { 0.005 | 0.004 | 0.002 || 0.072
Purity statistics 0.011 | 0.009 | 0.008 | 0.006 | 0.004 | 0.003 | 0.002 | 0.001 [ 0.044
Bias type 11 0.016 | 0.013 | 0.012 | 0.010 | 0.009 | 0.007 | 0.006 [ 0.005 || 0.079
Bias type III (#z)T | 0.023 | 0.015 { 0.010 | 0.006 | 0.006 | 0.004 | 0.002 | 0.001 || 0.066
Bias type III (Az)! | 0.025 { 0.023 { 0.012 | 0.012 | 0.009 | 0.005 | 0.002 | 0.002 || 0.091
Bias type III (g7)" | 0.012 | 0.013 | 0.008 | 0.004 | 0.003 | 0.003 { 0.001 [ 0.001 [[ 0.046

[ Total 0.053 | 0.046 | 0.032 [ 0.024 [ 0.023 | 0.017 | 0.011 | 0.010 ]| 0.217 |

Table 14: The systematic uncertainties for the luminosity-weighted average of Re{p, _} for
the W~ — £~ 7, decay mode. Error sources marked by a { were considered to be 100%
correlated between the W — fv and W — qg’ decay modes and also among the centre-
of-mass energies. All other sources were assumed to be completely uncorrelated. The
bottommost row shows the sum in quadrature of the uncertainties associated with each
individual error source, and the rightmost column shows the linear sum of the uncertainties
in each individual cos fw bin.
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cos @w bin
1 2 3 4 5 6 7 8 Total
Two-photon MCT 0.010 ( 0.004 | 0.003 | 0.002 | 0.002 | 0.002 { 0.001 | 0.00% || 0.023
70/~ = qg MC* 0.026 | 0.007 | 0.009 | 0.008 | 0.004 | 0.002 | 0.002 | 0.002 { 0.061
Four-fermion MCT | 0.007 | 0.002 | 0.003 | 0.001 | 0.001 | 0.001 | 0.000 | 0.000 || 0.015
O(a) radiation’ 0.014 | 0.005 | 0.003 | 0.000 | 0.004 | 0.002 | 0.002 | 0.002 || 0.033

Hadronisation? 0.018 | 0.613 § 0.012 | 0.02¢ | 0.012 | 0.010 | 0.009 | 0.005 || 0.100
mw! 0.004 | 0.003 | 0.002 | 0.002 | 0.002 | 0.002 | 0.001 | 0.001 {| 0.018
ISR! 0.002 | 0.001 | 0.001 | 0.000 | 0.000 | 0.000 [ 0.000 | 0.000 j| 0.006

Jet/£ angular res. 0.001 { 0.001 | 0.000 | 0.000 | 0.000 | 0.000 [ 0.000 | 0.002 || 0.005
Jet/f energy res. 0.002 | 0.002 | 0.002 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 || 0.010
Jet/f energy scale | 0.002 | 0.002 | 0.002 | 0.001 ; 0.001 | 0.001 | 0.001 | 0.001 |l 0.010
Efficiency statistics | 0.016 | 0.016 | 0.010 | 0.007 | 0.009 | 0.007 | 0.007 § 0.006 || 0.078
Purity statistics 0.017 | 0.009 | 0.005 { 0.003 | 0.004 | 0.003 | 0.002 | 0.004 || 0.048
Bias type 11 0.016 ; 0.014 | 0.012 | 0.011 | 0.009 | 0.008 | 0.006 | 0.005 || 0.080
Bias type III (#z)! | 0.017 | 0.010 | 0.009 | 0.005 | 0.004 | 0.002 { 0.002 | 0.001 || 0.050
Bias type HI (Az)" | 0.029 | 0.014 | 0.015 | 0.011 | 0.007 | 0.006 | 0.003 | 0.003 || 0.089
Bias type III (g7)! | 0.013 { 0.010 { 0.008 | 0.005 | 0.005 | 0.004 | 0.004 | 0.002 || 0.051

[ Total [0.059 [ 0.035 [ 0.030 | 0.029 [ 0.021 | 0.017 | 0.015 | 0.012 [ 0.218 |

Table 15: The systematic uncertainties for the luminosity-weighted average Im{p, _} for
the W~ — £~ decay mode. Error sources marked by a 1 were considered to be 100%
correlated between the W — £ and W — qq’ decay modes and also among the centre-
of-mass energies. All other sources were assumed to be completely uncorrelated. The
bottommost row shows the sum in quadrature of the uncertainties associated with each
individual error source, and the rightmost column shows the linear sum of the uncertainties
in each individual cos 6w bin.
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183 GeV 189 GeV 192 GeV 196 GeV
| & | 9@ | fv [ qd | v | q§ | v | qf
Two-photon MCT | 0.00 [ 0.00 { 0.03 | 0.04 [ 0.26 | 0.02 | 0.08 | 0.05
Z%/v - qa MCT [ 0.63 [ 0.65 | 0.43 [ 0.30 [ 0.05 | 0.29 [ 0.29 [ 0.43
Four-fermion MCT | 0.19 | 0.02 [ 0.19 | 0.02 [ 0.09 | 0.04 [ 0.21 | 0.03
O(a) radiation’ 0.05 10791027 |002]|007[0131}0.1910.10
Hadronisation’ 0.32 ] 141 [ 032 | 111|032 [ 1.11 | 0.17 | 1.22

mw ! 0.27 [ 1.11 { 0.10 [ 1.11 } 0.22 | 1.13 | 0.02 | 1.11
ISR1 0.00 [ 0.01 [ 0.00 [ 0.01 [0.00 [0.01 [0.01 [0.01
Detector Response | 0.25 | 0.19 | 0.44 | 0.07 | 0.21 | 0.07 | 0.32 | 0.27
MC statistics 0.69 [ 0.48 | 0.58 | 0.37 [ 0.70 [ 0.50 | 0.73 | 0.36
| Total [1.08 [2.13]0.97[1.64 [0.88 | 1.70 | 0.92 | 1.77 |

200 GeV 202 GeV 205 GeV 207 GeV

v | qff | v | qf | v | q@' | &v | oF
Two-photon MCT [ 0.12]0.19 [ 0.01 [ 0.18 [ 0.11 [ 0.14 | 0.23 | 0.08
Z0 /v = qq MC? 0.36 | 0.26 [ 0.26 [ 0.12 [ 0.07 [ 0.49 [ 0.17 [ 0.14
Four-fermion MC' [ 0.11 [ 0.01 | 0.21 [ 0.05 [ 0.23 | 0.01 | 0.21 | 0.04
O(a) radiation’ 0.18 ] 0.07 [ 0.39 [0.10 [ 0.68 [ 0.34 [ 0.01 | 0.17
Hadronisation’ 017 | 1.22 | 0.17 { 1.22 ] 0.63 | 1.38 | 0.63 | 1.38

mw’ 0.18 [0.86 { 0.07 [ 1.07 [0.08 [ 0.98 [ 0.19 [ 1.03
ISR} 0.00 [ 0.01 [ 0.00 [ 0.01 [ 0.00 [ 0.01 [ 0.01 [ 0.01
Detector Response [ 0.28 [ 0.26 [ 0.20 | 0.22 | 0.64 [ 0.04 [ 0.52 | 0.16
MC statistics 0.99 [0.41 ] 1.46 [ 0.70 [ 0.73 [ 0.43 [ 0.73 | 0.56
Total 1.15 [ 1.61 [ 1.57 [ 1.80 [ 1.37 [ 1.85 [ 1.17 [ 1.83 |

Table 16: The systematic uncertainties for the percentage of longitudinally polarised W
bosons at each centre-of-mass energy. Error sources marked by a T were considered to be
100% correlated between the W — fr and W — qq’ decay modes and also among the
centre-of-mass energies. All other sources were assumed to be completely uncorrelated.
The systematic uncertainties associated with the modelling of the detector response to jets
and leptons (source 6 in the main text) have been combined under the heading ‘Detector
Response’, and the effect of the limited MC statistics on the efficiency and purity (source 7
in the main text) have been combined under the heading ‘MC statistics’.



7 SOURCES OF SYSTEMATIC UNCERTAINTY 138

Wo v | W-oqd
Two-photon MCT 0.10 0.08
Z° /v — qq MCT 0.30 0.32
Four-fermion MCT 0.19 0.03
O(a) radiation’ 0.23 0.18
Hadronisation! 0.38 1.23
myy! 0.13 1.07
ISRT 0.01 0.01
Detector Response 0.19 0.06
MC statistics 0.29 0.18
| Total | 0.68 | 1.68 |

Table 17: The systematic uncertainties for the luminosity-weighted average percentage of
longitudinally polarised W bosons. The error sources appear in the same order as in the
list in section 7. For the combination procedures described in section 8, the error sources
marked by a t were considered to be 100% correlated between the W — fv and W — qf’
decay modes and also among the centre-of-mass energies. All other sources were assumed
to be completely uncorrelated. The systematic uncertainties associated with the modelling
of the detector response to jets and leptons (source 6 in the main text) have been combined
under the heading ‘Detector Response’, and the effect of the limited MC statistics on the
efficiency and purity (source 7 in the main text) have been combined under the heading
‘MC statistics’.
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8 Results

At each nominal centre-of-mass energy the following quantities were measured from the
data: the diagonal elements of the W SDM (p, , , p__ and py,) for leptonically and hadron-
ically decaying W bosons (with the W~ and W* contributions combined); the fraction of
longitudinally polarised W bosons (f1,) for leptonically and hadronically decaying W bosons;
the real and imaginary parts of the off-diagonal elements of the W~ and W+ SDMs (p, _,
p,o and p,_) for leptonically decaying W bosons; and the CP-odd (A®F) and CPT-odd
(ACPT) observables for leptonically decaying W bosons. Of these results, the quantity of
most obvious interest is arguably the fraction of longitudinally polarised W bosons. This
fraction along with other results related to the diagonal elements of the SDM are presented
in section 8.1. The off-diagonal elements of the SDM and the associated symmetry tests
are presented in section 8.2. All the results presented have been corrected for the detector
effects described in section 6.4.2 and the biases described in section 6.5. Those figures which
are marked ‘OPAL’ have previously been published by the author of this thesis on behalf

of the OPAL collaboration in reference [83].
8.1 W polarisation

Figures 41 and 44 show the values of the g, and p__ elements of the SDM in each cos fw bin
as measured from leptonically decaying W bosons at each nominal centre-of-mass energy.
The values of the p,, element are not shown as they are trivially related to the py, and
p__ distributions through the SDM normalisation constraint. Figure 42 shows p,, for the
hadronically decaying W bosons, whereas the p__ and p, , elements are not shown as these
could not be measured individually from the folded angular distributions of the quarks.

It can be seen from figures 41 and 42 that the measured values of py, obtained from
the leptonic and hadronic decays were consistent both with the SM prediction and with one

another. The measured distributions were therefore combined together using the BLUE
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method as described in section 6.6.1. Each source of systematic error was assumed to be
uncorrelated with all other sources of systematic error and either 100% or 0% correlated
between the two decay modes (see section 7 for details). Figure 43 shows the values of pyg in
each bin of cos 8w at each nominal centre-of-mass energy following combination of the decay
channels. The longitudinally and transversely polarised differential cross-sections were then
formed from the SDM distributions and from the unpolarised cross-section {defined by
equation (74)) measured in each bin of cosfw. The polarised cross-sections in each bin of
cos By at each nominal centre-of-mass energy are shown in figures 45 and 46.

The measurements of the SDM elements at the eight nominal centre-of-mass ener-
gies were themselves combined to make a luminosity-weighted average as described in sec-
tion 6.6.2. The correlations between the values of the systematic uncertainties at differ-
ent centre-of-mass energies were again approximated as being either 100% or 0%. The
luminosity-weighted averages of p, ., p__ and py, are shown in figure 47. The corre-
sponding polarised differential cross-sections are shown in figure 48. The numerical values
associated with these figures can be found in tables 19 to 25 and have been submitted to
the Durham HEPDATA database [84].

The fractions of longitudinally polarised W bosons measured (see equation (82)) from
the data at each nominal centre-of-mass energy are shown in table 18. For comparison with
the data, table 18 also gives the fraction of longitudinally polarised W bosons predicted by
the KandY [54,55] MC samples. The table shows the values calculated from the leptonically
and hadronically decaying W bosons separately and the values obtained from the two decay
modes combined using the BLUE technique.

The combined values obtained from the data at each centre-of-mass energy are sum-
marised in figure 40 and compared with the Born-level CC03 prediction. The figure also
shows the values obtained from the KandY generator-level MC samples. It can be seen

that both the data and the MC values are in reasonable agreement with the Born-level
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Longitudinal polarisation (%)
Nominal energy OPAL Data MC
(GeV) W v W = qf Combined Combined
183 188+10.3+1.1 {31.1+£104+21 (248+74+1.4( 264+0.2
189 176 £58+1.0 | 21.0+58+1.5|192+£43+1.1 | 25.6+0.2
192 56.7+14.34+09 | 21.7+138+1.7 [386+97+1.1 | 25.2£0.2
196 16.8+83+09 78+83+18|124+59+1.1 | 23.9+0.2
200 325+84+1.1| 35.0£94+16]339£62+1.1 ] 23.21£0.2
202 304+118+16 [33.7+£125£1.8 | 31.9£89+13 | 23.2+£0.2
205 33.1+87+14 | 353+93+19|341+64+14 | 2221+0.2
207 175+£64+12; 21.3+68+1.8|192+48+13 4 21.7+0.2
| Average 236+£29+07] 245+3.0+1.7[23.9+21+1.1 | 23.9+0.1

Table 18: The fraction of longitudinal polarisation for the leptonically and hadronically de-
caying W bosons at each nominal centre-of-mass energy after detector and bias corrections.
Also shown is the combined result obtained from the BLUE technique [79]. The values
extracted from the data are shown with both statistical and systematic errors. The values
extracted from the generator-level KandY MC samples are shown with statistical errors
only. The last row of the table shows the luminosity-weighted averages.

prediction. The Chi-squared statistic for the agreement between the data and MC values is
15.7 for 8 degrees of freedom, corresponding to an upper-tail probability of approximately
5%.

The luminosity-weighted averages of the values of f; at each nominal centre-of-mass
energy were obtained in the same way as for the SDM elements described above. The average
longitudinal polarisation was found to be (23.9 &+ 2.1 + 1.1)%, which is in good agreement
with the KandY MC prediction of (23.9 £+ 0.1)%. The values obtained at 183 GeV and
189 GeV differ slightly from those previously published by OPAL [23,24] due to the use of

improved MC generators (see item 2 in section 7), to the inclusion of the bias correction,

and to minor changes to the event reconstruction procedure.
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Figure 40: The total fraction of longitudinally polarised W bosons as a function of centre-
of-mass energy. In the left-hand figure, the points show the values of fr measured from
the data after detector and bias corrections. The inner error bars show the statistical
uncertainty on the data values and the outer error bars show the total error including
the systematic uncertainty. In the right-hand figure, the points show the generator-level
values of fr, from the KandY signal MC samples and the error bars shows their statistical
uncertainties. In both figures, the line shows the Born-level CC03 prediction, and the results
from the leptonically-decaying and hadronically W bosons have been combined.

cos Bw Pyt sgtat sg'us
-1.00 - -0.75 | 0.332 | 0.074 | 0.024
-0.75 - -0.50 | 0.481 | 0.066 | 0.014
-0.50 - -0.25 | 0.461 | 0.064 | 0.010
-0.25 - 0.00 | 0.468 | 0.053 | 0.014
0.00 - 0.25 | 0.274 | 0.041 | 0.011
0.25 - 0.50 | 0.231 | 0.035 | 0.010
050 - 075 [ 0.094 | 0.027 | 0.003
075 - 1.00 | 0.076 | 0.019 | 0.004

Table 19: Luminosity-weighted averages of p, | as functions of cos fw for the W — {v decay
mode. sk, denotes the statistical uncertainty and sf,; denotes the systematic uncertainty.
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cos Oy P—— sgtat Sgys
-1.00 - -0.75 | 0.102 | 0.048 | 0.019
-0.75 - -0.50 | 0.099 | 0.049 | 0.018
-0.50 - -0.25 | 0.293 | 0.055 | 0.015
-0.25 -~ 0.00 | 0.466 | 0.052 | 0.018
0.00 - 025 | 0451 | 0.046 | 0.011
0.25 - 0.50 | 0.630 | 0.046 | 0.011
0.50 - 0.75 | 0.635 | 0.040 | 0.007
0.7 - 1.00 [ 0.712 { 0.032 | 0.011

Table 20: Luminosity-weighted averages of p__ as functions of cos G for the W — v decay
mode. sf,,, denotes the statistical uncertainty and sf,, denotes the systematic uncertainty.

cos By Poo Sgtat sgus
-1.00 - -0.75 | 0.566 | 0.102 | 0.034
-0.75 - -0.50 ] 0.421 | 0.093 | 0.027
-0.50 - -0.25 | 0.246 | 0.095 | 0.020
-0.26 - 0.00 | 0.065 | 0.083 | 0.023
000 - 0.256 | 0.275 | 0.069 | 0.019
025 - 0.50 | 0.139 | 0.066 | 0.017
0.50 - 0.75 | 0.271 [ 0.066 | 0.009
0.75 - 1.00 | 0.212 | 0.044 | 0.015

Table 21: Luminosity-weighted averages of pyg as functions of cos @w for the W — fv decay

mode. s5,, denotes the statistical uncertainty and shys denotes the systematic uncertainty.

cos fw Poo | Shat | SEys
-1.00 - -0.75 | 0.259 | 0.100 | 0.028
-0.75 - -0.50 | 0.288 | 0.093 | 0.029
-0.50 - -0.25 | 0.457 | 0.094 | 0.017
-0.25 - 0.00 | 0.303 | 0.082 | 0.020
0.00 - 0.25 | 0.368 | 0.069 | 0.026
0.25 - 0.50 ] 0.240 | 0.066 | 0.015
0.50 - 0.75 | 0.147 | 0.056 | 0.023
0.75 - 1.00 |0.224 [ 0.043 | 0.019

Table 22: Luminosity-weighted averages of py, as functions of cos 6w for the W — q@’ decay
mode. s5,, denotes the statistical uncertainty and sf,s denotes the systematic uncertainty.
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cos fw Pog | Setat | Shus |
-1.00 - -0.75 | 0.407 | 0.073 | 0.060
-0.75 - -0.50 | 0.356 | 0.067 | 0.052
-0.50 - -0.25 | 0.353 | 0.068 | 0.033
-0.25 - 0.00 | 0.187 | 0.060 | 0.035
0.00 - 0.25 | 0322 | 0.049 | 0.037
0.25 - 0.50 | 0.191 | 0.047 | 0.025
0.50 - 0.75 | 0.210 | 0.040 | 0.027
0.75 - 1.00 | 0.219 | 0.031 | 0.029

Table 23: Luminosity-weighted averages of py, as functions of cosf for the W — fv and
W — qg’ decay modes combined. si,, denotes the statistical uncertainty and sf,; denotes
the systematic uncertainty.

cos by doy,/dcos By ssLtat .ssfbs
-1.00 - -0.75 0.343 0.068 | 0.059
-0.75 - -0.50 0.467 0.094 | 0.073
050 - -0.25 0.517 1 0.105 | 0.049
-0.25 - 0.00 0.351 0.126 | 0.075
0060 - 0.25 0.959 0.158 | 0.118
026 - 0.50 0.673 0.175 | 0.097
050 - 0.75 1.091 0.220 | 0.160
0.7 - 1.00 2.371 0.338 | 0.301

Table 24: The luminosity-weighted average longitudinally polarised differential cross-section
(in units of picobarns / 0.25) for the W — £ and W — qf decay modes combined. sk,
denotes the statistical uncertainty and sé&s denotes the systematic uncertainty.
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cos fw dor/dcosbw | sk, ssj; s
-1.00 - -0.75 0.515 0.071 | 0.069
-0.75 - -0.50 0.833 0.099 | 0.086
-0.50 - -0.25 0.949 0.111 | 0.066
-0.25 - 0.00 1.686 0.142 | 0.091
0.00 - 0.25 2.115 0.170 | 0.129
0.25 - 0.50 2.941 0.196 | 0.102
0.50 - 0.75 4.230 0.244 | 0.139
075 - 1.00 8.315 0.375 | 0.436

Table 25: The luminosity-weighted average transversely polarised differential cross-section
(in units of picobarns / 0.25) for the W — ¢ and W — qg’ decay modes combined. s,

denotes the statistical uncertainty and sg;s denotes the systematic uncertainty.
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Figure 41: The value of py, measured from leptonically decaying W bosons as a function
of cos fw for each centre-of-mass energy. The points show the data after detector and bias
corrections. The inner error bars show the statistical uncertainties on the data and the
outer error bars show the total errors including systematic uncertainties. The histograms
show the generator-level MC prediction. The values of gy, are not constrained to lie in the
physically-allowed region and so can have negative values.
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Figure 42: The value of py, measured from hadronically decaying W bosons as a function
of cos By for each centre-of-mass energy. The points show the data after detector and bias
corrections. The inner error bars show the statistical uncertainties on the data and the
outer error bars show the total errors including systematic uncertainties. The histograms
show the generator-level MC prediction. The values of py, are not constrained to lie in the
physically-allowed region and so can have negative values.



8 RESULTS 148
183GeV 189GeV 192GeV
1.5 : L T T T i T 1 T I: 1.5 [ T 1T F L] I 1 LI l: 1-5 :l T Ll T I 4 LI I:
Ly RO 1 'Ep b
205 ;4 05 4 s05E ]
< E*‘_L}_"}"'L’_E & i < - =
oEHTY o ERRR: ;
0.5 F : 4 -0s | i s f ; ]
1 0 1 -1 0 1 1 0 1
cosl,, cosb,, cosd,,
196GeV 200GeV 202GeV
1.5 :l L] L] L I ¥ 1 L] l: 1.5 :| T T 1 lel T T I: 1.5 : LIS T T Iel T T l:
1 E 4 1F i1 1F =
E 5 : P 5 5
go.sw ;o.sw 205 E _
a = 3 Q [ 4 a [ =
o T ETER T o 3% of ;
05 | | 4 05F | 1 o5 F | 3
-1 0 1 1 0 1 -1 0 1
cosh,, cos0,y, cos0,,
205GeV 207GeV
1.5 :I LU B L B 1.5 :I LI N S B B A E
B E
2 i T
Q = H4 a - ]
0 F 1 OF E
05 F ' 4 05 F ; 3 (W-lv/qq)
-1 0 1 1 0 1
€os0y, cos,,

Figure 43: The value of pyy measured from the data as a function of cos fw for each centre-
of-mass energy. The leptonic and hadronic decay modes have been combined with one
another. The points show the data after detector and bias corrections. The inner error bars
show the statistical uncertainties on the data and the outer error bars show the total errors
including systematic uncertainties. The histograms show the generator-level MC prediction.
The values of py, are not constrained to lie in the physically-allowed region and so can have
negative values.
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Figure 44: The value of p__ measured from leptonically decaying W bosons as a function
of cos Bw for each centre-of-mass energy. The points show the data after detector and bias
corrections. The inner error bars show the statistical uncertainties on the data and the
outer error bars show the total errors including systematic uncertainties. The histograms
show the generator-level MC prediction. The values of p__ are not constrained to lie in the
physically-allowed region and so can have negative values.
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Figure 45: Longitudinally polarised differential cross-sections in picobarns as a function of
cos By for each centre-of-mass energy. The leptonic and hadronic decay modes have been
combined. The points show the data after detector and bias corrections. The inner error
bars show the statistical uncertainties on the data and the outer error bars show the total
errors including systematic uncertainties. The histograms show the generator-level MC
prediction. The values have been averaged over the cosflw bin width. The cross-sections
are not constrained lie in the physically-allowed region and so can have negative values.
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Figure 46: Transversely polarised differential cross-sections in picobarns as a function of
cos By for each centre-of-mass energy. The leptonic and hadronic decay modes have been
combined. The points show the data after detector and bias corrections. The inner error
bars show the statistical uncertainties on the data and the outer error bars show the total
errors including systematic uncertainties. The histograms show the generator-level MC
prediction. The values have been averaged over the cosfw bin width. The cross-sections
are not constrained lie in the physically-allowed region and so can have negative values.
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Figure 47: Luminosity-weighted averages of the diagonal elements of the SDM as functions
of cos@w. The points show the data after detector and bias corrections. The inner error
bars show the statistical uncertainties and the outer error bars show the total uncertain-
ties including both the statistical and systematic contributions. The histograms show the
generator-level KandY MC prediction. The figures in the top row show p,, and p__ for
leptonically decaying W bosons. The figures in the middle row show p,, for leptonically de-
caying W bosons and hadronically decaying W bosons separately. The figure in the bottom
row shows pgg with the leptonic and hadronic decay modes combined.
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Figure 48: The luminosity-weighted average polarised differential cross-sections where the
average is over the eight nominal centre-of-mass energies and over the cos fw bin width.
The points show the data after detector and bias corrections. The inner error bars show
the statistical uncertainties and the outer error bars show the total uncertainties including
both the statistical and systematic contributions. The histograms show the generator-level
KandY MC prediction.
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8.2 CP/CPT tests

The measured values of the off-diagonal elements of the W~ and W+ SDM in each cos fw
bin as obtained from leptonically decaying W bosons are presented in appendix F. All data
distributions show reasonable agreement with the MC generator-level predictions. The val-
ues of the CP-odd (CPT-even) and CPT-odd (CP-even) observables of section 2.8 were
calculated at each centre-of-mass energy from the W~ and W+ SDM elements (see equa-
tions (84) and (85)). Each source of systematic uncertainty in the off-diagonal elements
of the SDM was assumed to be 100% correlated between the W~ and W+ results. The
measured values of the CP-odd observables are summarised in table 26, and the measured
values of the CPT-odd observables are summarised in section 27. The luminosity-weighted
average values of the CP-odd and CPT-odd observables as obtained using the technique of

section 6.6.2 are also included in the table.

V5/GeV | AT (pb) A% (pb) ACE (pb)
183 0.74 £0.55+0.11 | —0.10 £ 0.39 £ 0.07 | —0.38 £ 0.48 £ 0.09
189 0.64+0.321+009 [ —0.08+0.22+0.06 | —0.13 £0.27 £ 0.09
192 0.11 £0.75 £0.10 0.21 £0.53 +£0.09 0.50 £ 0.64 = 0.08
196 —0.19 £ 0.52 +0.09 0.68 £ 0.35 £ 0.08 0.80 £ 0.46 + 0.10
200 0.23 £ 0.50 £ 0.09 0.26 +£0.34 +0.08 | —0.08 £ 0.45 + 0.10
202 —0.54+072+0.11 | -0.62+0.494+0.10 § —0.29 £ 0.63 + 0.11
205 0.12 +0.47 £ 0.09 | —0.01 + 0.31 £+ 0.06 0.01 +0.41 £ 0.08
207 0.50+0.40 £ 0.11 0.21 +£0.26 +£0.08 { —0.02 £ 0.36 £ 0.13

Average 0.33 £0.17 £ 0.06 0.09 +£0.11 £ 0.04 0.02 +£0.15 £ 0.06
MC 0.03 £ 0.01 0.00+£0.01 ~0.01 £0.01

Table 26: The CP-odd observables described in section 2.8 measured in picobarns for each
centre-of-mass energy. The values extracted from the data are shown with both statistical
and systematic errors. The last two rows show the luminosity-weighted average for the
data and Monte Carlo. The Monte Carlo predictions come from the KandY generator-level
four-vectors and have statistical errors only.

Any significant deviations from zero in any element of table 26 would constitute an

unambiguous signature of CP violation. Any significant deviations from zero in any element
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vs/ GeV AFTT (pb) AGET (pb) ASET (pb)
183 0.57 £ 0.55 £ 0.11 | —0,00 £ 0.39 + 0.07 | —0.21 £ 0.48 £ 0.09
189 017+ 032 % 0.09 | —0.44 % 0.22 £0.06 | —0.71 +0.27 £ 0.09
192 0.02% 0.75 £ 0.10 | 0.19 £ 0.53 £ 0.09 | —0.24 £ 0.64 £ 0.08
196 0.10 £ 0.52 £0.09 | —0.01 % 0.35 £0.08 | 0.23 + 046 £ 0.10
200 || —035£0.50+0.09 | 0.12%034£0.08 | 0.71+045%0.10
202 048072 %011 | 073049010 | 0.73£063£0.11
205 | —1.02%0.47 £ 0.09 | —0.25 £ 0.31 £0.06 | —0.11 % 0.41 £ 0.08
907 | —0.37 £ 0.40 £ 0.11 | —0.08 £ 0.26 £0.08 | 0.78 0.36 £ 0.13

Average || —0.10 £ 0.17 £ 0.06 | —0.10 £ 0.11 £0.04 | 0.07 = 0.15 = 0.06
MC 0.06 + 0.01 0.03 £ 0.01 0,08 £ 0.01

Table 27: The CPT-odd observables described in section 2.8 measured in picobarns for each
centre-of-mass energy. The values extracted from the data are shown with both statistical
and systematic errors. The last two rows show the luminosity-weighted average for the
data and Monte Carlo. The Monte Carlo predictions come from the KandY generator-level
four-vectors and have statistical errors only.

of table 27 would show the presence of loop effects. Here, all data results are consistent
with the SM tree-level prediction of zero within the quoted errors. It is interesting to
note that the KandY generator-level predictions for the CPT-o0dd observables do deviate
from zero. This is expected, as KandY contains O{ea) radiative corrections including loop
effects. Additional checks showed similar deviations from zero in the CPT-odd observables
constructed from each of the W — eve, W — v, and W — 714, decay modes individually
as well as from hadronically decaying W bosons.

In addition to the results presented above, the luminosity-weighted averages of the
observables are shown as functions of cos 8y in figure 49, and the numerical values associated

with the figure are presented in tables 28 to 33.
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cos fw AP | s4,. s@s
-1.00 - -0.75 | 0.222 | 0.093 | 0.073
-0.75 - -0.50 | 0.209 | 0.124 | 0.062
-0.50 - -0.25 | -0.011 | 0.140 | 0.054
-0.25 - 0.00 | 0.067 | 0.166 | 0.060
0.00 - 0.25 | 0.272 |} 0.200 | 0.075
0.25 - 0.50 | -0.081 | 0.225 | 0.065
0.50 - 0.75 | 0.404 | 0.280 | 0.081
0.75 - 1.00 | 0.226 | 0.461 | 0.137

Table 28: The luminosity-weighted average of the CP-odd observable AEP_’ (in units of
picobarns / 0.25) measured from the W — v decay channel. s&,, denotes the statistical
uncertainty and s, denotes the systematic uncertainty.

cos Oy AGET 1 sB sg%,s
-1.00 - -0.75 | 0.189 | 0.093 { 0.073
-0.75 - -0.50 | -0.157 | 0.124 | 0.062
-0.50 - -0.25]-0.231 | 0.140 | 0.054
-0.25 - 0.00 [ -0.054 | 0.166 [ 0.060
0.00 - 0.25 | 0.275 | 0.200 | 0.075
025 - 0.50 |-0.371 | 0.225 | 0.065
0.50 - 0.75 1-0.199 | 0.280 | 0.081
0.75 - 1.00 | 0.135 | 0.461 | 0.137

Table 29: The luminosity-weighted average of the CPT-odd observable AEP_’T (in units of

picobarns / 0.25) measured from the W — v decay channel. s&,, denotes the statistical

uncertainty and ss‘%,s denotes the systematic uncertainty.
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cos Bw ATE | sGar | Shs
~1.00 - -0.75 | -0.004 | 0.078 | 0.043
-0.75 - -0.50 | -0.056 | 0.102 | 0.065
-0.50 - -0.25 | 0.036 | 0.113 | 0.048
-0.25 - 0.00 [-0.001 | 0.130 [ 0.056
0.00 - 0.25 | 0.313 | 0.148 | 0.067
0.25 - 0.50 | -0.276 | 0.156 | 0.052
0.50 - 0.75 | 0.020 | 0.185 | 0.046
075 - 100 | 0.333 ; 0.285 | 0.102

Table 30: The luminosity-weighted average of the CP-odd observable ASY (in units of
picobarns / 0.25) measured from the W — #v decay channel. s3,, denotes the statistical
uncertainty and s@s denotes the systematic uncertainty.

cos Bw AEET s sfys
-1.00 - -0.75 | -0.068 | 0.078 | 0.043
-0.75 - -0.50 | 0.119 | 0.102 | 0.065
-0.50 - -0.25 | 0.079 [ 0.113 | 0.048
-0.25 - 0.00 | -0.077 | 0.130 | 0.056
000 - 0.25 |-0.136 | 0.148 | 0.067
025 - 0.50 | -0.090 | 0.156 | 0.052
050 - 0.75 | -0.146 | 0.185 | 0.046
0.75 - 1.00 | -0.086 | 0.285 | 0.102

Table 31: The luminosity-weighted average of the CPT-odd observable AE‘ST (in units of

picobarns / 0.25) measured from the W — £v decay channel. s4,, denotes the statistical

uncertainty and s2 . denotes the systematic uncertainty.
sy8
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cos fw ASE | sGar | Skys
-1.00 - -0.75 | -0.072 | 0.057 | 0.056
0.7 - -0.50 | 0.005 | 0.082 | 0.045
-0.50 - -0.25 | 0.081 | 0.101 | 0.052
-0.25 - 0.00 |-0.019 | 0.129 { 0.044
000 - 0.25 | 0.147 § 0.166 | 0.056
0.25 - 0.50 | -0.368 | 0.197 | 0.060
050 - 0.75 | -0.181 | 0.259 | 0.072
0.75 - 1.00 | 0.479 | 0.424 | 0.180
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Table 32: The luminosity-weighted average of the CP-odd observable A%} (in units of

A

picobarns / 0.25) measured from the W - v decay channel. s3,, denotes the statistical
uncertainty and sfgs denotes the systematic uncertainty.

cos fw AE‘ST 85 33%,3
-1.00 - -0.75 | -0.018 | 0.057 | 0.056
-0.75 - -0.50 | 0.030 | 0.082 | 0.045
-0.50 - -0.25 | 0.196 { 0.101 | 0.052
-0.25 - 0.00 |-0.082 | 0.129 | 0.044
0.00 - 0.25 [-0.130 | 0.166 | 0.056
0.25 - 0.50 | 0.038 | 0.197 | 0.060
0.50 - 0.75 | 0.060 | 0.259 { 0.072
0.75 - 1.00 | 0.188 | 0.424 | 0.180

Table 33: The luminosity-weighted average of the CPT-odd observable ASET (in units of

fay

picobarns / 0.25) measured from the W — £ decay channel. s3,,
uncertainty and ss‘i;‘,s denotes the systematic uncertainty.

denotes the statistical
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Figure 49: The luminosity-weighted average of the CP-odd and CPT-odd observables of
section 2.8, where the average is over the eight nominal centre-of-mass energies and over
the cosfw bin width. The observables are measured in units of picobarns and shown as
functions of cosfw. The points show the data after detector correction. The inner error
bars show the statistical uncertainties and the outer error bars show the total uncertainties
including both the statistical and systematic contributions. The solid lines show the SM
tree-level prediction.



160

9 Discussion and conclusions

A spin density matrix analysis of W bosons pair-produced at LEP has been presented. The
diagonal elements of the SDM, the differential polarised cross-sections and the fractions
of longitudinal polarisation all show good agreement with the SM prediction for each of
the analysed data samples and for their luminosity-weighted average. The results are also
consistent with the fraction of longitudinal polarisation recently measured by the L3 collab-
oration at LEP using pairs of W bosons decaying to the qg'ev and qg'pv final states [22],
fr = (21.8 £ 2.7 £ 1.6)%, and preliminary results from Delphi [85], fr = (24.9 + 3.2)%. It
is hoped that there will be a future combined measurement of the W polarisation results
from the three contributing LEP experiments 2°. A naive combination of the three results
using the BLUE technique yields a value of f;, = (23.6 & 1.5 + 1.3)%, where the systematic
uncertainty on the Delphi result was estimated by the arithmetic mean of the L3 and OPAL
systematic uncertainties, and the systematic uncertainties of all three experiments were as-
sumed to be 100% correlated to each other. If the systematic uncertainties are assumed
to be completely uncorrelated between the experiments then the BLUE combined average
becomes fr = (23.5 + 1.5 + 0.8)%.

LEP is not the only collider facility at which the polarisation of W bosons can be mea-
sured. The CDF collaboration at the Tevatron proton anti-proton collider based at Fermilab
have published a measurement of the helicity states of W bosons produced in decays of the
top quark {87], and a similar study is being pursued by the D0 collaboration {88]. However,
the production of W bosons from top quark decay does not involve the TGC vertex at
tree-level and these measurements are therefore complementary to those made at LEP. A
more direct comparison of the LEP and Tevatron results can be made by studying their

respective measurements of the anomalous TGC couplings [16,17].

20A preliminary study of the W polarisation using data from the other LEP experiment, Aleph, can he
found at [86].
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In the future, more precise measurements of many of the TGC parameters are ex-
pected be made at the Large Hadron Collider (LHC) through analysis of Wy and WZ
production [89]. The speculative future Linear Collider {LC) will be the next experimental
environment in which the pair-production of W bosons and their polarisations can be easily
investigated [90]. It is hoped that some of the techniques developed in this thesis may have
application in a future LC SDM analysis.

One interesting aspect of the e*e” — W+W~ physics which has not been specifically
explored in this thesis is that of the coupling between two longitudinally polarised W bosons.
At high energies the Higgs boson Feynman diagram shown in figure 5 is required in the SM
to prevent the production rate of longitudinally polarised W bosons diverging unphysically.
However, if the Higgs boson is absent or has a mass above a few hundred GeV then additional
new physics is required. In one approach, the divergence can be prevented if the strength
of the coupling between longitudinal modes of the W bosons becomes stronger than the
strength predicted by the SM [91]. The relevant measurement of the element pgppp of
the full WW SDM of equation (26) is difficult to make because the biases introduced by
the detector correction are expected to be comparatively large. However, a preliminary
analysis by the author of this thesis using the OPAL data yields a luminosity-weighted
average measurement of fry = (13.9 + 3.8)%, where only the statistical uncertainty has
been evaluated. This result was obtained using a detector correction with 8 bins in cos 6w,
7 bins in cos #7, and 7 bins in cos §;. No bias correction has been evaluated or applied. This
result is in reasonable agreement with the SM prediction from the KandY generator-level
MC samples of frr = (8.8 £ 0.2)%. Further investigation of this measurement at future
machines with higher luminosity could prove fruitful.

In addition to the diagonal elements of the W= — £, and W+ — £%, SDMs, the
off-diagonal elements of these matrices have been calculated and show good agreement

with the SM MC predictions. No evidence was found for CP violation in WW production,
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although the statistical precision of the analysis was not high enough to measure loop-level
effects. The absence of CP-violating effects in this model-independent study places loose
limits on the possible values of the CP-violating TGC parameters (ky, Ay, g%) [14], which
are constrained to be of the order ASY /o, where o is the total unpolarised cross-section
for the ete™ - WTW~ — qg'fu; reaction [28]. The CP-odd observable A{F showed the
largest deviation from zero with a luminosity-weighted average value of 0.33 £0.17 £ 0.06
picobarns. It follows from this result that the CP-violating TGC parameters are expected
to be of order @(10~!) or less on average in the centre-of-mass energy range covered by
this analysis. Future determinations of these parameters are expected to be published by
all four LEP collaborations.

Studies of the interactions between the electroweak gauge bosons have formed a major
sub-discipline of particle physics for the past two decades. The results from the analysis
presented in this thesis form part of the large framework of electroweak measurements
which confirm that the SM provides an accurate description of the nature of matter at
currently accessible energies. However, there is a widespread expectation in the particle
physics community that over the next two decades the SM will be shown to be insufficient to
describe physics at energies much above the electroweak symmetry-breaking scale. Analyses
of the polarisation of W bosons may prove to be an important probe of this new physics

and are likely to play a pertinent role in particle physics for the foreseeable future.
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A The density matrix

The density matrix describes physical states which are both statistical and quantum me-
chanical in nature. The wave-function of a pure quantum mechanical system, ¥, can be
expressed as a coherent sum over a complete set of accessible eigenstates, ¢;, as in equa-
tion (93).
n
T = > ais (93)
i=1
The expectation value of some observable, O, is given by,
n T
<O0> = Y3 aia} < %lOlg; > . (94)
i=1j=1
A more general system may be in one of N different quantum mechanical states, ¥y,
with some statistical probability, px. The expectation value of O in such a system is then
given by,
N n =n
<O0> = Y Y S airalipr < ¢ilOlg; > . (95)
k=1i=1j=1
This situation can arise where we do not have complete knowledge of a system’s history.
In the case of WW production at LEP2 the initial e*e™ polarisations for a particular event
are unknown. The resulting W-pair system is therefore in one of two possible pure quantum
mechanical states !, ie. N = 2.
Equation (95) can be rewritten as,
i i
<O> = 3.3 pij <ilOlg; > , (96)
i=1j=1
where the entity, p, is the density matrix for the basis ¢, given explicitly by,

N
pij = D aikdikpr - (97)
k=1

21 Although there are four possible polarisations for eTe™ only two of these can result in a W pair at tree
level in the SM if the electron and positron are travelling at relativistic velocities in the centre-of-mass frame.
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Calculations carried out in this paper use the density matrix with a basis of helicity
eigenstates. The WW density matrix is found using equation (98) which relates it to the

ete” density matrix through the helicity amplitudes, F', of section 2.4.
.1 % YRV +
E,\,X,A’,X’ F(n.T0,0) (F(*r AT )) pi’;’)-\,)-\,

- - *
kY 3 ’-;A}A ,‘F;A”A’ e+e_
Y raiwy FOmAd) (F (r )) PS A x

WW
p’r,'r’ 7,7

(98)

Assuming that the electrons and positrons are unpolarised, their density matrix, pf\:r;:x, 3

is just the 4 x 4 identity matrix and equation {(98) reduces to,
T, 5 FOTidR (F(T’,f’;/\,f\))'

= 12
- T3h,A
ET,'?:/\’A IF(T’T‘ ! )'

Ww
Prrt 7.7

(99)
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B Composition of event samples

This appendix contains the tables detailing the composition of the data samples at each
nominal centre-of-mass energy after the full selection of section 6.3, as estimated from the
MC samples of table 4. Tables 34 to 41 show the admixture of pseudo-data events from the
individual signal and background sources which were categorized as qg’ev, q@’uv or q@’rv
during the event selection, where the qq’rv category includes all four of the 7-lepton decay
modes considered in the likelihood selection of section 6.3.5. The numbers in the tables are

normalised to the total number of events passing the selection.

Generated event type
Reconstructed | ete™ vy | qf qq' fv vl | qaqq | qg'ev ad pv ad Tv
event type {not CC03) (CC03) | (CCO03) | (CCO3)
qd ev 0.00 0.43 0.99 0.01 | 0.02 32.79 0.03 1.26 35.52
o pv 0.00 | 0.17 0.34 000 | 009 | 005 | 3329 | 134 | 3530
qi Tv 003 |14 1.82 0.00 | 0.14 1.02 1.43 2329 | 20.18
0.03 2.04 3.15 .01 | 0.25 33.86 34.76 25.89

Table 34: The composition of events passing the total event selection at 183 GeV as cal-
culated from the MC samples listed in section 6.2. Each number shows the percentage of
selected events that have a given generated event type and a given reconstructed event type,
normalised to the total number of events passing the selection. The far right-hand column
and bottommost row show summed totals.

Generated event type
Reconstructed | eTe vy [ g7 ai'fv fvly | qiad | qi'ev qfg pv qf v
event type {not CC03) (CC03) { (CC03) | (CC03)
qder 008 | 0.42 1.15 001 | 001 | 3214 | 003 130 | 35.14
qd’ v 0.00 0.23 0.38 0.00 | 0.08 0.05 32.89 1.33 34.98
qg' v 0.03 1.55 2.08 0.00 | 0.20 1.17 1.41 23.43 29.89
0.11 2.20 3.61 0.01 | 0.29 33.37 34.33 26.07

Table 35: The composition of events passing the total event selection at 189 GeV as cal-
culated from the MC samples listed in section 6.2. Each number shows the percentage of
selected events that have a given generated event type and a given reconstructed event type,
normalised to the total number of events passing the selection. The far right-hand colurnn
and bottommost row show summed totals.
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Generated event type
Reconstructed | ete vy | of qq' v fvév | qaqq | qg'er qg pv qd Tv
event type {not CC03) (CCO03) | (CCO03} | (CCOo3)
qi ev 0.06 0.38 1.30 0.01 | 0.02 | 3205 0.03 1.32 35.17
qd’ puv 0.00 0.27 0.31 0.01 | 0.10 0.06 32.56 1.37 34.69
ad v 010 | 1.44 2.39 000 | 023 | 117 142 | 2338 | 30.14
0.16 2.09 4.01 0.02 | 0.3 33.28 34.01 26.08

Table 36: The composition of events passing the total event selection at 192 GeV as cal-
culated from the MC samples listed in section 6.2. Each number shows the percentage of
selected events that have a given generated event type and a given reconstructed event type,
normalised to the total number of events passing the selection. The far right-hand column
and bottommost row show summed totals.

Generated event type
Reconstructed | ete vy | qd' qi' fv fvéy | qiqd | qf'ev qq’ uv qq v
event type (not CC03) (CCo03) { (CC03) | (CCO03)
giev 0.11 0.52 1.45 0.01 | 0.02 31.75 0.04 1.36 35.26
qd pv 0.00 0.26 0.39 0.01 | 0.14 0.07 32.66 1.35 34.89
qf v 0.03 1.26 2.39 0.00 | 0.21 1.18 1.42 23.35 29.85 |
0.14 2.05 4.23 001 | 0.37 33.01 34.11 26.07

Table 37: The composition of events passing the total event selection at 196 GeV as cal-
culated from the MC samples listed in section 6.2. Each number shows the percentage of
selected events that have a given generated event type and a given reconstructed event type,
normalised to the total number of events passing the selection. The far right-hand column
and bottommost row show summed totals.

Generated event type
Reconstructed | ete vy | qd qg' tv fvbv | qdaq | qi'er qd’ pv qd rv
event type (not CC03) {CC03) | (CCO03) | (CCO3)
qi'er 0.06 0.41 1.51 0.01 | 0.03 31.96 0.05 142 35.45
qd pv 0.02 0.29 0.38 0.01 | 0.1 0.07 32.63 1.46 35.00
qq' v 0.08 1.10 2,54 0.00 | 0.25 1.17 1.49 22.92 29.55
0.16 1.80 4.43 0.02 | 0.43 33.20 34.17 25.79

Table 38: The composition of events passing the total event selection at 200 GeV as cal-
culated from the MC samples listed in section 6.2. Each number shows the percentage of
selected events that have a given generated event type and a given reconstructed event type,
normalised to the total number of events passing the selection. The far right-hand column
and bottommost row show summed totals.
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Generated event type
Reconstructed | ete™yy | qd qf & ffr | qdqq | qf'ev qdpr | q@ v
event type {not CC03) (CCo3) | (CCo3) | (CCO03)
prp 010 | 0353 1.64 501 ] 0.02 | 3181 | 0.06 151 | 35.71
qi pv 0.00 0.21 0.37 0.01 { 0.13 0.08 32.40 1.49 34.69
qa Tv 0.03 1.03 2.62 0.00 | 0.26 1.25 1.47 22.94 29.60
0.13 1.77 4.63 002 | 0.41 33.17 33.93 25.93

Table 39: The composition of events passing the total event selection at 202 GeV as cal-
culated from the MC samples listed in section 6.2. Each number shows the percentage of
selected events that have a given generated event type and a given reconstructed event type,
normalised to the total number of events passing the selection. The far right-hand column
and bottommost row show sumimed totals.

Generated event type
Reconstructed | eTe ™y | o qa' v fviv | qaqq | qf'ev qd’ pv qfq’ v
event type {not CC03) (CCo03) | (CC03) | (CC03)
qq'ev 0.09 0.35 1.76 0.01 0.02 31.65 0.05 1.46 35.40
od v 000 | 0.26 0.38 001 | 0.18 [ 008 | 8240 | 152 | 34.82
ai'Tv 0.03 1.07 2.87 0.00 | 0.28 1.37 1.47 22.67 20.78
0.13 1.69 5.01 0.02 | 0.48 33.10 3391 25.66

Table 40: The composition of events passing the total event selection at 205 GeV as cal-
culated from the MC samples listed in section 6.2. Each number shows the percentage of
selected events that have a given generated event type and a given reconstructed event type,
normalised to the total number of events passing the selection. The far right-hand column
and bottommost row show summed totals.

Generated event type
Reconstructed | ete™yy | qf’ i fv vev | qaqq | afev ai pv qi v
event type (not CC03) {CC03) | (CC03) | (CCe3)
qf ev 0.12 0.45 1.74 0.01 0.03 31.75 0.05 1.46 35.62
A 0.00 | 023 .40 001 | 017 | 009 | 3239 | 145 |34.13
qiiTv 0.09 1.10 2.75 0.00 | 0.27 1.34 1.53 22.56 29.65
(.21 1.78 4.90 0.02 | 047 33.18 33.97 25.47

Table 41: The composition of events passing the total event selection at 207 GeV as cal-
culated from the MC samples listed in section 6.2. Each number shows the percentage of
selected events that have a given generated event type and a given reconstructed event type,
normalised to the total number of events passing the selection. The far right-hand column
and bottommost row show summed totals.
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C W rest-frame angles

This appendix briefly describes the method used to extract the angles 8y, ¢7, 8; and ¢;
from the momentum vectors of the four fermions in a WW — qg'év event. The kinematic
fitting procedure of section 6.3.6, processed the measured momentum vectors of the two jets
(quark and anti-quark) and the charged lepton (previously identified as an electron, muon
or 7-lepton) to calculate estimated momentum vectors for all four fermions. The energy
component of the four-momentum for each fermion was obtained trivially by the relativistic
energy formula, where the rest-mass of the charged lepton was assumed to be equal to its
experimentally-determined value given in table 1, and both the neutrino and the jets were
treated as being massless.

The four-momentum of the leptonically decaying W boson was given by the sum of the
four-momenta of the charged lepton and neutrino, and the four-momentum of the hadron-
ically decaying W boson was given by the sum of the four-momenta of the two jets. The
rest-mass of the W boson in each case was naively given by the relatvistic energy formula.
The four-momenta of the charged lepton and neutrino were next Lorentz-transformed to
the rest-frame of the leptonically decaying W boson, and the four-momenta of the jets were
Lorentz-transformed to the rest-frame of the hadronically decaying W boson. The general
form of the transformation of a four-momentum vector p (p = (E,p)) to the rest-frame of

a W boson with four-momentum pw (pw = (Ew,Pw)) and rest-mass mw, was [92],

i
Bt = Pwhe (100)
mw
Pt = p—fpw (101)

where the momentum vector in the rest-frame is denoted p*, and the factor ‘f’ was given
by,

f = M (102)

Ew + mw
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A rotated frame was now defined with a z*-axis parallel to pw. The y*-axis was then

defined as,

(103)

where 2 was parallel to the z-axis in the OPAL Master Reference System. Finally, the

x*-axis was defined by,

P o= P xT, (104)

so as to give a complete orthogonal right-handed set of axes.
The cosine of the polar angle of a fermion momentum vector in the new frame was

given by,

%

!

cosf* = ; ) 105
S (105)

The sine and cosine of the azimuthal angle of a fermion momentum vector in the new frame

N

were given by,

sing* = LY (106)

cosP® = o, (107)

and the value of the azimuthal angle itself then followed from,

o* = arctan(sm(ﬁ*) , (108)

cos ¢*

where the appropriate solution for arctan was determined by the signs of sin¢* and cos ¢*.
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D Supplementary figures

This appendix contains supplementary figures showing the angular distributions measured
in the analysis and the form of the detector correction applied to the data. Section D.1
contains figures showing the angular distributions obtained from the data at each nominal
centre-of-mass energy after correction for detector effects. Section D.2 contains figures
illustrating the angular dependence of the efficiency and the efficiency-like scaling corrections
at each nominal centre-of-mass energy, and section D.3 contains similar figures for the

angular dependence of the purity.
D.1 Corrected Angular Distributions

Figures 50 to 54 show the measured angular distributions of the W bosons and their decay
products at each of the eight nominal centre-of-mass energies after being corrected for the

detector effects described in section 6.4.2.
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Figure 50: The measured cosfw distributions obtained from the data at each nominal
centre-of-mass energy following the detector correction. The points show the measured
values from the data and the histogram shows the prediction from SM generator-level MC
samples. The inner error bars represent the statistical uncertainties and the outer error
bars represent the total uncertainties including systematic effects.
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Figure 51: The measured cos ; distributions obtained from the data at each nominal centre-
of-mass energy following the detector correction. The points show the measured values from
the data and the histogram shows the prediction from SM generator-level MC samples. The
inner error bars represent the statistical uncertainties and the outer error bars represent
the total uncertainties including systematic effects.
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Figure 52: The measured cos @} distributions obtained from the data at each nominal centre-
of-mass energy following the detector correction. The points show the measured values from
the data and the histogram shows the prediction from SM generator-level MC samples. The
inner error bars represent the statistical uncertainties and the outer error bars represent
the total uncertainties including systematic effects.
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Figure 53: The measured ¢; distributions from leptonic W~ decays obtained from the
data at each nominal centre-of-mass energy following the detector correction. The points
show the measured values from the data and the histogram shows the prediction from SM
generator-level MC samples. The inner error bars represent the statistical uncertainties and
the outer error bars represent the total uncertainties including systematic effects.
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Figure 54: The measured ¢} distributions from leptonic W+ decays obtained from the
data at each nominal centre-of-mass energy following the detector correction. The points
show the measured values from the data and the histogram shows the prediction from SM
generator-level MC samples. The inner error bars represent the statistical uncertainties and
the outer error bars represent the total uncertainties including systematic effects.



D SUPPLEMENTARY FIGURES 181

D.2 Efficiency

The figures in this section show the variations in the efficiency of the signal selection defined
in equation (75) of section 6.4.2 as a function of the W pr'oduction and decay angles.
Also shown are the variation in the efficiency-like scaling factor defined in equation (77)
of section 6.4.2 as a function of the W production and decay angles. Figure 55 shows the
cos Ow dependence, figure 56 shows the cos#; dependence and figure 57 shows the cos ;
dependence. The binning of the histograms corresponds to the binning of the detector
correction used in evaluating the diagonal elements of the SDM.

Figure 59 and figure 58 show the cos §; and ¢; dependences respectively. The binning
of the histograms corresponds to the binning of the detector correction used in evaluating
the off-diagonal elements of the SDM. In all cases, the W~ and W™ contributions have
been combined.

An example of how the dependence on cos ; of the efficiency and efficiency-like scaling
factor varied between different bins in cosfw is shown in figure 60 using MC samples
generated at a nominal centre-of-mass energy of 196 GeV. Figures 61, 62 and 63 show the

same information for q@’ev, q4’sr and qg'7v signal events separately.
7
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Figure 55: Efficiency calculated from MC samples of table 4 as a function of cosfw. The
closed circles show the efficiency as defined in equation (75) and the open circles show the
efficiency-like scaling correction defined in equation (77). The {small) error bars show the
statistical error on the MC samples. The binning is the same as that used to parameterise
the detector correction when measuring any element of the SDM.
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Figure 56: Efficiency calculated from MC samples of table 4 as a function of cos&;. The
closed circles show the efficiency as defined in equation (75) and the open circles show the
efficiency-like scaling correction defined in equation (77). The (small) error bars show the
statistical error on the MC samples. The binning is the same as that used to parameterise
the detector correction when measuring diagonal elements of the SDM for leptonically
decaying W bosons.
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Figure 57: Efficiency calculated from MC samples of table 4 as a function of cos 6. The
closed circles show the efficiency as defined in equation (75) and the open circles show the
efficiency-like scaling correction defined in equation (77). The (small) error bars show the
statistical error on the MC samples. The binning is the same as that used to parameterise
the detector correction when measuring diagonal elements of the SDM for hadronically
decaying W bosons.
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Figure 58: Efficiency calculated from MC samples of table 4 as a function of ¢;. The
closed circles show the efficiency as defined in equation (75) and the open circles show the
efficiency-like scaling correction defined in equation {77). The (small) error bars show the
statistical error on the MC samples. The binning is the same as that used to parameterise
the detector correction when measuring off-diagonal elements of the SDM for leptonically
decaying W bosons.



D SUPPLEMENTARY FIGURES

183GeV
w 1 _l T L) T l L1 ¥ 1 L] A
= - ]
0 e, T
2038 *
5 C *
= 0.7 0
= " |
4] 0-6 [ N T | i 4 1 1
- 0 1
cosb,*
196GeV
w 1 -l Li T 1] I ) T T I_
| - .
s 0.9 o -
._:2 N g . g 3
E- 0.8 :—5 —:
3 07 | o
% 0'6 :I 1 1 i I L 1 1 I:
-1 0 1
cost,”
205GeV
m 1 _l T T L) I L) L) 13 l_
= g ;
§02 1 ° E
2 08 [ ¢ 3
= C N
'E 0.7 - ]
N o
% 0-6 M A
-1 0 1
cos6*

Figure 59: Efficiency calculated from MC samples of table 4 as a function of cos8;. The
closed circles show the efficiency as defined in equation (75) and the open circles show the
efficiency-like scaling correction defined in equation (77). The (small) error bars show the
statistical error on the MC samples. The binning is the same as that used to parameterise
the detector correction when measuring off-diagonal elements of the SDM for leptonically

decaying W bosons.
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Figure 60: Efficiency calculated from MC samples of table 4 with a nominal centre-of-mass
energy of 196 GeV as a function of cosf; in slices of cosfy. The closed circles show the
efficiency as defined in equation (75) and the open circles show the efficiency-like scaling
correction defined in equation (77). The error bars show the statistical error on the MC
samples. The binning is the same as that used to parameterise the detector correction when
measuring diagonal elements of the SDM for leptonically decaying W bosons.
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Figure 61: Efficiency for q@'ev signal events calculated from MC samples of table 4 with a
nominal centre-of-mass energy of 196 GeV as a function of cos @} in slices of cosfw. The
closed circles show the efficiency as defined in equation (75) and the open circles show
the efficiency-like scaling correction defined in equation (77).
statistical error on the MC samples. The binning is the same as that used to parameterise
the detector correction when measuring diagonal elements of the SDM for leptonically

decaying W bosons.

The error bars show the
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Figure 62: Efficiency for q@’pv signal events calculated from MC samples of table 4 with a
nominal centre-of-mass energy of 196 GeV as a function of cos &} in slices of cosfw. The
closed circles show the efficiency as defined in equation (75) and the open circles show
the efficiency-like scaling correction defined in equation (77). The error bars show the
statistical error on the MC samples. The binning is the same as that used to parameterise
the detector correction when measuring diagonal elements of the SDM for leptonically
decaying W bosons.
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Figure 63: Efficiency for qg'7v signal events calculated from MC samples of table 4 with a
nominal centre-of-mass energy of 196 GeV as a function of cos &} in slices of cosfw. The
closed circles show the efficiency as defined in equation (75) and the open circles show
the efficiency-like scaling correction defined in equation (77). The error bars show the
statistical error on the MC samples. The binning is the same as that used to parameterise
the detector correction when measuring diagonal elements of the SDM for leptonically
decaying W bosons.
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D.3 Purity

The figures in this section show the variations in the purity of the signal selection defined in
equation (76) of section 6.4.2 as a function of the W production and decay angles. Figure 64
shows the cosfw dependence, figure 65 shows the cos#; dependence and figure 66 shows
the cos 87 dependence. The binning of the histograms corresponds to the binning of the
detector correction used in evaluating the diagonal elements of the SDM.

Figure 68 and figure 67 show the cos#} and ¢; dependences respectively. The binning
of the histograms corresponds to the binning of the detector correction used in evaluating
the off-diagonal elements of the SDM. In all cases, the W~ and W' contributions have
been combined.

An example of how the dependence on cos &} of the purity varied between different bins
in cosfyw is shown in figure 69 using MC samples generated at a nominal centre-of-mass
energy of 196 GeV. Figures 70, 71 and 72 show the same information for q@’ev, q@'uv and

qq'Tv signal events separately.
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Figure 64: Purity calculated from MC samples of table 4 as a function of cosfw. The
(small) error bars show the statistical error on the MC samples. The binning is the same
as that used to parameterise the detector correction when measuring any element of the
SDM.
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Figure 65: Purity calculated from MC samples of table 4 as a function of cos #;. The error
bars show the statistical error on the MC samples. The binning is the same as that used
to parameterise the detector correction when measuring diagonal elements of the SDM for
leptonically decaying W bosons.
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Figure 66: Purity calculated from MC samples of table 4 as a function of cos ;. The error
bars show the statistical error on the MC samples. The binning is the same as that used
to parameterise the detector correction when measuring diagonal elements of the SDM for
hadronically decaying W bosons.
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Figure 67: Purity calculated from MC samples of table 4 as a function of ¢;. The error
bars show the statistical error on the MC samples. The binning is the same as that used to
parameterise the detector correction when measuring off-diagonal elements of the SDM for
leptonically decaying W bosons.
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Figure 68: Purity calculated from MC samples of table 4 as a function of cos ;. The error
bars show the statistical error on the MC samples. The binning is the same as that used to
parameterise the detector correction when measuring off-diagonal elements of the SDM for
leptonically decaying W bosons.
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Figure 69: Purity calculated from MC samples of table 4 with a nominal centre-of-mass
energy of 196 GeV as a function of cos@; in slices of cosfy. The error bars show the
statistical error on the MC samples. The binning is the same as that used to parameterise
the detector correction when measuring diagonal elements of the SDM for leptonically

decaying W bosons.
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Figure 70: Purity for qg'er signal events calculated from MC samples of table 4 with a
nominal centre-of-mass energy of 196 GeV as a function of cos 8 in slices of cosfw. The
error bars show the statistical error on the MC samples. The binning is the same as that
used to parameterise the detector correction when measuring diagonal elements of the SDM
for leptonically decaying W bosons.
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Figure 71: Purity for qq uv signal events calculated from MC samples of table 4 with a
nominal centre-of-mass energy of 196 GeV as a function of cos§; in slices of cosfw. The
error bars show the statistical error on the MC samples. The binning is the same as that
used to parameterise the detector correction when measuring diagonal elements of the SDM
for leptonically decaying W bosons.
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Figure 72: Purity for q@'rv signal events calculated from MC samples of table 4 with a
nominal centre-of-mass energy of 196 GeV as a function of cos 8} in slices of cosfw. The
error bars show the statistical error on the MC samples. The binning is the same as that
used to parameterise the detector correction when measuring diagonal elements of the SDM
for leptonically decaying W bosons.
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E Unfolding

These notes on the detector correction used in the SDM analysis briefly summarise presen-
tations made by the author of this thesis at OPAL plenary sessions and LEP W working
group meetings in the years 2001 to 2003. The possibility of background events in the data
and MC samples is ignored throughout this appendix in order to simplify the notation.

We are trying to construct statistical estimators, (,? , of the true binned angular distribu-
tions of the W bosons, 2, given the measured distributions from the detector, d. The true
distribution is divided into n, bins which are referenced by the index ‘v’ and the measured
distribution is divided into ng bins with are referenced by the index ‘p’. The covariance
matrix for the measured distributions is, D.

From Monte Carlo simulation it is straightforward to extract the smearing matrix
{detector response), A, which satisfies equations (109) and (110). Equation {109) should be
read as ‘the number of events generated with true angles T and reconstructed with measured

angles p’ divided by ‘the number of events generated with true angles 7.

dE,MC) n Z‘S_MC)

A,r =
T ngc)

(109)

dMC) = 4. AMO) (110)

The goal is to find an unfolding matrix (detector correction), C, which satisfies equa-

tion (111).

#HMC) = g gMC) (111)

The estimators of the true data distributions are then given by equation (112).

g(_C'?) = (. ddate) (112)



E UNFOLDING 202

There are an infinite number of such matrices. The most obvious solution is to use
A1, This is a mathematically valid solution but, in practice, it produces estimators with
very large variances. Despite this, there are no unfolding matrices which can give estimators
with smaller variances without also introducing a bias. This is a general result which can
be derived analytically [93].

The SDM analysis presented in this thesis uses the same form of unfolding matrix
as used in the previous SDM analysis [23] and many other HEP analyses. The matrix is
required to be diagonal, which leads to the unique solution shown in equation (113). This
unfolding matrix is sometimes referred to as a ‘scaling’ correction. It is similar, but not

identical to, the reciprocal of the efficiency.

LMC)
Crip = { o TP (113)

This method is simple to implement because the estimators are uncorrelated but it is
difficult to motivate theoretically.

Other unfolding matrices based on Bayes theorem [76] and the SVD regularised unfold-
ing method [75] were also investigated during the development of the SDM analysis. Each
of the unfolding matrices introduced approximately the same magnitude of bias into the
estimators.

Apart from being mathematically unaesthetic, the only disadvantage of the scaling
method is that the correlation matrix between cosfw elements is not automatically pro-
duced as part of the analysis. In order to carry out a fit to the unfolded distribution it
is always necessary to use the true inverse covariance matrix shown in equation (114) and
not the inverse covariance matrix of the estimators shown in (115). Using equation (115)

in place of equation (114) causes the errors on the fitted parameters to be underestimated.

Z7l = A.D7'. (AT (114)
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(2 = o't o (115)
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F The off-diagonal elements of the SDM

This appendix contains the measured luminosity-weighed average of the off-diagonal ele-
ments of the SDM. Figure 73 shows the results from the W~ — £7#; decays and figure 74
shows the results from the W+ — ¢+, decays. The standard detector correction (param-
eterised by 8 bins in cosfw, 5 bins in cosd; and 5 bins in ¢;) was used in measuring the
SDM elements. In addition, figure 75 shows the values of p, _ calculated using a detector
correction parameterised by 8 bins in cos fw and 20 bins in ¢; with no binning in cos &;.
This figure is included because the large type II bias in p, _ which arises when using the
standard detector correction becomes negligibly small when using this alternative param-
eterisation (see section 6.5). The p, _ elements is the only element of the SDM whose
projection operator is independent of cos ;. The systematic uncertainties on this detector
correction were not evaluated, but the results show no significant deviations from those
obtained using the standard detector correction. For completeness, sections F.1 and F.2

contain tables of the numeric values of the off-diagonal elements of the SDMs.
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Figure 73: The off-diagonal elements of the SDM measured from the W~ — £~ #; decay
mode. The points show the luminosity-weighted average of the values measured from the
data at each centre-of-mass energy. The inner error bars show the statistical uncertainty
on the data, and the outer error bars show the total uncertainty including the systematic
uncertainty. The histogram shows the generator-level SM MC prediction.
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Figure 74: The off-diagonal elements of the SDM measured from the W+ — £+, decay
mode.The points show the luminosity-weighted average of the values measured from the
data at each centre-of-mass energy. The inner error bars show the statistical uncertainty
on the data, and the outer error bars show the total uncertainty including the systematic
uncertainty. The histogram shows the generator-level SM MC prediction.
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Figure 75: The off-diagonal elements of the SDM measured from the W~ — ¢~ and
W+ — £t5; decay modes using 20 bins in ¢§. The points show the luminosity-weighted
average of the values measured from the data at each centre-of-mass energy. The inner error
bars show the statistical uncertainty on the data, and the outer error bars show the total
uncertainty including the gystematic uncertainty. The histogram shows the generator-level
SM MC prediction.
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F.1 Real Parts
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cos fw Re{p+_} sgtat Sgys
-1.00 -0.75 -0.167 0.135 | 0.053
-0.75 -0.50 -0.127 0.134 | 0.046
-0.50 -0.25 -0.054 0.128 } 0.032
-0.25 0.00 -0.084 0.116 | 0.024
0.00 0.25 -0.018 0.090 | 0.023
0.25 0.50 -0.236 0.087 | 0.017
0.50 0.75 -0.189 0.072 | 0.011
0.75 1.00 -0.042 0.061 | 0.010

Table 42: The luminosity-weighted average of the real part of p, measured from the
W~ — {7, decay channel. sg,, denotes the statistical uncertainty and sf,; denotes the

systematic uncertainty.

cos fw Re{p+_} ssmt Sgys
-1.00 - -0.75 -0.180 0.133 -
0.7 - -0.50 -0.135 0.133 | -
-050 - -0.25 -0.053 0.127 -
-0.25 - 0.00 -0.085 0.115 -
000 - 025 -0.008 0.090 -
02 - 050 -0.269 0.087 -
050 - 0.75 -0.217 0.073 | -
0.75 - 1.00 -0.044 0.058 -

Table 43: The luminosity-weighted average of the real part of p,  measured from the
W~ — £, decay channel using 20 bins in ¢}. s5,, denotes the statistical uncertainty and
sfys denotes the systematic uncertainty.
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cos fw Re{p_,,_} Sgta.t Sgys
-1.00 - -0.75 -0.083 0.161 | 0.056
0.7 - -0.50 -0.059 0.125 | 0.038
-0.50 - -0.25 -0.254 0.130 | 0.033
-0.25 - 0.00 0.051 0.109 | 0.023
000 - 0.25 -0.133 0.093 | 0.019
025 - 0.50 -0.168 0.088 | 0.013
050 - 0.75 -0.093 0.075 | 0.011
0.75 - 1.00 -0.120 0.060 | 0.009
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Table 44: The luminosity-weighted average of the real part of p,  measured from the
W+ — £+, decay channel. sf,,; denotes the statistical uncertainty and sf,, denotes the

systematic uncertainty.

cos fw RB{P+_ } Sgtat sgys
-1.00 - -0.75 -0.114 0.158 -
-0.7% - -0.50 -0.020 0.123 -
-0.50 - -0.25 -0.302 0.130 { -
-0.25 -  0.00 0.035 0.109 | -
0.00 - 0.25 -0.157 0.093 | -
025 - 0.50 -0.163 0.089 ! -
050 - 0.75 -0.100 0.076 | -
0.7 - 1.00 -0.120 0.068 | -

Table 45: The luminosity-weighted average of the real part of p,  measured from the
W+ — ¢+, decay channel using 20 bins in ¢}. sf,,, denotes the statistical uncertainty and
sf,s denotes the systematic uncertainty.
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cos fw Re{p+0} sgtat Sgys
-1.00 - -0.75 -0.008 0.113 | 0.036
-0.75 - -0.50 0.049 0.110 | 0.034
-0.50 - -0.25 0.072 0.101 | 0.020
-0.25 - 0.00 0.125 0.087 | 0.023
000 - 0325 0.164 0.064 } 0.015
025 - 0.50 0.002 0.058 | 0.009
050 - 0.75 0.087 0.045 | 0.008
0.75 - 1.00 0.037 0.036 | 0.009

Table 46: The luminosity-weighted average of the real part of p,, measured from the
W~ — £~y decay channel. s, denotes the statistical uncertainty and s, denotes the
systematic uncertainty.

cos Gy RE{P+D} Sgtat sgys
-1.00 - -0.75 0.188 0.100 | 0.047
-0.75 - -0.50 0.246 0.080 | 0.033
-0.50 - -0.25 0.238 0.088 | 0.023
-0.25 - 0.00 0.154 0.079 | 0.027
0.00 - 025 0.387 0.073 | 0.018
025 - 0.50 0.135 0.075 | 0.012
0.50 - 0.75 0.176 0.067 | 0.011
07 - 1.00 -0.107 | 0.053 | 0.010

Table 47: The luminosity-weighted average of the real part of p,, measured from the
W+ — £+5y decay channel. sf,,, denotes the statistical uncertainty and shys denotes the
systematic uncertainty.
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cos 9W Re{P—o} S;’tat Sgys
-1.00 - -0.75 0.048 0.082 | 0.033
-0.75 - -0.50 0.096 0.085 | 0.024
-0.50 - -0.25 0.358 0.087 | 0.021
-0.25 - 0.00 0.170 0.084 | 0.025
000 - 0.25 0.233 0.071 | 0.017
0.25 - 0.50 0.173 0.073 | 0.013
050 - 0.7 0.110 0.065 | 0.010
0.75 - 1.00 0.009 0.054 | 0.014
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Table 48: The luminosity-weighted average of the real part of p_; measured from the

W~ — £~ Dy decay channel. s,,, denotes the statistical uncertainty and s

systematic uncertainty.

cas 9‘” Re{p—()} Sgta.t sgys
-1.00 - -0.75 | 0.031 | 0.136 | 0.039
-0.75 - -0.50| -0.119 |0.102 | 0.027
-0.50 - -0.25; 0.050 | 0.103; 0.030
-0.25 - 0.00 0.189 | 0.083 | 0.022
0.00 - 0.25 | -0.005 | 0.066 | 0.016
0.25 - 0.50 0.157 | 0.059 } 0.012
0.50 - 0.75 0.113 {1 0.047 | 0.010
075 - 1.00 0.117 | 0.035 | 0.008

P
sys

denotes the

Table 49: The luminosity-weighted average of the real part of p_; measured from the

W+ — £tD; decay channel. s5,,, denotes the statistical uncertainty and s

systematic uncertainty.

P
8ys

denotes the
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F.2 Imaginary Parts

cos Bw Im{p+_ } Sstat sgys
-1.00 - -0.75 0.378 0.135 | 0.059
-0.75 - -0.50 0.023 0.133 | 0.035
-0.50 - -0.25 -0.163 0.128 | 0.030
-0.26 - 0.00 0.045 0.115 | 0.029
0.00 - 0.25 0.167 0.090 | 0.021
025 - 0.50 -0.154 0.087 | 0.017
0.50 - 0.75 0.039 0.073 | 0.015
0.75 - 1.00 0.053 0.061 | 0.012

Table 50: The luminosity-weighted average of the imaginary part of p, _ measured from
the W~ — £7i decay channel. s, denotes the statistical uncertainty and 85 denotes
the systematic uncertainty.

cos BW Im{p+“ } Ssta,t sgys
-1.00 - -0.75 0.005 0.162 | 0.067
-0.75 - -0.50 0.271 0.125 | 0.038
-0.50 - -0.25 0.249 0.130 | 0.037
-0.25 - 0.00 0.052 0.109 | 0.028
0.00 - 025 -0.004 0.093 | 0.022
025 - 050 0.089 0.089 | 0.018
0.50 - 0.75 0.127 0.075 { 0.013
0.7 - 1.00 0.003 0.060 | 0.012

Table 51: The luminosity-weighted average of the imaginary part of p,_ measured from
the W+ — £*7, decay channel. s5,, denotes the statistical uncertainty and sf,, denotes
the systematic uncertainty.
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cos bty Im{p+_ } Sgtat Sgys
-1.00 - -0.75 0.406 0.133 -
-0.75 - -0.50 0.008 0.132 -
-0.50 - -0.25 -0.163 0.127 -
-0.25 - 0.00 0.052 0.115 -
0.00 - 0.25 0.164 0.090 -
0.265 - 0.50 -0.153 0.087 -
050 - 0.75 0.039 0073 | -
0.75 - 1.00 0.068 0.058 | -
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Table 52: The luminosity-weighted average of the imaginary part of p,  measured from
the W~ — ¢~ decay channel using 20 bins in ¢}. s%,,; denotes the statistical uncertainty
and sf,, denotes the systematic uncertainty.

cos fw Im{py_} | Sear | 6y
-1.00 - -0.75 -0.086 0.159 -
-0.75 - -0.50 0.247 0.124 -
-0.50 - -0.25 0.254 0.129 -
-0.25 - 0.00 0.059 0109 | -
0.00 - 025 -0.005 0.093 | -
0.25 - 0.50 0.069 0.089 | -
0.50 - 0.75 0.091 0.077 { -
075 - 100 0.041 0.058 ) -

Table 53: The luminosity-weighted average of the imaginary part of o, measured from
the Wt — £+ decay channel using 20 bins in ¢}. sf,,, denotes the statistical uncertainty
and sf,, denotes the systematic uncertainty.
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cos OW Im{p+0} sgtat Sgys
-1.00 - -0.75 | -0.066 | 0.114 | 0.050
-0.76 - -0.50 0.017 0.111 | 0.043
-0.50 - -0.25 0.053 0.102 | 0.030
-0.25 - 0.00 -0.033 0.089 | 0.027
000 - 025 0.034 0.066 | 0.021
025 - 0.50 -0.097 | 0.060 | 0.013
0.50 - 0.75 -0.019 0.048 | 0.008
0.79 - 1.00 0.013 0.037 | 0.010
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Table 54: The luminosity-weighted average of the imaginary part of p, ; measured from the

W~ — € iy decay channel. sb,,, denotes the statistical uncertainty and s

systematic uncertainty.

€os OW Im {P+0} Sgtat Sgys
-1.00 - -0.75 0.110 0.102 | 0.071
-0.7%5 - -0.50 0.027 0.083 | 0.035
-0.50 - -0.25 0.105 0.093 | 0.031
-0.25 - 0.00 -0.017 | 0.083 | 0.019
000 - 025 -0.099 | 0.077 | 0.022
0.25 - 0.50 0.117 0.078 | 0.017
050 - 0.75 0.033 0.069 | 0.014
0.75 - 1.00 -0.040 | 0.054 | 0.015

0
sys

denotes the

Table 55: The luminosity-weighted average of the imaginary part of o, , measured from the

Wt — £+ decay channel. s5,, denotes the statistical uncertainty and s

systematic uncertainty.

P
sys

denotes the
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cos By Im{Pwo} sstat Sgys
-1.00 - -0.75| -0.090 | 0.085 | 0.050
-0.75 - -0.50 | 0.001 0.090 | 0.030
-0.50 - -0.25 ] 0.152 0.090 | 0.027
-0.25 - 0.00 | -0.049 ! 0.089 | 0.023
000 - 025 -0.007 | 0.075 | 0.017
025 - 0.50 -0.090 | 0.077 | 0.015
050 - 0.75 | -0.011 | 0.067 | 0.012
0.75 - 1.00 0.040 0.055 § 0.017
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Table 56: The luminosity-weighted average of the imaginary part of p_; measured from the

W~ — £~ decay channel. s%,,, denotes the statistical uncertainty and s

systematic uncertainty.

Cos BW Im{p—ﬂ} Sgtat sgys
-1.00 - -0.75 0.025 0.137 | 0.044
-0.75 - -0.50 0.145 0.103 | 0.045

0. 50 025 0.010) nind 1 o n20
-0.25 - 0.00 -0.017 | 0.083 | 0.029
0.00 - 025 -0.159 | 0.068 | 0.024
025 - 0.50 0.058 0.062 | 0.016
050 - 0.75 -0.034 | 0.050 | 0.010
0.7 - 1.00 -0.041 0.037 | 0.009

£
sys

denotes the

Table 57: The luminosity-weighted average of the imaginary part of p_; measured from the

W+ — £%5; decay channel. s5,, denotes the statistical uncertainty and s

systematic uncertainty.

P
sys

denotes the



