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Zusammenfassung

Diese Arbeit beschreibt die Messung der b- und c-Quark Vorwérts-Riickwiarts-
Asymmetrie mit dem OPAL-Detektor. Hierzu werden die hadronischen Zerfélle
der am LEP-Beschleuniger in Elektron-Positron-Kollisionen produzierten Z-
Bosonen untersucht. Nach einem Uberblick iiber die verschiedenen Methoden,
die diesbeziiglich bei OPAL zum Einsatz kommen, wird eine Messung detailliert
dargestellt. Diese verwendet die semileptonischen Zerféille von b- und c-Quarks,
um bb- und cé-Ereignisse zu trennen. Zur Separation der Ereignisse voneinander
und vom Untergrund dienen kiinstliche neuronale Netze, die zur Identifikation
von b — ¢7, bzw. ¢ — (1 Zerfillen trainiert sind. Ein ,, Maximum-Likelihood-
Fit* dient zur simultanen Ermittlung der b- und c-Quark Vorwérts-Riickwérts-
Asymmetrien AR; und A$y bei drei unterschiedlichen Schwerpunktsenergien /s,
sowie dem B-Mischungsparameter Y aus Ereignissen mit mindestens einem iden-
tifizierten Elektron oder Myon im Endzustand. Unter Verwendung aller mit dem
OPAL-Detektor in der Niahe der Z-Resonanz von 1990 bis 2000 aufgezeichneten
Daten werden folgende Asymmetrien gemessen:

Abp= (47 +£18 +0,1 )%, ASz= (—6,8 +£25 £0,9 )% bei (\/5) = 89,51 GeV,
AbL= (1 9,724+0,42+0,15) %, ASp= ( 5,68+0,54+0,39)% bei (y/s) = 91,25 GeV,
AbL= (10,3 +1,5 +£0,2 )%, ASp= (14,6 £2,0 +0,8 )% bei (\/s) = 92,95 GeV.

Fiir den B-Mischungsparameter erhélt man:
X = (13,124 0,49 £+ 0,42) %.

Die statistische Unsicherheit der Messwerte wird jeweils durch den zweiten, die
systematische durch den dritten Wert angegeben. Diese Ergebnisse werden mit
den Resultaten der anderen OPAL-Messungen der b- und c-Quark Vorwérts-
Riickwérts-Asymmetrien kombiniert, um daraus die OPAL-Asymmetrien am Ma-
ximum der Z-Resonanz zu ermitteln.

Die kombinierten Resultate aller elektroschwachen Observablen von LEP und
SLD bilden die Grundlage zur Diskussion des aktuellen Standes hinsichtlich der
Asymmetrieparameter A;, und A., der Vektor- und Achsialvektorkopplungskon-
stanten v und a fiir b- und c-Quarks, sowie des leptonischen elektroschwachen Mi-
schungswinkels sin? ;. AbschlieBend wird der aus den b- und c-Quark Vorwiirts-
Riickwirts-Asymmetrien extrahierte Wert von sin? §; zur Abschitzung der Mas-
se des im Standard-Modell postulierten Higgs-Bosons verwendet.






Abstract

This thesis deals with the measurement of the b and ¢ quark forward-backward
asymmetries of hadronic Z decays recorded with the OPAL experiment at the
electron positron collider LEP. After an overview over the different kinds of heavy
flavour forward-backward asymmetry measurements made within the OPAL col-
laboration, one of the methods is described in full detail. This method is based
on the semileptonic b and ¢ quark decays in order to identify primary bb and c¢
events. Two neural networks are used to separate the bb and c¢ events from each
other and from the background. The first neural network is trained to identify
b — ¢~ the second to identify ¢ — ¢ decays. A maximum likelihood fit is
used to extract the b and ¢ quark forward-backward asymmetries ARy and A%y
at three centre-of-mass energies /s and the average B mixing parameter Y from
a sample with at least one identified electron or muon in the final state. Using
all data collected by OPAL near the Z resonance between 1990 and 2000, the
asymmetries are measured to be:

Abo= (47 +£1.8 +£0.1 )%, ASp= (—6.8 £2.5 £0.9 )%, at (\/s) = 89.51 GeV,
Abo= ( 9.724£0.42+0.15) %, ASp= ( 5.68+0.54+0.39) %, at (\/5) = 91.25 GeV,
AbL= (103 +£1.5 +£0.2 )%, ASx= (14.6 £2.0 £0.8 )%, at (\/s) = 92.95 GeV.

For the average B mixing parameter, a value of
Y =(13.124+0.49 £ 0.42) %

is obtained. The second value gives the statistical, the third the systematic error
on the measurements. These results are combined with other OPAL measure-
ments of the b and ¢ quark forward-backward asymmetries, in order to derive
values for the OPAL pole asymmetries.

The results of a global fit to all electroweak observables from LEP and SLD
are taken to discuss the current situation concerning the asymmetry parameters
Ay, and A, the vector and axial-vector coupling constants v and a for b and
¢ quarks, and the effective electroweak mixing angle sin® 6% for leptons. Finally,
a prediction for the value of the Standard Model Higgs boson mass is given using
sin? @’ extracted from the b and ¢ quark forward-backward asymmetries.
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Chapter 1

Introduction

The development of science and technology during the 20th century led to a
rapid acceleration of accumulating knowledge in a structured way. Concerning
the subject of elementary particle physics, a systematic study of the fundamental
processes and structures observable is believed to deliver a fundamental theory
describing nature and thus allowing the prediction of all phenomena one could
possibly think of. Often the development of physical theories means finding a
common formalism for seemingly different effects. It is hoped that this unifica-
tion process finally results in a single theory describing all known particles and
interactions at all energy and distance scales. Today it seems as if modern physics
already has made some important steps towards finding a unified theory.

A great success of theoretical and experimental particle physics of the last decades
is the unification of electromagnetic and weak interactions, which is comparable
to the development of Maxwell’s equations in the 19th century providing a com-
mon theoretical description of electric and magnetic phenomena. As Maxwell’s
theory predicted electromagnetic waves which were subsequently experimentally
confirmed, the unified description of electromagnetic and weak interactions pos-
tulated the existence of heavy gauge bosons (W, Z).

With the observation of neutral-current interactions in neutrino-nucleon scatter-
ing in 1973 [1] and the discovery of the W and Z bosons in proton-antiproton (pp)
collisions ten years later [2,3], the Standard Model of electroweak interactions is
well supported experimentally. The further investigation of the electroweak in-
teraction required a very clean environment. Such experimental conditions can
be reached in the head-on collision of electrons and positrons (they are currently
believed to be elementary particles). At this point experiments involving eTe™
colliders contribute significantly to the understanding of the neutral-current sec-
tor of the Standard Model. The Z/~ interference, first observed in the scattering
of polarised electrons from deuterium [4], can be confirmed by forward-backward
asymmetry measurements of ete~ — ff reactions at PETRA and PEP [5].

1



2 1 Introduction

After the commissioning of the LEP [6] and SLC [7] eTe™ accelerators, experi-
mental results on the neutral-current sector of the Standard Model are dominated
by the experiments performed at these facilities. Both machines were designed
during the 1980s to produce copious numbers of Z bosons, allowing detailed stud-
ies of the properties of the Z. While SLC only produced eTe™ collisions at the Z
pole, the LEP physics program was split in two phases. During the first phase —
usually referred to as LEP1 (1989-1995) — the accelerator was operated at the Z
resonance. The measurements of the total ete™ — ff cross-section — one of the
fundamental Standard Model parameters — at different energies at and around
the Z peak allows a precise determination of the Z mass and width. The total
and partial decay widths of the Z result in the unambiguous determination of
the number of light neutrino families. The observed lepton forward-backward
asymmetries and the tau polarisation measurements allow the experimental de-
termination of the coupling constants between the Z and charged leptons. A
comparison of the couplings among the three lepton generations leads to one
of the cornerstones of the Standard Model: the concept of lepton universality.
During the subsequent LEP2 phase (1995-2000) the LEP centre-of-mass energy
was increased beyond the Z mass up to a maximum of 209 GeV, opening the
possibility to investigate W pairs or to search for the Higgs boson [8] or other
new particles.

All experimental results must be compared to theoretical predictions. Within
the Standard Model theoretical predictions can only be made by perturbative
calculations. The precision reached at LEP and SLC requires the calculation
of higher order terms of the perturbation theory (radiative corrections) in order
to give an adequate theoretical description of the measured quantities. Since
the mass of the top quark and the Higgs boson enter those higher order terms,
results from LEP and SLC allow the prediction of these masses. An impressive
demonstration of the power of this method has been the prediction of the top
mass value from precision measurements at LEP and SLC, before the direct
discovery of the top quark in pp collisions at the TEVATRON in 1995 [9-12]. The
same method is currently used to predict the mass of the one important missing
particle in the Standard Model, the Higgs boson. With the precise knowledge of
the parameters of the Standard Model from LEP, SLD, and the TEVATRON,
and in particular with the measured value of the top quark mass, the dependence
of the radiative corrections on the value of the mass of the hypothetical Higgs
boson can be studied and compared to data. Currently all data point towards
a comparatively light Higgs Boson, with masses below 200 GeV — beyond the
reach of LEP or SLC, but well within the discovery range of the next generation
of colliders like LHC or the Linear Collider.

Compared to the situation before LEP, SLC, and the TEVATRON data became
available, the precision with which the parameters of the electroweak interac-
tion are known has improved by — in some cases — three orders of magnitude. By



measuring more observables than the number of parameters of the theory, its pre-
dictions and hence its consistency can be verified within the same experiments.
In the same way as the experiments increased the knowledge of the theory pa-
rameters, the electroweak theory became more and more predictive and the tests
of its consistency very stringent. Up to now none of the tests shows a significant
discrepancy, so that the Standard Model stands on more solid ground than ever.

Nevertheless, after data taking at LEP, some effects of the order of three standard
deviations still remained. One of these occurs by comparing different measure-
ments which determine the effective electroweak mixing angle. Measurements us-
ing only leptons deliver significantly smaller results than results based on hadronic
Z decays. The difference is mainly driven by the two most precise determinations:
the measurement of the b quark forward-backward asymmetry APy at LEP and
the left-right polarisation asymmetry Apg at SLD. The electroweak mixing angle
mainly puts the weak and electromagnetic coupling strength into relation and
consequently plays a central role in the concept of unifying the two interactions.
In addition, radiative corrections render the effective mixing angle sensitive to
the mass of the Higgs boson. For both reasons it is therefore important to un-
derstand the cause of the discrepancy between the mixing angle results, and to
decide if it originates from a statistical fluctuation or gives a hint at a new physical
phenomenon.

This thesis presents a measurement of the b and ¢ quark forward-backward asym-
metry, using semileptonic b and ¢ decays reconstructed from hadronic Z boson
decays recorded with the OPAL detector at LEP during its time of operation from
1990 to 2000. The results [13,14] are a significant part of the OPAL contribution
to the LEP combined b and ¢ forward-backward asymmetries, and therefore also
to the LEP and SLD result for the effective electroweak mixing angle.

This thesis is organised as follows: After a brief introduction to the Stan-
dard Model of electroweak interactions emphasising the features relevant for the
neutral-current reaction ete~ — Z — ff, which are important for the b and ¢
quark forward-backward asymmetry measurement (Chapter 2), a short descrip-
tion of the LEP accelerator and the OPAL detector is given together with the
description of the available data and Monte Carlo events used (Chapter 3). The
three different methods to determine the forward-backward asymmetry employed
by OPAL are then outlined (Chapter 4), before the simultaneous measurement of
the b and ¢ quark forward-backward asymmetry using semileptonic quark decays
is described in full detail (Chapter 5). Using all OPAL b and ¢ quark forward-
backward asymmetry measurements, the final OPAL values for these observables
are determined (Chapter 6). For a broader discussion of the current situation the
combination of all observables from the heavy flavour sector are used to extract
the effective vector and axial-vector coupling constants of b and ¢ quarks, as
well as the effective electroweak mixing angle for leptons and for heavy quarks



4 1 Introduction

(Chapter 6). The results of the thesis are summarised in Chapter 7.



Chapter 2

The Theoretical Foundation

In this chapter the main features of the Standard Model are outlined. The dis-
cussion focuses on the properties most relevant for Z physics at LEP. Particular
emphasise is given to the theoretical aspects concerning the forward-backward
asymmetry analysis presented later in this text. For a complete overview of the
Standard Model, well established text books are available.

2.1 The Standard Model of Electroweak Inter-
actions

The purpose of particle physics is to investigate the properties of the fundamental
particles of which matter consists and the forces between them. The groups
of elementary particles in nature — according to current knowledge — are the
fermions which are the constituents of matter and the bosons which mediate the
fundamental forces between the fermions. The four fundamental forces known
in nature are the gravity, the weak, the electromagnetic, and the strong force.
Gravity does not play any role in particle physics because of its small strength.
The remaining three interactions are described in the framework of a relativistic
quantum field theory which interprets interactions as exchanges of force carrier
particles. This has led to the Standard Model of particle physics, a gauge theory
based on the mathematical framework of local SU(3) ® SU(2) ® U(1) invariance.
This symmetry is spontaneously broken, involving three distinct types of fields
respectively particles: the gauge fields, the fermion matter fields and the Higgs
field. The twelve different gauge fields correspond to the eight spin-1 bosons
mediating the strong interaction, the gluons, and the four vector bosons of the
electroweak theory (W%, Z, ). The Higgs field is responsible for the elementary
particle masses and will be introduced in the context of the electroweak theory.
Its associated particle, the Higgs boson, has not yet been discovered [15].

5



6 2 The Theoretical Foundation

Q T T Y

» vy 0| 1/2 1/2 -1
Co\ne), ), -1 | 1/2 | -1/2 ~1

< t ) 2/3 | 1/2 1/2 1/3
L

L b’ -1/3 1/2 -1/2 1/3
eRrR HR TR -1 0 0 -2
uR CR tr 2/3 0 0 4/3
dh Sh bh -1/3 0 0 —2/3

Table 2.1: The three families of fermions and their quantum numbers (hyper-
charge Y, weak isospin T', and electric charge Q) = T3+ %) Quan-
tum numbers of antiparticles have reversed signs. The primed
quarks d’, ¢, b’ denote states which are mixed with respect to the
strong interaction eigenstates d, s, b.

2.1.1 The Fermions

The fermions f (leptons and quarks) are considered to be point-like objects which
is experimentally verified down to distances of O(1071% ¢cm). Quarks contrary to
leptons do participate in strong interactions described by the theory of Quantum
Chromodynamics (QCD). The fermion fields are two-component spinor fields as
summarised in Table 2.1. There are three known generations of fermions with
identical properties. Fermions of different generations are only distinguishable by
their masses m¢ and not by their electroweak or strong interactions. Measuring
and comparing the couplings of fermions thus is an important test of the theory.
For each fermion there is an antiparticle f with the same mass but opposite
additive quantum numbers (i.e. electric charge, or lepton number). Each quark
species exists in three different colours, the analogue of the electric charge in
strong interactions.

The Standard Model of electroweak interactions is based on the invariance of the
Lagrangian under local gauge transformations. Electroweak interactions among
the fundamental fermions are described by gauge invariant transformations of the
weak isospin SU(2)r, and the weak hypercharge U(1). The fundamental fermions
carry the quantum numbers of the weak isospin 7', with its third component T,
and the weak hypercharge Y (see Table 2.1.). The left-handed components of the
fermions form isospin doublets and the right-handed components isospin singlets.



2.1 The Standard Model of Electroweak Interactions 7

2.1.2 The Bosons

Between 1960 and 1970 S. L. Glashow, A. Salam, and S. Weinberg developed
the electroweak theory [16-18], a unified theory of electromagnetism and weak
force based on the group SU(2);, ® U(1), which was extended to the hadronic
sector via a mechanism introduced by S. L. Glashow, J. Iliopoulos, and L. Maiani
[19], leading to the concept of N. Cabibbo, M. Kobayashi, and K. Maskawa for
quark flavour mixing [20,21]. The crucial new phenomenological input to the
electroweak theory motivated by experiments [22] is that the weak interaction
does not respect reflection symmetry, or parity'. The gauge fields of SU(2)y, are
the triplet Wu: (W;j”, we, Wf)), which exclusively couple to the left-handed
fermion fields via a common coupling constant §g. Such a coupling has the spin
structure of vector minus axial-vector, V—A. In the Dirac algebra it is represented
by a factor 1 — 5, where 75 applied to a Dirac spinor, 1, forms the axial-vector
part of the coupling. Hereby the left-handed components (L) of the fermion fields
form doublets, while the right-handed ones (R) are singlets under SU(2)y, (indices
in Table 2.1). A singlet B,, together with the coupling constant g is assigned to
the group U(1), acting on the fields of both helicity states (L and R),

_1— 1—|—’Y5
Yr, = 5 5 (a8 (2.1)

To comply with the massive gauge bosons observed in experiments, the W* and
Z bosons, the existence of a weakly interacting scalar field seems necessary: the
Higgs field [8]. It is a complex doublet written as

1 i 1
@:—<¢1+1¢2> with @0:—(2> and 0% >0 (2.2)

By and g =

V2 \ @3 +idy V2

with a non-vanishing vacuum expectation value ®,3. The coupling to the Higgs
field introduces spontaneous symmetry breaking of the massless gauge fields with
respect to isospin rotation. This symmetry breaking leads to non-diagonal mass
terms

13\ )2 o2} 4 Vo  gg\ (WP
1 2 3
5 (30) (over s over)+ Sovpma (5 49) (F) ey
for the gauge fields in the Lagrangian energy density. The transformation from
the gauge fields to the physical fields is realised via the linear transformation

1
+ _ 1) A7 @
Wi NG (W Fiw,®)
Z cosfy —sinf W
K = . W W o (24)
A, sin Oy cos O B,
!Parity violation means that the interaction is different for the left-handed (L) and for the
right-handed (R) components of the fermion fields.
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This transformation introduces the weak mixing angle 6,,:

g .
cosbyy = —=—— and sinby =
W 21 2 W

g

In these fields the mass term (Eq. 2.3) is diagonal, giving

g-v ) - m
ma=0 , mw= 5 myz = 5\/ >+ %= cos\g (2-6)
W

(2.5)

The derivative in the full electroweak Lagrangian related to the spin-1 boson
A, the charge operator, leaves the vacuum expectation value @, of the Higgs
field in (Eq. 2.2) invariant. Gauge fields coupled to unbroken symmetries do not
acquire mass, and A can be identified with the massless photon 7. It couples to
the charged fermions via the electric charge e (or the electromagnetic coupling
constant o = e%/4r), expressed here using the gauge couplings

g9

The charged weak current is mediated by W* bosons. As a linear combination
of the W2 gauge bosons of SU(2)1,, (Eq. 2.4), the W bosons couple only to
left-handed particles (right-handed antiparticles). The Z boson turns out to be
the carrier of the neutral weak current. Its coupling to fermions do not show a
pure (V — A) structure any more due to the mixed state of W& and B,,. The Z
coupling is therefore modified to

e= =g -sinfy = g - cos by (2.7)

(ve — ag - s) (2.8)

The vector and axial-vector coupling coefficients vy and a; depend on the fermion
charges, ¢, the three-components of the weak isospin, 71, and the electroweak
mixing angle, 0,,:

vp =Th —2Q¢sin’y  and  af =T} (2.9)

This interference between vector and axial-vector coupling of fermions to the Z
boson is the origin of the forward-backward asymmetry occurring in the ete™ —
Z — qq process at centre-of-mass energies around the mass of the Z boson.
In the Standard Model the coupling constants a; and vy are universal for all
generations. In particular, the equality of these coupling constants for the three
charged leptons, referred to as lepton universality, has been verified with high
accuracy at LEP. From (Eq. 2.9) the relative couplings of the Z to left- and

right-handed fermions, ¢f and ck, are obtained:

ch = vitaf=2 (T?f — Q¢ sin28w)

C{:{ = VU —Qaf = _2Qf Sinztgw (210)
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7,y W~ W~

Figure 2.1: The fundamental Feynman graphs of the electroweak theory.
From left to right is shown the neutral current, the charged cur-
rent and the boson self-coupling.

Calculations in the Standard Model are expressed as a perturbative expansion
in terms of the coupling constant, where the terms are represented by Feynman
diagrams containing increasing numbers of fundamental vertices. The different
types of fundamental electroweak vertices are shown in Figure 2.1. The neutral
current manifests itself as radiation of a photon or Z by a fermion as well as in the
crossed processes, fermion pair production and annihilation. The mid diagram
shows the charged current via radiation of a W* boson, hereby changing the
flavour, i.e. a charged lepton ¢~ into its neutrino v, and a quark ¢ into its isospin
partner quark ¢’. Also, the coupling between gauge bosons is possible: the decay
of a neutral boson into charged W* bosons as observed at centre-of-mass energies
above 161 GeV.

The fermions spontaneously acquire mass as well; this time via a generic
“Yukawa” interaction, ggp®. This type of interaction is not a gauge inter-
action, and the fermion masses are not predicted by the electroweak theory. In-
stead, they are determined not only by the scale of the electroweak symmetry
breaking, v, but also by their Yukawa coupling to the Higgs field. This coupling,
gi = mg\V/2/v, is arbitrary in the Standard Model. Here it can be seen from the
coupling that the Higgs couples most strongly to the heaviest particles.

Only the weak interaction is able to change a member of an isospin doublet to
the corresponding partner within one family. As a consequence, the lighter quark
in each family is stable — like the neutrino in the case of the lepton doublets.
However, stable particles with s or b quark content are not found in nature;
instead, the decay of s quarks into u quarks is observed. The reason for that is
the electroweak eigenstates d’, s’ and b’ not coinciding with the mass eigenstates,
but forming a linear combination,

d’ d
s |=U[|s (2.11)
b’ b

The transformation matrix U is called Cabibbo-Kobayashi-Maskawa (CKM) ma-
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trix. It is not diagonal, and hence leads to transitions between quark generations
in the charged current interaction. However, U is unitary, so that the neutral
current part becomes diagonal in the mass basis, i.e. flavour-changing neutral
currents do not exist. Since the CKM matrix describes a rotation around an axis
in three dimensions, it has four free parameters: three “rotational angles” and
one CP-violating phase.

The minimal Standard Model, as outlined above, contains only one complex scalar
doublet. However, symmetry breaking can also be achieved by the introduction of
more complicated structures. One defines the py parameter by the ratio of neutral
to charged current coupling strength or equivalently as the deviation from the
vector boson mass relation (Eq. 2.12):

2
Myy

= —F— 2.12
po mZ cos20vw (2.12)

The py parameter is unity in the Standard Model with one Higgs doublet, and
the introduction of further isospin doublets does not modify the py parameter.
Deviations from py = 1 then can originate only from radiative corrections (see
Section 2.4).

2.2 Quantum Chromodynamics (QCD)

At about the same time in the 1960ies, M. Gell-Mann, Y. Ne’eman, and G. Zweig
derived the quark hypothesis from the ordinance of the more and more copiously
discovered hadrons [23-25]. This hypothesis implies that all strongly interacting
particles consist of elementary particles called quarks. According to the knowl-
edge of those days the AT resonance (uuu) or the p particle (ddd) had identical
quantum numbers, violating the Pauli principle. In order to conserve the Pauli
principle, the quarks have to carry a new degree of freedom, colour?.

In Quantum Chromodynamics, SU(3)c is therefore selected as a gauge group, im-
plying that quarks carry colour charge, which the eight gauge bosons of SU(3)c¢,
the gluons, couple to. The SU(3)¢ group is believed to be an exact gauge symme-
try so that the gluons are massless. Its non-abelian structure makes the gluons
themselves carriers of colour and allows self-coupling between differently colour-
charged gluons, analogous to the ZWTW~ and yYWtW~ vertices in the elec-
troweak interaction. The fundamental processes of QCD are the gluon radiation
or quark pair production, and the self-coupling of three and four gluons.

2The colour charge exists in three states, termed red, green and blue. A SU(3)c triplet
consists of a red, green and blue quark of identical flavour; hence the strong interaction does
not change flavour.
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The choice of SU(3)¢ is confirmed experimentally by many processes that directly
measure the number of different existing colour charge states, NI. An example
is the measurement of the ratio R = o(efe” — qq)/o(ete” — utu~) of the
hadronic cross-section to the muon cross-section in e*e™ annihilation which is
directly proportional to Nf. The data clearly indicate NI = 3 [26].

Experiments only observe colour-neutral bound states, the hadrons. They are
divided into two groups: The Baryons consist of three quarks, one in each colour
state. In analogy to chromatics this forms a colour-neutral state. The mesons
consist of a quark-antiquark pair, so that colour and anti-colour add to a neutral
state. Baryons have half-numbered spins while mesons have integral spin. There
are two very striking properties of the dynamical behaviour of the strong interac-
tion causing quarks not to appear as single (colour charged) states: confinement
and asymptotic freedom.

e Confinement is a mechanism which encloses bound state partons in the
space of the size of about a nucleus. Terms rapidly rising with distance
in the potential between quarks make it energetically impossible to sepa-
rate them. If quark pairs are created in high energy collision experiments
and move apart in their centre-of-mass rest frame, the energy stored in
the colour field is sufficient to create additional quark-antiquark pairs in
a process called fragmentation, thus neutralising colour. Confinement also
explains the short-range nature of nuclear forces, while exchange of massless
gluons otherwise is long-range.

e The asymptotic freedom allows the quasi-free movement at small distances
equivalent to high energies.

This behaviour is expressed in the theory by a scale dependent coupling constant
o, which rises rapidly with decreasing energy.

The energy dependence is derived from renormalisation (see also Section 2.4),
a technique to cancel divergences in the Feynman amplitudes of higher order
perturbation theory by including them into the coupling “constant”. This run-
ning of the coupling constant has to solve the renormalisation group equation
(RGE), which itself is a consequence of requiring the renormalisation process to
be independent of the renormalisation scale p. In next-to-leading order the RGE
reads

d a(p?
? L’;) = —bpa? — bia? + O(ad) (2.13)
dp
) 33 — 2ng¢ 153 — 19n;
with by = —or by = o1 n¢ = no. of flavours .



12 2 The Theoretical Foundation

Its most general solution is

B 1 b, log (log //(—z) o log? (log f/(—z)
by log,’t—z_ (bo logf{—z)Q i ( )

(2.14)

Qg
2 2
log” &5

Although the forward-backward asymmetry is the result of a purely electroweak
process, a precise model for the running of a4 is needed in the correction for QCD
effects in the measured asymmetry and in the simulation of hadronic final states.

2.3 The Standard Model Parameters

The Standard Model of electroweak and strong interaction features altogether 18
free parameters. They are not predicted by the model but must be determined
by experiment and used as inputs to the model. A commonly used set of these
input parameter is the on-shell renormalisation scheme [27]:

a, Mgz, Mw, My
6 quark and 3 lepton masses
ag, 4 CKM matrix parameters

The number of parameters probably needs to be complemented by the neutrino
masses and a corresponding mixing matrix [28]. But neutrino masses are too
small to be detected directly and may have a different origin than the masses of
the quarks and charged leptons, so this has not yet been fully implemented in

the Standard Model.

Given the QED coupling constant a = €?/4 7 and the two vector boson masses
mw and mg, all observables in ete™ — ff reactions can be calculated in lowest
order. In fact, only these three parameters enter in the Standard Model formulae
given in the previous section. In particular, the weak mixing angle is defined by
the ratio of the W and Z mass.

To incorporate mass effects and higher order diagrams in the calculations the
masses of all fermions are required. Corrections to the massive gauge boson
propagators, as well as Higgs production cross-section, depend on the mass my
of the Higgs boson. In hadronic final states the strong coupling constant o, enters
through QCD radiative corrections. The Cabbibo-Kobayashi-Maskawa (CKM)
matrix relates the electroweak and mass eigenstates of quarks.

These parameters are all measured by now, except the mass of the still undis-
covered Higgs boson. In Standard Model calculations of electroweak observables
assumptions about my based on experimental and theoretical limits have to be
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made. The mass of the top quark plays an important role in precise Standard
Model calculations. The QED coupling constant « is measured at low momentum
transfer (Thomson scattering limit) for instance with the Quantum Hall effect or
in g — 2 experiments with very high precision. Going to higher energies « is not a
constant any more but growth with increasing energy (see Section 2.4). Also the
mass of the Z is now precisely determined by the experiments at LEP and does
not introduce any sizeable uncertainty in Standard Model calculations. How-
ever, the W mass is only known to a relative precision of Amyy /mw = 21073,
This is not adequate for the measurements performed at LEP which are of sim-
ilar or sometimes even better accuracy. This parameter is therefore replaced by
the Fermi coupling constant Gy determined from the muon lifetime 7, [29] (see
Section 2.4).

The Standard Model has been firmly established by the enormous success in
predicting new particles (c, b, t, W and Z) and by its ability to accurately
describe the bulk of the present data.

Problems and Questions

The existence of the Higgs boson and the parameters in the neutrino sector are the
main open questions raised by the Standard Model, which have to be answered
in the future. In addition there are aesthetic reasons why the gauge theory based
on SU(3)c ® SU(2);, ® U(1) is not considered as the final theory:

e The total number of fermion families in the theory is neither predicted nor
restricted.

e The sum of the electric charges in each family vanishes, which is not ex-
plained but turned out to be necessary for the construction of a renormal-
isable theory.

e The fermion masses are arbitrary parameters in the Standard Model. A
fundamental theory is expected to explain their very wide spectrum.

e SU(3)c®SU(2)L,®U(1) is not a unified theory. For each group factor there
is a different coupling constant. In addition, there is no reason why the
electric charge is quantised, as in Abelian QED.

Theories beyond the Standard Model try to unify the three forces by regarding
SU(3)c ® SU(2), ® U(1) as the remnants of a larger, but simple group G, which
is spontaneously broken at very high energies. All possible candidates for such
a grand unified theory (GUT) suffer from the hierarchy problem, the need of
having a very fine-tuned cancellation of the quadratic divergences in the mass
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correction terms of the scalar particles. This problem is technically solved by
supersymmetric GUTs (SUSY). They are theoretically very interesting exten-
sions of the Standard Model. Supersymmetry is a symmetry between fermions
and bosons. This symmetry is realised by adding “super-partners” to all Stan-
dard Model particles, leading to a 1:1 correspondence of fermions and bosons.
Of course, if Supersymmetry is realised in nature, it must be broken, because
otherwise the super-partners would have the same mass as their Standard Model
partners. Models that assume a specific SUSY breaking process® are able to
express all the low-energy parameters in terms of a few free parameters at the
GUT scale. The specific models are much more predictive than the unconstrained
SUSY, which makes no specific assumptions but uses a parameterisation of all
SUSY-breaking terms instead. Further theories, which go beyond SUSY, replace
the model of point-like particles by a theory of vibrating superstrings. Currently
Supersymmetry or superstrings cannot be verified or excluded by experiments.

2.4 Radiative Corrections

The Feynman rules are used to calculate exchange amplitude matrix elements
to predict processes and observables in the framework of the Standard Model.
The matrix elements or probabilities of all graphs with identical initial and final
state have to be added, thus leading to a perturbation expansion in orders of the
coupling constant. Already the lowest order, the Born level, gives a meaningful
prediction. The measurements at LEP and SLC are sensitive to one-loop effects
and even higher orders. In addition the high quality of the fits to all data confirms
the presence of these radiative corrections. Therefore theory predictions have to
account for virtual loops and higher-order corrections. Within one theoretical
model, i.e. concerning the relation between the free parameters, the choice of the
renormalisation scheme is relevant.

For the electroweak corrections the “on shell” scheme is chosen. One of its advan-
tages is the possibility of treating weak and photonic corrections separately in first
order perturbation theory. The different radiative corrections are summarised in
the following; a more detailed description can be found in [30].

Weak Radiative Corrections

The Fermi coupling constant G can be determined from the muon lifetime 7,
(1 — ele):

3The most prominent of these specific models or scenarios are minimal Supergravity
(mSUGra), minimal Gauge Mediated SUSY Breaking (mGMSB), and minimal Anomaly Me-
diated SUSY Breaking (mAMSB).
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Figure 2.2: The principal Feynman diagrams of the weak radiative correc-
tions: correction to the Z/~v propagator, vertex correction, and
box diagram (from left to right).

1 Gy m? 3 m?
— = 1-8— | |1+=-—-+9
Tu 19275 m? * 5 mdy Oqup
o (25
b = 5= (5 - ) 2.1
QED = o <4 " (2.15)
The experimental result 7, = 219703 £ 0.00004 pus yields Gy =

1.166 39(1) - 107> GeV 2 [26]. Mass effects and photonic corrections, dqgp, to
the lowest order diagram of the muon decay are taken into account in the defini-
tion of Gg. Other higher order corrections are contained in the definition of the
physical mass myy, but are not accounted for in Eq. 2.15 where G is defined. The
relation between my and G thus contains a term Ar describing the electroweak
radiative corrections:

Gr Tma 1 1
V2 2 miysin®by 1— Ar

(2.16)

It can be split into QED corrections due to the running of the QED coupling
constant A« and pure weak corrections Ar,, = cot? b, - Ap:

Ar = Aa — cot? by, - Ap + Ariem (2.17)

The second-order weak corrections (one-loop diagrams) can be divided into three
groups: corrections to the Z /v propagator, vertex corrections, and box diagrams.
For each of them an example is given in Figure 2.2. In the first two graphs virtual
particles contribute (t quark, Higgs boson), although they cannot be produced
kinematically at LEP energies as real particles.

The close coupling between t and b quark within the electroweak isospin doublet
enables a tt pair to be produced and later converted to a bb final state by W
exchange. Weak isospin symmetry breaking by fermion doublets with large mass
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splitting modifies the p-parameter [31-33] which is unity in lowest order (see
Eq. 2.12 and text in Section 2.1.2). The leading contribution is quadratic in my:

p = 1+Ap
3Grmé m?  3Gpmi, sin’6 25

Ap = memzt - mesm2w lnm2H—— +--- (2.18)
8y/2 72 Miy 8v/2 72 cos2bw myy 6

The effect of the top quark mass is large and the precision measurements at
LEP of the Z widths and the asymmetries have been used to constrain m; in
the Standard Model, before the t quark was discovered at the TEVATRON in
1995 [9-12]. Now it is the experimental error of its direct measurement that
influences the interpretation of heavy quark results.

For the Higgs boson mass, however, the corrections proportional to m% are can-
celled out, leaving only logarithmic terms. Also the two-loop level radiative
corrections are relatively insensitive to my, so that it is difficult to extract the
Higgs boson mass from fits to the electroweak precision data.

Box diagrams refer to the exchange of two massive bosons and become resonant
only at LEP 2 energies near the WW and ZZ thresholds, at 161 GeV and above.
Their effect turns out to be negligibly small at the Z resonance, but is nevertheless
included in the flavour-dependent form factors pr (Eq. 2.22) [30,34].

Since the weak corrections do not depend on the experimental set-up, they can
be absorbed into the energy dependence of the electromagnetic coupling, the
definition of an effective electroweak mixing angle, and the re-definition of the
couplings to the Z boson [35].

2 a
a — a(my) T Aa 064 - « (2.19)
29
sin2fy  — sin?6y = <1 + S5 W App - ) sinZ6yy (2.20)
sin“Ow
ar — af = +/pf-ag (2.21)
v = B =/ - (T8 — 2Qr sin® 0l ) (2.22)

This definition is termed the improved Born level, indicating that the structure
of the tree level equations does not need to be modified. In the following it will
be used as lowest order in the theory predictions.

In principle, the effective couplings are different for the fermions, because of the
flavour dependent corrections to the Zff vertex resulting in slightly different py
values. However, with the exception of the Zbb vertex the differences are small
compared to the current experimental error on these quantities.
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In this section the weak radiative corrections originating from Standard Model
effects are outlined. The interpretation of observables like sin? % in terms of
my or my thus implies the validity of the Standard Model and that there are
no other causes changing the effective couplings of the fermions to the Z. Possi-
ble effects could originate from additional particles predicted by Supersymmetry,
which would modify the p-parameter obtained from measurements at the Z res-
onance [36].

The interpretation of direct experimental observables (total cross-sections, asym-
metries) in terms of physical parameters is done in steps of increasing level of
assumptions about the underlying theory. The extraction of Z parameters (mass
and width) can be done in a way which relies only on the validity of QED and
without assuming that weak radiative corrections originate from known Standard
Model processes and particles only. Also, the effective couplings v¢ and a¢, and
thus sin®#f;, can be obtained from the measured asymmetries, corrected only
for QED effects. This is often called “model independent” just because it allows
the comparison of these derived quantities with the Standard Model without
restricting them to their Standard Model expectations.

Using these results to constrain parameters like my depends on the validity of the
Standard Model and ignores possible contributions to the observed cross-sections
and asymmetries from physics not described by the Standard Model.

QED Radiative Corrections

The QED radiative corrections comprise all Feynman diagrams with an emission
of a real photon and with an internal photon loop. The QED corrections are cal-
culated with very high precision and do not add to the sensitivity of the Standard
Model parameters. However, in eTe™ annihilation the corrections due to photon
emission in the initial eTe™ state (Initial State Radiation: ISR) are particularly
large:

e At energies far above the Z peak, the emission of a photon reduces the
centre-of-mass energy available to the eTe™ system so that the annihilation
reaction takes place at the Z peak, which is favoured due to its much higher
cross-section. The total cross-section is thereby increased, and observables
(such as the forward-backward asymmetries) receive contributions from the
effective lower energies v/s' < /5.

e At energies which are just a few GeV above the Z peak, it is sufficient to
include the ISR correction in the theory prediction.

e At the Z peak the ISR correction still represents the main part of the QED
correction, leading to a reduction of both cross-section and asymmetry of
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Figure 2.3: The Feynman diagrams for eTe™ annihilation into fermions at
energies close to the Z resonance. Directly at /s = myz, the Z
exchange (middle) is by far the dominant channel. The reaction

ete™ — eTe™ receives a contribution from the ¢ channel exchange
(right diagram).

the order of 10 %. The correction to the forward-backward asymmetry due
to final state radiation amounts to 0.17 %, and the interference between
both is negligibly small.

The QED corrections are calculated within the ZFITTER programme package
[34]; their effect on the b and ¢ asymmetries are discussed in more detail in
Section 2.6.

QCD Radiative Corrections

Radiating gluons in the quark final state differs from photon final state radiation
only by the strong coupling constant and its characteristics. However, as colour-
charged particles the radiated gluons are subject to confinement and contribute
to the hadron formation. The treatment of gluon radiation is therefore a part
of the phenomenological models for the transition from quarks to hadrons (see
Section 2.7.2), and is not combined with the other radiative corrections to the an-
alytic theory prediction. The effects of gluon radiation on the asymmetry depend
on the experimental set-up. Their correction is described later in Section 5.8.

2.5 Fermion Pair Production in ete~ Collision

The production of a fermion-antifermion pair in electron-positron annihilation is
described in lowest order by the exchange of a photon and a Z boson as shown
in Figure 2.3. In particular, heavy quark final states can only be created by the
s-channel exchange of a neutral gauge boson. The two s-channel diagrams on the
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left side lead to three terms in the cross-section corresponding to the exchange of a
photon, a Z boson and the interference of both with their individual contributions
depending on s = EZ)s. The electroweak theory predicts the cross-section as a
function of the scattering angle 6 (angle between the incoming electron e~ and
the outgoing fermion f) in the reaction ee™ — ff at the improved Born level
(allowing for mass effects) to

2

doy  2ma” o
dcos —  4s Neyt =4 (223)
{Gl(s)(l + cos? 0) + 4u;Go(s) sin® O 4 /1 — 4;G5(s) - 2 cos 0}

Gi(s) = QF = 20e0:QiRex(s) + (02 + a2) (vf + af — dpseaf) [x(s)]"

Ga(s) = @F — 2vw@QRex(s) + (v2 + ad)of [x(s)]* (2.24)
G3(8) = - QaeanfReX(s) + 4Ueaevfa'f‘X(s)|2
~—
~-exch. ~y—z-interference pure z-exchange

with gy = m?/s (m; = fermion mass). The number of colour degrees of freedom
N!is 1 for leptons and 3 for quarks.

The vector and axial-vector couplings defined in Eq. 2.9 and Eq. 2.22 as well as
the Z propagator

1 5
4 SiHQQW COS29W S — m% + imZ FZ

x(s) (2.25)

A X0

with the total decay width
a\
[z =3 N 5 Mz 1= (Uf2(1 +2p¢) + af (1 — 4#f)) (2.26)
£

is used.

Eq. 2.23 is valid only for unpolarised initial states and for the sum of all polar-
isation states of the final states. Furthermore, it is restricted to the case that
the outgoing fermion is not an electron, as for electrons the ¢ channel exchange
(Bhabha scattering) has to be added (Figure 2.3 on the right). For the analysis
of Z decays to heavy quarks it forms a background contribution, that can be fully
suppressed by selection cuts, and is therefore neglected in the following.

The total cross-section ete™ — ff is found to be:

1 doy Tt . 8
o¢(s) = /—1 Toosd d cosf = 4—ch V1 —4ps <§G1 + 27wa2) (2.27)
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Figure 2.4: The hadronic cross-section as a function of centre-of-mass energy.
The solid line is the prediction of the Standard Model, and the
points are the experimental measurements. Also indicated are
the energy ranges of various ete™ accelerators. The cross-sections
have been corrected for the effects of photon radiation.

At /s = my the Z propagator (Eq. 2.25) becomes resonant so that the photon
exchange and its interference with the Z exchange can be neglected.

Figure 2.4 shows the total cross-section for ete™ — hadron as a function of the
centre-of-mass energy +/s. One notices the enormous increase of the cross-section
at the Z pole as compared to the 1/s dependence of the pure photon exchange
in QED. Indicated are the approximate energy ranges of ete™ accelerators. The
effect of the Z on the total cross-section is small for the previous generation of
ete™ accelerators PEP, PETRA, and TRISTAN. For the experiments performed
at LEP and SLC at the Z resonance, the cross-section e*e™ — hadron is about
thousand times larger than the cross-section from photon exchange.

2.6 The Forward-Backward Asymmetry

The terms proportional to cos in the differential cross-section (Eq. 2.23) lead
to a difference in the number of fermions produced in the forward and backward
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Figure 2.5: The forward-backward asymmetry as a function of the centre-of-
mass energy. The left plot displays the improved Born calculation
for b and ¢ quarks. In the zoomed region around the Z resonance
(right plot), a comparison between the improved Born and full
QED corrected b and ¢ quark asymmetries is given. In both cases
ZFITTER [34] was used.

hemispheres. This is parameterised by the forward-backward asymmetry

where op (0p) denotes the contribution to the total cross-section from a fermion
moving to the forward (backward) hemisphere with respect to the electron beam
axis.

1 0
do dcosf , 0B = do

d cos @ (2.29)

o = o dcos@ 1d cosf

The advantage of the asymmetry observable, compared to the cross-section, is its
independence of the total event rate*, while it provides the same sensitivity to
the predictions of the electroweak theory.

Inserting Eq. 2.23 into Eq. 2.28 leads to the dependence of the forward-backward
asymmetry on the centre-of-mass energy and fermion type,

_ 3 Gi(s)vT — 4
4 Gi(s) + 2mGh(s)

AL (s) (2.30)

Figure 2.5 shows ALg(s) for a wide range of the centre-of-mass energy at the
improved Born level. In addition a comparison with the full QED and electroweak

4The total event rate is only known with limited precision and introduces an additional
systematic error in the total cross-section measurements.
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Figure 2.6: In the Standard Model the variation of A; with sin® 6% is con-
trolled by the charge and weak isospin assignment of the fermion
species involved. The measured values of sin?#; are close to
0.23. In this region, A, (for leptons) depends strongly on sin® 6,
while A, and A;, (for b and ¢ quarks) depend much more weakly
on sin? §%;. This behaviour also influences the forward-backward

asymmetries displayed on the right side.

corrections for the energy range close to /s = myz — which is relevant for this
analysis — is given. The programme ZFITTER [34] was used to compute both
diagrams in Figure 2.5.

The term from the Z/~-interference is strongly forward-backward asymmetric
at energies above and below the Z resonance. This leads to the large values of
up to 0.6 for Apg in Figure 2.5. The interference of photon and Z has been
observed at experiments performed at PEP, PETRA and TRISTAN through the
forward-backward asymmetry [34]. The interference term vanishes at /s = my
together with the pure (symmetric) photon exchange. As a consequence, App
at \/s = my observes the parity-violating properties in the coupling of the Z to
fermions directly.

The pole asymmetry A%E, (Afg at /s = my in improved Born calculation)
can be expressed (neglecting the fermion masses and the contributions from the
photon exchange) as the product of the fermion asymmetry parameters A;. These
parameters describe the coupling to the initial (A,) and final (A¢) state fermions:

3 20,/ e 2up/ay
4 1+ (vo/ae)? 1+ (ve/ag)?’

3
A%t = S AAr = (2.31)

e The asymmetry parameters depend solely on the ratio of the vector and
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axial-vector couplings. This ratio yields the effective electroweak mixing
angle,
Ut .2 pf
— = (1 —4|Q¢|sin”O4) . 2.32
o (1 Q] sin” 6L (2.32)
e Using the Standard Model expectation for the electroweak mixing angle,
the behaviour of A; as a function of sin? !¢ depends only on the fermion

charge.

— For charged leptons ¢ the parameter A, varies rapidly with sin? 6%

— For quarks this dependence is much weaker: While A4}, in the case
of down type quarks is almost constant and almost 1 in the interesting
region of sin? 6% close to 0.23, A, for up type quarks still shows a
slight dependence on sin® fk;.

Following these considerations, the heavy quark forward-backward asym-
metries are expected to be much more sensitive to A, originating from the
coupling of the electrons and positrons of the accelerator beams to the Z
than to A4 coming from the coupling to the final state b and ¢ quarks. This
mainly determines the leptonic effective electroweak mixing angle sin? 6%;.
The behaviour of A; and ALy on sin? 04 is illustrated in Figure 2.6.

The light quark forward-backward asymmetries would have the same sen-
sitivity as the b and ¢ quark forward-backward asymmetries, but the sepa-
ration from primary u, d or s quark events from each other is not sufficient
at the LEP experiments to use them for competitive measurement.

e As a consequence, the results from the forward-backward asymmetry of b
and ¢ quarks can be combined with lepton final state measurements to de-
termine sin? #%; with high precision, and to put constraints on the Higgs
boson mass, which enters the effective mixing angle via higher order elec-
troweak corrections.

Even though the Higgs boson mass dependence is only logarithmic, sin? 6% is
still the most sensitive quantity to my in the Standard Model. This provides an
additional strong motivation for the LEP experiments to measure the b and c
quark asymmetries with optimal precision.

2.7 From Quarks to Stable Particles

Quarks are always confined to colourless objects (Section 2.2), the hadrons. Thus,
the primary quarks cannot be observed directly. As a consequence, the final state
consists of colour-neutral particles, which are grouped to jets pointing along the
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flight direction of the primary quark. To test the theoretical predictions it is
necessary to simulate the behaviour of the final states with event (Monte Carlo)
generators. For this purpose, the process eTe™ — hadrons is divided into four
phases for centre-of-mass energies close to my;:

1. The annihilation of the eTe™ pair and the subsequent creation of the initial
quark antiquark pair is a pure electroweak process. It can be calculated
according to Sections 2.1.2, 2.4 and 2.5.

2. The emission of gluons with high energy, which lead to the creation of
further qq pairs (parton cascade). This QCD processes can be calculated
perturbatively. The calculations in perturbative QCD are limited by a
minimal momentum transfer of ~ 1 GeV/c due to the running of a.

3. Beyond this threshold, the transition from the quasi-free partons to bound-
state hadrons, the fragmentation process, has to be predicted by phe-
nomenological models.

4. In the last phase, the decays of 7 leptons and unstable hadrons determine
the experimentally observable final state. Hereby it has to be taken into
account that long-lived unstable hadrons potentially decay during the de-
tection process, that is in or in-between sub-detectors.

Both parton cascade and fragmentation are explained in detail in the following
two sections. Details on the decays and transformations of hadrons with b and ¢
quark content are given in Section 2.8.

2.7.1 The Parton Cascade

After the initial quark production and the subsequent splitting into more quarks
and gluons with high momentum transfer, the hard gluon radiation is the regime
of perturbative QCD. It means that the running coupling constant «y is suffi-
ciently smaller than 1, so that the perturbative expansion converges.

One way to obtain the probability for the resulting final state is its direct com-
putation by means of QCD matrix elements. This can be performed up to the
second order in «g, resulting in a qqqq or qqgg final state and leaving a possible
further splitting into more partons to the fragmentation model.

The other way consists of an iterative procedure like the QCD cascade model. It
produces a quark-gluon shower by calculating the process of gluon emission or
gluon splitting into partons in leading logarithmic approximation in an iterative
way, which uses the split virtuality (i.e. squared momentum) as input to the next
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iteration. A cut-off parameter is used to keep off the non-perturbative region and
to stop the iteration, preventing infrared divergences at low momenta. This model
is implemented in the JETSET 7.4 simulation programme [37] used throughout
this analysis.

2.7.2 String Fragmentation

At a momentum transfer of below ~ 1 GeV/c, the strong coupling constant ag
exceeds unity, and perturbative treatment is not justified anymore. The transition
from partons to hadrons happens at this energy scale. Since detailed descriptions
of the hadronisation process that are based on first principles of QCD are not yet
available, phenomenological models are used.

A simple approach to describe the creation of jets of hadrons from a primary
or secondary parton, created in the fragmentation process, is the independent
fragmentation picture [38,39]. Even though this model is not used any more in
modern Monte Carlo generators, it is well suited for a demonstration of the basic
ideas about the hadronisation process. An independent hadronisation process is
performed for each parton in this model. In an iterative procedure, a qq quark
pair is created in each step. One of the two new (anti)quarks is combined with
the isolated parton to form a meson. The other (anti)quark remains as isolated
parton for the next step. During each step of the hadronisation, a fraction z
of the light cone momentum of the isolated parton is assigned to the resulting
hadron:

y = (E + p”)hadron (233)

(E+21),

The remaining momentum fraction (1—z) is left for further iterations. The actual
fraction z assigned to the hadron is described by a probability distribution f(z),
which is assumed to be the same in each step. The probability to find a hadron
with momentum fraction between z and z +dz is F'(z)dz. The contribution from
primary hadrons is f(z)dz. A second contribution comes from the possibility
that a hadron of momentum fraction z can occur as a secondary hadron, created
in the splitting of another hadron with larger momentum fraction 1—n, 7 > 2. A
primary hadron of momentum fraction between 1 — 7 and 1 —n+ dn occurs with
probability f(1 — n)dn, and the probability for a hadron of momentum fraction
z to appear in the remainder jet of it (which has a momentum fraction of 1) is
F(z/n)dz/n. The total probability to find a hadron with momentum fraction z
is then [39]:

Fe)ds = f(a)ds+ [ " (1= n)F(z/m)dzdn/n (2.34)

= FE) = [+ [ 70—/ (2.35)
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The most prominent assumption in this equation is scale invariance. F'(z) de-
scribes the energy distribution of any hadron created during the hadronisation
process, and f(z) describes the energy distribution of hadrons containing the
initial parton. Both functions are called fragmentation function.

A large class of models describes hadronisation involving colour flux tubes, or
strings, each spanned between two quarks created during the perturbative event
phase. Usually the motion of a string is described by classical, relativistic dynam-
ics. As the quarks move apart from each other and the string is stretched, the
energy stored in the string increases linearly with growing distance d of quark
and antiquark at the end of the string: E o kd. The string tension (energy
density,), x of about 1 GeV /fm is constant along the string, if the transverse ex-
tension of the string (~ 1 fm) is assumed to be constant over its full length and
much smaller than the longitudinal extension. Because the string is assumed to
be uniform along its length, the probability for a qq pair creation to occur on the
string per unit length and per unit time is a constant.

The creation of qq pairs along the string in the Lund model takes into account
the quark masses. This has important consequences: (q pairs are expected to be
created locally, i.e. at one space point. However, in order to transfer a virtual
qq pair into mass-shell particles, energy has to be taken from the string. For
quarks of mass mq, and a transverse momentum p; with respect to the string, the
minimum required energy is Enin = 2y/m2 4+ pf = 2myp. Here mp = /m2 + pf
is called transverse mass. It is assumed that both members of the qq pair have
a transverse momentum p; of same size, but opposite direction. Otherwise the
string would acquire a transverse excitation, which is assumed not to happen.
The required energy can only be obtained by a spatial separation of quark and
antiquark along the string of Az, = Emin/k = 2mr/k. The string fission is
thus suppressed by the probability for a tunnelling process of a locally created qq
pair to spatially separated on-shell quarks. The suppression factor was found to
have two terms [40]. The first term provides an automatic suppression of heavy
quark production during string hadronisation. The ratio of flavour production
rates is estimated to be Py : Py: P, : P. =1:1:0.3 : 107! using kinematical
quark masses. The second term in the tunnelling probability corresponds to a
suppression of large transverse momenta. The transverse momentum distribution
is predicted to be independent of the quark flavour. A further prediction is
that baryon production (requiring two quarks and two antiquarks) is less likely
than meson production, in accordance with observations. If a virtual qq pair
fluctuates out of the vacuum somewhere along the string, and if this qq pair has
the same colour as the endpoint quarks of the string, the colour field is locally
compensated and the string breaks into two pieces. This procedure happens
repeatedly until the remaining energy of the individual string segments is not
sufficient to transform another virtual qq pair into a real one.
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In the following, parametrisations for f(z) for the Lund string hadronisation
scheme will be presented. Both independent and string hadronisation are per-
formed iteratively, with the basic assumption of a scale invariant fragmentation
function. The integral evolution Eq. 2.35 is therefore equally valid in the Lund
string hadronisation picture. For light hadrons in a jet the fragmentation func-
tion f(z) = (1—2)/z delivers an adequate description of longitudinal momentum
spectra in energy regimes where only u, d or s quarks are produced. The energy
distribution of hadrons containing a heavy (b or ¢) quark cannot be explained
with the above parametrisation [41]. Dedicated heavy quark fragmentation func-
tions are therefore necessary.

The most well known fragmentation parametrisation for heavy quarks is the one
suggested 1983 by Peterson et al. [42]. It is based on the assumption that the
amplitude T o< 1/AFE of the transition of a heavy quark @ into a heavy hadron
H = (Qq) plus a light quark ¢ is mainly determined by the energy difference

mg (1 m2/m¢ 1 e
AE~ 2 (24 29/7Q 1) 5129 2.36
2P<zjL 1—2z )oc z 1—2 ( )

between initial and final state. The actual fragmentation function is a probability
distribution of hadrons carrying the momentum fraction z, and as such it is
proportional to T2. Together with a phase space factor of 1/z one obtains

fo(z) = N% (1 _1_ % )_2 (2.37)

with a normalisation factor N.

Collins and Spiller noted that the Peterson parametrisation shows a behaviour
o (1—2)? for 2 — 1[43]. This is in contradiction to the (1—2z) behaviour expected
for mesons from dimensional counting arguments by Brodsky et al. [44]. For
the same reason they stated that the Peterson parametrisation cannot fulfill the
reciprocity relation [45-47] which connects exclusive heavy meson H structure
functions Fi# to exclusive fragmentation functions D§(z) at high z. Collins
and Spiller have suggested a fragmentation parametrisation which takes care of
reciprocity and dimensional counting:

fQ(z):N<1_Z+(2_Z>EQ>(1+z2) (1—%— “Q >_2. (2.38)

z 1—=2

€q is defined as in Eq. 2.36. As indicated by the common terms in Eq. 2.37 and
Eq. 2.38, the latter is a modification of the former.

A similar approach like the one by Collins and Spiller has been followed by
Kartvelishvili et al. already in 1978 [48]:

FR(z) = N2°9(1 — z2) (2.39)
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particle | fraction [%] | mass [MeV/c?] | lifetime [ps]
BT 38.8 + 1.3 5279.0 £ 0.5 1.65 =+ 0.02
BY 389 + 1.3 5279.4 + 0.5 1.55 £0.04
BY 10.6 +£ 1.3 5369.6 + 2.4 1.46 + 0.05

b baryons | 11.8 £+ 2.0 — 1.21 4+ 0.05
Ay — 5624. + 9. 1.23 £+ 0.08
Dt 23.6 £ 1.6 1869.3 + 0.5 1.051 £ 0.013
DY 54.3 1864.5 & 0.5 0.412 £ 0.003
DF 12.6 £ 2.6 1968.5 + 0.6 0.490 £ 0.009

¢ baryons | 9.5 + 2.3 — —
AF — 2284.9 £ 0.6 0.200 £ 0.006

Table 2.2: Properties such as production fraction, mass and lifetime of the
most important b and ¢ hadrons in their ground state, from [50].
The baryon production fractions in bb and c¢ events are given for
the admixture of all ground state band ¢ baryons. The ¢ hadron
fractions are normalised to 100 %, hence no measurement error is
quoted for the D fraction [51].

According to the string fragmentation model, hadrons are created iteratively at
each end of the string. The z distribution determines the actual positions of
breaks on the string. Andersson et al. have imposed the requirement that hadro-
nisation from either (q or @) end of the string should lead to the same distribution
of string breaks. They have shown [49] that this symmetry condition®, is sufficient
to constrain the functional form of the fragmentation function to:

falz) = N2 (1= 2)"exp <—bm2T> (2.40)

z z

2.8 Properties of Hadrons with b and ¢ Quarks

At LEP energies only quarks with five different flavours (u, d, s, ¢, b) are pro-
duced. Together with light quarks from the fragmentation, b and ¢ quarks form
different types of B mesons (mesons with a b quark as heaviest quark), D mesons
(mesons with a ¢ quark as heaviest quark) and baryons. Usually heavy quarks
are produced in the primary 7 decay. Besides that there is a small contribution
from hard gluons from the parton shower, splitting into bb or ¢ pairs, producing

5along with additional assumptions like no transverse string excitations and a constant string
tension
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Figure 2.7: Feynman diagrams showing the B} — BY oscillation.

heavy hadrons also in light quark events. Measurements at LEP and SLC show
that the rate of heavy quarks created by gluon splitting is rather small [52].

As decay products of b hadrons, ¢ hadrons also appear in bb events. By taking
into account such cascade decays and little corrections due to gluon splitting,
primary bb and ¢t events can be accessed directly via the study of b and ¢ hadrons
produced at LEP. The most important b and ¢ hadrons produced at LEP and
some of their properties are listed in table 2.2. Some properties of the heavy
hadrons like their mass and lifetime are used to reconstruct them. The inclusive
reconstruction can only be used to identify primary bb events with high efficiency
but with limited purity. The exclusive technique fully reconstructs the decay of
a b or ¢ hadron, including its charge, by identifying all stable particles from the
considered decay. This method yields a highly enriched set of bb or cc events
with limited efficiency. Especially the identification of leptons from semileptonic
b or ¢ decays is an excellent method to get a very pure sample of bb and also
of c€ events with a strong correlation between the primary quark charge and the
lepton charge. It is the leading method to measure the ¢ quark forward-backward
asymmetry and a good alternative to the inclusive method to measure the b quark
forward-backward asymmetry.

Oscillations of Neutral B Mesons

The charge of a b quark can be identified by exploiting the correlation to the
track charges in inclusively reconstructed b hadron decays or even better by
reconstructing the charge of the lepton of a semileptonic b decay. In the case
of neutral Band BY mesons, oscillations between particle and antiparticle dilute
the charge correlation already before the decay. The leading order diagrams for
the B — BY oscillation are shown in Figure 2.7.

Starting with a BY state at time ¢ = 0, the probability to observe a B decaying

at the proper time ¢ can be expressed by

0 - (L) i)

B
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while a Bg is still observed with the probability

ppot mixed(yy Lo <—i>-[1+cos(amq-t)} (2.42)

27’]3 B
1 Amy -

= —exp (_i) . [1 — gin? <m7qt)]
B B 2

Here 15 denotes the lifetime of the Bg and Amg = mpy — mpg the mass difference
between the mass eigenstates of the oscillating mesons. Effects from CP violation
as well as a possible difference between the Bg lifetimes of the heavy and light
mass eigenstates are neglected. The time-integrated mixing probability, x4, then

becomes

.CE2

Xq = /0 P]gélxed(t) dt = qug) y, Tg = AquB (243)
The mass difference Amq in the BY system is small, allowing both, a time-
dependent measurement aimed at a direct determination of Amqg (Eq. 2.41) and
a time-integrated measurement of x4 (Eq. 2.43). The current world average for
the total mixing probability is xq = 0.181 £ 0.004 [26]. Using the measured BY
lifetime (see Table 2.2), the Particle Data Group [26] quotes a result for the mass
difference of Amg = 0.502 & 0.007 ps~*.

Due to the apparently larger mass difference Amy in the B%-system, only a time-
dependent measurement is possible which leads to a lower limit on the mass
difference of Amg > 14.1 ps~! [26]. The total mixing probability y, is compatible
with 0.5, implying that no information on the primary quark charge can be
deduced from the B? decay products [26].

The total average mixing parameter Y is the probability that a b quark decays
as its antiparticle due to mixing. It is defined by

X = /8o Xa+ fBo - Xs - (2.44)

The fractions fBg and fgo can be taken from table 2.2. The current world average
for the total B mixing parameter is [26]:

X = 0.1184 + 0.0045 . (2.45)

This value does not include the result from the measurement presented later in
this work.



Chapter 3

The OPAL Detector at LEP

3.1 The Large Electron Positron Collider (LEP)

LEP [6] was an electron-positron collider ring at CERN! with a circumference
of approximately 27 km, making it the largest particle accelerator in the world.
It was situated in a tunnel approximately 100 m below the Swiss and French
surface near Geneva. The collider layout included eight straight sections, with
collisions between electron and positron bunches allowed to take place in four of
them. The four interaction regions were each instrumented with a multipurpose
detector: ALEPH [53,54]|, DELPHI [55,56], L3 [57-59], and OPAL [60-64], as
indicated in Figure 3.1.

LEP was commissioned in 1989 and has been very successfully operated until it
was shut down and dismantled at the end of 2000. In the time period from 1989
to 1995, it was operating at a beam energy of about 45.6 GeV or half of the Z
mass. This operation energy was chosen to take advantage of the Z resonance in
the ete™ collision cross section, which enhances the total cross section by several
orders of magnitude with respect to the non-resonant photon exchange cross
section which is dominant at lower energies (see Section 2.5). In summer 1989
the first Z bosons were produced at LEP and observed by the four experiments.
Over the following years the operation of the machine and its performance were
steadily improved. At the end of LEP data taking around the Z resonance in

autumn 1995 the peak luminosity had reached 2 - 103! cm™2s7!, well above its

design value of 1.6 - 103 cm~2s~!. At this luminosity, approximately 1000 Z
bosons were recorded every hour by each of the four experiments, making LEP a

true Z factory.

L“European Laboratory for Particle Physics” — the abbreviation has been kept from the
first name of the laboratory: “Conseil Européen pour la Recherche Nucléaire”.

31
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LEP

Figure 3.1: The LEP storage ring, showing the locations of the four ex-
periments, and the existing accelerators (PS, SPS) used as pre-
accelerators for the electron and positron bunches.

The data collected in 1989 constitute only a very small subset of the total statis-
tics and are of lower quality, and therefore these are not used in the final analy-
ses. In the years 1990 and 1991 “energy scans” were performed at seven different
centre-of-mass energies around the peak of the Z resonance, placed about one
GeV apart. In 1992 and 1994 there were “high-statistics runs” only at the peak
energy. In 1993 and 1995 data taking took place at three centre-of-mass energies,
about 1.8 GeV below and above the peak and at the peak. The accumulated event
statistics amount to about 17 million Z decays recorded by the four experiments.

Starting in 1996, the LEP energy was gradually increased up to a maximum of
209 GeV achieved in 2000. Main physics goals pursued in this LEP2 programme
were a detailed investigation of W* properties and the search for new phenomena
beyond those previously accessible to accelerator-based particle physics.

Originally four bunches of electrons and four bunches of positrons circulated in
the ring, leading to a collision rate of 45 kHz. The luminosity was increased in
1992 by using eight equally spaced bunches (“Pretzel scheme”), or alternatively
four trains of bunches with a spacing of order a hundred metres between bunches
in a train.

Electrons and positrons were accelerated to about 20 GeV in the already existing
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linear accelerator LIL and the PS and SPS ring accelerators, then injected and
accumulated in bunches in the LEP ring. When the desired bunch currents
of more than 3 mA were achieved, the beams were accelerated and only then
brought into collision at the interaction regions at the nominal centre-of-mass
energy for that “fill”. A fill would continue for up to about 10 hours before the
remaining beams were dumped and the machine refilled. The main bending field
was provided by 3280 concrete-reinforced dipole magnets in the eight 2840 m
long arcs. At 45 GeV beam energy the required field is 0.048 T. Hundreds of
quadrupole and sextupole magnets were used for focusing and correcting the
beams in the arcs and in the straight sections. On both sides of each experiment
the beam is focused with superconducting quadrupole magnets, increasing the
luminosity. For LEP1 running, the typical energy loss per turn of 125 MeV
was compensated by a radio-frequency accelerating system comprised of copper
cavities, with a total power of 16 MW, installed in just two of the straight sections,
to either side of .3 and OPAL.

Much effort was dedicated to the determination of the energy of the colliding
beams. Several techniques have been employed to measure it, the most precise
being the one using resonant spin depolarisation [65,66]. This technique was suc-
cessfully established in late 1991 during the scan of the Z resonance. A precision
of about 2 MeV in the centre-of-mass energy was achieved, corresponding to a
relative uncertainty of about 20 - 107% on the absolute energy scale. This level of
accuracy is vital for the precision of the measurements of the mass and width of
the Z and for the correction which has to be made to come from the measured
forward-backward asymmetry to the forward-backward asymmetry at the Z pole.

Numerous potential causes of shifts in the centre-of-mass energy were investigated
and some unexpected sources identified. These included the effects of earth tides
generated by the moon and sun and local geological deformations following heavy
rainfall or changes in the level of Lake Geneva. While the beam orbit length
was constrained by the RF accelerating system, the focusing quadrupoles were
fixed to the earth and moved with respect to the beam, changing the effective
total bending magnetic field and the beam energy by 10 MeV over several hours.
Leakage currents from electric trains operating in the vicinity provoked a gradual
change in the bending field of the main dipoles, directly affecting the beam energy.
The collision energy at each interaction point also depended for example on the
exact configuration of the RF accelerating system. All these effects are large
compared to the less than 2 MeV systematic uncertainty on the centre-of-mass
energy eventually achieved through careful monitoring of the running conditions
and modelling of the beam energy.
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3.2 The OPAL Detector

The OPAL (“Omni Purpose Apparatus for LEP”) detector was one of the four
large experiments at LEP. It is described in full detail elsewhere [60-64]. In this
chapter the design requirements, the detector components, and their performance
are summarised in the light of the measurements that are presented in this thesis.

The conceptual idea for this detector was to build a functionary detector at
relatively low cost with a well-known and tested detector technology. This should
ensure a reliable running of the OPAL detector from the beginning of the LEP
physics program.

The OPAL detector has been designed as a general purpose experiment to study
all physics processes in ete™ collisions at centre-of-mass energies around the Z
resonance and beyond. This leads to the following main requirements:

e precision measurement of charged particle tracks: determination of their
momentum and charge and identification of the particle species,

e reconstruction of both the primary event vertex and possible secondary
vertices from the tracks,

e measurement of energy and direction of neutral particles, both photons and
hadrons,

e coverage of as much of the solid angle as possible to identify events with
missing energy due to non-interacting particles and

e precision luminosity measurement via low-angle Bhabha scattering.

The general layout of the OPAL detector is described in the following and is
also shown in Figure 3.2. Charged particle track reconstruction is achieved by
the central tracking system, consisting of a set of three different drift chambers
complemented by a silicon micro-vertex detector around the beam pipe. The cen-
tral tracking system is located inside a solenoid which provides a uniform axial
magnetic field. The beam axis coincides with the z axis of the detector coordi-
nate system?. The tracking system provides precise momentum measurements
of charged particles and a determination of the charge sign via the curvature of

2Two coordinate systems are used at OPAL: (a) A right-handed Cartesian coordinate system,
with the z axis pointing in the plane of the LEP collider towards the centre of the ring. The
flight direction of the beam electrons is used as z axis. (b) A polar coordinate system with
the same z axis as (a). The azimuthal angle ¢ is counted from the z axis, the polar angle 6
describes the angular distance to the z axis. The radial distance from the electron beam is
denoted 7.
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Figure 3.2: The OPAL detector.
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the track, an identification of the particle species by a measurement of the spe-
cific energy loss dE/dz, and the possibility to reconstruct primary and secondary
decay vertices.

Outside the magnet coil follows the electromagnetic calorimeter system, consist-
ing of segmented lead glass, which measures the direction and energy of electro-
magnetic showers initiated by photons or electrons.

The iron return yoke and pole pieces of the magnet are instrumented with
streamer tubes and thin multiwire chambers to act as a hadronic calorimeter.
It is surrounded by four layers of muon chambers. The endcaps are equipped
with similar detector layers. Additional detectors are installed close to the beam
pipe in the very forward regions of the detector for a measurement of the lumi-
nosity via Bhabha scattering.

3.2.1 Central Tracking System

The central part of the OPAL detector is equipped for the reconstruction of
charged particle tracks. It consists of a silicon micro-vertex detector and three
drift chambers, embedded in a homogeneous magnetic field of 0.435 T parallel to
the beam pipe, provided by an aluminium solenoid.

The silicon micro-vertex detector was first operational in 1991 [61], in order to
improve the track resolution in the immediate neighbourhood of the interaction
point and thus to reconstruct secondary vertices of heavy flavour hadrons or other
long-living particles. Lifetime measurements of around 1072 s are achievable.
This sub-detector was mounted directly outside of a beryllium beam pipe. It
consisted of two concentric layers of single sided silicon strip detectors located at
a distance of 6.1 cm and 7.5 cm from the centre of the LEP beam pipe. The length
of the detector was 18.3 cm, covering an angular range of | cos 0| < 0.83 with the
inner, and |cosf| < 0.77 with the outer layer. The intrinsic spatial resolution in
r-¢ was about 10 pm. In 1993 it was upgraded to measure tracks in both r-¢
and r-z planes [62]. Since then, a z resolution of 15 um had been achieved for
particles that pass the silicon strips perpendicularly. In 1996 a further upgrade
extended the angular coverage of the detector for at least one silicon measurement
from |cosf| < 0.83 to |cosf| < 0.93 (| cosf| < 0.89 for two hits) [63]. After the
upgrades, the inner and outer layers consist of 12 and 15 ladders, respectively,
where each ladder is equipped with two silicon strip detectors for r-¢ and r-z
coordinate readout, glued back-to-back. A measure of the precision is the impact
parameter resolution as determined from lepton pairs produced in Z decays. A
resolution of o(dy) = 18 pm in the z-y plane and of 0(zp) = 24 pm in z direction
is obtained.
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The central drift chamber system consists of vertex drift detectors and the jet
chamber [67]. It is complemented by so-called “z-chambers” to improve the reso-
lution in the z direction. The vertex drift chambers are directly connected to the
silicon detector. The central drift chambers are embedded in a pressure vessel,
keeping the chamber gas® at 4 bar. A high pressure allows a more precise mea-
surement of the specific energy loss, dE/dx, of a particle within the jet chamber,
at the cost of enlarging the error on momentum measurement especially for low
momenta particles due to multiple scattering. The choice of a suitable pressure
was a compromise between both effects.

The vertex chamber consists of two parts segmented azimuthally into 36 sectors.
The inner part covers the region between 8.8 cm and 15.5 cm radially from the
interaction point. The radius of the outer chamber part is 23.5 cm. The vertex
chamber covers the polar angle range of |cosf| < 0.98. The wires of the inner
part are parallel to the beam axis, whereas the so-called “stereo-wires” of the
outer chamber part are tilted by 4° with respect to the beam axis, to allow for
a more precise determination of the z coordinate. The hit resolution in the r-¢
plane is ~ 55 um. The z resolution of the inner part (4 cm) can be improved by
the additional use of the stereo-wires to ~ 700 pm.

The jet chamber — the largest component of the tracking system — surrounds
the vertex chamber and has an outer radius of 1.85 m and a length of 4 m. It
consists of 24 azimuthal sectors, which are each equipped with 159 anode wires
along the beam direction. The sector boundaries consist of cathode planes of 475
wires each with 3.36 mm interspacing. The maximum drift length is 3 cm to the
innermost and 25 cm to the outermost signal wire. Tracks within a polar angle
range of | cos @] < 0.73 (barrel region) pass all 159 wires; for a particle to pass at
least eight wires, the requirement is | cos | < 0.98. The coordinates of the tracks
of charged particles in the 7-¢ plane are determined by the position of the wires
and a measurement of the drift time, achieving a spatial resolution of 135 pm.
The z coordinate is obtained with a resolution of 6 cm from the difference of
integrated charges as measured at the two ends of each wire.

The sum of the integrated charges is used to measure the specific energy loss per
path length dE/dx of the charged particle. The mean specific energy loss dE/dx
of a charged particle due to ionisation, as given by the Bethe-Bloch formula, is
a function of the particle velocity. Thus, the measurement of the specific energy
loss in the gas of the chamber, when combined with the momentum measure-
ment, allows a determination of the mass of the charged particle and therefore
an identification of the particle type. A relative error of 3.3 % on the energy loss
is achieved for tracks where dE/dz samplings from all wires in the jet chamber
can be used. Given the track momentum, the predictions for different parti-
cle hypotheses are compared with the measured value dF/dz(meas.) and the

3The drift gas was a mixture of 88.2 % argon, 9.8 % methane, and 2.0 % isobutane.
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Figure 3.3: The specific energy loss dE/dz in the jet chamber as a function
of the momentum for different particles.

measurement uncertainty o(dF/dz). Either the normalised deviation from the
expected value,

dE/dx(meas.) — dE/dz(exp.)

o(dE/dx)

is taken to select a given charged particle type, or this quantity is transformed
into a x? probability. The dE/dx weight W is then defined as the y? probabil-
ity, signed according to the sign of the normalised deviation. In Figure 3.3 the
dE/dx for a sample of tracks is shown as a function of the momentum. The
separating power for electrons is clearly visible. This is important for efficient
electron identification as used for the analysis presented in Chapter 5. More
precise information on the performance of the jet chamber can be found in [68].

(3.1)

For charged particles, the momentum component p; perpendicular to the beam
axis is measured from the curvature of the track in the magnetic field. The
track fit within the central jet chamber includes information from all parts of the
central tracking system. The average momentum resolution obtained at OPAL,
using the information of the central vertex, jet and z-chamber described above,
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is found to be

% =1/0.022 + (1.3 10-3(GeV /c)~1)? - p? . (3.2)
t

The constant term is due to multiple scattering in the chamber medium. The
second term describes the limitation of the resolution by geometrical issues
and the magnetic field. Including the additional tracking information from
the silicon micro-vertex detector, the coefficient of the second term improves
to 1.25-1073(GeV /c) L.

The z-chamber is needed for a second precise measurement of the z coordinate
in addition to that in the micro-vertex detector, in order to obtain an accurate
measurement of the momentum component along the beam. The z-chamber
surrounds the full 4 m length of the jet chamber. It consists of 24 flat drift
chambers of 50 cm width and 0.59 c¢m thickness, each of which is divided in z
into 8 cells of 50 cm length with wires perpendicular to the beam direction. The z
coordinate is determined with an accuracy between 100 pm and 300 pm, while the
¢ measurement relies on the charge division method (as used for the z coordinate
in the jet chamber) and reaches a resolution of 1.5 cm. For tracks outside the
geometrical acceptance of the z-chamber of |cosf| < 0.73, the second precise
measurement of the z coordinate along a track is obtained from the radius of the
outermost measurement wire in the jet chamber. The total track momentum is
obtained from the transverse momentum and the polar angle of the track.

3.2.2 Calorimeter System and Muon Chambers

The central tracking chambers and the magnet coil are surrounded by the electro-
magnetic calorimeter system, which is used to determine the energy and position
of electromagnetic showers initiated by photons and electrons. It consists of a
time-of-flight counter, a so-called presampler, and a lead-glass calorimeter. The
magnet return yoke outside the electromagnetic calorimeter is equipped as a
hadronic sampling calorimeter for the measurement of the energy and position of
hadronic showers. On the outside, the detector is surrounded with chambers for
muon identification.

Already at LEP1 there was a time-of-flight counter surrounding the barrel part
of the detector. At the beginning of the LEP2 programme the second part of
the time-of-flight counter was installed in the endcap regions. The barrel system
consists of 160 scintillator counters, each 6.84 m long, 9.1 cm wide, and 4.5 cm
thick. It is read out with photomultipliers and covers an acceptance region of
|cosf| < 0.82. In the endcaps, 120 scintillating tiles with fibre readout are
installed in front of the electromagnetic calorimeter blocks. The time-of-flight
counters are used for triggering purposes and to reject events from cosmic rays.
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The material in the central detector and the magnet coil corresponds to roughly
two electromagnetic radiation lengths, and thus, most electromagnetic showers
are initiated before the electromagnetic calorimeter. Unless tracks from a con-
verted photon can be reconstructed, this effect degrades the energy and angular
resolution of the electromagnetic calorimeter. This loss is partly recuperated
with the presampler, which is installed on the inside of the calorimeter to mea-
sure the multiplicity of electromagnetic showers. In the barrel region, it consists
of 16 streamer chambers of 6.6 m length, 94 cm width, and 3 cm thickness. The
endcap part is made of 32 drift chambers. The lateral spread of electromagnetic
showers in the presampler varies between 2 mm and 6 mm. An angular resolution
of ~ 2 mrad is achieved.

The electromagnetic calorimeter is also divided into a barrel, covering the region
| cos 0] < 0.82, and two endcap parts for polar angles within 0.82 < | cosf| < 0.98.
The barrel part consists of 9440 lead glass blocks with a cross-section of 10 x
10 cm?, corresponding to roughly 40 x 40 mrad?, and a length of 37 cm, equivalent
to 24.6 electromagnetic radiation lengths. The blocks are arranged in a pointing
geometry; they are oriented towards a point on the z axis close to the interaction
region. This arrangement helps in the reconstruction of electromagnetic showers,
while preventing particles from escaping through the small gaps between the
calorimeter blocks. In the endcaps, 1132 lead glass blocks with a cross-section of
9.2 x 9.2 cm? and roughly 22 radiation lengths thickness are aligned parallel to
the beam. The energy resolution is

oE (0.16 + 0.003)2
— = ,/(0.015 £ 0.003)2 3.3
E J ( P B (Gev) (3:3)
in the barrel and
o (0.218 + 0.025)?
— = ,/(0.018 £ 0.003)2 3.4
E J ( A T(5Y (34)

in the endcap regions, respectively [69]. For isolated electromagnetic showers, an
intrinsic spatial resolution of around 11 mm is achieved, when using an energy-
weighted mean from several adjacent lead glass blocks (“cluster”).

With help of the hadronic calorimeter, the energy of particles passing the elec-
tromagnetic calorimeter can be measured. The iron return yoke of the mag-
netic coil serves as the absorbing material of the calorimeter. It is segmented
into 10 layers of 10 cm thick iron. The space in-between is filled in a sandwich
technique with thin streamer chambers. The iron yoke covers a polar angle of
97 % with a hadronic radiation length of more than four. The energy resolu-
tion is limited by the material of the electromagnetic calorimeter, which corre-
sponds to two hadronic radiation length. Thus the showers are formed before the
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hadronic calorimeter is reached. By combining the signals of the electromagnetic

and hadronic calorimeter, an energy resolution of og/E = 120%/,/E/GeV for
hadrons can be achieved.

The hadronic calorimeter is surrounded by the muon chambers. Of the full solid
angle, 93 % are covered with at least one detector layer, while the coverage for
most of the detector is three or more layers of muon chambers. The detector
can be divided into a barrel, which consists of four layers of drift chambers, and
two endcaps, where four layers of streamer chambers are used. Over most of
the full solid angle, a pion traverses more than seven absorption lengths to reach
the outside of the hadronic calorimeter, corresponding to a probability not to
interact of less than 0.001. The identification of muons is based on the extrapola-
tion of charged particle tracks from the central detector through the calorimeter
and the identification of a matching track segment in the muon chambers. The
required positional and angular accuracy is determined by multiple scattering
in the material in front of the muon chambers to about 2 mm and 3 mrad, re-
spectively. Isolated muons with momentum greater than 3 GeV /¢ are identified
within the 93 % of the solid angle with an efficiency of close to 100 %, while the
misidentification probability for isolated pions of 5 GeV /c is less than 1 %.

3.2.3 Forward Detectors

In the forward region a system of drift chambers, calorimeters, and scintillating
tiles is installed to measure small angle Bhabha events (e"e™ — e*e™). The cross-
section of this process is dominated by the ¢t-channel ~v-exchange, a pure QED
process, which is calculated theoretically with a very high precision. Therefore
this process is ideal to determine the luminosity very accurately by a measurement
of the number of selected Bhabha events and the efficiency. The forward detectors
are mounted at a minimal distance of 2.4 m away from the interaction point. The
system consists of drift chambers in the front plane, the gamma catcher, a ring
of lead-scintillator sandwich modules, and the far forward luminosity monitor,
a lead-scintillator calorimeter positioned 7.9 m from the interaction point. The
system is complemented 1993 by a silicon-tungsten calorimeter, improving the
precision for the luminosity measurement from 1 % to 0.1 %.

3.3 OPAL Dataset and Simulated Events

The yearly winter shutdown periods at LEP were used for machine and detector
maintenance and upgrades. As a consequence, the detector setup, calibration,
and data quality vary among the datasets of different years. Especially the iden-
tification quality of events with a primary bb or ¢t quark pair relies on the
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reconstruction precision of secondary vertices. The vertex reconstruction per-
formance for the data that were taken without silicon micro-vertex detector is
much poorer than that for the rest of the sample. Therefore the data recorded
in 1990-1991 (before the installation of the micro-vertex detector), a period in
1992 and two periods in 1994 (no silicon information due to technical problems)
have to be treated differently in the forward-backward asymmetry measurement
presented later in this text. A total of ~ 4.1 million “gold plated” multi hadron
events (GPMH) [70] with silicon micro-vertex detector and ~ 750 thousand events
without silicon detector are available for physics analyses from the LEP1 phase,
recorded from 1989-1995. During the LEP2 programme, a further ~ 490 thou-
sand events were recorded at the Z pole for detector calibration purposes. So the
full 1990-2000 OPAL data set could be used for the determination of the b and ¢
forward-backward asymmetries. An overview of the OPAL datasets taken at or
close to the Z resonance is given in Table 3.1.

The measurement process of the detector can be simulated using Monte Carlo
methods. The GEANT package [71] is such a tool to simulate the interactions
of particles traversing the detector. The simulation package GOPAL [72] is a
GEANT application to obtain detector level information for the final state par-
ticles from events simulated with Monte Carlo event generators. To do so, the
GOPAL program contains a precise geometrical description of the detector, an
inventory of the materials used, and simulations for the response of the sub-
detectors.

The GOPAL program produces raw event data files which have the same format
as the event data files obtained from the online detector readout. This allows
the use of the same reconstruction and analysis code for simulated data and data
recorded with the detector.

Distributions for quantities calculated from event information can therefore be
compared directly for data and Monte Carlo simulation. An estimate for recon-
struction efficiencies and purities as well as efficiencies for cuts can be obtained.

Dedicated JETSET 7.4 [37,73] Monte Carlo samples are available with detailed
simulation of the detector setup of all years, and for all energies of data-taking. A
global fit to OPAL data has been performed to optimise the JETSET 7.4 [37,73]
parameters [74]. The OPAL tune of the JETSET 7.4 Monte Carlo generator uses
the Lund string hadronisation scheme [49] per default with a Bowler parametri-
sation for u, d, s quarks (e = 0.11; b = 0.52), and a Peterson parametrisation [42]
for charm (e, = 0.031) and bottom (g, = 0.0038) quarks. A total of 10.29 million
five-flavour hadronic events is available, plus 6.02 million bb and 2.43 million c¢
events. A detailed list of all subsamples is shown in Table 3.1.

The full JETSET 7.4 qq sample with 1994 detector simulation, 1 million events of
the JETSET 7.4 bb 1994 sample, and 1 million events of the JETSET 7.4 cc 1994
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Year | Energy | OPAL | Monte Carlo (JETSET)
[GeV] data qq | bb | «cc
1989 not used for physics
peak-2 | 0.016 M — — —
1990 | peak 0.114 M | 0.300 M | 0.075 M | 0.075 M
peak+2 | 0.022 M — — —
peak-2 | 0.026 M | 0.100 M | 0.025 M | 0.025 M
1991 | peak 0.304 M | 0.467 M | 0.125 M | 0.125 M
peak+2 | 0.022 M | 0.100 M | 0.025 M | 0.025 M
1992 | peak 0.856 M | 1.500 M | 0.400 M | 0.400 M
peak-2 | 0.118 M | 0.200 M | 0.050 M | 0.050 M
1993 | peak 0.553 M | 1.000 M | 0.275 M | 0.275 M
peak+2 | 0.160 M | 0.264 M | 0.075 M | 0.075 M
1994 | peak 1.886 M | 4.000 M | 3.740 M | 1.000 M
peak-2 | 0.111 M | 0.200 M | 0.050 M | 0.050 M
1995 | peak 0.558 M | 1.000 M | 0.250 M | 0.250 M
peak+2 | 0.162 M | 0.300 M | 0.075 M | 0.075 M
1996 | peak 0.037 M | 0.060 M — —
1997 | peak 0.070 M | 0.100 M — —
1998 | peak 0.109 M | 0.200 M | 0.250 M —
1999 | peak 0.136 M | 0.250 M | 0.250 M —
2000 | peak 0.142 M | 0.250 M | 0.250 M —

Table 3.1:

Summary of OPAL data recorded close to the Z pole and ap-
proximately 2 GeV above and below it, separately for the different
years of data taking. The numbers given for the data are for gold
plated multi hadron (GPMH) events. In addition the numbers
of general purpose Monte Carlo events are listed. The sample
sizes are given in units of a million events. qq denotes five-flavour
hadronic Monte Carlo event samples. bb and c€ samples are dedi-
cated heavy flavour Monte Carlo sets. All OPAL data and Monte
Carlo samples listed in this table are used for the measurement
of the b and ¢ quark forward-backward asymmetry measurement
presented in Chapter 5 of this text.

sample were created with JETSET 7.404, whereas all other samples were gener-
ated with JETSET 7.408. It was found that the older JETSET variant contains
a coding bug which distorts the b hadron energy spectrum slightly. The average
energy is shifted by 1.0 %. The energy spectrum of primary charmed hadrons is
not affected. The whole c¢G sample is therefore used in the measurement. The
bb events of these samples, with correction weights enabled, are only used for
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cross-checks and do not enter the final results.

The 1994 JETSET 7.4 qq sample differs from the remaining Monte Carlo (in-
cluding the JETSET 7.404 bb and ct samples) in another respect. The Peterson
fragmentation function is used with different parameters for b (e, = 0.0057) and
¢ (ec = 0.046) quark hadronisation. These values are comparatively far from
current estimates of these parameters [75].



Chapter 4

Forward-Backward Asymmetry
Measurements at OPAL

As an introduction, this chapter qualitatively describes and compares the different
methods employed by the OPAL collaboration to measure the bottom and charm
forward-backward asymmetries ARy and A%y. There are three different analysis
types to measure ARy [13,76,77] and two types to measure A§y [13,77] (equivalent
methods are used by the other three LEP experiments).

The following tasks have to be performed in these analyses:

selection of hadronic Z events,
e identification of the primary quark flavour,

e determination of the qq flight direction, in particular of | cosf|, where 6
is the polar angle between the incoming electron beam and the outgoing
fermion momenta,

e determination of the sign of cos # by distinguishing between primary quarks
and antiquarks.

The knowledge of the primary quark flavour and cos# is essential for measure-
ments of the forward-backward asymmetries. The measurement of cosf is split
into the determination of the absolute value and its sign: At leading order bb
and c¢ events result in two back-to-back jets, each containing the decay products
of one of the b or ¢ quarks. This assumption also holds for events with primary
light quarks (u, d, s). A schematic illustration of a typical Z decay into two jets
is given in Figure 4.1 for a light quark event (a) and a bb event (b). In both
cases the Z decays into a q pair at the primary vertex. Hadrons are formed

45



46 4 Forward-Backward Asymmetry Measurements at OPAL

fragmentationand —
hadronisation

secondary vertices
B-mesons

fragmentation tracks
primary
vertex

primary
vertex

tertiary vertices
D-mesons

(a) (b)

Figure 4.1: Schematic view of the typical topology of a light quark event (a)
in comparison with a bb event (b). Tracks from the fragmen-
tation and a possible strong decay of excited B states originate
from the primary vertex, while the particle trajectories from the
heavy hadron decay point to the secondary vertex. In addition,
there is a cascade decay via a B and D meson shown on the
right side of (b). The left side of (b) is a semileptonic b decay
(b — E_).

by the fragmentation and hadronisation process. This happens very close to the
interaction point. Excited hadron states decay rapidly via the strong interaction
to the corresponding ground state, so that their decay point cannot be disentan-
gled from the production vertex. For that reason a large majority of the hadron
tracks start closely to the primary event vertex. However the ground states of
the heavy hadrons decay weakly, allowing a relatively long lifetime. The most
common b and ¢ hadron ground states and their lifetimes are listed in Table 2.2.
In combination with their large mass and hence large momentum, the long life-
time corresponds to a decay length of several millimetres. This leads to a decay
vertex (secondary vertex) which is displaced from the production vertex (pri-
mary vertex). The production and decay of secondary ¢ hadrons produced in b
hadron decays is likewise controlled by the weak interaction, so that a cascade of
secondary and tertiary vertices can appear. The average distance between pro-
duction and decay of B mesons is 3 mm, of D° 1.5 mm and of D* 4 mm. These
distances are large enough to be resolved by the micro-vertex detectors operated
at LEP. Apart from the heavy hadrons, only the Ay, and the K have a similar
average decay length, so that an observed secondary vertex and in particular the
use of the reconstructed flight length provides a good method of identifying b
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and ¢ quark events with only low contamination from u, d and s quark events.
Another distinctive feature of b and ¢ hadrons is their high mass (see Table 2.2)
and consequently the high decay multiplicity. The relative mass difference be-
tween b and ¢ hadrons of about a factor three is sufficiently large to be used also
to separate b hadrons from primary ¢ hadrons.

Unfortunately, the primary parton flight direction is not directly accessible in
hadronic events, therefore a good approximation for it is necessary. In the ex-
clusive measurements (Section 4.2 and Section 4.3 [13,77]) the direction of the
leptons or the reconstructed D mesons respectively give a rough estimate of the
primary quark direction, however, leptons as well as D mesons from b or ¢ decays
have a non negligible transverse momentum p; with respect to the closest jet
axis, leading to a mismatch between the lepton or D meson flight direction and
the direction of the qq axis of the event. Another method — especially for the
inclusive analysis (Section 4.1 [76]) — is to take the jet axis of a b or ¢ jet. In
addition these approaches all have the problem, that there can be more than one
observed cos  value for the primary quark per event, which requires a procedure
to decide which angle to choose as the primary quark flight direction. A remedy
to overcome both problems at once is offered by the determination of the event
thrust axis [78]. This method is also more robust with respect to effects from
high energetic neutrinos from semileptonic decays.

The thrust value is defined as the maximum sum of the longitudinal momenta
Pi - 1, normalised to the sum of the absolute momenta [78]:

<Zz~ |p; - 71|
i |pil

T = max
i

) , Tell/2,1]]e R (4.1)
The direction 7 of the thrust axis T = T is the axis of projection, for which
the sum of the longitudinal momenta of all charged and neutral particles reaches
its maximal value [78]. In the limit of vanishing transverse momenta, the thrust
value is 1, hence characterising pure back-to-back topologies. In contrast, a thrust
value of 1/2 is obtained in the limit of isotropic events, rendering the thrust axis
direction arbitrary [78].

The thrust axis is calculated using tracks and electromagnetic calorimeter clus-
ters not associated to any track. The energies measured in the electromagnetic
calorimeter are converted to momenta by assuming that the absorbed particles
are pions [79]. The polar angle 1 of the thrust axis with respect to the electron
beam direction is determined modulo 7. This technique has been used in many
previous publications (see [13,76,77,80-84] for the OPAL results) and will not
be discussed further here.

Each event is divided into two hemispheres by a plane perpendicular to the event
thrust axis, containing the interaction point. The hemisphere containing the pos-
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flavour
method identification | sign(cos ) | statistics | application

bb cC bb cC

secondary vertex tag /

b
hemisphere charge T ° ° tr Ry, App
semileptonic decays + + ++ ++ + Abg, ASp

D™ meson decays (exclusive) | o + ++ ++ - (Z resonance)
charged pions from D** decays| — o ++ 4+ o (Abg)) ASy

Table 4.1: An overview of the different methods used in heavy flavour mea-
surements. While an inclusive secondary vertex tag provides the
best method to identify bottom events, the selection of semilep-
tonic or D™ decays is superior for charm tagging and forward-
backward asymmetry measurements. The potential of the dif-
ferent methods concerning flavour identification and Quark anti-
quark separation is indicated: ++ = very good, + = good, o =
fair and — = bad. The different methods are introduced in the
three sections of this chapter.

itive z axis is labelled “forward”, and the other hemisphere “backward”. Typ-
ically, each of the two hemispheres contain one b or ¢ jet. The decision into
which event thrust hemisphere the primary quark of the qq pair is emitted is
more difficult. For that reason different techniques are applied to tag heavy
flavour events together with the charge sign of the primary quark. In Table 4.1
an overview of different heavy flavour tagging techniques, which are the basis
for the forward-backward asymmetry analyses, is given, together with an indi-
cation of their potential to tag heavy flavour events and to determine the sign
of cosf. Their application to the measurements of the heavy flavour forward-
backward asymmetries is introduced in the following three sections by describing
the OPAL analyses. The analysis in this work is mainly based on the principles
described in Section 4.3. For further details on the other two analyses see [76,77].

4.1 Inclusive Tag

Two methods are used to tag bb events, based on displaced secondary vertices
and high momentum leptons. Due to the long lifetime and high boost of b
hadrons produced in ete™ — bb events, their decays lead to secondary vertices
that are displaced from the primary interaction point by decay lengths of the
order of millimetres. With the silicon micro-vertex detector installed at OPAL,
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these secondary vertices can be reconstructed and used as an indication of a b
hadron decay. Since the secondary vertex tag makes use of a common property
of all weakly decaying b hadrons, it yields a comparatively large event sample. It
follows that the secondary vertex tag is the principal method for a measurement
of Ry, (R, is the measured fraction of the bb events with respect to all hadronic
Z decays).

e In the inclusive analysis each event is divided into two hemispheres which
are considered independently.

e In order to reduce inter-hemisphere tagging correlations the primary vertex
position is first reconstructed separately in each hemisphere, using tracks
from that hemisphere combined with a common beamspot constraint.

e Jet-finding is done with a cone algorithm [85] using charged tracks and
electromagnetic calorimeter clusters not associated to any track. Since this
algorithm assumes that a jet has the shape of a cone and therefore is started
with a certain value for the opening angle of the cone, it is possible to find
more than one jet per hemisphere.

e An attempt is then made to reconstruct a secondary vertex in each jet of
the event, using a subset of well-measured tracks [70,86].

e [f a secondary vertex is found with a significant separation from the hemi-
sphere primary vertex, a neural network with five inputs (derived from de-
cay length, vertex multiplicity and invariant mass information) is used [86]
to further separate b decays from ¢ and light quark background. The neu-
ral network delivers a value in the interval [0,1] € IR. This output value
indicates the quality of the distinction of b decays of ¢ and light quark
background. A short introduction to artificial neural networks is given in
the appendix Chapter A.

e For each jet in the hemisphere under study the neural network output is
calculated. The highest output value defines the vertex tag variable B for
the hemisphere [86]. Three classes of hemisphere tags are defined [86]:

— a “tight” vertex tag T,

— a “medium” tag M and

— a “soft” tag S.
The hemisphere b tagging efficiencies of the T.M and S tags are quoted to be

18 %, 6% [86] and 5%, and the fractions of tagged hemispheres originating
from non-bb events are about 3 %, 15 % and 25 % [86].
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Electrons and muons with momentum p > 2 GeV/c and transverse momentum
p. > 1 GeV/c are also used to tag bb events. The purity of the tagged lepton
hemispheres is further enhanced in semileptonic b decays by using information
from the lepton p and p; and its degree of isolation from the rest of the jet by
another neural network algorithm [87]. Hemispheres are defined to be tagged
with the lepton tag L if any lepton in the hemisphere fulfills a certain cut on the
lepton b tagging neural network output corresponding to a b tagging efficiency
of 8% at a non-bb impurity of 20% [86]. These cuts are agreed in the OPAL
collaboration. In this case a vertex T, M or S tag in this hemisphere is ignored
and the hemisphere considered only as an L tag.

Events containing at least one hemisphere with a T, M, S or L b tag are accepted
and used for the asymmetry analysis. Each combination of tags in the two hemi-
spheres (T-nothing, L-nothing, T-T, T-S etc.) define a separate tagging class,
resulting in 14 different classes. In the data, 520 133 b tagged events are assigned
to one of the 14 classes [86]. with a bb event tagging efficiency of about 54 % as
determined with Monte Carlo simulation [86]. For most of the events a T, L, S or
M tag hemisphere is found together with an untagged hemisphere. These events
comprise 33 %, 22 %, 14 % and 13 % of the tagged data sample [86].

In the subsequent step the b quark from the bb system has to be identified
thus defining the sign of cos#. For this purpose an inclusive hemisphere charge
technique is applied so that the total tagged sample can be used. The production
flavour (b or b) of the b quark is determined independently in the two hemispheres
of each selected event. It exploits the fact that statistically some information
about the primary quark charge is conserved in the observed hadrons after the
hadronisation process. Charged particles with high momenta are more likely to
have the same charge sign as the primary quark than particles at low momenta

81].

Up to four pieces of information are used per hemisphere: the momentum-
weighted average track charge with two different weighting factors (evaluated
for the highest energy jet in each hemisphere), the charge of a secondary vertex
reconstructed in the hemisphere, and the charge of any kaon in the hemisphere.
The jet charges can be calculated for every hemisphere, whilst the vertex and kaon
charges are only available for a subset of hemispheres. All available information
is combined using a neural network algorithm to produce a single production
flavour tag variable @ for each hemisphere *.

INote that although semileptonic b decays are used to tag bb events, the charge of the
lepton in L tagged hemispheres is not used in the production flavour tag @, in order to reduce
the correlation with the b quark asymmetry analysis based on semileptonic decays, introduced
later in this chapter.
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The jet charge Qf, is calculated for the highest energy jet in each hemisphere
as [81]:

Ko Zz’(PDKQi

et Zi(pi)n 7
where p! is the longitudinal momentum component with respect to the jet axis
and ¢; the charge (£1) of track ¢, and the sum is taken over all tracks in the
jet [39]. Two jet charges Q7"® and Qfi"* are calculated for each jet. The value
r = 0.5 optimises the separation between hemispheres containing b and b quarks
for a single jet charge [88], and including the second jet charge with x = 1.0
provides a small amount of additional separation power, although the two jet
charges are strongly correlated.

(4.2)

For hemispheres containing a reconstructed secondary vertex, the charge of this
vertex QQyix is calculated as:

Quix = D_ Wi , (4.3)
i
and the uncertainty og,,, as:

TQuix = Z wi(1 —w;)g, (4.4)

where w; is the weight for track 7 to have come from the secondary, rather than
the primary, vertex [89], and the sum was again taken over all tracks in the jet.
The weights w; are obtained from a neural network algorithm using as input the
track momentum, transverse momentum with respect to the jet axis, and impact
parameters with respect to the reconstructed primary and secondary vertices,
as in [88]. A well-reconstructed (small o, ) vertex charge close to +1 (—1)
indicates a B¥ (B™) hadron, tagging the hemisphere as containing a b (b) quark,
whilst a vertex charge close to zero indicates a neutral b hadron, (e.g. B® or B?),
giving no information on the b quark production flavour. A vertex charge with
large 0¢,,, cannot distinguish between charged and neutral b hadrons, and also
provides no information on the b quark production flavour.

Charged kaons produced from the b hadron decay can also be used to tag the b
production flavour, via the underlying quark decay cascade b — ¢ — s. Candi-
date kaon tracks are selected in the highest energy jet in each hemisphere, using
dF/dx information. If more than one track in the jet is selected, the one with the
highest weight w; to come from the secondary vertex is retained. If no secondary
vertex is reconstructed in the jet, the weights are calculated using only the track
momentum, transverse momentum and impact parameters with respect to the
primary vertex.

The hemispheres are then categorised into one of four classes:
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1. neither vertex nor kaon charge,
2. vertex charge only,
3. kaon charge only,

4. both vertex and kaon charges.

The available tagging variables (Qi7*° and Qir'?, Quix and og,,,, w; of kaon
track, signed by its charge) are combined using a neural network separately for
each of the four classes. The continuous tagging variable () is derived from the

output = of the neural network, and is defined such that

_ Nofo) = Nal)
Ni(z) + Ny(z)’

Q (4.5)

where Ny (z) and Nj(x) are the number densities of b and b hemispheres with
a particular value of x taken from simulated events. Hemispheres with () = +1
(—1) are tagged with complete confidence as being produced from b (b) quarks,
and hemispheres with Q = 0 are equally likely to be from either a b or a b quark.
The modulus |Q] satisfies |Q| = 1 — 2§ where ¢ is the probability to tag the
production flavour incorrectly. The effects of B} and B mixing (see Section 2.8)
contribute to &, since the decay flavour of a mixed b hadron is opposite to its
production flavour.

The four classes comprise about 25 %, 36 %, 15 %, and 24 % of the data sample,
and have effective mistag fractions of 33.1%, 31.2%, 32.5%, and 29.1 % [86].

The asymmetry is determined by a counting method: For a sample consisting of
a mixture of quark species and a varying tagging efficiency as a function of the
thrust direction |cosfr| for each flavour, the mean difference of the production
flavour tag values in the two hemispheres (Qr — Q) is given by

<QF - QB) = Z SqPqu(quqFB' (4'6)

flavours q

In this equation, Qr and (Jg are the production flavour tags in the forward and
backward hemispheres as measured in the data, sy is +1 (—1) for down-like
(up-like) quarks, P, is the fraction of events of flavour ¢ in the data sample,
derived mainly from the data, and J, is the charge separation for flavour q which
is determined from Monte Carlo simulation for ud, dd, s5, and c€ events and
directly from the data for bb events, once the flavour fractions P, are known.
The factors Cy, which are taken from simulation, account for variations of the
asymmetry and the tagging efficiency with cos 61 and are given by

_ § fﬁq(y)y dy _ § Eeventsy
O3 A+ Ay 3T eens(1+42)

(4.7)
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with y = |cosfr[; 7, is the efficiency to tag an event of flavour q in a given
small interval of y. The sums run over all tagged Monte Carlo events of flavour
q. The asymmetry APy is derived by solving Eq. 4.6, using the Standard Model
expectations for the charm and light quark asymmetries, together with fractions
R, of hadronic Z decays to each quark flavour as calculated by ZFITTER 6.36 [34].
The asymmetry fit procedure is applied separately to the events collected in each
of the five | cos | bins and 14 tag classes, resulting in 70 different values for ARy
for each energy bin and data taking period. All the Aby measurements for each
energy point are then combined, weighted according to their statistical errors.

The measured asymmetry values, after correcting to the quark level, are:

Aby = ( 5.824+1.5340.12) % at (y/5) = 89.50 GeV,
A = (1 9.7740.360.18) % at (1/5) = 91.26 GeV,
Ab = (12.2141.2340.25) % at (/5) = 92.91 GeV,

where the first error is statistical and the second systematic in each case. The
largest single contribution to the overall systematic uncertainty arises from the
correlation between the production flavour tag determinations in the hemispheres
of the primary b and b quarks (charge correlation). It is of the order of 0.09 %
for the peak data.

For the identification of charm events, the secondary vertex tag is less suitable
for two main reasons:

1. The lifetimes of weakly decaying charm hadrons are smaller than those of
weakly decaying bottom hadrons, typically by a factor of 3 for mesons.
Because of the smaller mass, the fragmentation of charm quarks is softer
than that of bottom quarks. Together with the smaller lifetimes, this leads
to typically much shorter decay lengths for secondary vertices in primary
charm events.

2. At large decay lengths the contribution from bottom events becomes dom-
inant, which means that a pure charm sample is difficult to obtain.

4.2 D Mesons

Since charmed hadrons are only rarely produced (Section 2.7.2) during light quark
fragmentation, their presence tags ¢ quarks coming either from the primary Z
decay or from decay products of a b quark. For this analysis type the D** meson
and its decay products D° and D* are used.?

2Throughout this text charge conjugate modes are always implicitly included.
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The flavour of D mesons also measures the flavour of the original quark. In
cc events the primary quark is directly contained in the D meson, while in bb
events the ¢ quark is coming from the decay chain b — ¢. The decay b — ¢ (via
b — ¢cW™ W~ — &s) is suppressed, so that the quark flavour tag using D mesons
is unique, contrary to the lepton tag, where the b — ¢~ and b — ¢ — £* decays
have to be disentangled. Another advantage of D mesons is that one separates
directly the quark from the antiquark and not positively from negatively charged
quarks as in the forward-backward asymmetry measurement using semileptonic
decays, so that the sensitivity of the measurements to the sample composition is
largely reduced. Since the absolute efficiency cancels in the asymmetries many
different states can be used.

For this analysis D*T mesons are reconstructed in five different decay channels:

D*t — DOt

s K—nt “3 prong” ,
s K—ntn® “satellite” |
K rta—nt “5 prong” ,
s K ety “electron” ,
W K uty, “muon” .

A number of tracks appropriate for the selected channel are combined to form a D°
candidate and their invariant mass is calculated. Only candidates with the correct
charge combinations are retained. Candidates are selected if the reconstructed
mass lies within the expected range for that channel. After adding a further track
as a possible pion from the D** decay, the combined mass is calculated and the
candidate is selected if the mass difference AM = Mp-+ — Mpo is within certain
limits. AM is the effective mass difference, calculated from the visible tracks
of the candidate. The AM spectra for the five reconstructed D** channels are
presented in Figure 4.2 [77].

The D° and DT mesons are identified in the decay modes:

D - K7t |
Dt - K 7ntnt .

The invariant mass is calculated from the appropriate number of tracks. A DT
candidate is rejected if its reconstructed mass is compatible with the mass of
a D*T candidate, coming from the same three tracks. The long lifetime of the
weakly decaying D mesons is used to enrich the signal purity by cutting on the
distance between the primary vertex and the secondary vertex from the tracks
forming the D candidate.
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Figure 4.2: Distributions of the difference Mp«+ — Mpo reconstructed in

the four different D** channels. The semileptonic decays have
been combined into one plot. Superimposed are the background
estimator distributions, normalised to the upper sidebands in
AM. The scaled energy xp is the energy of the D Meson with
respect to the beam energy.
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Only one measurement per event is needed to orientate the thrust axis such that
it points towards the flight direction of the primary quark. If more than one D
meson candidate is found per event, a hierarchy is used to select the best one:
low background is preferred and low multiplicity final states are favoured. The
hierarchy used, from best to worst, is: 3 prong, semileptonic, satellite, 5 prong,
D° D*. The number of candidates is reduced by 34.6 % by the multiple candidate
rejection [77]. After all cuts a total of 73870 D candidates is found [77].

For the purpose of the asymmetry analysis, a signal event is defined as any event
that contains enough information to reconstruct correctly the charge and flavour
of the primary quark. For the D** decays two classes of events contribute to the
signal sample: events where a D meson is completely reconstructed in one of the
channels described, and events where a D** decay is partially found, but where
the slow pion is correctly tagged [77]. The fraction of events which is considered
as signal for this analysis is determined with a background estimator, which uses a
hemisphere mixing technique first described in [84]. This method ensures that no
correctly identified slow pions enter the background sample. No requirements are
put on the charge of the D? candidate tracks, except that the sum of the charges
of all tracks including the slow pion candidate should be +1. The background
is determined by normalising the estimator distribution for AM to the sideband
of the signal distribution and subtracting the normalised background from the
signal. The level of background in the D® and Dt channels is determined from a
fit to the observed mass spectra with an empirically determined functional form
for the background.

A problem in all channels is the presence of background where the correlation
between the primary quark charge and the charge ¢ tagged by the D candidate is
preserved, but no true slow pion is present. These events will not be considered
as signal, but they are assumed to be asymmetric in ¢ cosf, thereby introducing
an asymmetry into the background. Such correlations are expected since the
sample of candidate tracks is enriched in true kaons. Many kaons are originating
from the primary quark in the event, thereby preserving the charge correlation.
Similar effects are expected for leptons. These events are present at levels of a
few percent in all modes considered. Altogether 24195 4+ 150 D** mesons and
8439 4 132 D° and D" mesons are reconstructed after background subtraction,
over backgrounds of 24 6644150 events and 16 558 +132 events, respectively [77].

In this analysis the D**, D and DT mesons are used as tags for primary charm
and bottom decays of the Z. Both processes are expected to contribute roughly
equally to the tagged sample, in addition to sizeable contributions from combi-
natorial background [77]. Lifetime information and jet shape variables are used
to separate the different sources of D mesons. The remaining signal is composed
essentially only of cc and bb events. Since bb events are significantly different
in lifetime and jet shape properties from other events, the fraction of bb events
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in the sample can be determined, and therefore the ¢ content inferred. Finally
for each event a probability is calculated from lifetime information, whether this
event is a bb or a cc event. The probabilities are obtained for two jets in the
event: the jet containing the reconstructed D meson (the D jet) and the jet with
the highest energy not containing the D meson candidate (the secondary jet).
They are calculated, as functions of the D meson scaled energy, and the decay
length significance § of the secondary vertex in each jet. These probabilities are
used in the asymmetry fit to separate primary charm and bottom events.

The bottom asymmetry, the charm asymmetry, and the background asymmetries
are determined in a simultaneous, unbinned likelihood fit to the y = gcosfr
distribution, where ¢ is the sign of the charge of the D meson (sign of the charge
of the charm quark) and Ot is the angle of the thrust axis with respect to the
electron beam. The orientation of the thrust axis is chosen such that the scalar
product of the thrust axis with the D direction is positive. The likelihood function
has the form [77]:

8 |
log £ =3 log(1+y; + 2A75Y:) — > log Niom: (4.8)

The sum runs over all candidates 7 considered. The normalisation does not de-
pend on the asymmetry itself, and therefore is dropped from the further discus-
sion. The likelihood for one event 7 is:

81 i i pc i
L; = 1+?/z'2+§ {wb (1_2CD(5>>AE‘B+wcAFB+wbgdA}1;g§1} yi (4.9)

Here wpgq b are the probabilities that a D meson originates from the source indi-
cated and Ag%d allows for a possible asymmetry in the background. Mixing and
non-prompt production of D mesons can change the charge correlation between
the primary quark and the detected D meson in the bottom sample. These effects
are collectively described by the charge correlation factor Cf,(8). This factor also
accounts for the jet charge identification probability which is determined to be
0.642 4 0.003 4 0.013 for bb events and 0.699 4 0.010 4 0.012 for c€ events [77].

The measured b and ¢ forward-backward asymmetry values, after correcting to
the quark level, are quoted to be:

Abp= (87+108+2.9)%, ASy=( 3.9+51+0.9)% at (\/5) = 89.45 GeV,
AP = (954 27+22)%, ASy=( 6.3+1.240.6)% at (\/s) = 91.21 GeV,
Ab= (214 9.0+2.6)%, ASp= (158+4.1+1.1)% at (\/s) = 92.91 GeV,

with a statistical correlation coefficient between the b and ¢ asymmetry of —0.28
on-peak (—0.27 for both, the low and high energy off-peak points). The first error
is statistical and the second systematic in each case.
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Figure 4.3: Feynman diagrams of the semileptonic b and ¢ decays rele-
vant for the forward-backward asymmetry measurements with
semileptonic decays. (a) shows a b — ¢~ decay, (b) a ¢ — ¢
decay and (c) ab — ¢ — ¢* decay. In case £ is a 7 lepton it will
decay to an electron or muon forming ab — 7= — ¢~ decay. The
decay b — € — ¢~ can be understood using (c¢). The ¢ quark can
decay to a s quark via a W boson. The W then decays into a
lepton.

4.3 Semileptonic Decays

This method uses leptons produced in semileptonic decays of b and ¢ hadrons,
usually referred to as “prompt leptons” to measure the b and ¢ quark forward-
backward asymmetries. Prompt leptons are employed to tag simultaneously the
flavour and the charge of the primary quark. As will be shown in this work this
method provides smaller statistical uncertainties than the method using D mesons
(Section 4.2) [77]. However, it leads to somewhat larger statistical errors than the
inclusive method (Section 4.1) [76] which is based on most recent developments
within the OPAL collaboration.

After the fragmentation, a b or ¢ hadron can decay semileptonically into hadrons
consisting of lighter quarks via the emission of a W* boson. The W+ boson
itself can then decay into a lepton and an antineutrino. According to recent
measurements b quarks decay in (10.65 £ 0.23) % via b — ¢~ decays, in (8.08 +
0.18) % viab — ¢ — ¢* decays, in (1.62+0.44) % via b — ¢ — £~ decays, and in
(0.42 £0.05) % via b — 7= — ¢~ decays to leptons [26,52]. The ¢ quarks decay
in (9.77 £ 0.32) % via ¢ — ¢* decays [26,52].

Figure 4.3 summarises the most important Feynman graphs of semileptonic b and
¢ decays relevant for this measurement. These semileptonic decay channels can
be used to identify the flavour of the primary quark. The charge of the lepton
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is correlated with the sign of the charge of the quark from which decay it was
produced. Together with the knowledge of the primary quark flavour of the event
and the semileptonic decay channel which produced the lepton, the charge of the
lepton is used to distinguish between primary quarks and antiquarks.

The analysis uses only events where at least one lepton candidate can be iden-
tified. Particles with momentum greater than 2 GeV/c are considered as lepton
candidates. Electron candidate tracks are required to have at least 20 good
measurements of d£/dz from jet chamber hits. Electrons are then identified us-
ing a neural network algorithm (see Section 5.4.1). The identification relies on
ionisation energy loss (dF/dx) measured in the tracking chamber, together with
spatial and energy-momentum (F/p) matching between tracking and calorimetry.
Electrons originating from photon conversions are rejected using another neural
network algorithm. Muons are identified by requiring a spatial match between a
track reconstructed in the central tracking detectors and a track segment recon-
structed in the external muon chambers. In this analysis, only leptons from the
decay of a b or ¢ hadron in a bb or ¢t event are considered as signal. Any other
genuine electron or muon and any hadron misidentified as a lepton is considered
as background.

The primary vertex position and the thrust axis is first reconstructed for all
events, passing the multihadronic event selection (see Section 5.2). Each event
is divided into two hemispheres by a plane perpendicular to the event thrust
axis and containing the interaction point. An attempt is made to reconstruct a
secondary vertex in each jet, using a subset of well-measured tracks.

The relationship between the lepton charge and the charge of the decaying pri-
mary quark or antiquark is vital for the asymmetry measurement. According
to the sign correlation between primary quark and lepton candidates, the lepton
candidates can be categorised into four groups:

1. Leptons coming directly from the weak decay of b hadrons are denoted
b — ¢~. A negatively charged lepton comes from the decay of a hadron
containing a b quark, and a positive lepton from a b 2 (see Figure 4.3 (a)).
Electrons and muons from leptonic 7 decays where the 7 lepton comes from
a direct b decay (b — 7= — £7), and cascade decays (b — € — {~) where
a b hadron decays to a ¢ hadron, which then decays semileptonically, have
the same sign correlation as the b — ¢~ decays. The b — ¢ — ¢~ decays
are also explained in Figure 4.3.

2. Cascade decays, b — ¢ — (T and b — ¢ — 7% — (1, have the opposite sign
correlation as group 1, see Figure 4.3 (c).

3. Leptons from the decay of ¢ hadrons produced in c€ events, ¢ — ¢T, and
¢ — 7~ — {~ decays have the opposite sign correlation to direct b — ¢~
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decays (Figure 4.3 (b)). A primary ¢ quark produces a positive lepton.

4. All other decays in leptons and hadrons identified as leptons are classified
as background.

A neutral B meson may have mixed before decay (Section 2.8), so that a primary
b quark decays as a b, or vice versa. This is quantified by the average B mixing
parameter, Y (Eq. 2.44), which is the probability that a produced b hadron decays
as its antiparticle. Leptons from these mixed mesons are classified according to
the decaying b quark and contribute to the asymmetry with the wrong sign for
their category, causing a reduction in the observed bb asymmetry:

App™ = (1 2X) Apg (4.10)

For the measurement of the b and ¢ quark forward-backward asymmetries it is
especially important to separate direct b and ¢ decays from each other and from
all other contributions. In order to optimise the separation, a multi-variable
analysis is performed, where two different neural networks are used to distinguish
the source of the lepton candidate. This method was first introduced in [83]. One
of the networks, NETDb, is to separate direct b — ¢~ decays from the remaining
contributions. The separation power is mainly determined from the momentum
p of the lepton and the transverse momentum p; with respect to the closest jet
axis [90]. Another neural net, NETc, helps to distinguish between ¢ — ¢* decays
and the other classes. Here the main information comes from lifetime information.
Furthermore for both neural nets as much of the available information as possible
is used, including jet and vertex properties which have already proven to be
efficient in heavy flavour tagging techniques [83].

With the knowledge of the primary quark flavour, the charge of the lepton, the
decay channel of the b or ¢ decay, and the hemisphere in which the lepton has
been emitted, the thrust axis can be orientated, such that it points into the flight
direction of the primary quark.

An optimal separation is reached by using the net outputs NETb and NETc si-
multaneously for each lepton candidate to produce two-dimensional distributions
for different cos @t bins. Monte Carlo events are used to calculate event proba-
bilities for the different NETb and NETc bins. These probabilities are used in
the forward-backward asymmetry fit (see Section 5.5) to separate the different
contributions (b — 7, ¢ = (T, b —c — (T, ..).

The forward-backward asymmetries A2p and ASp are extracted from single lep-
ton events using a binned maximum likelihood fit on a three dimensional space.
For this purpose binned distributions in |cosfr| and the optimised flavour dis-
criminating variables NETb and NETc are employed.
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The average B mixing parameter Y is obtained simultaneously with the asym-
metries by counting the number of like-sign leptons in events with at least two
“opposite leptons” (i.e. leptons associated to jets that do not belong to the same
thrust hemisphere) with NETb > 0.6. For events containing more than two can-
didate leptons that satisfy these criteria, the two leptons with the highest NETb
values are used.






Chapter 5

Measurement of the b and
c Quark Forward-Backward
Asymmetry using Leptons

In this chapter a measurement of the heavy quark forward-backward asymmetries
Abg and A%y is described. Here leptons produced in semileptonic decays of b and
¢ hadrons, usually referred to as “prompt leptons”, are used to identify heavy
flavour events. In addition, the lepton charge is used to distinguish between
decaying quarks and antiquarks. The contributions of bb and cc events to the
lepton samples are separated from each other and from background by using
several kinematic variables describing the lepton and its associated jet, combined
using neural network flavour separation algorithms. The B mixing parameter X
is measured from the fraction of like-sign lepton pairs in events with an identified
lepton in each of the two thrust hemispheres. The forward-backward asymmetries
Aby and A%y and the mixing parameter Y are measured in a simultaneous fit to
events with one or two identified leptons in the final state.

5.1 Outline of the Measurement

Several steps have to be performed to extract the quark level forward-backward
asymmetries Abg and A%y from the data. While the physics background of the
forward-backward asymmetry measurement using semileptonic b and ¢ decays
has already been described in Section 4.3, this section gives an outline of this
analysis, which will be described in detail in this chapter.

e Fuvent Selection:
The data is searched for Z — hadrons decays, suppressing events with only

63



64

5 Measurement of the b and ¢ Quark Asymmetry Using Leptons

a (¢ pair in the final state, two-photon events as well as events from cosmic
rays.

Reconstruction of Event Properties:

The primary event vertex is reconstructed using all charged particles visi-
ble in the OPAL detector. To get an estimate for the qq flight direction,
the event thrust axis [78] is reconstructed. A plane perpendicular to the
thrust axis and containing the interaction point divides the event into two
hemispheres.

Reconstruction of Secondary Vertices and Jets:

Tracks from charged particles are used to reconstruct secondary vertices
which are displaced from the primary event vertex. Track information from
the tracking system, together with clusters found in the electromagnetic
calorimeter not associated to tracks in the tracking system, is used to form
jets with a cone jet finding algorithm [85].

Lepton Identification:

Only events with at least one electron or muon candidate in the final state
are considered by the analysis. The largest contribution to the background
fractions are electrons from v — ete™ reactions. They have to be sup-
pressed by a second algorithm.

Determination of the Event Flavour:

Two neural networks are used to distinguish between bb, c¢, and light quark
events. The first network, NETD, is trained to identify b — ¢~ decays
as signal and anything else as background. The second network, NETc,
considers ¢ — £ decays as signal and all other decays as background.

Ranking of Lepton Candidates:

In a significant number of events there are more than one lepton candidates.
In those cases the candidates are ranked according to their b purity using
the neural network output value of NETb.

Maximum Likelihood Fit to two Fvent Classes:

Events with one lepton candidate are used to extract simultaneously the b
and ¢ quark forward-backward asymmetries. The events with two lepton
candidates in opposite thrust hemispheres are used to determine the B mix-
ing parameter Y in the same fit. The idea of a simultaneous determination
of ARy and Agy is first realised at OPAL in 1992 [90]. Some years later also
the B mixing parameter is extracted together wit APy in one fit [83].

In order to interpret the measurements of the asymmetries in terms of the Stan-
dard Model, the elementary electroweak process has to be separated from the
effects of the strong interaction in the final state. Analytical calculations for the
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QCD effects of the asymmetries are available in first and second order [35,91-95],
but they cannot be applied directly to the measurements, because the amount
of QCD corrections actually seen in the analysis depends significantly on the
details of the analysis [96,97]. The QCD corrections applied to the measured
asymmetries also take the experimental bias — estimated using the Monte Carlo
simulation — into account.

In the next chapter the forward-backward asymmetries from different measure-
ments are combined to average OPAL and LEP values. This procedure is done
such, that the statistical and systematic correlations of the individual measure-
ments are taken into account [98]. From the combined results of the heavy flavour
asymmetries together with the other heavy flavour parameters, the electroweak
coupling constants are extracted and the weak mixing angle is derived. Further
interpretations are discussed there using these quantities.

5.2 Data Sample and Event Simulation

The analysis is based on the entire Z data set recorded with the OPAL detector
from 1990 to 2000 at centre-of-mass energies between 89 GeV and 93 GeV. The
additional Z events recorded from 1996 to 2000 are originally taken for detector
calibration purposes during the higher energy LEP2 running period. The current
knowledge about these runs is good enough to include them in today’s LEP1
physics analyses. Information provided by the tracking system (including silicon
micro-vertex detector and muon chambers) and the calorimetry in the barrel and
endcap region of the detector are used. For events entering the analysis nominal
working conditions during data taking are required for at least these subdetector
systems.

Some flavour separation aspects of this analysis exploit the long lifetimes of b and
¢ hadrons and therefore rely in particular on the silicon micro-vertex detector.
This detector was first operational in 1991, providing measurements in the r-¢
plane [61]. In 1993 it was upgraded to measure tracks in both 7-¢ and r-z
planes [62], and in 1996 the cos 6 coverage for at least one silicon measurement
was extended from |cosf| < 0.83 to |cosf| < 0.93 [63]. The resolution of the
vertex drift chamber is sufficient to ensure some flavour separation even in data
taken without silicon micro-vertex detector information, therefore also the data
taken without the silicon micro-vertex detector is used. The changing detector
performance with time is taken into account in the analysis.

Apart from hadronic Z boson decays other events are recorded by the OPAL
detector which have to be excluded from the analysis. Such background events
can be ete™ reactions with non-hadronic final states, like leptonic Z decays or
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two-photon events, which form the signal for other measurements. Also reac-
tions totally unrelated to ete™ collisions may happen, such as interactions of
beam electrons with the remaining gas, or with the beam pipe wall or particles
from the cosmic radiation crossing the detector [70]. Hadronic Z decays are well
distinguishable from the other kinds of events by their high number of charged
particles, which can be traced back to the central interaction region.

Events with hadronic Z decays are selected using a well established method, first
introduced in 1991 [70] and just slightly changed since then [86]. The criteria
used to select hadronic Z decays in this analysis are based on energy clusters in
the electromagnetic calorimeter and the charged track multiplicity. Clusters in
the barrel region are required to have an energy F.,s of at least 100 MeV, and
clusters in the end cap detectors are required to contain at least two adjacent lead
glass blocks and have a total energy of at least 200 MeV [70]. Tracks are required
to have at least 20 measured space points and a distance of closest approach to
the interaction point of less than 2 ¢m in the direction perpendicular to the beam
axis and less than 40 cm along the beam axis [70,86]. Tracks are also required
to have a minimum momentum component transverse to the beam direction of

50 MeV.

The following four requirements defined a candidate for a multihadronic Z event:

e at least 7 clusters in the electromagnetic calorimeter
e at least 7 charged tracks in the central tracking detector

e a total energy deposited in the lead glass of at least 10 % of the centre-of-
mass energy:

Rm‘s = 2E'clus/\/g > 017

where the sum runs over all clusters found in the lead glass calorimeter
e an energy imbalance along the beam direction which satisfies
Riai =| X(Egus - c0s0) | /X Eeys < 0.65

where 6 is the polar angle of the cluster.

The cut on the number of clusters and the number of tracks efficiently eliminated
Z decays into charged lepton pairs and events from cosmic radiation. T'wo-photon
events as well as beam-gas or beam-wall interactions carry an energy usually far
below the eTe™ centre-of-mass energy. Hence such events can be suppressed by
making a cut on R,;s. The vertex requirements on tracks serve to eliminate events
caused by cosmic rays. The cut in Ry, rejected beam-wall, beam-gas, and beam-
halo events, as well as cosmic rays in the end caps, because these background
events that do not originate from e*e™ collisions are often unbalanced.
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The thrust value and the direction of the thrust axis [78] of each hadronic Z
event are calculated using charged tracks together with clusters found in the
electromagnetic calorimeter with no associated tracks. Two additional cuts are
applied to each event: the thrust value T' [78] must be at least 0.6, and the polar
angle of the thrust axis 6 [78] must satisfy cosfr < 0.95.

Over 4 million hadronic Z events are selected. The exact numbers are listed in
Table 5.1. As indicated in the table, some events are recorded at centre-of-mass
energies above and below the Z peak. The bulk of these off-peak data is recorded
in 1993 and 1995 at centre-of-mass energies approximately 1.8 GeV away from
the peak. The other off-peak centre-of-mass energy samples from 1990 and 1991
are combined with these main samples, yielding measurements of the forward-
backward asymmetries at three separate energy points. These are called “peak-2”
“peak”, and “peak+2” during the rest of this text.

Mean Energy Selected | Single lepton events | Dilepton

of Z events 7 decays | Electrons ‘ Muons events

peak—2 (y/s) = 89.51 GeV | 194 211 | 11 567 19 809 321
peak  (y/s) = 91.25 GeV | 4 079 047 | 239 505 | 410 877 6 014
peak+2 (y/s) = 92.95 GeV | 278 257 | 16 977 30 066 394

Table 5.1: The number of hadronic events selected below, on and above the
Z peak. The average centre-of-mass energies of the selected Z
events, the number of Z events, and the number of events with
identified leptons are shown. Note that dilepton events are only
selected in a region of high b purity.

The remaining backgrounds due to 77, Bhabha, and two-photon events as well
as contributions from beam-gas or beam-wall interactions can be neglected after
the subsequent selection of Z decays to b or ¢ quarks with a semileptonic b — ¢~
or ¢ — (1 decay.

Monte Carlo simulated events are generated using JETSET 7.4 [37, 73] with
parameters tuned by OPAL [74] (see Section 3.3). The fragmentation function
of Petersson et al. [42] is used to describe the fragmentation of b and ¢ quarks.
The semileptonic decay model of Altarelli et al. [99] with parameters fixed by
CLEO [100], DELCO [101] and MARKIII data [102] is used to predict the lepton
momentum in the rest frame of b and ¢ hadrons. The generated events are passed
through a program that simulates the response of the OPAL detector [72] and
through the same reconstruction algorithms as the data.
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5.3 Vertex and Jet Reconstruction

The primary vertex for each event is reconstructed using a three dimensional
version of the algorithm described in [103]. The position and uncertainty of the
ete™ collision region (beam spot) is used as a constraint. The beam spot position
is measured using charged tracks from many consecutive events, thus following
any significant shifts in beam position during a LEP fill [104, 105]. All good
tracks (> 20 hits in jet chamber, transverse momentum with respect to beam
axis > 0.15 GeV /¢, and distance of closest approach to beam spot in r-¢ plane
< 5cm.) in one event are fitted to a common vertex in three dimensions. Tracks
with a large x? contribution to the primary vertex fit are removed one by one
until each remaining track contributes less than 4 to the x? [86]. In about 0.7 %
of the events, no tracks remain after this procedure. In these cases the beam spot
position is used. Monte Carlo simulated events with the 1994 silicon detector
setup are employed to determine the primary vertex resolution. It is found to be
50 pm in x, 15 pm in y (where it is dominated by the beam spot constraint) and
80 ym in z.

Jets are reconstructed using a cone jet-finding algorithm [85] by combining all
charged tracks and unassociated electromagnetic calorimeter energy clusters. The
procedure requires a cone half-angle of 0.65rad and a minimum jet energy of
5.0 GeV. This algorithm is preferred over the JADE algorithm [106,107] for this
measurement, because it leads to a higher probability of correct assignment of
tracks to secondary b vertices within a jet [83,86]. It is shown in [75] that the cone
jet-finder provides the best b hadron energy and direction resolution compared
to other jet-finders.

Leptons are searched for in each jet using the algorithms described in Sec-
tion 5.4.1. Only events where at least one lepton or two “opposite-jet” leptons
are identified are used. For dilepton events, the two jets containing the leptons
are defined to be “opposite”, if their axes do not belong to the same thrust hemi-
sphere. Table 5.1 summarises also the total number of events containing at least
one candidate electron or muon.

A three dimensional version of the algorithm described in [103] is used to re-
construct a secondary vertex in each jet. All tracks in the jet with momentum
p > 0.5 GeV/e, a distance of closest approach to the primary vertex in the
r-¢ plane (“impact parameter”) d < 0.3cm, and an impact parameter error
o4 < 0.1cm, are fitted to a common vertex in three dimensions. Tracks with
a large x? contribution to the fit are removed one by one until each track con-
tributes less than 4 to the overall 2. At least three tracks are required to remain
in the fit for the secondary vertex finding to be considered successful.

The vertex decay length L is calculated as the length of the vector from the
primary to the secondary vertex. The vector is constrained to lie along the
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direction of the jet axis. L is given a positive sign, if the secondary vertex is
displaced from the primary in the direction of the jet momentum, and a negative
sign otherwise. Vertices with L > 0 are used to tag b hadron decays.

5.4 Neural Network based Quark Flavour Sep-
aration using Leptons

Dedicated neural network algorithms are used for the electron identification and
the quark flavour separation. A short introduction is given in the appendix
Chapter A. All neural networks used for this analysis are trained using the
JETNET 3.5 [108] program library.

A neural network is a powerful tool for classification problems, if the specific class
properties can be evaluated in a set of distributions of some variables. For each
event the network calculates an output value!, which is a limited real function
of the input variables and contains information about the classification of the
event. The way the neural network works is to cut certain subspaces of the space,
spanned by the input variables, which are populated predominantly by a certain
event class. Therefore a neural network does basically nothing but performing a
very complicated set of cuts on the input variables with one important difference.
While a purely cut based method performs its separation along sharp cut planes,
a neural network has continuous decision boundaries. This allows the selection
of events, where not all variables indicate that the chosen event belongs to one
of the defined classes. This makes it possible to classify events, where one of
the input quantities is slightly displaced. Therefore neural nets are particularly
useful, if the differences among the input variable distributions for the classes are
small and correlated among each other, because they can perform nonlinear cuts
in the multidimensional space, spanned by the input variables, and automatically
take care of the correlations.

An analysis using neural networks can be divided into two phases. First the
network has to be built. For this, two event samples with events of known
classification have to be available. They are called the training and test sample.
During an iterative process called training which is done using the training sample
the parameters of the neural network (weights and thresholds) are defined so that
the optimal cuts in the space of the variables can be performed. The test sample
is then used to investigate the response of the network to events from the different
classes. In the second phase the network can be applied to an unknown event
sample. Since its response to the event classes is known, the output of the network

IBoth the output value of a neural network as well as the network itself will be denoted
NET in this text. Indices will classify the different networks with respect to their application.
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can be interpreted to find the contributions of the different classes in the unknown
sample.

Neural networks are used in three different ways in the forward-backward asym-
metry analysis:

1. To support a yes/no decision:
To identify electrons coming from direct quark decays, cuts are applied to
the outputs of two different neural networks. The first network is trained
to decide whether the found particle is an electron or not. The second
network rejects electrons, originating from photon conversions. An electron
is considered to be identified, if both cuts are passed.

2. To deliver more information to another neural network:
To improve the quality of the quark flavour separation, the outputs of the
neural networks used for the electron identification are fed as an input into
the two neural networks, trained to identify b — e~ and ¢ — e™ decays.

3. To separate multiple event classes and produce event weights:
In order to use the whole sample of lepton candidates two types of neural
networks are constructed: the first is trained to separate b — ¢~ decays
from all others, the second to separate ¢ — ¢ decays from all other decays.
The outputs of both networks are used to fill a binned two dimensional
distribution of the lepton candidates. Altogether there are four different
classes of lepton candidates (b — ¢, b — ¢ — ¢*, ¢ — ¢+ and background),
as introduced in Section 4.3. In different regions of the two dimensional
histogram the contribution of the different channels vary. Since the ratio
between the four event classes is known, the same neural networks can be
used to produce weights representing probabilities for the different event
classes for each of the bins separately. These weights are calculated from
simulated events with known classification. The weights are used in the

maximum likelihood fit to calculate the appropriate asymmetry of each
bin.

While the neural networks used for the electron identification are part of the
standard OPAL code [109] and therefore have been tested earlier within the
framework of other analyses, the algorithms used for the quark flavour separation
are trained for this analysis.

5.4.1 Lepton Identification

Leptons are searched for in hadronic Z events using well established meth-
ods [86,109,110]. While the electron selection is based on artificial neural network
algorithms, the muons are identified by applying cuts.
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Electron Selection

The electron identification [109] is based on a set of six (eight in the endcap region)
physical quantities measured for each track in the central tracking chambers
and the lead-glass electromagnetic calorimeter. In the jet chamber the specific
energy loss per path length dE/dx of the charged particle is measured [67,68].
Together with the expected specific energy loss for an electron (dE/dz),,, the
dimensionless normalised quantity (dE/dx)uom is calculated?.

For charged particles, the momentum component perpendicular to the beam axis
is measured from the curvature of the track in the jet chamber caused by the
axial magnetic field. Using the polar angle 6 of the track, the total momentum
p can be calculated. The electromagnetic calorimeter is constructed such that
electrons can be completely absorbed. Hence, the ratio of E/p is expected to
be close to 1. Furthermore, electrons deposit their energy in a narrow shower
around the extrapolated particle trajectory. Therefore the energy F e, which is
deposited in the electromagnetic calorimeter blocks whose centres are contained
within a cone of half-angle 30 mrad and are associated to the same electromagnetic
calorimeter cluster as the candidate track under consideration, is used [109].

The electron selection is realised with six quantities for tracks within the barrel
region (1-6) and eight (1-8) for those in the endcaps:

1. total momentum p of the track,

2. the | cosd)| of the track,

3. (AdE/d2)norm, this is equivalent to the dF/dx weight,

4. 04i/dz, the estimated error on dE/dx,

5. Econe/D

6. Nip., the number of ECAL blocks used in the E, determination,

7. Ag, the absolute ¢ difference between the track and ECAL cluster (endcaps
only),

8. A#, the 6 difference between the track and ECAL cluster (endcaps only).

The high level of complementarity and redundancy between these variables, pro-
vided by several independent subdetectors, ensures a good efficiency and rejection

20ften the quantity (dE/dz)norm is also referred to as dE/dz weight as introduced in Sec-
tion 3.2.1.
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over the whole detector [109]. These quantities are used as input to a neural net-
work NETel (feed-forward, one hidden layer) [108,109], which provides the final
classification, in order to make optimal use of all the available information. Sep-
arate networks for the barrel and endcap are implemented as this results in a
better overall performance.

The chosen set of inputs is selected from a much larger set of potentially discrim-
inating or meaningful variables [109]. While most of those retained have intrinsic
separating power between hadrons and electrons (such as (dE/dz)worm, E/p, -..),
some variables which are not discriminating by themselves (e.g., the momentum
p and the polar angle cos 6 of the track) are nevertheless useful, since they contain
important information about existing correlations between all inputs.

The network used is trained on simulated data. Tracks produced by electrons
are given as signal, anything else (predominantly hadrons) as background. All
training patterns are chosen to have a momentum of p > 2 GeV/c [109].

After the electron selection, electrons from photon conversions are the dominant
background to prompt electrons. They are tagged and rejected using an algorithm
that tries to associate any given candidate electron track with all possible partner
tracks in the event. The current version of this algorithm, which is used for this
analysis is also described in [109]. The conversion finder considers the following
information: the probability for the two tracks to originate from a common vertex,
the compatibility between the position of the reconstructed vertex with the first
measured point of each track, and the probability for the partner to be an electron.
In addition it is required that the invariant mass is close to 0 for true photons
and the impact parameter peaked at 0 for photons which are produced mainly in
decays of 7° from the fragmentation.

The decision whether a pair of tracks forming a vertex are compatible with a
photon conversion relies on the measurement of nine quantities:

1. the distance in r-¢ between the two tracks at their point of tangency,

2. the radius of the first measured hit of both tracks: r; and r1p (the P denotes
the partner) and

3. the radius of the reconstructed vertex ry (A radius is measured with respect
to the beam pipe.),

4. the invariant mass of the pair assuming both tracks to be electrons and

5. the impact parameter of the parent photon with respect to the primary
vertex of the event,

6. the two track momenta times the sign of their charge,
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7. the output NETel of the partner track.

These variables are combined using a three layer feed-forward neural network.

In addition to the hadronic event selection, the following requirements to the
tracks have to be satisfied in order to select electron candidates:

e track momentum p > 2 GeV /e,

| cos 0] < 0.96,

e —2 < (dE/dx)norm < 4, this rejects most hadrons whilst retaining practi-
cally all electrons,

e number of good dE /dxr measurements in the jet chamber > 20. This rejects
the tracks with poor dE/dz modelling in the jet chamber,

e NETel > 0.9 and
e NETcv < 0.65.

Muon Selection

The main principle of the method is first mentioned in [111] and published in [110].
The further development especially concerning systematic uncertainties is docu-
mented in [112,113]. The muon identification uses information from the central
tracking system and the muon chambers. Muons are identified by requiring a
spatial match between a track reconstructed in the central tracking detectors
and a track segment reconstructed in the external muon chambers [110,111]. A
\? fit is applied to quantify the matching quality of the tracks, given by the value
Xpos- Lhe candidate track in the tracking system must be the best match to the
track segment found in the muon chamber. If dF/dz is measured well, a soft
dE/dx cut is used to reduce the amount of kaons, which decay into a muon and
a neutrino, before they interact in the calorimeters [112,113].

In addition to the hadronic event selection, the following cuts are applied to the
tracks in order to select a muon candidate:

e total momentum p > 2 GeV/c,

® Xpos < 307

e —0.05 < (dE/dx)porm < 0.00 in case there are more than 20 good dFE/dz
measurements.
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The main advantage of this muon identification algorithm is that it is very well
understood and has reasonable systematic errors on both efficiency and fake
rate [112,113]. On the other hand, the purity is limited for muons within hadronic
jets. For that reason a neural network has been developed by Frank Fiedler [114].
Unfortunately, the increase of systematic uncertainties on Aby and A%, induced
by the use of this neural network, is larger than the reduction of the statistical
error due to a higher muon purity. Therefore the cut based algorithm is used.

Performance Summary

In this analysis, only leptons from semileptonic b or ¢ hadron decays in primary bb
or cc events are considered as signal. Any other genuine electron or muon and any
hadron misidentified as a lepton, is considered as background. The determination
of the efficiency is based only on the sensitive region of the detector. Particles with
momentum p < 2 GeV/c are not used. With these definitions the efficiency of the
selection for genuine electrons, not considering electrons from photon conversions,
is 66 %. The purity is 73 %, where electrons from photon conversions are included
in the background. Muons are selected with an efficiency of 74 % and a purity
of 53%. About 11% of the electron background is from genuine electrons in
light quark events, 49 % from misidentified hadrons in any primary quark flavour
event, and 40 % from photon conversions. This is in good agreement with the
results published in [109]. About 68 % of the muon background originates from
pions and 28 % from kaons. The remaining 4 % are from other sources. Similar
contributions to the muon background fraction are found in [113].

5.4.2 Quark Flavour Separation

At this point the total observed quark forward-backward asymmetry [115] can be
written as the sum of all involved quark asymmetries:

A = fi(1 = 20)Apg — fol — 2X) Ay — f3ASp + fLAZE =™ (5.1)

Assuming that the semileptonic branching ratios are known from the combina-
tion [52] of other measurements [116-122] and implemented in the Monte Carlo
simulation with full detector simulation and event reconstruction, the fractions
fi can be taken from the Monte Carlo simulation after applying the event selec-
tion and lepton identification mentioned above. To measure the heavy flavour
forward-backward asymmetries APy and A%, quark flavour separation has to be
done. A simple approach is to look for quantities associated with an identified
lepton candidate which has an acceptable intrinsic separation. In previous anal-
yses [90,123] this is done with two variables which describe best the kinematical
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properties of the candidate lepton: the total (longitudinal) momentum p and the
transverse momentum p; of the candidate lepton with respect to the closest jet
axis. However, this simple method in the p x p; plane gives poor results con-
cerning the flavour separation. In 1995 already, the use of two new separation
variables was motivated by this fact, combining several sources of jet and vertex
information, and kinematical properties of the candidate lepton with the help
of artificial neural network algorithms [82,83]. The first algorithm, NETb, was
trained to identify b — ¢~ decays, the second, NET¢c to select ¢ — £ decays.
Due to a limited performance of those algorithms using OPAL data after the
final recalibration (especially concerning the ¢ — ¢* separation) it is decided to
train new neural networks for this analysis to take full advantage of the improved
detector calibrations. Again the approach is to construct two different network
types for b — ¢~ and ¢ — (T decays. In order to reach optimal separation power,
the different network types are trained separately for electrons and muons.

In the next section the sources of information, which are used as input quan-
tities for the neural networks are introduced. In the subsequent sections the
architecture, the training and testing of the networks is described in more detail.

Variables for Quark Flavour Separation

The goal is a measurement of the b and ¢ quark forward-backward asymmetries
and the average B mixing parameter in a simultaneous fit. This implies that the
quark flavour separation must not introduce any bias to the identified bb and
cC events concerning these quantities. On the other hand the magnitude of the
statistical error (dominant uncertainty) is directly correlated to the efficiency and
purity of the quark flavour separation. At this point there is the choice to trade
the reduction of the statistical error, caused by an improvement of the perfor-
mance of the quark flavour separation, against the increase of the systematical
uncertainty due to corrections which are necessary to get rid of biases of the
measured quantities. To obtain the smallest possible total uncertainty on the
measurements, it is decided to build a quark flavour separation which is free of
any biases. For that reason the used input variables for the neural networks are
chosen to neither bias the heavy flavour forward-backward asymmetries nor the
B mixing parameter Y.

The four groups of lepton candidates introduced in Section 4.3, which are to be
separated, contain direct b and ¢ decays b — ¢~ and ¢ — /T and cascade decays
b—c¢c—/¢",b—¢— ¢ ,and b— 7~ — {~. There is no practicable method to
distinguish between b - ¢ — ¢t b—¢— ¢ andb—-¢— (" b —c — (1 de-
cays with a neural network because both decay channels have the same topology.
However it is sufficient for the separation of the decays categorised in groups
1-4 to have two types of neural networks, denoted NETb and NETc. The first
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network, NETDb, is trained to distinguish between b — ¢~ events and all other
categories. The second network, NETc, is trained to distinguish ¢ — ¢* events
from the other categories, including b — ¢~. For the measurement of the b and
¢ quark asymmetries it is important to separate direct b and ¢ decays (types 1
and 2) from each other and from all other contributions. Cascade decays dilute
both, the asymmetries and mixing, and are thus considered being part of the
background fraction for flavour separation.

The flavour information is expected to be contained in variables connected either
directly to the lepton candidate track or to the jet or vertex properties of the jet
from which the lepton candidate originates [83,123].

The variable NETD is constructed from a set of five discriminating variables which
are explained later in detail:

e p, the total (longitudinal) momentum of the lepton candidate,

e p, the transverse momentum of the lepton candidate with respect to the
nearest jet axis. Here the jet axis is calculated excluding the momentum of
the lepton candidate.

® Eub—jet, the energy of the lepton sub-jet,

) E}’éf, the total visible energy of the lepton jet,

® (X DPt)jet, the scalar sum of the transverse momenta with respect to the jet
axis of all particles within the jet

(Zpt)jet = Z Pt (5.2)

jet

In direct b decays the lepton momentum reflects the hard fragmentation of the
primary meson and is thus particularly efficient for separating b — ¢~ and ¢ — £
from the others. The large mass of the b quark also induces high lepton energies
in the rest frame of the decaying b hadrons, which translates, unaffected by the
boost along the quark (jet) direction, into hard p; spectra, characteristical of
direct and cascade b decays (b — ¢~ and b —c¢— /¢t b —c— (7).

One expects leptons from primary b decays to be more isolated than leptons from
semileptonic charm decays due to the larger b hadron masses and higher energy
neutrinos. To quantify this isolation the jet containing the lepton candidate is
split into two sub-jets using an iterative procedure. At the beginning one sub-jet
(called lepton sub-jet) contains only the lepton candidate track. The other sub-
jet (remaining sub-jet) is the remainder of the original jet with the lepton track
removed. Particles are then reassigned iteratively until each particle is closer in
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angular distance to the sub-jet to which it is assigned than to the other sub-
jet. The energy of the lepton sub-jet, with the energy of the lepton candidate
subtracted, is taken as a measure of the isolation of the lepton candidate. The
energy Egb—jer of the lepton sub-jet, unlike p¢, does not depend on the lepton
momentum. The concept of a lepton sub-jet as it is used here is first introduced
in [87].

Due to the emission of an energetic neutrino, b jets, where the b hadron has de-
cayed semileptonically, tend to have lower visible energy than b jets from cascade
decays. The total visible energy EJVe‘tS of the jet is calculated using all tracks and
unassociated calorimeter clusters comprising the jet.

The decay products of b hadrons have on average a high transverse momentum
with respect to the flight direction of the original b hadron because of their large
mass. Since the jet-axis can be considered as a good approximation of the flight
direction of the b hadron [79], the variable (3 p)et characterises both the width
and multiplicity within the jet, which differ significantly for b quarks compared
to lighter quarks [79].

The variable NETc is constructed by combining the five discriminating quantities
used for NETb with three additional measured quantities:

e (L/op)1, the decay length significance of the jet containing the lepton (jet
1), as well as

e (L/or)s, the decay length significance of the most energetic jet in the event
not containing the lepton candidate (jet 2),

e d/og4, the impact parameter significance of the lepton candidate with respect
to the primary vertex.

The long lifetime and high boost of bottom hadrons produced in ete™ — bb
events is leading to secondary vertices that are displaced from the primary in-
teraction point (Figure 4.1) by decay lengths L of the order of millimetres. The
lifetimes of weakly decaying charm hadrons are smaller than those of weakly de-
caying bottom hadrons, typically by a factor of 3 for mesons. Due to the fact that
the distributions of the decay lengths for b and ¢ events overlap especially in the
region of large L, a pure sample of ¢ — £* decays is difficult to obtain. However,
the decay lengths L is useful to separate ¢ — £ from b — ¢~ and b — ¢ — (T
and also from light meson decays which have very different lifetimes. The decay
length significance is defined as the distance L of the secondary vertex from the
primary vertex, divided by the estimated error o, on L, which comes from the
uncertainties in the primary and secondary vertex positions.

For each track, the impact parameter significance is the ratio of the distance d
between the primary vertex and the track at the point of closest approach, to the
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error o, on this distance. The impact parameter allows the distinction between
secondary tracks and tracks from fragmentation [83]. Both the decay length and
the impact parameter are defined in the r-¢ plane only.

In addition to the five and eight inputs used for the neural networks NETb and
NETc respectively, it is found that the output variables NETel and NETcv of
the neural networks for electron identification and conversion electron rejection
improve the separation power of NETb and NETc. Although these variables
are already used to remove the main part of the hadronic and photon conver-
sion contribution, they also help in the flavour separation networks to further
reduce these two types of background. Since NETb and NETc are trained sep-
arately for electrons and muons these two additional variables are included only
in NETb — e and NETc¢ — e as input quantities.

The distributions of the input quantities to the four neural networks used for
quark flavour separation NETb — u, NETb — e, NETc — pu and NETc — e are
shown in Figures 5.1-5.4. In general the intrinsic separation of the inputs of the
b — ¢~ separation networks (NETb) is much better than that of the ¢ — ¢+
networks (NETc). Therefore it is evident that the separation of b — ¢~ decays
from the others is significantly better than that of ¢ — ¢* decays. Table 5.2 gives
an quantitative overview of the separation power of the inputs for the four nets
using the figure of merit (Eq. A.12) [124] which is introduced in the appendix
about neural networks.

Architecture of the Neural Networks

Before the neural networks can be trained and applied to data the proper ar-
chitecture (number of layers and number of nodes per layer) has to be found.
The complexity of the algorithm has to be adjusted to the complexity of the
separation problem and to the number of available training patterns [125]. Once
this is done, the separation quality is only limited by the finite precision of the
measurement process of the OPAL detector and the nature of the semileptonic
b and ¢ decays. There is no general rule which predicts the optimal architecture
of a neural network. The structure depends on the details of the classification
problem to be solved and it has to be found in a series of trials.

The four neural networks NETb — e, NETb — u, NETc — e, and NETc — p,
employed for the quark flavour separation in this analysis, are all of type feed-
forward [108,125] with nj,, = 3 layers: an input layer, a hidden layer and an
output layer. The output layer always has ny, = 1 output node and there are
always npq = 15 nodes in the hidden layer. The number of input nodes n;, is

different for any of the nets as already mentioned in the last section (NETb — u:
nin = 5, NETb — e: ny, =7, NETc — p: ny, = 8 and NETce — e: ny, = 10). The
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Distributions of the five input quantities to NETb — p used

for the separation of b — p~ decays from the background. The
histograms show the distributions for the signal and background
fraction taken from Monte Carlo simulation. On the vertical axis
the number of muon candidates is given. The dots represent the
distribution of the data. Due to the large sample, the errors are
very small and partially hidden beneath the dots. The precise
definition of the different variables is given in the text. The sep-
aration power of the momentum and the transverse momentum
plotted in (a) and (b) is very good. The data is reproduced well
by the Monte Carlo simulation.
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Figure 5.2: Distributions of the seven input quantities to NETb — e used
for the separation of b — e~ decays from the background. The
histograms show the distributions for the signal and background
fraction taken from Monte Carlo simulation. On the vertical axis
the number of electron candidates is given. The dots represent
the distribution of the data. Due to the large sample, the errors
are very small. The precise definition of the different variables is
given in the text. The separation power of the momentum and
the transverse momentum plotted in (a) and (b) is very good.
The separation of the other quantities (plot (c¢)-(g)) is hardly
visible with the eye. The data is reproduced well by the Monte

Carlo simulation.
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Figure 5.3: Distributions of the eight input quantities to NETc — p used

for the separation of ¢ — u™ decays from the background. The
histograms show the distributions for the signal and background
fraction taken from Monte Carlo simulation. On the vertical axis
the number of muon candidates is given. The dots represent the
distribution of the data. Due to the large sample, the errors are
very small. The precise definition of the different variables is
given in the text. The intrinsic separation power of all variables
is quite low. The separation of the transverse momentum p; in
(b), (X pt)jet in (e), and (L/op )12 in (f) and (g) is slightly better
than that of the others. The data is reproduced well by the
Monte Carlo simulation.
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Figure 5.4: Distributions of the ten input quantities to NETc — e used for

the separation of ¢ — e decays from the background. The
histograms show the distributions for the signal and background
fraction taken from Monte Carlo simulation. On the vertical axis
the number of electron candidates is given. The dots show the
distribution of the data. Due to the large sample, the errors are
very small. The precise definition of the different variables is
given in the text. The intrinsic separation power of all variables
is quite low. The separation of the transverse momentum p; in
(b), (X pt)jet in (), (L/op)12 in (f) and (g), and d/o, in (h) is
slightly better than that of the others. The data is reproduced
well by the Monte Carlo simulation.
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Type of input quantity

Separation power of input quantity

electrons muons
NETb NETc NETb NETc
total momentum p 0.08240.002 | 0.00540.005 | 0.110£0.002 | 0.012+0.005
transverse momentum py 0.363£0.002 | 0.036+£0.005 | 0.35040.002 | 0.022+0.005
lepton sub-jet energy Egup—jet 0.01440.002 | 0.001£0.005 | 0.010+0.002 | 0.003+0.005
lepton jet visible energy EJVCIE 0.0214+0.002 | 0.004+£0.005 | 0.020£0.002 | 0.005£0.005
scalar sum of transverse momenta (3 p;)ier | 0.026£0.002 | 0.033£0.005 | 0.029+0.002 | 0.040+0.004
(L/op)1 of lepton jet — 0.05240.005 — 0.025+0.004
(L/op)s of other jet — 0.04540.005 — 0.039+0.004
impact parameter significance d/o, — 0.030+£0.005 — 0.004=£0.005
NETel 0.007+0.002 | 0.00740.005 — —
NETcv 0.051+0.002 | 0.00840.005 — —

Table 5.2: The intrinsic separation of the input quantities used in the four
neural networks for the quark flavour separation. The separation
power is quantified using the figure of merit. The quoted errors
are due to the finite amount of events in the distributions. For the
inputs of NETb only true b — ¢~ decays are counted as signal and
all others as background. Concerning NETc, the ¢ — ¢ decays
are considered as signal and anything else as background. The
values for the figure of merit given in the table correspond to the
distributions of the input quantities shown in Figure 5.1-5.4.
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activation function [125] of the hidden nodes and the output node is a sigmoid
function (Eq. A.4). There are 16 thresholds [125] in each net: one for each hidden
and output node, but there are no thresholds to the input nodes. A summary of
the configuration of all four networks can be found in Table 5.3.

The input variables z; are rescaled to fit into the intervall [—1,1] € IR to reduce
the time consumption during the training phase:

xinet = tanh(ax; — b) (5.3)

The parameters a and b to shrink (stretch) and shift the distributions are adjusted
individually for each input x;. The hyperbolic tangent is there to shrink long tails
with very little information. Quantities which are already bounded and do not
have tails like NETel or NETcv are rescaled without the hyperbolic tangent.

Training of the Neural Networks

A total of two millions of simulated events which take up to five quark flavours
into account are used to generate the training and test samples for the training
procedure. The event selection, the reconstruction of vertices, jets and the thrust
axis and the lepton identification are done with the same tools and cuts as in the
analyses (see Sections 5.2, 5.3 and 5.4.1). This procedure gives 135945 (33 %
b — e and 18 % ¢ — e™) electron and 145448 (31 % b — p~ and 16 %
¢ — pt) muon candidates. These samples are divided into two statistically
independent sets of patterns: 75 % of the patterns are used during the learning
phase to adjust the internal parameters of the neural network (training sample),
and the remaining are used for testing the performance during the training with
independent patterns. A lepton candidate is only used for the training, if all
quantities serving as inputs to the network currently trained are reconstructed
correctly. In particular the vertex decay length of the involved jets has to be
determined.

For the final training the composition (signal and background) of the used training
sample is identical to the composition expected in real data. In a series of trials
this is found to give the best results. The networks are trained to return the value
“1” for the signal fraction (b — ¢~ or ¢ — ¢* for NETb and NETc respectively)
and “0” for the background (all other events).

Weights and thresholds are recalculated after presenting ten additional patterns
to the training algorithm. A training epoch is defined by n.p updates of the
weights. During the training, all events of the training sample are presented
several times to the training algorithm. After a training cycle, all patterns of the
training sample are evaluated. The performance of the network on the training
sample is monitored continuously during the training. At the end of each cycle in
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Parameter | Description Value
b—>e‘b—>,u‘c—>e‘b—>p,
Niay number of layers in the net 3
Nin number of inputs 7 ‘ 5 ‘ 10 ‘ 8
Nhid number of nodes in the hidden layer 15
Nout number of outputs 1
Neweights number of weights and thresholds in the net 136 ‘ 106 ‘ 181 ‘ 151
g(x) activation function 1/(1 4 exp (—2x/T))
Npat number of training patterns per update 10
Nupd number of updates which define one epoch 600 1500 3300
Netrep total number of training epochs 6797 ‘ 8824 3789 2173
Neyele total number of training cycles 400 600
n initial step size 0.5
Mred reduction factor per epoch 0.001 0.002 ‘ 0.004
« momentum parameter 0.9 0.5
16} overall inverse network temperature § = 1/T 1.0
Ntrain number of patterns in training sample 101958 | 132364 | 91746 | 119561
Notest number of patterns in test sample 33987 | 44122 | 30583 | 39854
FOM;;ain | net performance (training sample) 0.464 | 0.479 | 0.237 | 0.196
0(FOMyain) | error on performance 0.002 | 0.002 | 0.004 | 0.004
FOMiest net performance (test sample) 0.464 | 0.479 | 0.235 | 0.196
0(FOMjyest) | error on performance 0.003 | 0.003 | 0.007 | 0.007

Table 5.3: Summary of the parameters describing the architecture and the
training conditions of the four neural networks used for quark
flavour separation. All parameters are described in the text. In
addition some information about performance of the algorithms

is given.
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addition the performance is calculated using the test sample. The initial learning
parameter 7 = 0.5 is chosen rather large for all networks. After each epoch 7
is iteratively reduced by a factor 1 — 1,eq down to n ~ 107%. The momentum
parameter « is set to an individual value for each of the four neural networks.
The optimal « is found after several trials. For the network temperature 7' =1
is used. A variation of the temperature shows little change of the performance of
the networks. A constant reduction of 7" and « after each training epoch as done
with the learning parameter, does not lead to a higher separation power of the
trained networks. Therefore those parameters are kept fix during the training.

After negee (Neyae = 400 for NETb — e and NETb — p, negae = 600 for
NETc — e and NETc¢ — p) there is no observable improvement of the perfor-
mance of the networks after another ncyce cycles. Also a change of one or several
of the training parameters shows no further improvement. Since the performance
stays constant the training is finished at this point. The plots in Figure 5.5 show
the performance of the four neural networks on the test and training samples as
a function of the training cycles for the first ncyqe cycles, expressed using the
figure of merit (Eq. A.12). During the first cycles the learning of the networks is
very fast. The largest step is visible after the first cycle. The performance on the
training and the test sample is very similar, if one considers the statistical error
due to the finite size of the samples. Together with the monotonic behaviour of
the performance curve on the test sample this shows that the networks are not
overtrained and the training samples are large enough for the given complexities
of the nets. A summary of the parameters used for the training can be found in
Table 5.3. This table also contains the values for the figure of merit for the four
networks for the training and test sample. Those values are an indication for the
separation power of the algorithms.

Since all the events used in the training sample are taken from simulated data for
the 1994 detector configuration, tests are made to show that the performance of
the produced networks is independent of the detector simulation of the different
years. Different networks NET; are trained using Monte Carlo events produced
for the 1992, 1993, 1994 and 1995 detector configuration. Then output distri-
butions with statistically independent samples of simulated data with identical
detector simulation are produced with different networks NET, and NET,. The
statistical compatibility of those distributions is the same as that of two output
distributions produced with one neural network using two statistical independent
test samples from one year.

The used input quantities to NETb and NETc¢ are not all possible sources of
information available for the separation of the b — ¢~ and ¢ — ¢t decays from
each other and from the background. Concerning NETb there are two additional
types of variables which could improve the separation:

o The vertex decay lengths (L/op)1 2, which are already used in NETc would



90 5 Measurement of the b and ¢ Quark Asymmetry Using Leptons

also help NETD to separate the b — ¢~ decays from the ¢ — ¢ decays.

e The comparison of the charge of the lepton candidate (0, with the jet charge
Qjet of either the lepton jet or the most energetic jet not containing the
lepton candidate (other jet). This can be done with the variable

Qrjet = Qo+ Qjet (5.4)
Qlepton jet

0 jet is positive for b — ¢~ and ¢ — ¢ decays and negative for
b — ¢ — £t decays, assuming that Qe is the jet charge of the lepton jet.
Here Qe is very helpful to reject the cascade decays from direct b — ¢~
and ¢ — /T decays.

Distributions of these additional variables are given in Figure 5.6. The intrinsic
separation can be seen from these distributions. NETb — e and NETb — p are
retrained with either (L/op)19 or ngf’fetton 1 and Q%};fr 1 as additional input
quantities. In both cases the figure of merit indicated a significant improvement
of the separation quality (see Table 5.4). Adding Qe as an input to NETc — e
and NETc — p changes the separation quality just very little. The price one has
to pay for this improvement is a strong dependence of the B mixing parameter Y
on the output value of NETb which can be seen in Figure 5.7. Unfortunately the
increase of the systematic uncertainty due to the correction which is necessary to
account for this bias is not compensated by the small reduction of the statistical
error caused by the better performance of NETb. For that reason these variables
are not included in NETb. The small bias introduced by (L/o )12, which is used
as an input to NETc¢ is discussed in Section 5.9.

The additional use of Qgjet in the ¢ — ¢ neural networks does not improve the
performance, so they are not used there either.

The NETb and NETc output distributions produced with OPAL data are shown
in Figure 5.8, together with the predictions from Monte Carlo. The hatched
histograms show the distribution of the different decay channels 1-4 introduced
earlier. At high NETb values, the separation of group 1 (b — ¢~ b —¢T — (|
b — 77 — {7) events from all other lepton sources is clearly visible in figures (a)
and (b). For example, requiring NETb > 0.7 gives a sample 89 % pure in group 1
decays, with3% b — ¢ — ¢ and 4% ¢ — ¢, whilst retaining 45 % of allb — ¢~
b—¢— /¢ ,and b— 7~ — ¢~ decays with an identified lepton (averaged over
electrons and muons). The separation of leptons from ¢ — ¢* decays from other
leptons is more difficult as can be seen in the output distributions of NETc¢ in
figures (c¢) and (d). Requiring NETc > 0.7 gives a sample 59 % pure in ¢ — ¢+
decays, with 12% b —{¢",b—-7" -/ ,andb—c— /" and6% b — ¢ — (T,
whilst retaining 19 % of all ¢ — ¢* decays with an identified lepton. For both
NETDb and NETc, the Monte Carlo gives a reasonable description of the data,
and the effects of the small discrepancies visible are discussed in Section 5.9.4.



5.4 Neural Network based Quark Flavour Separation using Leptons 91

.4:0.48 _IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ '-l:l _IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
o - (a) 1 ©024 - (b) ]
€046 == =- E r b
5 C 1 6022 |- E
0044 e C ]
= C 1 202 |- -
2042 | 12 ]
C § 018 |- -

04 - E o ]

r b 0.16 ]

s 1 014 =

0.36 |- . - C i ]
. —— trainingsample 012 | —— trainingsample

034 0 test sample B o1 B T test sample B
0-32 -I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII- : -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-
0 25 50 75 100125150 175 200 0 50 100 150 200 250 300 350 400
training cycles training cycles

.4; 0.5 _III(II)IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'I'_ '§O.22 _lll(ldlﬁlllllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
E(c ] C ]
e | go2f -
80.46 - E o C ]
3044 | 1 3018 - .
042 4 0.16 - _'
04 = C ]

u ] 014 —

0.38 - = C ]
036 - —— training sample g 012 2 —— trainingsample
034 - - test sample . o1 Bl - test sample ]
032 -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII- -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-
0 25 50 75 100125150 175 200 0 50 100 150 200 250 300 350 400
training cycles training cycles

Figure 5.5: The four plots show the figure of merit of the test and training
samples as a function of the training cycles. For all four networks
the figure of merit shows a monotonic behaviour over the training
cycles for both, the training and test sample. The performance
of the b — ¢~ networks is always better than that of the ¢ —
¢t ones. At the beginning the performance improves rapidly.
Towards the end, the performance on the test and training sample
is almost the same. The thin lines give the statistical error on
the figure of merit caused by the finite number of training and
test events.

The output distributions (Figure 5.8) and the corresponding values for the figure
of merit (Table 5.3) reflect the better intrinsic separation of the input parameters
used for NETb compared with those for NETc (Table 5.2 as well as Figures 5.1-
5.4). The strong overlap of the inputs to NETc makes it very difficult to separate
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Figure 5.6: Distributions of additional input variables for quark flavour sep-

aration. The histograms give the signal and background distri-
butions taken from Monte Carlo simulation. On the vertical axis
the number of electron or muon candidates is given. The small
dots represent the distribution of the same variable in the data.
Plot (a)-(d) shows Qlﬁeﬁ:‘m 1 plot (e)-(h) show QZ?;? It “and plot
(i)-(1) show (L/op)12. The distributions all have intrinsic sepa-
ration.
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network type figure of merit

NETb — e NETb — u
used in analysis 0.464 £+ 0.002 | 0.479 £ 0.002
with Qp jes 0.475 £+ 0.002 | 0.492 + 0.002
with (L/or)12 0.500 £ 0.002 | 0.510 £ 0.002
with Qe and (L/or)12 | 0.502 £ 0.002 | 0.511 £ 0.002

Table 5.4: Comparison of the performance of NETb — e and NETb — g
for four different sets of input quantities. The performance is ex-
pressed with the figure of merit. In the first line the performance
of the networks used in the analysis is shown. Values for the per-
formance after adding ijpetton ¥ and Qz’fjﬁ’r ¥ (LJor)12 or both
to the list of inputs are given in the subsequent lines. The im-
provement with all four additional inputs is small compared to
the net using only Qpjet or (L/or)12.

the signal from the background. This cannot be compensated by the larger
number of inputs to NETc. Also the correlations between the different input
parameters to NETc¢ do not provide more information than those between the
inputs to NETb.

The values of NETb and NETc are evaluated for all lepton candidates. When
more than one lepton is identified in an event, the candidates are ranked accord-
ing to the value of NETb. If the best two lepton candidates in an event satisfy
NETDb > 0.6, and if the axis of the two jets containing the leptons do not belong
to the same thrust hemisphere, then both candidates are retained, and this is
classified as a dilepton event. Otherwise only the best lepton candidate is consid-
ered, and the event is classified as a single lepton event. The numbers of single
and dilepton events selected are given in Table 5.1.

5.5 Fit Method

To measure the forward-backward asymmetry, Apg, the definition given in
Eq. 2.28 has to be modified in order to take detector efficiency effects into ac-
count. Usually the acceptance is a function of the polar angle |f|. Assuming
the detection efficiency is known for all |6], the total cross-section in forward and
backward direction can be calculated.

A solution to this problem is offered by measuring the forward-backward asym-
metry using two small bins at the polar angles +6 in forward and backward
direction. The width of the bins must be chosen such that the efficiency can be
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Figure 5.7: The B mixing parameter X as a function of the output of NETb.
The used neural networks are trained with different sets of input
quantities. On the left hand plot the fraction Ypin/Xtor Of the
B mixing parameter Ypi,, determined in bins of NETb and the
total mixing parameter Y. of the sample, is plotted as a function
of NETb. The dashed lines indicate the uncertainty of the OPAL
X measurement. It can be seen that (e as additional input in-
duces a strong bias. The influence of the other additional inputs
is better visible looking at the pull: (Xbin — Xtot )/ (Xbinttot) PlOt-
ted on the right diagram. Again the dashed lines indicate the
error of the OPAL measurement. The neural network used in
the analyses has no bias at all because the values show a random
distribution. (L/op )12 as an additional input introduces a bias
but in the opposite direction compared to Qg jes.

assumed to be constant within the bin. To obtain the relationship between the
total forward-backward asymmetry and the forward-backward asymmetry mea-

sured in a specific bin pair, the differential cross-section of the ete™ — qq process
(Eq. 2.23) at the Z pole is used:

dog

d cos @

oc 1+ cos® 6 + §AFB cosf = do(0) . (5.5)

Together with the definition of the forward-backward asymmetry (Eq. 2.28) the
forward-backward asymmetry at a certain polar angle |6 is a function of |0
do(|0]) —do(—|0]) 8 | cos 0|

dArs(]6]) = do () + do(—6) e Xy (56)
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Figure 5.8: Outputs of the neural networks designed to select (a) b — e, (b)
b — u, (¢) ¢ — e and (d) ¢ — u decays. The data are shown
by the points with error bars, and the expected contributions
from different lepton sources by the hatched histograms. On the
vertical axis the number of electron or muon candidates is given.

This relation is also valid if the width A8 of the bin is chosen such that the vari-
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Figure 5.9: Efficiency to detect a b or ¢ event using prompt leptons as a
function of | cosfr]|.

ation of App(f) = App(]|0|) over 6 within the bin is negligible. For the forward-
backward asymmetry measurement a binning in 6, symmetric to a plane per-
pendicular to the beam pipe and containing the interaction point, is introduced.
Binning the events in 6 allows the inclusion of the full statistics of the selected
events in the analysis. The measurement now is done by counting events:

NF; — NB.; 8 |cosb;
AAFBZ: »¥ 50 :A | Z‘

e 5.7
ng; + Np,; FB 31 1 cos? 0; (5.7)

Here the events np; and ng; detected in bin ¢ in forward and backward direction
are used. The value of cos#; is taken at the mean of bin i. The polar angle 6 of
the event is given by the direction of the thrust axis [78], cosfr.

The efficiency to detect a b or ¢ event with at least one prompt electron or muon
as a function of |cosfr| is shown in Figure 5.9. The binning of the efficiency
curve in |cosft| is three times narrower than the binning used to calculate the
differential forward-backward asymmetry in the analysis. It can be seen that the
variation of the efficiency over three bins in the plot is rather small, so that the
differential asymmetry can be used for the measurement. A cross check with
different sizes of the bins to show that this assumption is justified can be found
in Section 5.10.

In the central part of the detector the detection efficiency using electrons is nearly
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Figure 5.10: NETb x NETec distributions of a large y bin in the barrel part of

the detector for electron candidates only. The histogram at the

top shows the distribution expected in data, which is a super-

position of the four histograms for the different decay channels.
The different shapes ensure a good separation of the four groups

decays are accumulated in one

corner of the appropriate distribution. Also the ¢ — e™ decays

can be separated quite well from the background.

of events. Especially the b — e
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constant, but in the endcaps the efficiency drops. A particle track in the end-
cap region crosses fewer wires in the jet chamber than in the barrel region [60].
Therefore the probability to produce a given number of hits is smaller in the
endcaps, leading to a reduced efficiency. In addition the energy measurement in
the electromagnetic calorimeter is worse in the endcaps compared to the barrel
due to more material in front of the calorimeter and noise effects (non-pointing
geometry of the lead glass blocks and photo diodes instead of photo multipliers
due to high magnetic field [60]).

The detection efficiency using muons drops in the overlap region of the central
part of the detector and the endcaps. In this region there is more material in
front of the external muon chambers originating from the edge of the pressure
tank [60]. In addition there is a big iron support in the overlap region between
the hadron calorimeter and the muon chambers of about 80 cm. Due to such a
big amount of material the probability that a muon initialises a shower is rather
high, leading to a change of the flight direction of the muons. This dilutes the
quality of matching of a track in the central tracking system and the external
muon chambers, which is used to identify muons.

The thrust axis of each event is used to estimate the flight direction of the primary
quark, and the charge (), of the identified leptons is used to distinguish between
the quark and antiquark direction. For single lepton events, the observable y =
—(@y cos Ot classifies events as forward, with y > 0, or backward, with y < 0.

To measure the b and ¢ forward-backward asymmetries the total observable asym-
metry (Eq. 5.1) needs to be known for at least two samples with different quark
flavour composition. This can be realised with the help of the quark flavour
separation neural networks described above by placing cuts in order to get a b
and a c¢ enriched sample. Even though the cut points can be optimised to get
samples with large statistics, some information will be lost. To keep as much as
possible of the available information for the determination of the asymmetries
a method is developed which uses all events with at least one lepton for the
measurement [82,83].

Since all b and ¢ events carry information about APy and A%y it is useful to
use all of them. This is done by producing two dimensional NETb x NETc¢
distributions with 10 x 10 bins. All single lepton events are grouped into 20
bins 3, with respect to their y value. The events in each y bin are sorted in
the NETb x NET¢c distribution according to their NETb and NETc values. Now
there are 100 (=10x 10) y distributions. With the help of the differential forward-
backward asymmetry the total asymmetry for each of this y distributions can be
calculated for the data events. The composition of each NETb, NETc and y bin
can be taken from Monte Carlo simulation by sorting the four different groups of

310 bins in forward (y > 0) and 10 in backwards (y < 0) direction.
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b and c decays:

1.b—=¢,b—>7 —-¢ andb—C— (",
2.b—c— (T,
3. ¢ — ¢T and

4. background

separately into NETb, NETc and y bins. These NETb x NETc distributions can
be used to calculate the relative composition of each NETb-NETc-y bin of the
data histograms.

Figure 5.10 shows an example of a NETb x NETc¢ distribution as it will look
like using data events. This distribution can be constructed as a superposition of
the four NETb x NETc¢ distributions for the different decay channels taken from
simulated data. The distributions for the four decay channels each have a very
characteristic shape ensuring a good separation amongst each other. Already the
distribution of the superposition — taken from data — shows b and ¢ enriched
regions. With two of these data NETb x NETc distributions for two equivalent
y bins, one in forward and one in backward direction, the differential forward
backward asymmetry can be measured separately for any of the NETb, NETc¢
bins.

The B mixing parameter Y can be measured by counting the number of dilepton
events with both leptons having the same charge and comparing them to the
number of dilepton events where both leptons have opposite charge. Dilepton
events are events where both leptons belong to different thrust hemispheres and
where both leptons survive a cut of NETb > 0.6. This cut is chosen in order to
minimise the total error (statistical plus systematic) on the mixing measurement.
Of events with more than two lepton candidates satisfying this cut, the two with
the highest value of NETb are taken. Each of the two leptons of the dilepton
event (ij) can be of type 1 to 4. Events of type i = 1 and j = 1 (11) are the
signal, while (12) and (14) are the main background contributions which reduce
the sensitivity of the measurement.

Both, the measurement of the differential forward-backward asymmetries (the
quark in an event is either moving in forward or backward direction) and the mea-
surement of the B mixing parameter (a B meson may or may not have mixed),
involve binomial probability distributions. For both, the measurement of the
B mixing parameter ¥ and the b and ¢ forward-backward asymmetries, it is
possible to give the probability density as a function of the fit parameters and
the measured numbers of forward and backward events as a function of | cosér|.
Therefore the maximum likelihood method is best suitable to estimate the values
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for Abp, A%y and Y. As a first step the likelihood function £ has to be con-
structed. To extract the values for the measured quantities the maximum of the
likelihood function has to be found. This is usually done with a multi-parameter
fit. Due to technical reasons it is preferred to search for the global minimum of
—log £ rather than for the maximum of £ [126].

As an alternative to a maximum likelihood fit one could think of doing a ? fit*
to the differential cross-section in the different NETb-NETc bins. Unfortunately
this will not work properly because there are regions of the NETb x NET¢ plane
where the bins of the y distributions have very few entries, so that the bin errors
are not Gaussian as assumed by a x? fit. This introduces a bias in the results and
in the statistical errors. Throwing away all y distributions containing bins with
too few entries would cut out information and thus raise the statistical error.

To account for the correlation between the B mixing parameter Y and the b quark
forward backward asymmetry, Abg, originating from the type of measurement and
the correlation between the b and ¢ asymmetries due to the limited purity of the
quark flavour separation, all three parameters are determined with a simultaneous
fit to the data. The values of the asymmetries and Y are extracted from the
observed numbers of single lepton events as a function of cosfr, NETb and
NETec, and the numbers of dilepton events as a function of cos .

The total likelihood to be maximised is the product:
L= £single e’ Esingle w’ Edouble . (58>

The single and double lepton likelihood terms are discussed in more detail below.

5.5.1 Single Lepton Likelihood Function

The forward-backward asymmetry is examined in bins of NETb, NETc and |y|.
The fit considers four classes of leptons according to the lepton charge and pri-
mary quark flavour as mentioned above. Direct b — ¢~ decays and the other
decays in class (1) contribute to the observed asymmetry with the opposite sign
to classes (2) and (3). The asymmetry of events coming from b decays is scaled
by a factor (1 —2Y) for category (1) decays and (1 —27) for category (2), to ac-
count for the effects of neutral B meson mixing. The additional correction factor
7 takes into account that the two samples include different fractions of different
species of b hadrons: B?, BT, BY, b baryons etc., mainly due to the different
semileptonic branching ratios of D° and DT mesons [26]. The value of 7 is set
to 1.083, evaluated from the Monte Carlo simulation. No equivalent correction

4The maximum likelihood fit method and the x2 fit method are equivalent if the probability
density function is a Gaussian.
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factor is used for the small fraction of b — € — ¢~ events included in category
(1).

The fractions of each single lepton category in the full data sample are given in
Table 5.5. Note that these are fitted fractions. The fit adjusts the overall rate of
background in the sample.

electrons | muons
(1) b—( 35.6 % 24.6 %

b—t¢c— /¢ 2.8 % 2.3 %

b—7"—=/¢ 1] 11% 0.7 %
(2) b—oc—/(F 12.6 % 9.7 %
(3) c— (" 19.3 % 14.9 %
(4) Dbackground | 28.6 % | 47.8 %

Table 5.5: The composition of the single lepton samples. The first three
lines are combined into category (1) in the fit. The fractions given
correspond to the fractions f] after the fit.

The likelihood for single lepton events is an improved version of that used earlier
[82,83,123]. It has two terms:

normalisation forward backward
(np + nB)' 1+ AFB "E 1-— AFB B
NETb,NETc vl Fe B

1 _ 2
I exp <_<27m>) | (5.9)
NETbNETc Y27M0m im

background fraction

The first term is a product over all NETb, NETc and |y| bins. For each bin
there is a forward and a backward contribution. The number of forward ny and
backward ng events observed in each bin of the data follow a binomial probability
distribution.

The fit uses ten equidistant bins in each of NETb, NETc and |y|. The second
term constrains the total number of events nr in a given NETb, NETc¢ bin (no
binning in |y|) to the expected number m and allows the overall normalisations
of the electron and muon background contributions to be determined from the
data, reducing the overall uncertainty. The determination of the background
contribution in the fit was first introduced in [82]. The shapes of the distributions
of the background events as a function of | cos f1|, however, are taken from Monte
Carlo simulation. In Figure 5.11 the distribution of the background events as a
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Figure 5.11: Number of events tagged using an electron (a) or muon (b) can-
didate as a function of |cosfr|. The hatched part of the bins
shows the contribution from background events. The normali-
sation of the background fraction is a fit result while the shape
of the distributions is taken from Monte Carlo simulation. The

background fraction of each bin is shown in plot (c).
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function of | cos | is shown. While the events tagged with an electron candidate
have the highest purity in the central part of the detector and a steady increase of
the background fraction towards the endcap regions, the events which are tagged
using a muon candidate have more or less the same background contribution
over the whole |cosfr| range. Just in the far forward region the background
contribution decreases slightly.

In the following the different contributions to Lgnge ¢ Eq. 5.9 are explained. The
definition of the forward-backward asymmetry (Eq. 2.28) can be written with the
probabilities of pr and pg of an event to be forward or backward.

Of 0B

_ = pp — pp = 2pp — 1 5.10
OF + 0B OF + 0B br Pe Pr ( )
Due to the binomial character of the problem, pr and pg sum up to 1. Therefore
the probability of an event in a specific NETb, NETc and |y| bin to be forward
is pr = (1 4+ Arp)/2, where Apg = Apg(NETb, NETc, |y|) is the total expected
forward-backward asymmetry for the considered bin:

4
Aps(NETh, NETC, [y]) = 3 //p:(NETb, NETe, [y]) Ay, 52

. 5.11

In this expression, f/ denotes the fraction of leptons in class i, while p; is the
normalised distribution of leptons from class ¢ in bins of NETb, NET¢ and |y|,
taken from Monte Carlo simulation. The source fractions f; are derived from
the Monte Carlo fractions f;. However, the fraction of background f} is a free

parameter in the fit, and the fractions of prompt sources with i = 1,2, 3 are given
by
fi

! !
fi=0 f4)f1 +fat [z
In this way, the relative rates of the prompt leptons are fixed by the prediction
of the Monte Carlo simulation, and the fractions satisfy Y-, f/ = 1. The nominal
asymmetries ALy of Eq. 5.11 for each class are:

(5.12)

AI;TB = (1- QY)A%J?D
A = — (1-21Y)A
AgB - ( ; MX)Aps (5.13)
e 1];lzi;)ckground

A%B = Arg
The background asymmetry Apa ™4 3156 depends on the primary quark asym-
metries. It is expressed as a sum over quark flavours:

Background q q q

AFB & = Z fggckcg(illuteAqF% . (514)
q

This introduces a very weak additional dependence on the fitted values of the
b and c forward-backward asymmetries. The central values of the light quark
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App (%) (ZFITTER prediction)
(\/3) [GeV] 89.51 | 91.25 | 9295
S5 5.954+ 5.0 | 9.64+1.3 | 11.89+ 5.0
ut -3.08+20.0 | 6.3247.3 | 12.07420.0
dd 5.96410.0 | 9.6443.7 | 11.89+10.0

Table 5.6: The values of the forward-backward asymmetries for light flavours
taken from ZFITTER [34] and the variations used for calculating
the background asymmetry [127,128|.

electrons muons
qq qu_l qq qu_l
back dilute back dilute

bb | 0.139 | 0.028 | 0.192 | 0.093
cc | 0.146 | -0.104 | 0.178 | -0.043
ss | 0.214 | 0.025 | 0.243 | 0.103
uu | 0.220 | -0.114 | 0.169 | -0.123
dd | 0.218 | 0.107 | 0.218 | 0.083

Table 5.7: The fractions of background coming from each primary quark
flavour for electrons and muons and the dilution factors by which
the primary quark forward-backward asymmetries are scaled to
evaluate the background asymmetry.

forward-backward asymmetries are taken from the predictions of ZFITTER, 6.36
[34] and are listed in Table 5.6. The quoted uncertainties in these asymmetries
are taken from measurements of the strange quark asymmetry by DELPHI [127]
and of the light quark asymmetries by OPAL [128]. These measurements are
consistent with the ZFITTER expectations, with relatively large statistical errors.
The fractions f29, of each quark flavour contributing to the background are taken
from the Monte Carlo prediction, as are the dilution factors ¢35} .. which take into
account the fraction of the primary quark forward-backward asymmetry that is
seen in background events of this flavour. The fractions and dilutions are listed
in Table 5.7. Some contributions to the background, for example for photon
conversions, have zero forward-backward asymmetry. Others, in particular kaons
in s§ events, inherit a significant fraction of the primary quark forward-backward
asymmetry. The background asymmetry actually varies as a function of NETb
and NETc, but this effect is neglected in the fit, and the small resulting bias
is treated as part of the overall bias correction described in Section 5.9.3. The
uncertainty from this procedure is discussed in Section 5.9.3.

In the second term of the single lepton likelihood the number of events m expected
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ce pup ep
1) 86.9% | 86.3% | 86.4%
2) 103% | 85% | 9.6%
2) 03% | 02% | 03%
3)
4)

04% | 04% | 05%
1.8% | 40% | 2.8%
others 03% | 06% | 04%
total number 1308 2067 3354

Table 5.8: Fractions of events in the most important categories in the double
lepton sample, together with the total number of ee, uu and ep
events.

in a NETb and NETec¢ bin is calculated as:

4
m(NETh, NETc) = Nb,.. 3 fii(NETh, NETc), (5.15)
=1

where N§,.. denotes the total number of single lepton events in the data (¢ =
e, ), and p; is the normalised distribution in bins of NETb and NETe¢ for leptons
in class 7. The observed number of events nr in a bin is assumed to be Gaussian
distributed with mean m and standard deviation o,, computed as

o2 =m+ (M2, (5.16)
where M is the uncertainty on the expected number m of events in this bin due
to limited Monte Carlo statistics.

5.5.2 Double Lepton Likelihood Function

The double lepton likelihood is designed in order to be sensitive to both, the
B mixing parameter ¥ and the forward-backward asymmetries Abg and A%y, It
is a product in bins of |y| of multinomial probabilities for the event to be forward,
pr, backward, pg, or same-sign, ps. An event is called:

e forward if the two leptons have opposite charge and fulfil y; = yo > 0,
e backward if the two leptons have opposite charge and fulfil y; = y» < 0 and

o same-sign if the two leptons have the same charge. This means y; = —y»
(these events contain no information about the forward-backward asymme-

try).
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Both leptons of a identified dilepton event have NETb > 0.6 in order to suppress
cascade decays and background from light flavour events. No further subdivision
in NETb or NETc is made. The composition of the double lepton sample is given
in Table 5.8. A two lepton event can be written as ij, where the two indices ¢, j
refer to one of the categories 1-4 introduced for a lepton candidate. Only certain
combinations of the four categories to a double lepton event ij are possible. Any
flavour event can give a background lepton, but lepton classes 1 and 2 can only
come from bb events, and class 3 only from ¢ events. The eight possible dilepton
classes are therefore: 17 = 11,12, 22,33, 14,24, 34, 44.

In the fit electron-electron (ee), electron-muon (eu), and muon-muon (uu) events
are considered together:

. (TLF +ng + nS)' ng ng ng
Edouble - 1;|[ nF‘ nB! nS! (pF) (pB) (pS) : (517)

In this case, ng, ng, and ng are the number of forward, backward and same-sign
events observed in the data in a certain |y| bin. A dilepton event with opposite
charged leptons is called forward or backward according to the direction of the
negative lepton. The probability of such an event being forward or backward
usually depends on the forward-backward asymmetry of the dilepton category ;.
The fraction of same-sign dilepton events depends only on the mixing parameter
X. The overall probabilities for an event to be forward, backward or same-sign is
given by the sum over all possible classes i7:

px = FillyDpi(lyl) - (5.18)

Here the variable X stands for F, B or S. Since the contribution of events with
at least one lepton of type 4 to the double lepton sample is small (see Table 5.8),
the fractions f;; are taken directly from the Monte Carlo simulation, without
being corrected for the rates of background leptons fitted in the single lepton
sample. Similarly, the small residual asymmetries of the background leptons are
neglected. Writing Y = 8|y|/3(1 + y?), the probabilities pr, pg, and ps for an
event to be forward, backward or same-sign for each dilepton category, can be
derived®:

Source 11: double b — ¢7: This produces a same-sign event if one of the lep-
tons has mixed and an opposite sign event if non or both leptons have mixed.
In case both leptons have mixed the observed asymmetry has opposite sign
(wrong tag):
prp = 3(1-2Xx+ 2% £ (1 - 20)4ppY) | (5.19)
ps = 2x(1-%) .

5The upper signs are taken for pr and the lower signs for pg.
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Source 12: b — (=~ 4+ b — ¢ — ¢*: This category is independent of the
forward-backward asymmetry and only depends on the mixing parame-
ter. This is because in the absence of mixing these events would all be
same sign, losing the information about the forward-backward asymme-
try. If they are of opposite sign without knowing which lepton comes from
the mixed meson, the forward-backward asymmetry information cannot be

recovered:
pis = 3MX(1—%) +ix(1-7x), (5.20)
p = (1= —-7%)+17X" -

Source 22: double b — ¢ — ¢*: This is like source 11 but the signs of the
forward-backward asymmetry is vice versa because of the opposite sign
correlation between the primary quark and the final state lepton of the
b — ¢ — T decay compared to the b — ¢~ decay:

ps = f1-27x+2mX)° F (1 -27%)ApsY) , (5.21)
P = 27x(1 —7X) -

Source 33: double ¢ — ¢*: Since there is no mixing for ¢ — ¢* decays this
source gives always two leptons with opposite charge. A ¢ — T produces a
¢t not a £~, therefore the forward-backward asymmetry has opposite sign
to class 11:

pie = 3(1FARY), (5.22)

1
2
p¥ = 0.

Source 14: b — ¢~ + background: The sign correlation of the background
lepton candidate to the primary quark is random. In 50 % of the cases
it has the same sign as the b — ¢~ lepton sign, destroying the information
about the asymmetry. In the other 50 % of the cases it will have opposite
sign and the asymmetry can be measured. In the second case there still
can occur mixing in the b — ¢~ decay:

prs = (1= +ARY) +ix(1 F ApgY) , (5.23)
1
2

4 _
pPs =

Source 24: b — ¢ — ¢ 4+ background: In this case the situation is the same
as with source 14 but with the sign of the forward-backward asymmetry
reversed, since the information comes through the cascade decay:

pis = Y1-m0) (1 FARY) +inv(1 £ ApY) (5.24)
P& =
L
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Source 34: ¢ — ¢t 4+ background: Again in 50 % of the cases the signs of
the leptons are the same. In the remaining 50 % the sign of the ¢ — /T
decay can be used to determine the direction of the primary quark. This
is like source 14 but there is no mixing involved. The sign of the forward-
backward asymmetry is reversed (opposite charge correlation between quark
and lepton for ¢ — ¢ decays than for b — ¢~ decays):

e = 1(1FARRY), (5.25)
P =3

Source 44: double background: All the signs have random distribution. In

this case 50 % of the events have two leptons with the same sign. The other

events have opposite sign. In this case half of the events are forward and
the other half are backward:

Prs L, (5.26)
pst = 3.

5.6 Testing the Maximum Likelihood Fit

The likelihood function £ combines four different types of quantities with the
appropriate probability densities:

1. the observables Abg, ASy and Y (fit parameters),

2. the fractions f;, fi;, and the normalised NETb x NET¢ distributions, taken
from the Monte Carlo simulation,

3. a model for the differential cross-section which allows the combination of
the bin asymmetries to the total forward-backward asymmetry,

4. the number ny and np of forward and backward events as a function of
NETb, NETc and |y| and the number of same and opposite sign two lepton
events, both measured in the data.

The estimates for the observables are functions of the model parameters (2)
and the quantities measured in the data (4). The variation of the results due to
uncertainties of the model parameters is discussed in the systematic error section.
Limited numbers of events in the data sample also introduce a statistical error on
the measurement. Since the likelihood function does not need to be symmetric
about the maximum with respect to a specific observable (fit parameter) the
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statistical uncertainties might result to be asymmetric. This asymmetry can
cause a bias in the estimate of the observables, because the estimate is more likely
to tend into the direction where the likelihood function has smaller slope (larger
statistical error). Logical errors in the construction of the likelihood function or
mistakes introduced by the technical realization of the fit can also be sources of
biased results.

In order to maximise the likelihood function L, a software program is developed
to find the global minimum of —log £. The minimum is searched for by a multi-
parameter fit using the MINUIT [126] package. To allow for a separate test of the
fit the whole analysis is divided into two independent modules:

e The first module produces the normalised NETb x NETc distributions sep-
arately for the different b and ¢ decays and for the background fraction for
the y bins using a full detector Monte Carlo. In addition the fractions f;
and f;; are calculated.

This module also extracts the total bin forward-backward asymmetries for
the NETb, NETc¢ and |y| bins from the data. For test purposes these bin
asymmetries can also be extracted from Monte Carlo simulation.

e The fit is encoded in a second module, taking the normalised NETb x NETc
distributions and the fractions f; and f;; from the Monte Carlo simulation
and the bin forward-backward asymmetries from the data as inputs.

To search for biases of the fit parameters, a large number of fits (Monte Carlo
experiments) is performed on simulated data where the forward-backward asym-
metries and the B mixing parameter is known. In order to obtain the correct
biases the fits on the simulated data must be made with the same number of
events than used for the measurement. About 10* Monte Carlo experiments are
needed to reach a precision of 2.5 % of the statistical uncertainty of the fit to
the data. To investigate the independence of the fit on the specific values of the
fit parameters, different combinations of Ay, A%y and Y are used. If ten values
for each of the three fit parameters are taken, 103 - 10* experiments have to be
performed. Each experiment has to be done with 4 - 105 multihadronic events,
leading to a total need of 4 -10'3 Monte Carlo events (including detector simula-
tion). With a modern 3.0 GHz processor it takes about ten seconds to generate a
LEP1 five flavour event together with a full detector simulation and event recon-
struction to get DST level information. Processing all 4-10% events in one year a
total of 1270000 CPUs is required and the output will fill about 400000 200 Gb
hard disks. Fortunately, it is not necessary to produce such a huge number of
fully simulated events, because the fit takes its information extracted from the
data only from the NETb x NETc distributions of the forward and backward
events for different bins in |y|. So, it is sufficient to generate those distributions
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rather than all events required to produce the distributions. Of course the shape
of the distributions has to be known with high precision and varied according
to the statistical uncertainty. For this purpose a toy Monte Carlo generator is
developed.

5.6.1 The Toy Monte Carlo Generator

The behaviour of the fit results together with the statistical uncertainties has to
be studied as a function of:

e the number n,q of multihadronic events,
e the b and ¢ quark forward-backward asymmetries ARy and ASg,
e the B mixing parameter Y, and

e the background fraction for the electron and muon candidates.

Therefore the toy Monte Carlo generator must allow for producing its output as
a function of these parameters. In addition the generator needs the following
constants as input:

e the total number of lepton candidates for a given number of multihadronic
events,

e the relative contribution of electrons and muons to the one lepton events
and the contribution of electron-electron, electron-muon and muon-muon
events to the two lepton events,

e the composition of the lepton candidates after the lepton selection given by
the four fractions f; of the different decay channels (separately for electrons
and muons),

e the composition of the two lepton sample after the lepton selection and the
reduction of non-b background and cascade decays with a cut on the output
of NETb (eight fractions f;;), and

e the normalised NETb x NETc distributions for the different |y| bins sepa-
rately for electrons and muons.

To ensure that these constants are very close to reality they are taken from
multihadronic events from a Monte Carlo with full detector simulation. These
events are treated the same way as the data events (reconstruction of detector
response, cuts for event selection and lepton identification).
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The total number of lepton candidates n, is not set to a fix value for the different

experiments but is assumed to have a statistical error of o(n,) = j:\ﬂng). Due
to the large number of lepton candidates, this uncertainty can be supposed to be
symmetric about n, and the shape is well approximated by a Gaussian function
with width 20(n,). Using a random number the total number of lepton candidates
is determined separately for each toy experiment. The probability of a lepton
candidate to originate from a two lepton event is Ngiiep/7s (Ndilep 18 the number
of leptons from a dilepton event). The statistical uncertainty of the number of
dilepton candidates is correlated to the total number of lepton candidates n,:

o (Ndilep) = ﬂ:\/ne  Ddilep (1 - M) : (5.27)

T Ty

Due to the rather large number of dilepton candidates this error is assumed to be
symmetric and Gaussian-shaped with width o(ngiep). The number of dilepton
candidates is also determined separately for each toy Monte Carlo experiment
using random numbers.

The number of electrons and muons in the one and two lepton samples taken from
the full Monte Carlo are used to get the probabilities for an electron or muon event
(pe and p,,) for the one lepton events or the probability for an electron-electron
(e,e), electron-muon (e,x), and muon-muon (y, p1) event (Pee, Pe, and py, ) of the
two lepton events. Looping over all one and two lepton events, random numbers
with uniform distribution decide according to these probabilities of which kind
(electron or muon event for one lepton events, (e,e), (e,u) or (u,u) for dilepton
events) the event should be.

In a subsequent random decision, each lepton candidate is assigned to either a
one or a two lepton decay channel. The fractions f; and f;; taken from the full
Monte Carlo are used as probabilities.

After the determination of the lepton flavour and the decay channel, the decision
whether the event is a forward or a backward event is done. To enable cutting
on | cosft| or even implementing a detection efficiency for the lepton candidates
as a function of | cosfr|, the differential cross-section (see Eq. 2.23)

do
dcos@

is used with the appropriate asymmetries ALy as listed in Eq. 5.13. The quark
level forward-backward asymmetries and the B mixing parameter are given as
input parameters to the toy Monte Carlo generator. The four equations for
the differential cross-section are normalised and used as probability densities for
a random number generation in the interval [—1,1] ¢. The generated random

=14 cos®h + §Ai cos 0 5.28
37FB

6The range of generated random numbers used to determine the value of y could be changed
to any interval symmetric about 0 and smaller or equal [—1, 1].
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number with the appropriate differential cross-section is taken as the value of y for
each one lepton event. The events are grouped into ten forward and ten backward
bins according to their value for y. The corresponding normalised NETb x NETc
distribution for each |y| bin of the lepton candidates of channel i = 1,2,3,4 is
used as a two dimensional probability density to generate simultaneously two
random numbers to assign a NETb and a NETc¢ value to the event.

Now all necessary quantities for a one lepton event are determined and stored
in a three dimensional histogram in NETb, NETc and y which can be used by
the fit to determine the total bin forward-backward asymmetry for each NETb,
NETc and y bin.

The B mixing parameter Y determines the number of two lepton events where
both leptons have the same or opposite charge. The appropriate probabilities
for the eight different sources ij can be derived from the probabilities p{  and

pgj introduced in Section 5.5.2. Only events with opposite charged leptons where
mixing has occurred either on both sides or not at all can have a asymmetric y
distribution. This is the case for source 11, 22 and 33. Source 12 has only opposite
charged leptons if one of the primary b quarks has mixed (see Section 5.5.2). Since
it is not measurable which of the quarks has mixed, the y distribution for type 12
dilepton events is symmetric. The y values for the three remaining asymmetric
two lepton events is a sum of the asymmetric contribution from the appropriate
event with two opposite charged leptons and the symmetric contribution from
the events with two leptons with the same charge. The y of the opposite charged
two lepton events is generated with the appropriate differential cross-section from
the single lepton events with type 1, 2 or 3.

The y distribution for the two lepton events is given by the corresponding distri-
butions for the eight different sources. There are two distributions, one for the
two lepton events with two opposite charged leptons. This distribution is used
in the fit to measure the b and ¢ forward-backward asymmetries. The symmetric

distribution of the events with two equally charged leptons is not needed in the
fit.

Even though the toy Monte Carlo generator seems to be rather simple each toy
Monte Carlo experiment already relies on a large quantity of random numbers.
It is crucial that the random number generator is of high quality so that it is
ensured that the results are not influenced by an artifact of the generator. For
that reason RANLUX [129,130] is used with the highest luxury level (4). Tests of
the RANLUX generator can be found in [131] and in the references given there.
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5.6.2 Biases of the Fit

The toy Monte Carlo generator is used to produce 10* sets of pseudo data for
each combination of the five fit parameters (Abg, A%y, X and the electron and
muon background fractions). According to these samples it is found, that the
generated parameters follow a Gaussian distribution about their mean which
is in good agreement with the input values given to the generator. Each set
of pseudo data is fed into the fit procedure to determine the asymmetries, the
mixing parameter, and the overall background fractions. The fractions f;, f;; and
the NETb x NETc reference distributions are identical for all fits. After a pseudo
experiment, the input value to the toy Monte Carlo generator and the fit result
together with its statistical uncertainty of a specific quantity are used to calculate
the pull p of the individual result. For the forward-backward asymmetry the pull

is
measurement input

p= AFOB.(A%ngasuremejjtiB : (529)
All results of the pseudo experiments with identical parameter combination are
used to produce pull distributions. In Figure 5.12 distributions of the fitted val-
ues together with their statistical errors are shown for 10* pseudo experiments.
The chosen input parameters are very close to the results obtained from the
OPAL data. The fitted values and their errors form Gaussian-shaped distribu-
tions. In addition, the figure shows the pull distribution calculated with these
results. Using a maximum likelihood fit, a Gaussian function is fitted to each pull
distribution in order to extract the mean p and the width o}, of the distributions.
The fitted means and widths are in very good agreement with the means and the
spreads of the distributions. The spread of the distribution, showing the statis-
tical uncertainty of the fit is mainly due to the variation of the total number of
one and two lepton events during the event generation.

Concerning ARy and A%y, the means of the pull distributions p(ARg) and p(A%y)
slightly tend to positive values, indicating fit results which are a little bit too
large. For the B mixing parameter Y, p(¥) is displaced towards negative values,
caused by a small negative bias of the fit results. The widths o, of the pull
distributions are in all three cases compatible to unity as expected.

Ten different values for each of the three parameters

Ay = 5%, 6%, --- 14%
‘s = 2%, 3%, -+ 11%
X = 8%, 9%, --- 1T%

are used for a systematic search for biases, leading to 10 tests. The results
of these tests are summarised in Figure 5.13-5.15. The two different kinds of
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Figure 5.12: Distributions of the fit results for the forward-backward asym-
metries ARg (a) and A%y (d), as well as the B mixing parameter
X (g) are shown for 10* toy Monte Carlo experiments. As in-
put values to the generator ARy = 9.5 %, A%y = 6.0 % and
X = 13.0 % are used. The values are very close to the results
obtained from the OPAL measurement. Plots (b), (e), and (h)
show the corresponding distributions of the statistical errors.
The three plots on the right side show the pull distributions
together with the Gaussian function fitted to them using a like-

lihood fit.
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plots show the behaviour of the fit parameters and the modelling of their statis-
tical uncertainties as a function of Ay (Figure 5.13), A%y (Figure 5.14) and Y
(Figure 5.15). Each dot shows either p or o, produced with 10* pseudo experi-
ments with identical input parameters. The given errors originate from the finite
number of toy experiments.

There is no visible dependence of the means and widths of the pull distribu-
tions on the asymmetries and the mixing parameter. The widths of the pull
distributions shown in the three figures are distributed statistically about one as
expected. Concerning the means, the situation is not so simple. The fit results
for APy are always too large because the average of all p(Abg) is shifted from 0
to +0.020£0.002. For A$y the average of all p(Agg) is at +0.007 4 0.002 and for
the mixing parameter ¥ at —0.004+0.002. The shifts of the three parameters are
calculated using the corresponding ten values for p, shown in Figure 5.13-5.15.
The magnitude of these shifts does not change if all 10® pull distributions of the
10 x 10 x 10 variations are taken into account. Even though the estimates for
the three fit parameters seem to have a significant bias the size of the bias is very
small compared to the statistical and also systematic uncertainty of the measure-
ment using real OPAL data. All biases quoted above are given as fraction of the
statistical error of the fit (definition of pull). Furthermore, bias tests have been
performed for different values for the background fraction concerning the lepton
candidates, showing identical results.

Constant behaviour of the normalised statistical errors of the fit as a function of
the asymmetries and the mixing parameter is found. For the b asymmetry the
size of the statistical error depends on both, the absolute value of the b forward-
backward asymmetry and the value of the B mixing parameter because of the
correlation between both quantities originating from the factor (1 — 2Y) between
the observed asymmetry and the quark level b forward-backward asymmetry.
This correlation is of the order of 0.3 and is caused by the method of the mea-
surement. In addition the statistical uncertainties scale correctly with the used
number of multihadronic events. The correlations between the b and ¢ forward-
backward asymmetries — semileptonic b and ¢ decays cannot be separated totally
— is almost independent of the values for APy and A$y.

5.7 Results

The data are divided into three separate energy bins. Their mean energies are
shown in Table 5.1. The asymmetries are fitted simultaneously at all energy
points, the overall likelihood being the product of the likelihood in Eq. 5.8 for
each point. Therefore, the fit has nine free parameters: the forward-backward
asymmetries Al and ASp at three energy points, together with values common
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Figure 5.13: Mean p and width o, of the pull distributions of ARy, Afp
and Y as a function of A%5. The errors given are the statistical
precision of the means and widths limited by the number of

pseudo experiments.
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Figure 5.14: Mean p and width o, of the pull distributions of ARy, Afp
and Y as a function of Afy. The errors given are the statistical
precision of the means and widths limited by the number of

pseudo experiments.
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Figure 5.15:

Mean p and width o, of the pull distributions of ARy, Afp
and Y as a function of Y. The errors given are the statistical
precision of the means and widths limited by the number of
pseudo experiments.



120 5 Measurement of the b and ¢ Quark Asymmetry Using Leptons

to all three energy points for the B mixing parameter Y, and the electron and
muon background fractions fj. Data from all years are fitted simultaneously with
the various fractions and NETb x NET¢ distributions, determined from an appro-
priate mix of Monte Carlo events with different simulated detector configurations,
taking into account the changes in the performance of the OPAL detector over
time. A small bias correction is applied to the fitted asymmetries to correct for
the effects of gluon radiation from the primary quark pair and the approximation
of the original quark direction by the experimentally measured thrust axis [96].
This correction also accounts for any residual biases in the fit.

After correcting for all biases, the results are:

Abo= (4.7 +£1.8 +£0.1 )%, ASp= (—6.8 +£2.5 +£0.9 )%, at (\/5) = 89.51 GeV,
AbL= ( 9.724£0.42+0.15) %, ASp= ( 5.68+0.54+0.39) %, at (\/s) = 91.25 GeV,
AbL= (103 +£1.5 +£0.2 )%, ASp= (14.6 £2.0 £0.8 )%, at (y/5) = 92.95 GeV.

For the average B mixing parameter, a value of:
X = (13.124+0.49+0.42) %

is obtained. The first error is always the statistical and the second the systematic
uncertainty. The evaluation of the systematic errors is described in Section 5.9.
The statistical correlations between the results are given in Table 5.9. Compared
to the measurement using D mesons [77], the correlations between the b and c
forward-backward asymmetries is much smaller here (see end of Section 4.2). The
background levels in the electron and muon samples are fitted to be (89.4+0.6) %
and (94.4 £ 0.3) % of the rates estimated from Monte Carlo simulation, where
the quoted errors are statistical only. These values are consistent with the known
uncertainties in modelling the lepton background levels [86,109,112,113].

The result of the fit is illustrated in Figure 5.16. For this plot, two regions of
the NETb x NETc plane are selected, one 93% pure in b — ¢~ events and the
other 59 % pure in ¢ — ¢* events. The total charge forward-backward asymmetry
observed in the data in bins of |y| together with the expected values according
to Eq. 5.11 are shown. Using only events from those two regions, the b and ¢
forward-backward asymmetries are found to be:

Al = (9.3£0.5) %, (5.30)
Ay = (54+0.8) %. (5.31)

The given errors are just the statistical uncertainties. This simple method does
not allow the calculation of both asymmetries simultaneously. In order to calcu-
late one of the asymmetries in the appropriate b or ¢ enriched region the other
asymmetry is set to its Standard Model expectation at 91.25 GeV (Abg = 9.6 %,
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peak | App | Afp | X peak—2 | App | Afp | X
Abs | 1.00 | 0.17 | 0.30 APy 1.00 | 0.18 | 0.03
Al 1.00 | 0.01 Ay 1.00 | 0.00
X 1.00 X 1.00

peak+2 | App | Afp | X

AP 1.00 | 0.17 | 0.10

Ay 1.00 | 0.00

X 1.00

Table 5.9: Statistical correlation matrices at each centre-of-mass energy us-
ing the entire (1990-2000) data sample. The correlations with the
fitted background fractions are negligibly small (< 0.01) and are
not given here.

Afp = 6.3 %) as predicted by ZFITTER [34]. The background is assumed to be
symmetric. The values are in good agreement with the results from the full fit.
It can be seen from the plots, that the sign of the observed forward-backward
asymmetry is clearly different in the two regions.

5.8 QCD and Bias Correction

The expression for the differential cross-section (Eq. 2.23) used to derive the
differential forward-backward asymmetry (Eq. 5.5-5.7), which is the basis for the
likelihood function (Eq. 5.8, 5.9 and 5.17) used for this measurement, is only
valid for the pure ete™ — Z — qq process [96]. To account for the modification
of the differential cross-section induced by gluon radiation in the final state, the
expression for the differential cross-section (Eq. 5.5) can be rewritten as [96]:

dog 6 + 2a

d cos@

oc 1+ cos? 0 + Alg cosf . (5.32)
This change implies a relation between the determination of the forward-
backward asymmetry with (A%%°") and without (A considering gluon emis-
sion:

A%’BQCD = (1 — CQCD) A%P? . (533)

Estimates of QCD corrections Cqcp to heavy quark forward-backward asymme-
tries have been computed in perturbative QCD at a fixed order in ay by several
authors [35,91-95]. In Reference [92] first order QCD corrections are given where
the direction of the thrust is used, calculated using all final state partons. The
translation from the parton level to the hadron level thrust axis (defined using all



122 5 Measurement of the b and ¢ Quark Asymmetry Using Leptons

0.1 _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0.08 £ OPAL
0.06
0.04
0.02

(Ne-ng)/(ne+ng)

b enriched

0 0102030405060.70809 1

0.02

Illll:

o

O JllllII|III|III|III|II|||_

-0.02
-0.04
-0.06
-0.08

(Ne-ng)/(N+ng)

c enriched =
||||||||||||||||||||||||||||||||||||||||||||||||_

0102030405060.70809 1
|COS ethrust|

1
o

Figure 5.16: An illustration of the fit results for (a) a b enriched region and
(b) a ¢ enriched region of NETb x NETc space. The asymmetry
observed in the data (dots) in each bin of |y| is compared with
the expectation calculated from the full fit (horizontal lines).
The errors are purely statistical.
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final state particles without detector effects) has been determined using Monte
Carlo hadronisation models [96,97].

A calculation at first order QCD of the shape coefficient a has been per-
formed [132]. They show that a changes significantly, when going from the quark
to the thrust direction (using partons only), while changes of the quark mass
and/or flavour induce much smaller effects [96]. The impact of the shape coef-
ficient a on the determination of the forward-backward asymmetries is closely
related to the technique used to analyse the data. To scale the QCD corrections
Cqcp with the experimental sensitivity to QCD effects of the various measure-
ments, a bias factor, s, is introduced [96,97]:

Afly = (1 — sq - Cqep) Apg = (1 — ¢q) Al (5.34)

Three main effects are known why s, is different from one:

Analysis cuts: If a selection criterion is sensitive to the event topology, then a
ranking of events by their strength of the gluon emission is done, modifying
the size of the QCD correction. For example in events containing high mo-
mentum heavy hadrons there is a reduced phase space for gluon radiation
compared to all events. In the analysis presented here, the lepton momen-
tum is strongly correlated with the momentum of the heavy hadron where
it came from. Increasing the cut on the lepton momentum will decrease the
size of the QCD corrections significantly. The lepton identification uses a
momentum cut of 2 GeV /¢, rejecting a large fraction of events with hard
gluon emission.

Fitting method: The forward-backward asymmetries are extracted via a fit to
the event polar angle distribution (Eq. 5.5), with the shape parameter a
set to one. This influences the measured values for the asymmetries. As a
consequence the QCD corrections needed to come to the true quark level
asymmetries are changed.

Event axis reconstruction: Due to particles like neutrinos, which cannot be
detected as well as the limitations in acceptance and resolution of the detec-
tors, the reconstructed thrust axis differs from the thrust axis determined
with all final state particles.

The size of the QCD correction is evaluated individually for this analysis by
comparing the asymmetries fitted on a large sample of Monte Carlo simulated
events with the true quark level asymmetries of the Monte Carlo sample.

To determine the true quark level forward-backward asymmetries, the same
JETSET 7.4 [37,73] Monte Carlo generator program which is taken to gener-
ate the physics events for the full OPAL detector-level Monte Carlo is used to
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generate 7.5 - 107 events. The true b and ¢ quark forward-backward asymme-
tries are calculated with these events with Eq. 2.28. After that the analysis is
performed on a large sample of full detector-level Monte Carlo events. To in-
crease the sensitivity of the test, the hadron level thrust axis QCD corrections
in the Monte Carlo are scaled to their maximal theoretical values [52]. Since the
statistical error of the forward-backward asymmetry measurement only weakly
depends on the actual value of the asymmetry, this can be done by artificially
increasing the values of the forward-backward asymmetries in the Monte Carlo.
The asymmetries are multiplied by a factor of seven, bringing them close to their
maximal value of ARE* =75 %.

This method not only determines the shifts in the results due to QCD effects
but also accounts for any kind of bias. This adds another term to the correction
factor:

AqFB = (1 —Cq — Cbias) A%}_g (535)

Combining all effects, the raw fitted asymmetries Afp are scaled by factors of

] .
{ 1.0050 £ 0.0063 £ 0.0050 for b-quarks (5.36)

1 — ¢q — Cbias ~ )] 1.0117 +0.0063 & 0.0062 for c-quarks
to determine the quark level results A3, where the first errors result from theo-
retical uncertainties [52,96] and the second from limited Monte Carlo statistics.

5.9 Evaluation of the Systematic Uncertainties

In this section, the evaluation of the systematic errors for the analyses of the
forward-backward asymmetries and the B mixing parameter presented here are
discussed. Uncertainties of any kind are studied by propagating variations of
external input parameters or other assumptions through the whole analysis chain.
The variations of the measured quantities are then taken as the estimates of the
systematic uncertainties.

Systematic uncertainties result from a number of sources, including modelling of
b and ¢ hadron production and decay (Section 5.9.1), external branching ratio
inputs (Section 5.9.2), background uncertainties (Section 5.9.3), and the perfor-
mance of the OPAL detector (Section 5.9.4). Where errors are only assessed by
a variation in one direction, for example to an alternative model or when slightly
asymmetric errors are assessed, the larger deviation is taken as 1o. The system-
atic errors are summarised in Tables 5.10 and 5.11 and discussed in more detail
below. The signs of the errors indicate the direction of change in the result when
the corresponding quantity is varied.
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App (%) | Af(%) | X(%)
Fitted Value 9.716 5.683 | 13.121
Statistical error +0.418 | £0.542 | £0.485
Systematic error +0.150 | £0.386 | £0.421
Sources of systematic errors
b — ¢~ semileptonic decay model +0.011 | 70.101 | £0.175
¢ — {1 semileptonic decay model +0.064 | F0.036 | F0.286
(x%) £0.008 F0.012 | F0.008 | F0.074
(x%) £0.008 +0.054 | F0.024 | £0.010
Total models 0.085 0.110 0.344
BR(b — ¢7) (10.65 £0.23) % F0.020 | £0.104 | +0.120
BR(b — ¢ — ¢1) (8.08+0.18) % F0.006 | F0.050 | F0.105
BR(b — ¢ — ¢7) (1.62£0.44) % +0.011 | £0.174 | £0.014
BR(b — 77 — ¢7) (0.4194+0.05) % | %0.001 | £0.028 | +0.007
BR(c — (1) (9.77£0.32) % +0.028 | F0.151 | £0.008
Ry, (21.64740.072) % F0.003 | £0.009 0.000
R, (16.83+0.47) % £0.019 | 70.099 | £0.002
Total branching ratios 0.041 0.277 0.161
e ID efficiency 4 4.1% F0.005 | F70.007 | £0.004
i ID efficiency =+ 3.0 % F0.002 | F0.021 | +0.022
Conversions +15 % +0.001 | £0.012 | F0.007
Muon background (K) £30 % +0.011 | £0.023 | 0.034
Muon background (7) £5 % +0.004 | £0.026 | F0.015
Muon background (other) £100% | £0.009 | £0.017 | F0.058
Background asymmetry u,d,s events | £0.002 | £0.102 | £0.002
Background flavour separation +0.020 | £0.020 0.000
Total background effects 0.026 0.114 0.073
Correction of y for b — ¢ — £ —0.008 | —0.069 | —0.068
cos Ot dependence (fractions) —0.018 | +0.001 | +0.000
Tracking resolution —0.025 | —0.046 | —0.016
Flavour separation variables +0.067 | £0.163 | +0.099
Time dependent mixing +0.032 | +0.098 | —0.091
Monte Carlo statistics +0.050 | £0.041 | £0.070
Charge reconstruction +0.015 | £0.004 0.000
LEP centre-of-mass energy +0.010 | £0.027 0.000
QCD correction +0.061 | £0.036 0.000
Total other systematics 0.114 0.216 0.167

Table 5.10: Results and breakdown of systematic uncertainties for the on-

peak forward-backward asymmetries and the B mixing parame-
ter Y. The total systematic uncertainty is the square root of the

sum of the squared values from all different sources.
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Peak—2 Peak+2
App(%) | Afp(%) | App(%) | Abp(%)
Fitted Value 4.70 -6.83 10.31 14.59
Statistical error +1.80 +2.52 | £1.50 +2.04
Systematic error +0.098 | +0.928 | £0.224 | +0.837

Sources of systematic errors
b — ¢~ semileptonic decay model +0.031 | F0.036 | F0.020 | F0.101
¢ — {1 semileptonic decay model F0.019 | 4+0.070 | £0.106 | F0.108

(x%) £0.008 F0.008 | F0.037 | 0.019 | 70.034
(x%) +£0.008 F0.013 | £0.009 | £0.090 | 70.051
Total models 0.039 0.088 0.142 0.160
BR(b — ¢7) (10.65 £0.23) % F0.001 | F0.034 | 770.012 | £0.198
BR(b — ¢ — ¢1) (8.08£0.18) % F0.003 | F0.047 | 770.024 | F0.036
BR(b — ¢ — ¢7) (1.62£0.44) % F0.023 | £0.024 | £0.055 | £0.250
BR(b — 7= — ¢7) (0.4194+0.05) % | #0.003 | F0.002 | 70.002 | £0.044
BR(c — (1) (9.77£0.32) % +0.009 | £0.161 | £0.033 | F0.381
Ry, (21.64740.072) % F0.001 | F0.010 | 70.004 | £0.023
R, (16.834+0.47) % +0.006 | £0.106 | £0.023 | F0.250
Total branching ratios 0.026 0.203 0.074 0.560
e ID efficiency + 4.1% F0.001 | £0.005 | F0.007 | F0.019
w ID efficiency + 3.0 % F0.002 | 40.030 | F0.002 | F0.049
Conversions +15% +0.003 | F0.002 | £0.003 | £0.025
Muon background (K) £30 % +0.003 | F0.032 | £0.010 | £0.073
Muon background (7) +5% +0.003 | F0.036 | £0.005 | £0.056

Muon background (other) +100 % +0.002 | F0.044 | £0.009 | +0.062
Background asymmetry u,d,s events | £0.018 | +0.832 | £0.006 | £0.302

Background flavour separation 4+0.020 | 40.025 | £0.010 | £0.065
Total background effects 0.028 0.836 0.021 0.333
Correction of y for b — ¢ — £ —0.000 | —0.033 | —0.027 | —0.079
cos Ot dependence (fractions) +0.005 | —0.024 | —0.030 | +0.001
Tracking resolution —0.011 | 4+0.261 | —0.002 | —0.215
Flavour separation variables 4+0.029 | +0.172 | +0.097 | £0.403
Time dependent mixing —0.037 | + 0.036 | +0.069 | 4+0.112
Monte Carlo statistics 4+0.058 | +0.102 | £0.064 | £+0.118
Charge reconstruction 4+0.007 | 4+0.005 | £0.016 | £0.010
LEP centre-of-mass energy +0.007 | +£0.018 | £0.003 | £0.007
QCD correction 4+0.030 | 4+0.043 | £0.062 | 40.092
Total other systematics 0.082 0.337 0.155 0.500

Table 5.11: Results and breakdown of systematic uncertainties for the off-
peak forward-backward asymmetries. The total systematic un-
certainty is the square root of the sum of the squared values from
all different sources.
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Concerning the measurement and the systematic uncertainties quoted in the
first two groups of the tables, the proposals of the LEP Heavy Flavour Elec-
troweak Working Group are adopted [52] for the electroweak parameters (R},
Re, BR(b — £7), BR(c — ¢7), BR(b — ¢ — £7), ..., (z%), and (z$)) are used.
These parameters enter in the NETb x NETc X |y| reference distributions and
in the fractions f; and f;; which are produced in order to perform the measure-
ment. Variations of +10 with respect to the LEP and SLD combined averages
are included in the systematic error. The dependencies on the above parameters
are not so much a systematic uncertainty, but provide valuable information for
the LEP Electroweak Working Group when the combined fit is performed to the
electroweak precision data in the heavy flavour sector [98] and correlations be-
tween the measured parameters have to be taken into account (see Section 6.1
and 6.3).

5.9.1 Modelling of b and ¢ Production and Decay

Semileptonic Decay Models

A correct description of the lepton momentum spectra in the rest frame of de-
caying b and ¢ hadrons is essential for the flavour separation. The semileptonic
decays of heavy hadrons are described by the free-quark model of Altarelli et al.
(ACCMM) [99]. The model has two free parameters:

e the Fermi momentum pp and

e the mass of the quark produced in the decay of the heavy hadron (mg or
me).

These two free parameters are fixed to pp = 298 MeV /c and m,. = 1673 MeV />
for b — ¢~ decays by a fit to CLEO data [100]. For ¢ — ¢* decays pp =
0.467 GeV /c and mg = 0.001 GeV /c? are obtained from a combined measurements
of DELCO [101] and MARK III [102].

For cascade decays b — ¢ — ¢* and b — ¢ — ¢~, the D momentum spectrum
measured by CLEO [133] is combined with the ¢ — ¢* model to generate the
lepton momentum distribution. Uncertainties in this D momentum spectrum are
negligible compared with the uncertainties in the b — ¢~ and ¢ — ¢* models.

Systematic uncertainties arising from the choice of the semileptonic decay model
are treated differently for b and ¢ hadron decays by varying either the model or
its parameters:
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e For b — /= decays, the systematic uncertainties are assessed by reweighting
the rest frame momentum spectrum according to the form-factor model of
Isgur et al. [134], which has no free parameters (ISGW). This spectrum is
harder than the central ACCMM model. As an alternative, the same model
is used with the fraction of D** mesons produced in b decays increased from
11% to 32% to give a better describtion of the CLEO data, denoted as
ISGW**_ This gives a softer spectrum than the default model.

Although the weights to go from model to model are evaluated using only
BY and B* meson decays, these weights are then applied to all b hadron
decays.

e Variations in the ¢ — (T decay model are assessed by varying the free
parameters of the ACCMM model to give harder or softer decay models,
constrained by the DELCO and MARK III data. The results using the
other models, denoted with ACCMM1 and ACCMM2, are compared to the
results obtained with the ACCMM model using the central values:

ACCMM:  my = 0.001 GeV/c®> and pp = 0.467GeV /c,
ACCMM1: my=0.001 GeV/c? and pp = 0.353GeV/c,
ACCMM2: my =0.153 GeV/c? and pp = 0.467GeV /c.

For both b — ¢~ and ¢ — ¢* decays, the sign of the error assigned indicates the
variation observed with the harder alternative spectrum.

Heavy Quark Fragmentation

The fragmentation of b and ¢ quarks is described using phenomenological mod-
els tuned to experimental data. These models can be distinguished from each
other by the shape of the predicted hadron energy distribution. The momentum
spectra of leptons emitted in semileptonic decays in bb and cc events, depend
on the energy distributions of the heavy hadrons. Hence, the modelling of the
fragmentation process can influence the performance of the quark flavour sepa-
ration resulting in a variation of the shape of the NETb x NETc distributions,
leading to different values for the forward-backward asymmetries. The reference
distributions and fractions used in the fit are produced with a Monte Carlo sim-
ulation using the fragmentation function of Peterson et al. [42]. The parameters
controlling the shape of the fragmentation function are set to e, = 38755 - 10~*
and £, = 31735 - 1073 corresponding to LEP averages of the mean scaled en-
ergy (zg) = 0.702 4+ 0.008 [52] for b hadrons and (xg) = 0.484 £ 0.008 [52] for
¢ hadrons. To calculate the size of the systematic errors the Monte Carlo events
are reweighted so as to vary the average scaled energy (zg) of the weakly decaying
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Fragmentation | AAby | A4S, | Ax
function b fragmentation
Peterson F0.001 | £0.001 | F0.042
Collins and Spiller | F0.012 | 0.008 | F0.074
Kartvelishvili F0.005 | F0.005 | F0.028
Lund F0.010 | F0.008 | F0.062
c fragmentation
Peterson +0.054 | £0.024 | +0.010
Collins and Spiller | +£0.049 | F0.018 | 0.007
Kartvelishvili +0.047 | 70.022 | +0.008
Lund +0.041 | 70.023 | 70.005

Table 5.12: Systematic errors due to the variation of the fragmentation pa-
rameters of the four different fragmentation functions (see text).

b and ¢ hadrons in the given ranges by varying the parameters of the fragmen-
tation function. The fragmentation functions of Peterson et al. [42], Collins and
Spiller [43], Kartvelishvili et al. [48], and the Lund group [49] are each used as
models to determine the event weights, and the largest observed variations are
assigned as the systematic errors. The systematic uncertainties for all four frag-
mentation models are given in Table 5.12. For b fragmentation, the largest shifts
of the results are observed with the function of Collins and Spiller and for ¢
fragmentation with the function of Peterson et al.

5.9.2 Branching Ratios and Partial Widths

Semileptonic Branching Ratios

The rates for the major sources (direct b and ¢ decays BR(b — /¢7) and
BR(c — ("), cascade b decays BR(b — ¢ — (1)) are measured at LEP. ALEPH
[116], DELPHI [117], L3 [118], and OPAL [120] measure BR(b — ¢7) as well
as BR(b — ¢ — (1) from a sample of leptons opposite to a b tagged hemi-
sphere and from a double lepton sample. DELPHI [121] and OPAL [122] mea-
sure BR(c — /(1) from a sample opposite to a high energy D**. The rate
for b — 77 — ¢~ decays is derived from existing measurements of BR(b — 77)
[135-138] combined with the 7 leptonic branching fraction [26]. The values and
uncertainties used for the branching ratios of semileptonic b and ¢ hadron decays
are listed in Tables 5.10 and 5.11 [52].
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Partial Widths of the Z

For the measurement the average values for the fractions of hadronic Z decays
to bb and ct, Ry, and R, are used [26] (2003 results from online version). These
averages are calculated using LEP (R}, [86,119,139,140], R, [121,141-145]) and
SLC (Ry, [146,147], R. [147,148]) results. The fractions are varied according to
their uncertainties: Rj, = 0.21647 £ 0.00072 and R. = 0.1683 £ 0.0047. In each
case, the fraction of Z hadronic decays to light quarks is adjusted to compensate
the variation.

5.9.3 Background Uncertainties
Lepton Identification

The analysis is only weakly sensitive to the lepton identification efficiency, since
this mainly affects the ratio of prompt to background leptons [82,83], which is
effectively determined from the data via the fit of the background level (Eq. 5.9).
However, a small component of the background is composed of genuine leptons
(Section 5.4.1), so the lepton identification efficiencies are varied by +4.1% for
electrons and £3.0 % for muons [86].

Background Composition

The overall background fraction is a fitted parameter (Eq. 5.9). However, the
background shape as a function of NETb, NETc, and |y| may be different for
different contributions to the background. The rate of untagged photon conver-
sions is varied by +15% [86,109]. In addition, the |y| distribution of conver-
sions is varied according to the difference in the rate of identified conversions ob-
served between data and Monte Carlo simulation. The contributions to the muon
background from 7, K, and other sources are varied in turn by 5%, 30 %, and
100 %. These uncertainties are evaluated using control samples of K¢ — 7F7~,
three-prong tau decays, and tracks with an enhanced kaon fraction selected us-
ing dE'/dzx cuts [110,112,113]. The variation of the source fractions, including
backgrounds, as a function of cos ft is discussed in Section 5.9.4 below.

Background Asymmetries

The uncertainties in the forward-backward asymmetry of the background is eval-
uated by varying the light primary quark (u,d,s) forward-backward asymmetries
by the uncertainties listed in Table 5.6 [127,128]. Note that the up and down
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Aggckground (% )
electrons muons
NETb < 0.3 NETb > 0.3 | NETb < 0.3 NETb > 0.3
NETc < 0.3 0.031 0.360 0.430 0.716
NETc > 0.3 0.063 0.239 0.277 0.636
total 0.093 0.410

Table 5.13: The background asymmetry for four different NETb — NET¢
bins. The uncertainties for the different bins are suppressed in
the table. The total asymmetries are known to a precision of
0.1 % for muons and 0.2 % for electrons. The precision of the
different bins is better than 0.3 % for muons and 0.4 % for elec-
trons.

asymmetries measured by OPAL are +91 % correlated [128]. They are therefore
varied at the same time, and the resulting uncertainty combined in quadrature
with the uncertainty in the strange asymmetry. The b and ¢ forward-backward
asymmetries are treated self-consistently in the fit (see Section 5.5.1), and the
uncertainty in these quantities is therefore automatically reflected in a very small
contribution to the statistical uncertainty.

Background Flavour Separation

In the fit a constant value for the background asymmetry Apa™®°"" with respect

to NETb and NETc is assumed (see Eq. 5.14). Due to the inhomogeneity of the
background fraction one would expect a dependence of Apa®™©"™ 4t least on the
longitudinal momentum p and the transverse momentum p; of the background
lepton candidates. Since the separation variables NETb and NETc¢ depend on
both variables the various contributions to the background fraction is accumu-
lated in different regions of the NETb x NETc plane. Electrons from photon
conversions (symmetric) are predominant at low p, p; while candidates with high
values of p and/or p; are more likely to come from leading particles in jets, and
thus contribute more to a asymmetric background. This gives raise to an inves-
tigation of the background asymmetry as a function of the separation variables.
The prediction of the Monte Carlo simulation is used to derive the background
forward-backward asymmetry as a function of NETb and NETc. Due to limited
Monte Carlo statistics the background asymmetry is determined only for 2 x 2
bins of the NETb x NET¢ plane with the bin edges at 0.3 to get reasonable back-
ground statistics in all bins. Background lepton candidates produced from each
of the five quark flavours are used. The results are summarised in Table 5.13.
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To quantify the effect of a non constant background asymmetry on the measure-
ment, the fit is performed twice on the entire full detector Monte Carlo with
different modelling of the background asymmetry:

1. with a constant background asymmetry and

2. with four different values for the background asymmetry as shown in Ta-
ble 5.13.

To increase the statistical precision of the test the forward-backward asymmetries
of the Monte Carlo sample used are scaled up by a factor of seven. The APy and
Agp results from both fits differ by 0.04 (if the asymmetries are given in per
cent). If the Monte Carlo models the data well, this shift is effectively absorbed
into the QCD correction (see Section 5.8). The shift is actually around the same
size as the statistical uncertainty on the QCD correction, therefore it is difficult
to test this directly. As a cross check the fit to real data is performed with both
assumptions as above, even leading to slightly smaller shifts. Since the statistical
error of the QCD correction also accounts for this uncertainty, half of the shift is
assigned as a systematic error.

5.9.4 Other Uncertainties
Correction Factor for B Mixing in Cascade Decays

The value for the correction factor 7 = 1.083 is estimated using a large number of
bb Monte Carlo events. The uncertainty of this estimate for the correction factor
is of the order of 0.04. A theoretical calculation using the appropriate branching
fractions and their errors [26] leads to a similar result and an uncertainty of
the order of 0.06. Therefore the difference between using the standard value of
7 = 1.083 and setting it equal to 1.000 is assigned as a conservative estimate of
the uncertainty.

Dependence of Source Fractions on cos Oy

The performances of the electron and muon identification is not constant over the
polar angle 0 (see Figure 5.9 and 5.11). For example the contribution of hadronic
background to the electron sample is larger in the region 0.7 < |cosf| < 0.8,
where the barrel and endcap parts of the detector overlap [60]. The number of
conversions also increases with | cosf| due to the increasing amount of material
in the detector [109]. This dependences on cos é induce a slight variation of the
composition of the lepton candidates with y. For that reason the composition
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of each NETb x NETc X |y| bin is calculated using the prediction of the simu-
lation. To check how well this dependence is reproduced by the Monte Carlo,
the description of the source fractions as a function of cosfr is checked by se-
lecting b — £7, ¢ — ¢* and background enriched regions of the NETb x NETc
plane for each |y| bin, and comparing the cos 61 distributions of data and Monte
Carlo simulation. No systematic trend is seen for the ¢ — ¢* enriched sam-
ple. The ratio for background varied by up to 10% in the endcap region, with
smaller deviations for the b — ¢~ enriched sample. A systematic uncertainty
is therefore assessed by reweighting the Monte Carlo background according to
the data/Monte Carlo ratio observed for the background enriched sample and
repeating the fit. The change in the background sample is compensated by an
increase in the prompt leptons, so this procedure also accounted for any possible
discrepancy in the b — ¢~ sample.

Tracking Resolution

The resolution of the tracking system is known to be too optimistic in the stan-
dard OPAL Monte Carlo simulation used for this measurement. To quantify the
magnitude of this effect a global 10 % degradation in the tracking resolution is
applied to the Monte Carlo sample, separately in the r-¢ and r-z planes. This is
done by applying a single multiplicative scale factor to the difference between the
reconstructed and true track parameters, affecting especially the decay length,
momentum and impact parameter distributions. The fit is repeated with each of
these modified samples, and the sum in quadrature of the two shifts in the results
is taken as a systematic uncertainty.

Flavour Separation Variables

The shapes of the flavour separation variables NETb and NETc¢ and with them
the shape of the normalised NETb x NETc¢ distributions depend on the shapes of
the input quantities to the neural networks. Due to mismodelling of the Monte
Carlo simulation the NETb and NETc¢ distributions shown in Figure 5.8 as well
as the input quantities to the neural networks displayed in Figures 5.1-5.4 show
slight different distributions for data and Monte Carlo events. These discrepancies
can lead to shifts of the measured asymmetries by applying a slightly different
flavour separation performance to Monte Carlo as to the data.

Possible uncertainties due to mismodelling of the neural network input variables
are taken into account by reweighting the Monte Carlo events by the ratio between
the data and Monte Carlo distributions of each variable in turn, and repeating the
fit. The sum in quadrature of the shifts in the results is assigned as a systematic
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Input AAbL | AASy | Ax
momentum p 0.016 | 0.038 | 0.039
transverse momentum py 0.057 | 0.128 | 0.018
sub-jet energy Equpb—jet 0.001 | 0.003 | 0.016
jet energy EJVQ‘S 0.002 | 0.018 | 0.023
(X Dt)jet 0.004 | 0.012 | 0.001
(L/or), of lepton jet 0.000 | 0.068 | 0.018
(L/or)s of other jet 0.027 | 0.058 | 0.013
output of NETel 0.010 | 0.019 | 0.018
output of NETcv 0.005 | 0.010 | 0.001
impact parameter sig. d/oq | 0.004 | 0.006 | 0.079

Table 5.14: Breakdown of the systematic uncertainty due to the discrepan-
cies concerning data/Monte Carlo agreement. The errors esti-
mated by reweighting the distributions of each input quantities
to the neural networks for quark flavour separation as to agree
with the data appropriate distribution is given for the on-peak
asymmetry measurement and the B mixing parameter. The rel-
ative contributions of the different input quantities to the total
is similar for the off-peak measurements.

uncertainty, dominated by the result of reweighting the lepton p and p, distribu-
tions for the forward-backward asymmetries and the input parameter significance
for Y. An overview over the uncertainties caused by the different input quantities
for the on-peak forward-backward asymmetries and the B mixing parameter is
given in Table 5.14.

The neural network output distributions are also reweighted to account for the
discrepancies between data and Monte Carlo visible in Figure 5.8, but the re-
sulting changes in the results are much smaller than those seen when reweighting
the inputs. This is because the discrepancies of some variables are compensated
partially by each other. Since both methods described account for the same kind
of uncertainties, no additional systematic error is assigned.

Time Dependent Mixing

The B mixing parameter X reflects the fraction of mixed events in an unbiased
sample of all b hadrons. However, the time dependent oscillations for B® mesons
are sufficiently slow that the lifetime variables (L/op)1 2, d/oq (decay length and
impact parameter significance) used in NETc might change the effective value of
X as a function of NETc(Figure 5.7). To evaluate the impact of such an effect,
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Figure 5.17: The diagram shows the behaviour of the B mixing parameter Y
as a function of NETc by plotting the fraction X,/ X Here
Xbin 1S the B mixing parameter for a specific NETc bin (see also
Figure 5.7).

the value of Y is evaluated for all bb Monte Carlo events with a lepton candidate.
Besides the mixing parameter for the entire Monte Carlo sample ., the mixing
parameters Yy, for ten bins in NETc are obtained. Correction factors Yo/ Xuin
are implemented in the likelihood function to correct the different contributions
to X as a function of NETc. The behaviour of the mixing parameter as a function
of NETc¢ is shown in Figure 5.17. The mixing parameter X is much larger than
usual for the first bin. For the last nine bins it is below average. The shift in the
fit results caused by the correction is taken as a systematic uncertainty.

Monte Carlo Statistics

The limited Monte Carlo statistics available introduces a statistical uncertainty
in the NETb x NETc reference distributions and in the values for the fractions
fi and f;;, which introduces a fluctuation of the measured quantities. A modified
version of the toy Monte Carlo generator is used to generate a total of 1000 sets of
reference distributions and fractions f; and f;;, being randomly varied according
to the statistical uncertainty in each bin of NETb, NETc, and |y|. The fit to the
data is then repeated 1000 times, with these sets of reference distributions and
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Figure 5.18: The plots show the fraction of wrong identified lepton charge for
electrons (left) and muons (right) as a function of | cosd|. The
inset in the right plot shows the charge reconstruction quality
for the last bin. The number of excluded tracks is rather small
when a cut of | cosf| < 0.96 is used for the angle of the lepton
tracks in the analysis as can be seen from the error bars.

fractions. The RMS variation in the results is added in quadrature with the Monte
Carlo statistical uncertainty on the bias corrections discussed in Section 5.8 to
give the total uncertainty due to limited Monte Carlo statistics.

Lepton Charge Asymmetry

A difference of the reconstruction efficiency for positive and negative charged
leptons has no effect on the asymmetry measurement, provided everything is
symmetric in cosf. Studies in [149] show a possible difference of around 8 - 10~4
between the lepton identification efficiencies for positive and negative charged
particles. However, the offset of the beamspot in z direction results in (1.7£0.3) %
more leptons in the backward hemisphere which, when combined with the charge
asymmetry above, would introduce an artificial forward-backward asymmetry of
the order 8 - 1074 - 1.7 % = 1.4 - 107°. This is completely negligible on the scale
of the errors in this analysis.
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Year | Data contribution (%) | Beam energy error [MeV]
peak—2 | peak | peak+2 | peak—2 | peak | peak-+2

1990 6.04 242 | 5.6 20 18 20
1991 12.70 5.52 | 11.03 ) 18 5
1992 — 18.04 — 18 —
1993 44.89 11.97 | 43.41 3.4 6.7 2.9
1994 — 41.00 — 3.6 —
1995 | 36.37 11.26 | 39.90 1.8 5.4 1.7
LEP2 — 9.79 — — 12

Table 5.15: The precision of the LEP beam energy measurement for the
different data taking periods is summarised on the left side [150].
The relative composition of the on- and off-peak data samples
used for the forward-backward asymmetry measurement is shown
on the right.

Lepton Charge Reconstruction

The discrimination between quarks and antiquarks using the charge correlation
between the primary quark and the final state lepton is crucial for the asymmetry
measurement. This implies that a proper reconstruction of the lepton charge is
possible. The Monte Carlo simulation is used to check this. Figure 5.18 shows the
fraction of leptons with a wrong reconstructed charge sign as a function of | cos 6|
for electrons and muons. There are much more muons with wrong identified
charge than electrons due to harder track quality cuts for electron candidates
which are necessary in order to use the dE/dx information (see Section 5.4.1).
If the muon candidates in the far forward region (|cosé| > 0.96) are dropped,
about 0.03 % of electrons and 0.3 % of muons are reconstructed in the tracking
chamber with the wrong charge. To account for this effect, two different fits on
Monte Carlo data are made: the first fit is done as the fit on data. Concerning
the second fit, the charge is taken from the Monte Carlo truth and not from the
reconstruction. The full difference from these two fits is taken as the systematic
error.

LEP Centre-of-Mass Energy

The LEP centre-of-mass energy is known to a precision varying between 3.5 MeV
and 20 MeV depending on the energy point and year [150]. The precision of the
beam energy measurement for the different data taking periods is summarised in
Table 5.15, together with the relative contribution of the data used for this anal-
yses in the corresponding time. The derivative d Apg(y/s)/dy/s of the forward-
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(Vs) d App/d /s
App | Afs
peak—2 | 0.024 | 0.060
peak 0.018 | 0.048
peak+2 | 0.010 | 0.027

Table 5.16: For each of the three energy points and the two forward-
backward asymmetries the slope d Apg/d /s is calculated using
ZFITTER [34].

backward asymmetry (see Table 5.16) is used to approximate the variations of
the asymmetries. The slopes are calculated with ZFITTER [34] assuming the
Standard Model dependencies of the asymmetries on /s separately for each en-
ergy point. The validity of a linear approximation can be seen from Figure 2.5.
Taking year-to-year correlations into account, this leads to the uncertainties given
in Tables 5.10 and 5.11 on the asymmetries at the quoted values of /s.

QCD and Bias Correction

The corrections applied to the raw fitted asymmetries are known to precisions
of 0.80% for b quarks and 0.89 % for ¢ quarks, as discussed in Section 5.8. The
theoretical part of this uncertainty is assigned as the error on the QCD correction
[52,96], whilst the Monte Carlo statistical uncertainty is accounted for separately
as discussed in Section 5.9.4.

5.10 Consistency Checks

The analysis is performed separately for data from 1990 and 1991, for each year
separately from 1992 to 1995, and for data from 1996 to 2000. The values for
Abg. ASy and Y, obtained from these fits are shown together with their statistical
uncertainties in Figure 5.19. The results are consistent among themselves and
with the standard result from fitting all data simultaneously. Taking into account
statistical errors only, the y?/dof value for the six ABg measurements to be
consistent with the same value is 5.9/5. The equivalent x?/dof value for A%y and
X are 2.4/5 and 5.3/5.

Separate fits for events with only electron or muon candidates are made to mea-
sure APp and A%y (see Table 5.17). Those values for the asymmetries are in
excellent agreement amongst themselves and with the results from the full fit. In
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Aby (%) | Ay ()| (VB) [GeV]
electrons only
3.0 £25 | =89 £35 89.51
9.68£0.57 | 5.16£0.75 91.25
8.0 £2.2 134 £2.9 92.95
muons only
53 +£23 | —49 +34 89.51
9.79£0.51 6.08+0.74 | 91.25
134 £1.9 15.7 £2.8 92.95

B mixing parameter (%)

ee fift ep
12.88£1.10 | 13.04£0.86 | 13.27 £ 0.69

Table 5.17: Results for the b and ¢ quark forward-backward asymmetries
and the B mixing parameter for electrons and muons.

addition the B mixing parameter Y is determined using only two lepton events
with

e two electron candidates,
e two muon candidates,

e one electron and one muon candidate.

The fitted values from this test are in good agreement with each other and with
the total value. The results are also summarised in Table 5.17.

It is tested that the fit is independent of the binning in NETb, NETc and |y|.
For this the binning is varied between 5 and 15 (in the analysis 10 x 10 x 10 bins
are used) separately for NETb, NETc, and |y|.

Finally it is checked that the analysis is independent of the cuts chosen to select
the lepton candidates. The most important point is the cut on NETb in order
to select the candidates included in the two lepton sample, which is used to
determine the B mixing parameter Y. It can be seen from Figure 5.20 that the
fitted values for Y do not depend on the cut chosen (see also Figure 5.7). This
is very important, since a bias at this point would also influence the result on
Abg and this bias would not be compensated by the bias correction applied (see
Section 5.8).
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Figure 5.19: Fit results for the b and ¢ quark forward-backward asymmetries
Abg and ASy as well as for the averages B mixing parameter Y
for the six different data samples. The samples 1 and 2 include
data from two different years, because they correspond to the
same detector configuration. Separating those samples as well
as the calibration data into pieces containing only data for one
year reduces the statistics such that a full fit does not return
meaningful results. The errors in the plots are just the statistical
uncertainties estimated by the fit.
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Figure 5.20: Fit result for the B mixing parameter ¥ as a function of the cut
on NETb. After the cut the sample contains only two lepton
events with NETb > NETb(cut). The fit results are normalised
to Xac, which is the value implemented in the Monte Carlo.
For the final results the cut point is set to NETb(cut) = 0.6.
The error bars quote statistical uncertainties only.



Chapter 6

Combination of Results and
Discussion

The weak neutral current comprises the interaction between the Z boson and
the initial and final state fermions f using the vector and axial-vector coupling
constants vy and a;. In the framework of the Standard Model these coupling
constants appear in the particle widths I'y and in the asymmetry parameters Ay.
To investigate the coupling constants in the heavy flavour sector, three quantities
are measured in multihadronic Z decays: The ratios of the b and ¢ quark partial
widths of the Z to its total hadronic partial width Ry, . = Fbg’ca /Thadron, the heavy
flavour forward-backward asymmetries App™® = (4/3).AcAp c, and the asymmetry
parameters Ay ., extracted from the measurement of the left-right asymmetry
A% = A., and the left-right forward-backward asymmetry Almrs = (3/4)Ap.c
using polarised initial states at SLC. Since the heavy flavour forward-backward
asymmetries Ay only measure the product of the asymmetry parameters A A,
in addition a precise determination of A, is necessary to extract A,. Besides the
determination of A, from the Ay measurement at SLD also the leptonic forward-
backward asymmetries A%f = (3/4).AcA can be used if lepton universality (A, =
A, = A;) is assumed. In addition, A, and A. can both be extracted using
polarised 7 leptons.

All experimental results on electroweak Z pole observables are used to derive
values for the effective couplings of the neutral weak current at the Z pole:

e the asymmetry parameters Ay,
e the effective vector and axial-vector coupling constants v¢, and ay,
e the effective electroweak mixing angles sin? 6! and

e the leptonic effective electroweak mixing angle sin? 6%;.

141
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The results of these largely model independent parameters from different analyses
are compared to the expectations within the framework of the Standard Model,
thereby testing its validity!. Many different measurements are used for these
calculations:

e 7 lineshape and leptonic forward-backward asymmetries from LEP,
e polarised leptonic asymmetries from SLD,

e 7 polarisation from LEP,

heavy quark flavour results from SLD and LEP, and

inclusive hadronic charge asymmetry from LEP.

The newly derived couplings are determined in fits to these input results. Within
the OPAL experiment, there are different methods employed to measure the b
and ¢ quark forward-backward asymmetries APy and A%y which have been in-
troduced in Chapter 4. Equivalent methods are used also by the other LEP
collaborations, so that a large number of asymmetry measurements is avail-
able [13,76,77,151-158]. Besides the comparison of the new OPAL results from
this work with the other OPAL and LEP results, the combination of the mea-
surements is important in order to obtain OPAL and LEP average values for Abg
and Agp with high precision. The same arguments are also valid for the R}, and
Ap,. measurements. There are several sources of systematic uncertainties which
are common to more than one of the measurements. Some systematic uncertain-
ties of single measurements are not real uncertainties but dependencies on other
measurements. For example, the APy and A%y measurements depend on values
of Ry, however, measurements of Abg, which are not simultaneous measurements
of APy and A§p, depend also on A§y. Considering these arguments, the only
possibility to combine the heavy flavour observables from LEP and SLD is to
make a fit to the observables desired, accounting for dependencies and correla-
tions. Already in 1994 a procedure has been proposed to solve this problem [159],
which has been improved since then. The method currently used [98] is briefly
described in Section 6.1.

After combining the observables, the extraction of the asymmetry parameters
is the first thing to do. For electrons, A, can be extracted from the left-right
asymmetry AYp = A, at SLD. The other leptonic asymmetry parameters are
obtained by the leptonic forward-backward asymmetries or the 7 polarisation.
The different A, measurements are combined assuming lepton universality.

LAt this point it is left to the philosophical background of the reader whether the validity
of a model can be tested or just ruled out.
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The asymmetry parameters A; only depend on the ratio v¢/ar of the effective
vector and axial-vector coupling constants (Eq. 2.31):

2Uf/af o QUfaf

A = = :
YT+ (vfar)? T v+ a2

(6.1)

In contrast, the partial decay widths of the Z boson determine the sum of the
squares of these two coupling constants (Eq. 2.26):

[y o< a? 4+ vf . (6.2)

The expressions for both observables are invariant under the exchange vy < ay,
and only the relative sign between vy and ag¢ is determined by A;. The energy
dependence of the forward-backward asymmetries measured at LEP resolves the
vr < a¢ ambiguity, and the absolute sign of all couplings is established by the
convention a, < 0. It is thus possible to disentangle the effective coupling con-
stants vy and a¢ by analysing both the asymmetry measurements as well as the
partial Z decay widths.

The effective vector and axial-vector coupling constants obey simple relations
with the effective electroweak mixing angle (Eq.2.9). Because of the structure
of the couplings in terms of the electric charge @)y and of the third component
of the weak isospin T4 in the Standard Model, the hadronic asymmetry param-
eters A, are very much less sensitive to sin® 0% (see Figure 2.6) than A,. As a
consequence, the sensitivity to Standard Model parameters, such as my, myg, and
a(m2), which are accessible via radiative corrections, is very weak. The larger ex-
perimental uncertainties of the hadronic measurements amplifies this effect. This
independence of A, on Standard Model parameters allows to test the Standard
Model at a fundamental structural level, and in a manner which is insensitive
to electroweak radiative corrections or the knowledge of other Standard Model
parameters.

Since the various asymmetry parameters only depend on the fraction (Eq. 2.9)

v :
Cl—i = (1 — 4]Qy| sin? Qiﬁ) : (6.3)

they can be used to extract sin?6f;. Using Standard Model expectations for
Ay, the heavy quark forward-backward asymmetries A%’é) “ can be converted
into sin? 6%;. On the other hand, AL can be used to extract sin? 6% or sin® 0%

by using a measurement of sin? 6% to constrain A, in the product.
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6.1 Combination Procedure for Heavy Flavour
Observables

This section describes the fit procedure used to combine the different measure-
ments from the electroweak precision data collected at LEP and SLD. Special
emphasis has been given to the aspects of the heavy flavour forward-backward
asymmetries. A full description of the averaging procedure is published in [98].
The fit is used in the following sections in a slightly modified way to get final
averages for A2p and A%y for OPAL, combined values for ARy and Afp using
all asymmetry measurements made at LEP, and for a determination of combined

values for all electroweak observables in the heavy flavour sector from LEP and
SLD.

The relevant quantities in the heavy quark sector at LEP/SLC which are cur-
rently considered by the combination procedure performed by the LEP and SLD
electroweak working group are:

e the ratios of the b and ¢ quark partial widths of the Z to its total hadronic
partial width:

Rg = FbE/Fhadron; .
RS = I‘CE/Fhadron (65)

(86, 119, 121, 139-141, 141, 141-143, 143-148] (The symbols Ry, R. are
used to denote the experimentally measured ratios of event rates or cross-
sections.),

e the forward-backward asymmetries ARy and A%y [13,76,77,151-158],

e the final state coupling parameters A, and A. obtained from the left-right
forward-backward asymmetry at SLD [160-165],

e the semileptonic branching ratios b — /=, b —c¢— ¢T and ¢ — T and
the average time-integrated B mixing parameter Y (including them in the
combination greatly reduces the errors) [116-122], and

e the probability that a ¢ quark produces a DT, DI or D** meson or a
charmed baryon (the results are published together with R. measurements).
The probability that a ¢ quark fragments into a D° is calculated from the
constraint that the probabilities for the weakly decaying charmed hadrons
add up to one (see Section 2.8).
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Several of the analyses measure more than one parameter simultaneously (for
example the forward-backward asymmetry measurements using semileptonic b
and ¢ decays or D mesons measure Alg, A%y and X).

The combination procedure is based on the method of Best Linear Unbiased Esti-
mates (BLUE) [166]. The best estimates to be determined are denoted x#*, where
the index u corresponds to the parameters (Ry,, R, Abg, ...). The individual
measurements used as inputs to the fit are denoted r¥, where ¢ runs over the
measurements of the quantities. The index p is a convention to group the differ-
ent measurements of the same quantity. The y? to be minimised with respect to

the parameters z* is given by [98]:

Y2 = > (rf—at) CZ.;I(T;’ —z") . (6.7)

]

The full statistical and systematic covariance matrix C for all measurements has
to be calculated. This matrix takes all correlations between different measure-
ments of one experiment and between different experiments into account. The
covariance matrix can be written as:

C — Cstat. + Csyst. . (68)

Because there are no common events used by measurements made by different
experiments, there is also no statistical correlation between these results. This
assumption does not hold for different measurements of the same quantity with
different methods within the same experiment. In these cases the different types
of measurement might use a certain number of common events. This leads to a
statistical correlation of those measurements. The magnitude of this correlation
is determined by the collaborations and included in the averaging procedure.
The determination of the statistical correlation of the OPAL measurements is
explained in the next section.

The sources for systematic uncertainties of a single measurement can be cate-
gorised into three different groups:
1. uncertainties originating from sources which are unique for this type of

measurement and experiment,

2. errors which arise from sources which are common for at least two included
measurements, and

3. dependencies of the measured quantity on other results included in the fit.

While the explicit dependence of each measurement on the other parameters are
fully taken into account by the fit the true systematic uncertainties have to be
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included in the uncertainty of the final result. It is assumed that the systematic
uncertainties are symmetric and of Gaussian shape.

Common sources of systematic uncertainties usually arise from physics quanti-
ties. Concerning the heavy quark forward-backward asymmetry measurements
the QCD correction, the heavy quark fragmentation parameters or the LEP beam
energy are examples for sources of common systematic errors. In addition to this,
common tagging and analysis techniques used by different experiments lead to
further common sources of systematic uncertainties.

The diagonal element CY™" is the square of the total systematic error for measure-
ment 7. If the signed systematic error on result r# due to a source of systematic
uncertainty p is written as st (p), then an off-diagonal element is given by:

™ = st (p)s§ (p), (6.9)

where the sum is over all sources of uncertainty p, which are correlated between
results ¢ and j. The starting point for the combination is to ensure that all the
analyses use a common set of assumptions for input parameters which give rise
to systematic uncertainties.

The tables prepared by the experiments include a detailed breakdown of the
systematic error of each measurement and its dependence on other electroweak
parameters. The measurements are summarised in [167]. Concerning the heavy
flavour forward-backward asymmetry measurements at LEP, the results are given
in Table 6.4 and 6.5 (corrections are applied in case they are necessary) [13,76,77,
151-158], to give an impression of the magnitude of correlation of the systematic
uncertainties.

Some of the measurements of electroweak parameters depend explicitly on the
values of other parameters (for example Aby and Ay depend on Ry, and R., and
the semileptonic analyses of Abp and A%y in addition depend on BR(b — ¢7),
BR(b — ¢ — ¢7), BR(c — ¢*) and Y). If some quantities are measured in the
same analysis, this is reflected in the correlation matrix for the results. This can
be seen for example in the correlation of the results for AR, and A%y or ARp and
X (see Table 5.9) presented in the previous chapter. However the analyses do not
determine Rj, and/or R. simultaneously with A2y and A%y, Instead ARg and

bp are measured for assumed values of R}, and R.. In this case the dependence
is parameterised as:

d
Ry, — R

Apg = Apg™ + a(Ry) R

(6.10)

In this expression, Apg® is the result of the analysis assuming a value of

Ry, = R°d. The dependence of all other measurements on other electroweak
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Source §Abg S AS

Vs =my —0.0013 | —0.0034
QED corrections +0.0041 | +0.0104
v exchange, /7 interference, my, | —0.0003 | —0.0008
Total +0.0025 | +0.0062

Table 6.1: Corrections to be applied to the quark asymmetries as A%’g =
ARSS 4+ 0 App.

parameters is treated in the same way, with coefficients a(z) describing the de-
pendence on parameter x.

All b and ¢ asymmetries included in the fit correspond to full polar angle accep-
tance.

The QCD corrections to the forward-backward asymmetries depend strongly on
the experimental analyses. For this reason the numbers given by the collabora-
tions are also corrected for QCD effects. A detailed description of the procedure
can be found in [96,97] with updates reported in [52].

Before the combination, the heavy flavour forward-backward asymmetries are
corrected to common off- and on-peak energies. In a first fit, combined values
separately for on- and off-peak asymmetries are calculated. A second fit is made
to determine the pole asymmetries (see Eq. 2.31). In order to do that, the on-
and off-peak forward-backward asymmetries are corrected to /s = 91.26 GeV
(the mean energy of all recorded Z events at LEP) using the predicted energy
dependence from ZFITTER [34]. The slope of the asymmetries around myz de-
pends almost only on the axial coupling and the charge of the initial and final
state fermions and is thus largely independent of the value of the asymmetry
itself (see Figure 2.5).

After calculating the overall averages, the quark pole asymmetries A%’g are de-
rived from the measured asymmetries by applying corrections as listed in Ta-
ble 6.1 [167]. These corrections are due to the energy shift from 91.26 GeV to
my, initial state radiation, v exchange, and ~y/Z interference. A very small cor-
rection due to the non-zero value of the b quark mass is included in the last cor-
rection. All corrections are calculated using ZFITTER [34]. These values for the
corrections are proposed by the LEP and SLD electroweak working group [167].
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6.2 Combination of the OPAL Forward-
Backward Asymmetry Measurements

The results of the forward-backward asymmetry measurement of ete™ — bb and
ete” — ¢t events using electrons and muons produced in semileptonic decays of
bottom and charm hadrons presented in Chapter 5 are combined with the inclu-
sive measurement of Abg [76] (see Section 4.1) and the exclusive measurement of
Abg and A§y using D mesons [77] (see Section 4.2). The averaging procedure is
similar to that used by the LEP electroweak working group [98] (see Section 6.1).
For the OPAL combination the fit is done with six free parameters: Abg and
Af, each at three centre-of-mass energies. In addition, the B mixing parame-
ter , the semileptonic branching fractions BR(b — ¢7), BR(b — ¢ — ¢*) and
BR(c — ¢*), and the particle widths Ry, and R, together with their uncertainties
measured at LEP are given as constraints to the fit. In order to use common
values for the nominal centre-of-mass energies, very small corrections are applied
to the inclusive and charm meson forward-backward asymmetries to account for
their energy dependence. The common energy values are listed below together
with the combined OPAL results.

Statistical as well as systematical correlations are fully taken into account. Whilst
the statistical correlation between the asymmetries measured in Chapter 5 and
those from reconstructed charm hadrons is negligible, the inclusive and the lep-
ton measurement could be correlated because the jet charges of some of the
events involving b — £~ decays are also used to measure APy in the inclusive
analysis [76]. Therefore the correlation between the inclusive analysis and the
measurement using semileptonic decays is determined using a large Monte Carlo
sample of about 14 million ete~ — qq events of all five quark flavours. The
sample is divided into subsamples of 200000 to 300000 events. Each sample
is then analysed with both methods. This results in a statistical correlation of
0.11+£0.12. The results used to calculate the correlation are plotted in Figure 6.1
in the ARg-lepton x Abp-inclusive plane.

The systematic covariance matrix C¥*" can be calculated from the detailed break-
down of systematic uncertainties given in Table 5.10 and 5.11 concerning this
analysis and in [76,77] for the other two measurements. The dominant sources
of common systematic uncertainties for the combined OPAL measurements are
summarised in Table 6.2. The values given are for on-peak measurements only.
Because this is just a combination of measurements using different methods, the
common uncertainties arising from equivalent methods do not appear here.

The final OPAL results for the b and ¢ quark asymmetries around the Z resonance
are:
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Figure 6.1: Correlation of the two measurements for the b quark forward-
backward asymmetry. Each dot represents the results from both
measurements in the APg-lepton x APp-inclusive plane for a
Monte Carlo sample. For further explanation see text. No cor-
relation ((11 4+ 12)%) is visible.

APo= (53 +£1.2 +£0.1 )%, ASs= (—4.8 £2.2 £0.7 )% at (\/5) = 89.51 GeV,
AbL=( 9.6940.29+0.13) %, ASp= ( 5.83+0.49+0.32)% at (/s) = 91.25 GeV,
AbL= (114 +1.0 +£0.2 )%, ASe= (14.7 £1.8 £0.7 )% at (\/5) = 92.95 GeV.

The statistical correlations amongst these results and with the average B mixing
parameter Y are shown in Table 6.3.

The values for the OPAL on- and off-peak forward-backward asymmetry mea-
surements together with the OPAL averages are shown in Figure 6.2. The gray
band gives the Standard Model expectation for the asymmetries in the interesting
energy range for different Higgs masses. It can be seen that the OPAL measure-
ments are in good agreement with each other and with the Standard Model. The
dependence of the forward-backward asymmetries on the centre-of-mass energy
is well modelled by the Standard Model. In addition, it can be seen from the
figure that this result favours large values of the Higgs boson mass my, in agree-
ment with other measurements of heavy flavour forward-backward asymmetries
at LEP.

The on- and off-peak forward-backward asymmetries are corrected to /s =

91.26 GeV. After the combination the quark pole asymmetries A%é) “ (see
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Source of Jet Lepton D meson
uncertainty ALD Abp ARS AL ADS
(107°) | (107%) (-107%) | (107%) (-107%)

b fragmentation 0.3 0.1 0.1 — —
¢ fragmentation 0.2 0.5 0.2 0.5 0.3
B decay multiplicity 0.0 0.1 1.0 1.7 1.6
D decay multiplicity 0.1 0.6 0.4 1.2 1.1
QCD correction 0.6 0.6 0.4 0.2 0.0
track resolution 0.9 0.3 0.5 — —
LEP beam energy 0.1 0.1 0.3 — —

Table 6.2: The dominant sources of common systematic uncertainties of
the b and ¢ quark forward-backward asymmetry measurements at
OPAL. The errors on the B and D decay multiplicities concerning
the measurement using semileptonic b and ¢ decays also include
the uncertainties arising from theb — /=, b — ¢ — ¢(* and ¢ — ("
semileptonic decay models.

pm pk PP all

App Afp | App Afp | APp Afp | X

pm Apg [ 1.00 0.15|0.03 0.00 | 0.01 0.00 | 0.03
Abp 1.00 | 0.03 0.01 [ 0.01 0.00 | 0.00

pk  Ab, 1.00 0.15 | 0.08 0.01|0.11
A 1.00 | 0.02 0.16 | 0.04

pp App 1.00 0.15 ] 0.03
A 1.00 | 0.04
ST 1.00

Table 6.3: Statistical correlation matrix for the OPAL forward-backward
asymmetry measurements separately for on- and off-peak data.
Both methods which measure APy and A%y simultaneously con-
tribute to the correlation between ARy and ASg. The correlation
between ARg and Y is mainly caused by the measurements using
semileptonic b and ¢ decays.
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Figure 6.2: The measured b and ¢ quark asymmetries as a function of centre-
of-mass energy for the lepton, inclusive (b only) [76] and D meson
(c only) [77] analyses. The measurement of the b quark asym-
metry from D mesons is of low precision and is not shown. The
measurements from different analyses are slightly displaced on
the horizontal axis for clarity. The combination of the lepton
analysis and the other analyses is also shown, together with the
Standard Model expectation for Higgs masses between 114 GeV
and 1000 GeV calculated using ZFITTER [34].
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Eq. 2.31) are derived from the measured asymmetries by applying corrections
(see Table 6.1 [167]). The OPAL pole asymmetries are:

AYy = (9.8940.27 +0.13) %,
Aps = (6.57+0.47 £0.32) %.

In all cases, the first error is statistical and the second systematic. The x?/dof of
the fit to all OPAL asymmetry measurements to give the two pole asymmetries is
11.2/13. (There are six asymmetry measurements from the lepton tag analysis,
three from the inclusive analysis and six from the charm meson analysis, which
consists of a simultaneous fit to the b and ¢ quark asymmetries.) Taking statistical
and systematic uncertainties into account, these average pole asymmetries have
a +15% correlation.

6.3 LEP and World Averages of Electroweak
Heavy Flavour Parameters

This section describes the fit to the electroweak precision data from the LEP
experiments and SLD. Special emphasis has been given to the aspects of the
heavy flavour forward-backward asymmetry measurements. The latest results
are summarised in [167]. The relevant quantities in the heavy quark sector which
are considered by the fit are summarised in Section 6.1.

The measurements of the heavy quark forward-backward asymmetries used in
the averaging procedure are:

e Measurements of APy and ASy using semileptonic b and ¢ decays from
ALEPH [151], DELPHI [152], L3 [153], and OPAL [13]. In the case of
OPAL the lepton information is combined with hadronic variables in a
neural net. DELPHI uses in addition lifetime information and jet charge
in the hemisphere opposite to the lepton to separate the different lepton
sources. Some asymmetry analyses also measure ¥ within the same analysis.

e Measurements of APy based on lifetime tagged events with a hemisphere
charge measurement from ALEPH [154], DELPHI [155], L3 [156], and
OPAL [76]. These measurements dominate the combined result.

e Analyses with D mesons to measure Ay from ALEPH [157] or Afy and
Aby, from DELPHI [158] and OPAL [77).

e Measurements of A, and A, from SLD. These results include measure-
ments using lepton [160], D meson [161], and vertex mass plus hemisphere
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charge tags [162], which have similar sources of systematic errors as the
LEP asymmetry measurements. SLD also uses vertex mass for bottom or

charm tagging in conjunction with a kaon tag or a vertex charge tag for
both A}, and A. measurements [163-165].

Results from these measurements, together with their statistical and systematical
uncertainties are summarised in Table 6.4 and 6.5. The asymmetries are shifted
so that they correspond to common values for the three centre-of-mass energy
points. In addition, corrections are applied by the collaborations to account
for final state QCD effects [52,96]. The statistical correlations concerning the
different measurements of the same quantity with the same event sample used
by a specific experiment are evaluated by the collaboration. The correlations
between the b asymmetry measurements with jet charge and with leptons for
example range from 6% to 30%.

The individual results for the b and ¢ pole asymmetries obtained from the lepton,
D meson, and inclusive analyses from each of the four LEP experiments are shown
in Figure 6.3 and 6.4. The measurements labelled “OPAL leptons” are the results
from this thesis. The results represent the status of winter 2004 and are very
consistent with each other [167].

In a first fit, the asymmetry measurements on-peak, above-peak, and below-peak
are combined at each centre-of-mass energy point [167]. The dependence of the
average asymmetries on the centre-of-mass energy agrees with the prediction of
the Standard Model, as shown in Figure 6.5. A second fit is made to derive the
pole asymmetries A%’g from the measured quark asymmetries, in which all the
off-peak asymmetry measurements are corrected to the peak (91.26 GeV) energy
before the combination [98]. This fit determines a total of 14 parameters:

e two partial widths Ry, and R.,
o two LEP forward-backward asymmetries ARy and Agp,
e two SLD coupling parameters A}, and A,

e three semileptonic branching ratios BR(b — ¢7), BR(b — ¢ — ¢*) and
BR(c — (1),

e the average mixing parameter Y, and

e the probabilities for a ¢ quark to fragment into a D™, Dy, D** meson or a
charmed baryon.

If the SLD measurements of Ry, R., A, and A, are excluded from the fit to
get LEP averages only, 12 parameters are left to be determined. Results for
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ALEPH DELPHI L3 OPAL

lepton jet lepton D meson  multi jet lepton | jet lepton D meson

91-95 91-95 | 91-95 92-95 92-00 | 91-95 90-95 | 91-00  90-00 90-95
(Vs) GeV 88.38 89.38 90.21 89.47 | 89.43 89.43 89.45 — 89.50 | 89.50  89.51 89.49
Published A}I%B -13.10 547 -042 4.36 6.6 5.67 6.37 — 6.11 5.82 4.70 -8.6
Used AE‘B 5.21 4.59 6.4 4.81 6.64 — 6.29 5.99 5.24 -4.8
Statistical 1.78 1.19 2.2 7.31 1.43 — 2.93 1.53 1.77 10.4
Internal Systematic 0.08 0.04 0.2 0.68 0.21 — 0.31 0.09 0.11 2.0
Common Systematic 0.10 0.01 0.1 0.21 0.02 — 0.17 0.04 0.05 1.1
Other Param. Sys. 0.15 0.14 0.2 0.75 0.02 — 0.07 0.09 0.16 0.8
Total Systematic 0.19 0.15 0.3 1.04 0.21 — 0.36 0.14 0.20 24
Total Error 1.79 1.20 2.2 7.39 1.45 — 2.95 1.54 1.78 10.7
(Vs) GeV 91.21 91.23 | 91.26 91.235 91.231 | 91.24 91.26 | 91.26 91.25 91.24
Published ARg 9.52 10.00 | 10.04 7.62 9.58 9.31 9.80 9.77 9.716 9.4
Used AE‘B 9.98 10.03 | 10.15 7.86 9.67 9.27 9.65 9.71 9.767 9.7
Statistical 0.40 0.27 0.55 1.90 0.32 1.01 0.65 0.36  0.398 2.6
Internal Systematic 0.07 0.10 0.17 0.53 0.15 0.51 0.27 0.15 0.073 2.1
Common Systematic 0.10 0.02 0.16 0.57 0.04 0.21 0.16 0.08 0.133 0.3
Other Param. Sys. 0.12 0.05 0.10 0.18 0.03 0.07 0.12 0.05  0.098 0.2
Total Systematic 0.17 0.12 0.25 0.80 0.15 0.56 0.33 0.18 0.180 2.1
Total Error 0.44 0.29 0.60 2.06 0.35 1.15 0.73 0.40 0.437 3.4
(V/s) GeV 92.05 9294 93.90 92.95 | 92.99 92.99 92.99 — 93.10 | 92.91 92.95 92.95
Published A}%B 11.10 1043 13.77 11.72 10.9 8.82 10.41 — 13.71 | 12.21 10.31 -2.1
Used AkF)B 11.11 11.69 114 8.59 10.40 — 13.70 | 12.24 10.06 -0.2
Statistical 1.43 0.98 1.8 6.16 1.16 — 2.39 1.23 1.47 8.7
Internal Systematic 0.19 0.11 0.1 0.88 0.27 — 0.30 0.16 0.09 2.0
Common Systematic 0.16 0.02 0.1 0.48 0.03 — 0.19 0.12 0.17 1.2
Other Param. Sys. 0.19 0.12 0.2 0.54 0.04 — 0.14 0.10 0.17 0.7
Total Systematic 0.31 0.16 0.3 1.14 0.28 — 0.38 0.23 0.26 2.4
Total Error 1.46 0.99 1.8 6.27 1.19 — 2.42 1.25 1.50 9.0

Table 6.4: Results from the different b asymmetry measurements from the LEP

experiments.

The energies quoted are taken from the publications.

The asymmetry values used are corrected to common energy points.
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lepton D meson | lepton D meson | lepton | lepton D meson

91-95 91-95 91-95 92-95 90-95 | 90-00 90-95
(V/s) GeV 88.38 89.38 90.21 89.37 89.43 89.43 — 89.51 89.49
Published Agp -12.4  -2.28 -0.34 -1.0 3.0 -4.96 — -6.83 3.9
Used Afp -1.50 0.2 3.4 -4.35 — -6.23 2.5
Statistical 2.44 4.3 3.4 3.55 — 2.48 4.9
Internal Systematic 0.17 0.9 0.3 0.34 — 0.89 0.8
Common Systematic 0.07 0.1 0.1 0.11 — 0.09 0.3
Other Param. Sys. 0.14 0.2 0.2 0.10 — 0.25 0.1
Total Systematic 0.23 0.9 0.4 0.37 — 0.93 0.8
Total Error 2.45 4.4 3.5 3.57 — 2.65 5.0
(V/s) GeV 91.21 91.22 91.26 91.24 91.24 | 91.25 91.24
Published Agp 6.45 6.3 6.31 6.59 7.84 5.683 6.3
Used App 6.63 6.3 6.25 6.49 8.18 5.701 6.5
Statistical 0.56 0.9 0.92 0.93 3.03 0.539 1.2
Internal Systematic 0.24 0.2 0.52 0.26 1.71 0.192 0.5
Common Systematic 0.22 0.2 0.26 0.07 0.58 0.221 0.3
Other Param. Sys. 0.20 0.0 0.21 0.03 0.73 0.202 0.0
Total Systematic 0.38 0.3 0.61 0.27 1.95 0.356 0.6
Total Error 0.68 0.9 1.10 0.97 3.60 0.645 1.3
(V/s) GeV 92.05 92.94 93.90 92.96 92.99 92.99 — 92.95 92.95
Published Agp 10.58 11.93 12.09 11.0 10.8 11.80 — 14.59 15.8
Used Afp 11.94 10.9 10.8 11.42 — 14.89 14.6
Statistical 1.98 3.3 2.8 3.09 — 2.02 4.0
Internal Systematic 0.35 0.7 0.4 0.55 — 0.50 0.7
Common Systematic 0.29 0.1 0.2 0.09 — 0.24 0.5
Other Param. Sys. 0.34 0.2 0.3 0.09 — 0.43 0.1
Total Systematic 0.57 0.7 0.5 0.56 — 0.70 0.9
Total Error 2.06 3.4 2.8 3.15 — 2.14 4.1

Table 6.5: Results from the different ¢ asymmetry measurements from the LEP
experiments. The energies quoted are taken from the publications.
The asymmetry values used are corrected to common energy points.
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Figure 6.3: The b asymmetry measurements from the four LEP experiments.
The contribution called “OPAL leptons” is the result from this
thesis. The combined result represents the status of winter 2004.
It is taken from the fit to all electroweak data obtained from
heavy quark measurements [167].
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Figure 6.4: The ¢ asymmetry measurements from the four LEP experiments.
The contribution called “OPAL leptons” is the result from this
thesis. The combined result represents the status of winter 2004.
It is taken from the fit to all electroweak data obtained from
heavy quark measurements [167].
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Parameter LEP only LEP + SLD
RY 0.21643+0.00073 | 0.21638%0.00065
R? 0.1690 & 0.0047 | 0.1720 & 0.0030
A (%) 9.98 + 0.16 9.97 + 0.16
A (%) 7.02 + 0.36 7.06 + 0.35
Ay, — 0.925 4 0.020
A, — 0.670 + 0.026
x2/dof 49/(96 — 12) 53/(105 — 14)
Using only statistical uncertainties
RY 0.21616+0.00045 | 0.21618+0.00040
R? 0.1689 4 0.0023 | 0.1706 & 0.0019
A (%) 9.96 + 0.15 9.95 + 0.15
A (%) 6.90 + 0.29 6.91 + 0.29
Ay, — 0.917 + 0.015
A, — 0.666 + 0.021
x2/dof 85/(96 — 12) 91/(105 — 14)

Table 6.6: Results from the fit to the LEP and SLD precision measurements
in the heavy flavour sector. In the upper part of the table the
results of the full fit are shown. The numbers on the left side only
use inputs from LEP, those on the right side from LEP and SLD.
The numbers listed in the lower part of the table are from fits
which only use the statistical uncertainties of the inputs.
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Figure 6.5: The LEP combined b and ¢ quark forward-backward asymmetries
as a function of the centre-of-mass energy /s.

Ry  RY | Awy A | A A

RY 100 —0.14| —0.10 0.07 | —0.07 0.0
(1.00) (—0.17) | (=0.08)  (0.07)

RO 1.00 0.03  —0.06| 0.03 —0.05
(1.00) | (0.08) (—0.06)

AR 1.00 0.15| 0.03 —0.01
(1.00)  (0.14)

ADS 1.00 | —0.02  0.04
(1.00)

A, 1.00 0.3

A, 1.00

Table 6.7: The correlation matrix for the six electroweak parameters from
the 14 parameter fit. In addition, the values of the correlation
matrix of the four parameters of the 12 parameter fit are given in
brackets.
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Ry R | Apy Am | A A
(-107%) (107%) | (107°) (-107%) | (107%) (-107%)

statistics 0.43 2.3 1.5 3.0 1.5 2.1
internal systematics 0.28 1.4 0.6 1.4 1.4 1.6
QCD effects 0.18 0.1 0.4 0.1 0.3 0.2
semil. B,D decay model | 0.01 0.1 0.1 0.5 0.1 0.1
BR(D — neutral) 0.14 0.3 0 0 0 0
D decay multiplicity 0.13 0.3 0 0.2 0 0
BR(D* — K 7ntzt) 0.08 0.2 0 0.1 0 0
BR(DS — o) 0.02 0.5 0 0.1 0 0
BR(A. — p K™77) 0.06 0.5 0 0.1 0 0
D lifetimes 0.06 0.1 0 0.2 0 0
gluon splitting 0.22 0.1 0.1 0.2 0.1 0.1
¢ fragmentation 0.10 0.2 0.1 0.1 0.1 0.1
light quarks 0.07 0.2 0 0 0 0
beam polarisation 0 0 0 0 0.5 0.4
total 0.65 3.1 1.6 3.5 2.0 2.6

Table 6.8: The dominant error sources for the electroweak parameters from
the 14 parameter fit.

the non-electroweak parameters are independent of the treatment of the off-peak
asymmetries and the SLD data.

The combined results for the electroweak parameters obtained form the 12 and
14 parameter fit are quoted in Table 6.6 [167]. The corresponding statistical
correlation matrices are given in Table 6.7 [167]. The correlated systematic errors
for the fit parameters arise from mainly physics motivated sources like the QCD
correction and quark fragmentation. A list of the dominant sources of common
systematic uncertainties together with their contribution to the total errors on
the six heavy flavour fit parameters R?, RO, A%P A%S. Ay, and A, are given
in Table 6.8. All common systematic errors add up to a total of 0.04 for the
b asymmetry and 0.09 for the ¢ asymmetry (Figure 6.3 and 6.4) [167]. Compared

to the total uncertainties of Ajpy and ApS these values are very small.

For comparison the fits are performed using only statistical uncertainties (lower
part of Table 6.6). The small shifts of the values are due to the different ratio
of statistical and systematical uncertainties within the different analyses. The
large difference in the x? value indicates that the systematical uncertainties are
estimated in a conservative way.

Results from additional tests are summarised in Table 6.9. To show the impact
of the off-peak data on the pole asymmetries and their uncertainties, the com-
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App (%) | Aps (%)
Full 14 parameter fit 9.97 £0.16 | 7.06%0.35
Peak asymmetries only | 10.05£0.17 | 6.9340.36

no OPAL leptons 10.00£0.17 | 7.2940.39
inclusive 10.05£0.19 —

lepton 10.0140.25 | 7.04%0.44
D meson 7.63 £1.67 | 7.4240.61

Table 6.9: The upper part of the table shows the impact of the off-peak
measurements and the OPAL measurement using semileptonic b
and ¢ decays on the combined asymmetries. In the lower part the
combined values of different types of measurement are given.

bination is made using only on-peak asymmetry measurements. The errors are
just affected very little, but the b asymmetry increases by half a standard de-
viation while the ¢ asymmetry decreases by 1/3 of its uncertainty. To illustrate
the influence of the OPAL measurement of A2, and A%y using the semileptonic
decays (Chapter 5) on the combined LEP results, the fit is repeated excluding
these measurements. This leaves the b asymmetry almost unchanged. The ¢
asymmetry increases by 2/3 of its standard deviation. Table 6.9 also lists LEP
averages for A%y and A%S using only a particular type of measurement. These
combined values are in very good agreement among each other.

6.4 Effective Couplings of the Neutral Weak
Current

The experimental results on electroweak observables are used to derive values for
the effective couplings of the neutral weak current at the Z pole: the asymmetry
parameters A;, the effective vector and axial-vector coupling constants vy and ay,
the effective electroweak mixing angles for b and ¢ quarks sin? 6% and sin? 6%,
and the leptonic effective electroweak mixing angle sin® 6.

6.4.1 The Asymmetry Parameters A;

Due to polarised electron beams at SLC a direct determination of the asymme-
try parameters A; is possible by analysing the left-right and left-right forward-
backward asymmetry Alp = A, and Al zrp = (3/4)A;. The analyses of the 7
polarisation and its forward-backward asymmetry at LEP determine A, and A,
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Parameter Average Correlations
A A, A,
Ae 0.151440.0019 1.00
A, 0.1456+0.0091 | —0.10 1.00
A, 0.144940.0040 | —0.02 0.01 1.00
As 0.1501+£0.0016

Table 6.10: Results on the leptonic asymmetry parameters A, not assuming
neutral-current lepton universality using the 14 electroweak mea-
surements from [167]. The combination has a x?/dof of 3.6/5,
corresponding to a probability of 61%.

0,9
parameter ‘ A= 4 Apiy ‘ Direct A, ‘ Standard Model

3 A
Ay, 0.886+0.017 | 0.92540.020 | 0.935%0.001
A 0.627+0.032 | 0.670£0.026 | 0.668=+0.002

Table 6.11: Determination of the quark asymmetry parameters 4,, based on
the ratio Apd/A, and the direct measurement Afpoo. Lepton
universality for A, is assumed. The expectation of Aq in the
Standard Model is listed in the last column [167].

separately. The forward-backward pole asymmetries A%y = (3/4)A.A; constrain
the product of two asymmetry parameters. The measurements are performed
separately for all three charged lepton species as well as the heavy quark flavours
b and c.

The combined results on the leptonic asymmetry parameters A., A,, and A,
derived from measurements independent of quark asymmetry parameters, are
listed in Table 6.10 together with the combined result for 4,, assuming neutral-
current lepton universality [167].

In Table 6.11 the measured quark asymmetry parameters 4, are shown. The
ratio of the forward-backward pole asymmetries A%y /A% = Ay /A agree well
with the ratio of the asymmetry parameters A4, and A, from direct measurements.

Each ratio (4/3)A%S/ A, also determines A, indirectly using LEP data, with a
precision comparable to that of the direct measurements at SLD. Good agreement
between the direct and indirect results for ¢ quarks is observed. In the case of
b quarks, the ratio (4/3)Apd/ A, is lower than the direct measurement of Ay, by
1.4 standard deviations, and lower than the Standard Model expectation by 2.8
standard deviations.



6.4 Effective Couplings of the Neutral Weak Current 163

0.8

‘ ‘PPeI‘irhir{ar‘y,
SM
0.7 =
<(.)
0.6 1 1
05 ‘ = ‘
0.13 0.14 0.15 0.16 0.17
A

Figure 6.6: Comparison of the measurements of A,, A, and A%’]g for b quarks
(left), and ¢ quarks (right) assuming lepton universality [167].
Bands of +1 standard deviation width in the (A, A,) plane are
shown for the measurements of A, (vertical band), A, (horizontal
band), and AY¥s = (3/4).A.A, (diagonal band). Also shown is the
68% confidence level contour for the two asymmetry parameters
resulting from the joint analysis (Table 6.12). The arrows point-
ing to the right and to the left show the variation in the Standard
Model prediction for varying m; in the range 174.3 4+ 5.1 GeV /c?
and my in the range of 3007720 GeV /c? respectively. The arrow
showing the small dependence on the hadronic vacuum polari-
sation Aal” (m2) = 0.02761 + 0.00036 is displaced for clarity.

The arrows point in the direction of increasing values of these

parameters.
Parameter Average Correlations
A A A
Ay 0.149040.0015 1.00
Ay, 0.903£0.013 | —0.42 1.00
A 0.653£0.020 | —0.11 0.15 1.00

Table 6.12: Results on the quark asymmetry parameters A, and the leptonic
asymmetry parameter A, assuming neutral-current lepton uni-
versality using all measurements from LEP and SLD [167]. The
combination has a x?/dof of 8.9/9, corresponding to a probabil-
ity of 44%.
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The results of the joint analysis of the leptonic and heavy flavour measurements
in terms of the asymmetry parameters A; are shown as the error ellipses in
Figure 6.6 and listed in Table 6.12, where the constraint of lepton universality
is also imposed. Since A, and A%y are already determined with relatively small
errors, the joint analysis primarily improves the determination of the b quark
asymmetry parameter Ay,. The results have a region of common overlap with the
combined A%’é’ “ from LEP if both Ay, and A, are free parameters. Although the
overlap region agrees poorly with the Standard Model expectation for b quarks,
the single results and especially A%S from LEP are well compatible with the
expectation.

6.4.2 The Effective Vector and Axial-Vector Coupling
Constants

For charged leptons and neutrinos the results on vy and as are listed in Table 6.13
[167]. By attributing the entire invisible decay width of the Z to the production of
neutrino pairs, the magnitude of the effective coupling of the Z boson to neutrinos
can be determined. Three light neutrino families with equal effective coupling
constants and v, = a, are assumed. The combined results under the assumption
of neutral-current lepton universality are also shown in Table 6.13. The value
of ay is different from the corresponding Born-level value of 7§ = —1/2 by 4.7
standard deviations, indicating the presence of non-QED electroweak radiative
corrections.

Including the heavy quark measurements and assuming lepton universality, the
couplings of quarks and charged leptons are shown in Table 6.14 [167]. The vector
coupling constant for charged leptons is decreased in magnitude compared to its
Standard Model expectation, as already observed for the asymmetry parameter
Ay in the previous section. For the quark flavours b and c, the results are also
shown in Figure 6.7. The apparent deviation of the measured b quark coupling
constants from the Standard Model expectation is a direct consequence of the
combined result on A;, being lower than the Standard Model expectation, as
discussed in the previous section.

6.4.3 The Effective Electroweak Mixing Angles

For the following analyses, the electric charge ¢ and the third component of
the weak isospin 7% are assumed to be given by the Standard Model assignments
as listed in Table 2.1. Tests of fermion universality, i.e. a comparison between
leptons and quarks in terms of pr and sin? 6%, now become possible.
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Parameter Average Correlations
ay Ge a, ar Ve Uy Ur
ay = Uy +0.50076£0.00076 1.00
Ge —0.50111+£0.00035 | —0.74  1.00
ay, —0.50120+0.00054 0.39 —0.13 1.00
ar —0.50204+£0.00064 0.37 —0.12 035 1.00
Ve —0.03816+0.00047 | —0.10  0.01 —0.01 —0.03 1.00
vy —0.0367+0.0023 0.02 0.00 —0.30 0.01 —0.10 1.00
Ur —0.0366+0.0010 0.02 —-0.01 0.01 —-0.07 —0.02 0.01 1.00
ay —0.50123+0.00026
Vg —0.03783+0.00041

Table 6.13: Results on the effective vector and axial-vector coupling con-
stants for leptons not assuming neutral-current lepton universal-
ity [167]. The combination has a x?/dof of 3.6/5, corresponding
to a probability of 61 %. The combination to the effective lep-
tonic vector and axial-vector coupling constants has a x?/dof of
7.8/9, corresponding to a probability of 56 % with correlations
of —0.48, —0.03 and —0.06 between (a,, as), (a,,ve) and (ag, vy)

respectively.
Parameter Average Correlations
Qy Qy ap Qe Uy Up Ve
ay = v, +0.50075£0.00077 1.00

ag —0.50125+£0.00026 | —0.49  1.00

ay, —0.514040.0051 0.01 —0.01 1.00

ac +0.5027+£0.0054 | —0.02 —0.02 0.00 1.00

Vg —0.03758+0.00037 | —0.04 —0.04 0.38 —0.05 1.00

Vb —0.323120.0078 0.01 0.05 —0.97 0.03 —-0.39 1.00

Ve +0.1880+£0.0070 | —0.01 —0.02 0.15 —0.32 0.10 —0.17 1.00

Table 6.14: Results on the effective coupling constants for leptons and
quarks assuming neutral-current lepton universality [167]. The
combination has a x?/dof of 8.9/9, corresponding to a probabil-

ity of 43 %.
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Figure 6.7: Comparison of the effective vector and axial-vector coupling con-
stants for heavy quarks, using results on leptons and assuming
lepton universality (see Table 6.14) [167]. Varying the hadronic
vacuum polarisation by Aal”, (m2) = 0.02761+0.00036 yields an
additional uncertainty on the Standard Model prediction. Com-
pared to the experimental uncertainties, the Standard Model pre-
dictions for the heavy quarks b and ¢ are nearly constant for the
quark coupling constants.

The results on pr and the effective electroweak mixing angle for leptons and
quarks are listed in Table 6.15. As before, neutral-current lepton universality is
assumed. The value of py is different from the corresponding Born-level value of
unity by 5.0 standard deviations, indicating the presence of non-QED electroweak
radiative corrections. The strong correlation between pj, and sin? 0% arises as the
anti-correlation between vy, and ay, (see Table 6.14) from the tight constraint given
by the measurement of R) o< v + a?.

Within the Standard Model, slightly different values for sin?ff; are expected
for different fermions due to non-universal flavour-specific electroweak radiative
corrections. These specific corrections are largest for b quarks and more than a
factor of five smaller for the other quark flavours. Except for b quarks, the non-
universal flavour-specific corrections expected in the Standard Model are small
compared to the experimental errors.

6.4.4 The Leptonic Effective Electroweak Mixing Angle

The measurements of the various asymmetries determine the effective electroweak
mixing angle sin? 6% independently of p;, because they depend only on vg/a¢. As
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Parameter Average Correlations
P 17, b pe sin? 9£H sin? QEH sin? Ocq

v 1.0030+0.0031 1.00
P 1.0050-+0.0010 0.49 1.00
b 1.055+£0.021 | —0.01 —0.01 1.00
Pe 1.0114£0.022 | —0.02 0.02 0.00 1.00

sin® 0% | 0.23129+0.00018 | —0.01  0.09 —0.38 —0.04  1.00

sin? 0% 0.27840.016 0.00 —0.04 0.99 0.02 —0.39  1.00

sin? 0% | 0.2347+0.0059 0.00 —0.01 0.13 0.54 —0.10 0.15  1.00
v 1.0030+0.0031 1.00
P 1.0049+0.0010 | 4+0.48 1.00

sin? 0% | 0.23113£0.00021 | —0.01  0.11 1.00

Table 6.15: Results on the p parameter and the effective electroweak mixing
angle sin? ¢ assuming neutral-current lepton universality, using
the 14 electroweak measurements [167]. The combination has
a x?/dof of 4.3/4, corresponding to a probability of 40%. The
lower part of the table gives values for p and sin® 6% considering
the leptonic measurements only. This average has a x*/dof of
7.8/9, corresponding to a probability of 56%.

illustrated in Figure 2.6 the relative sensitivity of A, to sin? §% is much smaller
than is the case for leptons. In particular for b quarks this sensitivity is almost a
factor 100 less than it is for leptons. Therefore, the heavy quark forward-backward
asymmetries AWy = (3/4)AAq as well as the hadronic charge asymmetry QR

are sensitive to sin? #%; through the factor A, and rather insensitive to sin? 6.

There are six asymmetry measurements sensitive to sin? 6%;. The resulting sin® 0%
values are compared in Figure 6.8. The measurements fall into two sets of three
results each:

e measurements depending on leptonic couplings only (A%, A,(SLD) and

Ay(P;)) or

e measurements depending on both, leptonic and quark couplings (A%’é’ , A%’é
and Qlas).

In the first case only lepton universality is assumed. No further corrections are
necessary to interpret the results in terms of sin?#’;. In the second case small
flavour-specific electroweak corrections, making sin? 6% different from sin? 6%,
are taken from Standard Model predictions. The effect of these corrections and
their uncertainties on the extracted value of sin? 6% is negligible.
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Figure 6.8: Comparison of the effective electroweak mixing angle sin? 6%
derived from measurement results depending on lepton couplings
only (top) and also quark couplings (bottom) [167]. Also shown
is the prediction of sin? 6% in the Standard Model as a function

of my.
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The average of all six sin® §%; determinations is quoted to be [167]:
sin? 0l = 0.23150 + 0.00016, (6.11)

with a x2/dof of 10.5/5, corresponding to a probability of 6.2%. The enlarged
x2/dof is solely driven by the two most precise measurements used for the deter-
minations of sin? §%:

e the SLD measurement of Ay, dominated by the A%y result, and

e the LEP value of A%y,

Those yield the largest pulls? and fall on opposite sides of the sin® 6% average.
These two measurements differ by 2.9 standard deviations. Thus, the two sets of
measurements, yielding average values for sin? 6% of 0.231134:0.00021 (x2/dof =
1.64/2, probability 44 %) and 0.23214 & 0.00027 (x2/dof = 0.06/2, probability
97 %) [167] respectively, also differ by about 2.9 standard deviations. This is
a consequence of the same effect: the deviation of Ay, as extracted from A%y
compared to its Standard Model value is reflected in the value of sin? 6% extracted
from A%y,

The difference in sin? 6% from the AYY measurement at LEP and the AYg mea-

surement at SLD is observed since the beginning of asymmetry measurements
at LEP and SLD with almost constant level of significance. The history of the
contributions to sin? 6% from A%y and A%y is illustrated in Figure 6.9.

Especially the A%’é’ average has been stable over the time, while the precision
has been continuously improved due to updated measurements using latest data
reprocessing and new analysis techniques. While the precision was improved,
the central values of the two contributions to sin?6%; came closer so that the
significance of their difference did not change much. In this way the effect is
neither confirmed nor ruled out, and a statistical fluctuation as the cause cannot
be excluded.

6.5 Interpretation

6.5.1 Effective Couplings

The results of the analyses for asymmetry parameters, effective coupling con-
stants, pr and sin? 6% presented in the previous section show shifts and differences

2Here, the pull is defined as the difference between measured value and predicted value in
units of the measurement uncertainty.



170 6 Combination of Results and Discussion

year — Ar A% year —
1993 ~ —'—I— difference 1993 - B
1994 —— @ —m— 220 1994 - »
1995 - - —-— 190 1995 - —
1996 - —o— - 300 1996 - — -
1097 - —o - 3lc 1997 - —
1998 - o u 240 1998 - —
1999 - * = 200 1999 - — =
2000 - o m 290 2000 - —
2001 — f - 320 2001 - =
2002 - o = 300 2002 - -
2003 - * = 290 2003 - =
2004 - o = 290 2004 - =
PR ST S N TN TR SN A ST SRR N S P SR N AN TR TR ST S H T S SR N B
0228 023 0232 0234 9 9.5 10 105
sin” B A% (%)

Figure 6.9: Time development of sin? 8% and Apy results [51,159,167-174].

which are most clearly visible in the averages of effective couplings (Figure 6.7)
and sin? 6% (Figure 6.8). These discrepancies are dominated by the measure-
ments of AV, (SLD) and A%y (LEP). Concerning sin® 8, the leptonic forward-
backward asymmetry Agy and the 7 polarisation measurement confirm the A%y
result, while A% delivers a value for sin?#%; very close to that of A%y. The
main effect responsible for these differences is caused by the effective couplings
for b quarks (Figure 6.7). The vector and axial-vector couplings for b quarks v,
and ay, deviate from the Standard Model expectation at the level of two standard
deviations.

Using the left- and right-handed couplings ¢ and ¢} introduced in Eq. 2.10
(they are much better aligned with the axes of the error ellipse), only B shows
a noticeable deviation from the expectation. Due to ¢} < @ (Eq. 2.10 together
with measured values of a; and v; from Table 6.14) the value of RY oc (c})?+(cb)?
shows no discrepancy from the expectation.

The results summarised in Section 6.4 therefore suggest an explanation in terms
of a possible shift in the Standard Model prediction of the right-handed b quark
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coupling alone, even at Born-level. This affects A}, and A%’g , which both depend
only on the ratio ¢ /cP, more strongly than RY.

From the experimental point of view, no systematic effect has been identified,
which explains such shifts in the A%y measurement [13,76,77,151-158]. While
the QCD corrections are significant, their uncertainties are small compared to
the total errors and are taken into account. Within the Standard Model, flavour
specific electroweak radiative corrections [175] are much too small to explain the
difference in the extracted sin? 6% values. The same holds for the AYy measure-
ment. Here the most important source of systematic uncertainty is the deter-
mination of the beam polarisation. This uncertainty is believed to be small and
well controlled.

Thus the shift is either a sign for new physics, invalidating the simple relations
to convert between the effective parameters used, or a fluctuation in one or more
of the input measurements.

6.5.2 Prediction of the Higgs Boson Mass

Due to higher order electroweak radiative corrections many electroweak precision
observables can be used to probe the Higgs sector of the Standard Model. The
sensitivity of the forward-backward asymmetries to the Higgs boson mass my has
been discussed in Section 2.4. It provides an indirect way of gaining information
on my, assuming that the Standard Model provides an adequate description of
nature. The resulting constraints can be compared to the mass values which have
been excluded by the direct search for the Higgs boson. The constraints on the
Higgs boson mass from the measurements of the different electroweak observables
are shown in Figure 6.10. It can be seen that A%y and AYg are the two quantities
that yield the highest sensitivity to my, followed by the W boson mass.

The current combined prediction for my is quoted to be my = 113753GeV/c?
(68 % C.L.) [15]. This value is extracted from a 5 parameter (mgz, I'z, as,
Ac®) (m2) and my) Standard Model fit to all high Q? precision measurements?®
available from LEP and SLD. The global x?/dof of the Standard Model fit is
16.3/13, corresponding to a probability of 23 %. The largest contribution to the
overall x? originates from the pull of 2.4 standard deviations of the measurement
of A(F)’é) at LEP. Two other measurements, the left-right asymmetry measured
at SLD and the W boson mass, also have a large pull of 1.7 and 1.2 standard

deviations, respectively.

Only A%> clearly favours a large value for my. It is interesting that also A%
indicates a Higgs mass which is very close to the average. The direct relation

3 0 0,2 0,b  40,¢c (5) (.2
mz, FZa Oy Rfa AFBa Rba RCa AFBa AFBa Afv Abv ACa Aahad(mz)v mw, Fwa my
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Figure 6.10: Constraints on the mass of the Higgs boson from the most sen-
sitive electroweak observables. The constraints are determined
by setting the other free parameters in the electroweak fit to the
values which are obtained in the combined fit to all data. This
combined fit also yields the shaded band.

between the A%’g and A%S results and my has already been displayed in the lower
part of the Figures 6.3 and 6.4. As a matter of fact, the A% and A%S results
make the electroweak fit more compatible with the exclusion limit on myg from
the direct search, where my < 114.4 GeéV/c? (95 % CL) [15] is found.

As far as my is concerned, A%y and AYL, both exhibit a high sensitivity, but
prefer a high and a low value, respectively. Within the Standard Model analy-
sis, other observables also prefer low values for my, such as the other leptonic
forward-backward asymmetry measurements and in particular the combined mea-
surement of the mass of the W boson. This is the reason why the pull of the
A%’é) measurement is enlarged compared to the sin® 6% combination discussed in
Section 6.4, while the pull of A{y is reduced.

As already mentioned also the determination of my contributes to the prediction
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of my. In the previous years [51,159,168-174] this contribution has shown, very
similar to A%, a discrepancy to the one from App, seemingly confirming the
A% result. This discrepancy is now smaller with the updated result for myy
from summer 2003, which moved towards higher values for my [167].






Chapter 7

Summary and Outlook

This thesis presents the final OPAL measurement of the b and ¢ quark forward-
backward asymmetries and the B mixing parameter using semileptonic decays
of bottom and charm hadrons. For the first time the analysis considers the
entire OPAL dataset recorded between 1990 and 2000 at energies close to the Z
resonance. After correcting for all biases, the results are:

Abo= (47 £18 +£0.1 )%, Afp= (—6.8 £2.5 +0.9 )% at (\/5) = 89.51 GeV,
AbL= ( 9.7240.42+0.15) %, ASp= ( 5.68+£0.54+£0.39)% at (/s) = 91.25 GeV,
AbL= (103 £1.5 +£0.2 )%, ASp= (14.6 +£2.0 +£0.8 )% at (/s) = 92.95 GeV.

For the average B mixing parameter, a value of:
X = (13.124+0.49 +0.42) %

is obtained. The first error is always the statistical and the second the systematic
uncertainty. Compared to the previous measurement with semileptonic decays
using data from 1990 to 1995 [82] the precision of the OPAL values entering the
LEP averages are improved by 8 % for Aby and 15 % for A%y, Furthermore,
also the total uncertainty of the B mixing parameter is reduced by 11 %. The
decrease of the statistical component of the error is reached by utilising the most
modern analysis techniques to increase both, the efficiency and the purity of the
semileptonic b and ¢ decays and the higher number of available hadronic Z decays.
Several factors are found to reduce the magnitude of the systematic uncertainty
by 20 % for Abg, 23 % for A%y and 13 % for Y:

e new neural network for electron identification,

e improved quark flavour separation,

175



176 7 Summary and Outlook

e smaller uncertainties of external measurements entering the analysis (par-
ticle decay widths, semileptonic branching ratios, etc.),

e better understanding of the production and decay of heavy quarks, and

e new calibration of the OPAL dataset.

The largest contributions to the systematic error of Abg arise from the disagree-
ment of the variables used for quark flavour separation between data and Monte
Carlo (0.07), the modelling of ¢ — ¢* decays (0.06), and the QCD correction
(0.06). For Agp the dominant sources are the branching ratio BR(b — ¢ — ¢7)
(0.17), the agreement between data and Monte Carlo with respect to the flavour
separation variables (0.16), and the branching ratio BR(c — £1) (0.15).

The results from this thesis confirm the preliminary OPAL results [82] from 1995
with improved accuracy. Now all OPAL b and ¢ quark forward-backward asym-

metry measurements are in very good agreement with each other and with the
Standard Model.

Together with the corresponding ALEPH measurement [151], the results above
represent the most precise exclusive determination of AZg. Only the inclusive
analyses from ALEPH, DELPHI, and OPAL [76, 154, 155] provide values with
smaller uncertainties. The results given for Afg and Y currently are the most
precise numbers available.

Since all LEP collaborations have by now published final b and ¢ quark forward-
backward asymmetry measurements, the results are combined to the LEP pole
asymmetries AYp = (9.984+0.16)% and A%S = (7.02+0.36)%. Statistical as well
as systematic correlations are taken fully into account by the averaging procedure.
All A% and Agg results from the LEP collaborations are in good agreement with
each other. They also agree well with the predictions of the Standard Model. The
value of the electroweak mixing angle sin? 8’5 derived from only the heavy flavour
asymmetry measurements agrees with the one determined from the overall fit to
all electroweak data taken by LEP. A small discrepancy still remains between
the value of sin® 6%, determined from the LEP heavy flavour forward-backward
asymmetries alone, and the same quantity derived from the left-right asymmetry
measured at SLD, at the level of 2.9 standard deviations.

The measurements of the heavy flavour forward-backward asymmetries can be
interpreted under the assumption that a Higgs boson exists in the Standard
Model. The A% and AP measurements alone favour a light Higgs boson, in
agreement with the results from a global electroweak fit.

The precision of the LEP ARy and A%y values is clearly limited by their statis-
tical uncertainties. A further reduction of the errors is therefore only possible
with a new generation of ete™ accelerators with very high luminosity. Currently
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there are three proposals for a linear eTe™ collider: The GLC (Global Linear
Collider), which originally is known as the JLC (Japanese Linear Collider) [176],
the NLC (Next Linear Collider) [177], and the TESLA (TeV Energy Supercon-
ducting Linear Accelerator) [178] project. The TESLA Technical Design Report
contains studies concerning a dedicated Z production period (GigaZ), offering the
possibility to make precision measurements of electroweak observables using 10?
Z decays. In addition, the TESLA detector is expected to reconstruct b and c
hadrons with improved efficiency and purity compared to any detector operated
at LEP or SLC. Therefore, GigaZ would complement discoveries made at higher
energies with tests of the theoretical models with a precision never reached before.

Altogether, the measurements, the one presented in this thesis and the multitude
of other measurements performed at LEP, paint an amazingly consistent picture
of nature as described by the Standard Model. So far, no discrepancy between
experiment and theory is found in a large number of measurements. The precision
of the comparison between data and theory reached a level well below 1 %, and
thus has become sensitive to effects from physics not in the scope of the Standard
Model. Up to now, no evidence for any physics beyond the Standard Model is
found at mass scales accessible at LEP, SLC or TEVATRON. However, the data
very strongly suggest that the next big discoveries — at least the Higgs boson,
or maybe even more exotic phenomena — are just around the corner. There is
strong, though only indirect evidence for a light Higgs boson with a mass below
200 GeV. It is believed that totally new classes of particles, e.g. supersymmetric
particles, will be discovered at masses just slightly above the currently accessible
mass region.

In the next decade the Large Hadron Collider LHC [179] at CERN, a proton
proton machine with a beam energy of 7 TeV, will collect a huge amount of
data, pushing the energy frontier by one order of magnitude. In case the Higgs
boson exists, it will be discovered at the LHC. If new phenomena are to be
found in the energy regime covered by the LHC, this collider should find traces
of these. It is hoped that at least one of the currently planned linear colliders
delivers data not too far behind the LHC. Results from a linear collider will be
necessary for an accurate theoretical formulation of the mechanism of electroweak
symmetry breaking and thus help to assemble one of the great puzzles of modern
particle physics. Together, both types of accelerators would carry on the great
collaboration between lepton and hadron machines, which we have experienced in
the last 20 years with LEP, SLC, and the TEVATRON, advancing our knowledge
about the most fundamental properties of nature.






Appendix A

Introduction to Artificial Neural
Networks

A measurement of a physical quantity in general is based on a particular class of
events, called signal. The other events are called background. To separate this
two classes of events, an appropriate algorithm is needed. Usually the properties
of the signal and the background classes can be described by a set of variables
x1,Ty...%,, € IR, spanning a n;, dimensional real vector space R™" with ele-
ments . Together with the information to which class a specific event belongs,
Z is called a “pattern”. Ideally the & for signal and background populate distinct
regions in the sample space IR™". Finding the decision boundary constructed
of a set of intersecting hyperplanes, which divide the sample space in a signal
and a background region, solves the event classification problem. In high-energy
physics, the classification to be performed is mostly a not-total-separable prob-
lem, meaning that there is no set of intersecting hyperplanes in the sample space
which can separate the two classes completely. The best decision boundary is
then the set of hyperplanes which have the smallest classification error for a
particular sample of events.

Cutting on the variables z; individually results in a cuboid-shaped decision
boundary, neglecting a more complicated form of the volume of the signal re-
gion. Multivariate methods, which allow the construction of more complicated
decision boundaries, are best suitable for solving the classification problem. These
statistical techniques look at the pattern of relationships between several vari-
ables simultaneously. Particularly interesting are “machine learning” methods.
These are algorithms which are able to improve their performance based on the
evaluation of past performance. A very prominent representative of this group
is the artificial neural network. This mathematical concept had been inspired
by the neurophysiological study of the human brain, consisting of a huge num-
ber of interconnected specialised cells (neurons), communicating across synapses
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Output layer o

Weights w;
Input layer z;

Figure A.1: Schematic diagram of a perceptron. The output o is a linear
combination of the inputs x;, where the weights w; serve as co-
efficients. The threshold 6 is not shown.

by exchanging neurotransmitting chemicals. Neurons take input through their
dendrites and process an output, being a non-linear function of the input stim-
uli. Output is only produced if there are enough inputs of a certain strength to
overcome a certain threshold value. A processor, consisting of multiple nodes,
each producing an output value from a weighted combination of several input
values is constructed. In high-energy physics analyses, the feed-forward multi-
layer perceptron is the most used network type. It is briefly described here. More
information can be found in the literature, see e.g. [125].

Six different neural networks are contributing at several points in a beneficial
way to the results presented in this text. They were used for the electron iden-
tification [109], the rejection of electrons coming from the reaction v — ete”
(see Section 5.4.1) [109] and for the separation of b — ¢~ and ¢ — ¢+ decays
from each other and from background for electrons and muons separately (see
Section 5.4.2).

A.1 Architecture of a Neural Network

A.1.1 The Perceptron

A neuron is a binary switch with individual threshold # € IR, driven by nj;,
external inputs z; € IR, which are given weights w; € IR according to their
significance. Threshold and weights have to be adjusted (“learning process”).
This definition has been formulated first by W. Pitts and W. S. McCulloch [180].
The elementary form of a neural network is the perceptron (Figure A.1) which is
the mathematical implementation [181] of a single McCulloch-Pitts-neuron. The
Heaviside step function

1 for 2>0
g(z)—{o for 2<0 (A1)
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Output layer o
Weights w;
Hidden layer h;
Weights w;i

Input layer zy

Figure A.2: Schematic diagram of a multi-layer perceptron. The output o
is a linear combination of the outputs h; of the nodes of the
hidden layer. The h; themselves are linear combinations of the
inputs x;. In both cases the weights w serve as coefficients. The
thresholds 6 are not shown.

can be used to express the binary character of a neuron. Usually ¢(z) is called
activation or transfer function. Ccomparing the weighted sum of the inputs z;
with the threshold 6 gives the output value o € {0, 1} of the perceptron:

0:=g(z) =g (; w; i — 9) . (A.2)

o classifies the input patterns into two classes, “0” and “1” by the hyperplane
Yiwir; — 0 = 0, dividing the input space IR™® into two subspaces. Here the
weights w; specify the direction of a vector normal to the hyperplane, while the
threshold 6 is proportional to the distance of the plane to the origin of the coor-
dinate system.

A.1.2 The Multi-Layer Perceptron

If the input patterns of the two classes populate different regions of the IR™=,
which are separated by more complex boundaries, a multi-layer perceptron as
shown in Figure A.2 is necessary to categorise the patterns. Its components —
the nodes — are organised in layers. The first layer contains all input nodes z;,
the last one the nq, outputs o;. More than one output node is needed if more
than two classes have to be separated. In the following, structures with only one
output node are described. In-between the input layer and the output layer there
is one hidden layer with nu;q hidden nodes h;. In the following the inputs are
considered as nodes too. Deviant from the hidden and output nodes, the transfer
function of the input nodes is g(x) = z;. There is no threshold (fipue = 0) for
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the input nodes. More than one hidden layer is needed if one of the two classes
populates two or more disconnected regions in the input space. This case is not
needed for the analysis presented in this text and therefore not described in more
detail. Weights (labelled w;, and w;) connect each node of a layer with all nodes
of the preceding layer. The output value o of a multi-layer perceptron with one
hidden layer is calculated to be

Mhid Nin

0=y Zwi-g Zwikxk—@- —0 ) (A.3)
i=1 k=1

hi

This formula can be interpreted geometrically. Each hidden node h; divides the
input patterns into two classes on either side of a hyperplane >, wrxr — 6; = 0,
depending whether h; is “0” or “1”. The linear combination a of the values of the
hidden nodes can be interpreted as a combination of the half-spaces defined by
the hyperplanes. Up to this point a multi-layer perceptron is nothing more than
a more sophisticated cut based method. In case of a not-total-separable problem,
there can be the situation that n;, — 1 input variables of a signal pattern give
strong evidence that this pattern belongs to the signal class, but one input is
slightly displaced onto the “wrong” side of one of the hyperplanes. In this case
the event would be classified as background even though it is very likely to be a
signal event. This problem can be solved by replacing the Heaviside step function
with a continuously differentiable, non-linear transfer function

1
e (F)

9(z) : (A.4)

with “temperature” T'. The form of the transfer function is shown in Figure A.3
for different temperatures. At very low temperatures, g(z) becomes a step func-
tion. This changes the behaviour of the output of a multi-layer perceptron to be
continuous with o € [0,1] € IR. Using the definition from Eq. A.4 for ¢g(z) in
Eq. A.3 the multi-layer perceptron behaves like a neural network. The response
of these algorithms is more than just a yes/no answer. The input patterns are
ranked by assigning a value between 0 and 1 to each pattern, which indicates,
how well this pattern can be classified as signal or background.

To illustrate the impact of the temperature on the behaviour of a multi-layer
perceptron, the output distributions of two multi-layer perceptrons with different
temperature T are shown in Figure A.4. In the two three dimensional plots
the output is plotted over the two dimensional input space. The hyperplanes,
which are defined by the weights and thresholds of the eight hidden nodes are
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Figure A.3: Transfer function g(z) for three different temperatures. As the
temperature 1" decreases the transfer function approaches a step
function with a 0 to 1 transition for z = 0.

just straight lines in the input plane. In both cases the signal populates exactly
the same region. Plot (a) shows the behaviour of the multi-layer perceptron at
a temperature 7' = 0, while plot (b) and (d) that at some higher temperature.
The multi-layer perceptron in (a) performs linear cuts defined by the internal
weights. At higher temperature (b) the output becomes continuous. The cuts
are not anymore linear. This is an important advantage of a neural network
compared to a method which only use linear cuts. A neural network in principle
can cut any arbitrary region out of the space spanned by the input variables,
whereas conventional methods usually cut regions which are defined by a set of
intersecting planes perpendicular to the axes. This results in a better performance
of neural networks compared to conventional methods if applied to the same

problem.

A.2 Training and Testing of a Neural Network

To obtain a neural network, suitable for a specific application, two tasks have to

be performed:

1. A layout for the network (number of layers, number of input, hidden, and
output nodes) has to be chosen. The optimal architecture can be found
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Figure A.4: Figures (a) and (b) show the output of two artificial neural
networks with different temperatures as a function of the two
input variables. Both networks have eight hidden nodes and
were trained with the same set of events. The network shown
in (a) has a temperature of 7= 0. A sharp region of the input
space with the shape of an octagon is cut out. The network
shown in figure (b) has a higher temperature (7" = 2). Now the
lines of constant network output (d) do not anymore follow the
straight lines but are non-linear as explained in the text. Figure
(c) shows the output distribution of the network with 7" = 2.
The separation between signal and background is very good.
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only by a series of different trials.

2. Values for weights and thresholds need to be determined, because they are
not defined a priori by the initialisation process of a neural network.

The values for the weights!, which are set to random values after the initialisation
process, have to be determined in a procedure called “training”. For the training
events with known classification (patterns) p are needed. In the training proce-
dure the correlation between the calculated network output o, and the known
classification (desired network output) 6, of a given pattern p is maximised. This
is accomplished by minimising the “error function”

1 Npat

E= > (0, —3,)% . (A.5)

2 Npat =1

Here the sum runs over a group of training patterns for which the error is cal-
culated. No exact rule exists to find the minimum of the error function £. One
method is the gradient descent method, which serves well in case a large training
sample is available and computing time is not a critical factor.

After the determination of the error E of a group of np, training patterns, this
method iteratively updates the weights w from step ¢ to step ¢ + 1 by calculating
corrections Aw:

wtt = W' Aw!  and (A.6)

To simplify the notation in the following, it is assumed that the updating is done
after each training event. So the sum over p can be dropped. The adjustments
Aw; and Aw;y, to the weights are derived using the gradient of the error function
in the space of the weights. The corrections to the weights:

OE! OE! 0ot

t — _ .
= -1 (o' =0) g'(a') g(b;) and
Et Et t t
Aut = o OE! 0o Oht (A.9)

1 Owky — Tt Oht  Owt,
= —n (0" —0)g'(a") g'(b))

are a step in the direction opposite to the gradient, where the “learning param-
eter” 0 < n < 1 € IR parameterises the step size, which is proportional to the
gradient of F. The Aw just have non zero values if the derivatives dF/dw; and
dE/dw; do not vanish. This is only the case for 7" > 0 in the activation function.

'Here and in the following, the weights include also the threshold terms.
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The goal of the training is to find the global minimum of the error function E in
the space of the weights. This is done by examining E in the surrounding of w;
and w;,. To ensure that the training algorithm is able to come across plateaus in
E that it can leave local minima and that the weights w; and w;;, do not oscillate
around a minimum of the error function, a “momentum” term « is introduced in
the updating equations for the Aw:

OF
Awl = —np o +a Awl! (A.10)
Al = — b Awi! A1l
Wik = T o Awy -, (A.11)

with 0 <a<1elR.

During the training all training events are usually presented to the network many
times and in randomised order. All training events should be presented to the
network the same number of times. The number of training events in the different
event classes should be of the same magnitude and the events should be presented
to the network alternately.

The training is organised in cycles and epochs. During a cycle all events of
the training sample are presented to the net once. Usually the training lasts
for several cycles. An epoch is a more or less arbitrary number of events of the
order of 100-5000, depending on the classification problem. Some parameters like
momentum parameter «, temperature 7', and learning parameter 7 are adjusted
(usually reduced) after each training epoch.

The input variables should be scaled to values of the order of one. If the order
of magnitude of the input values varies a lot, then the network will take a long
time to scale the corresponding weights sufficiently so that the information of all
inputs are exploited equally. The training will be very slow and inefficient. The
learning parameter 7, the momentum parameter «, and the network temperature
T have to be optimised by a trial and error method.

The training is finished as soon as the weights do not change any more and the
value of the error function stays constant. Then a minimum for the function F
is found.

To evaluate the performance quality of the neural network during and after the
training period, a second — statistically independent — sample of events with
known classification — the test sample — is needed. The performance can be
determined by using the figure of merit (FOM). The figure of merit F' measures
the separation achieved in the neural network output distribution between the
signal and background distributions. Values close to zero indicate no separation,
whilst one indicates complete separation. The figure of merit is defined by the
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“inverse correlation integral”:

o [ @ = p@?
F=al-a) [ o o

where class 1 contributes a fraction « of the sample with normalised distribution
fi(z) and class 2 contributes 1 — o with normalised distribution fy(x) [124].

(A.12)

Another important phenomenon is “overtraining”. Given a fixed number of train-
ing events one could construct a neural network sufficiently complex to classify
all presented training events correct. Such a network will not perform very well
on a statistically independent sample, because, given the complexity of the net-
work, the number of free parameters allowed the network to “learn” the specific
features of the training sample. These features are specific to the training sample
and are not necessarily properties of the event classes. The performance of an
overtrained neural network on an independent test sample as a function of the
training epoch reaches a maximum and then decreases as soon as the network
starts to “learn” the features specific to the training sample. The final perfor-
mance of such a network on the training sample will be better than that on the
test sample. Overtraining indicates that the number of free parameters to be ad-
justed during the training is too large for the available training events. A solution
is to either increase the number of training events or simplify the architecture of
the network. Neural networks with two hidden layers are much more likely to
become overtrained than those with just one hidden layer.

In general the number of training events needed not only depends on the com-
plexity of the network but also on the degree to which the input variable distri-
butions of the different event classes overlap. In case of small differences between
the distributions statistical fluctuations can obscure the different properties of
the event classes. In these cases the number of training events has to be large
enough so that the statistical error on the input variable distribution becomes
small compared to the differences of the distributions between the event classes.

For example the networks to identify b — e~ or ¢ — e' events, used in the
measurement presented in Chapter5, have 136 (120 weights and 16 thresholds)
and 181 (165 weights and 16 thresholds) parameters, respectively. It has been
found that at least 3000 training events are necessary to train the network without
overtraining. Figure A.5 shows the figure of merit calculated using the test sample
as a function of the number of used training events per weight for the b — e~
and the ¢ — e neural network. Both networks need about the same number of
training events per weight to reach a sufficient performance. Due to the larger
number of inputs to the ¢ — et network (10) compared to the b — e~ network (7)
and the more difficult problem of separating ¢ — e™ events from the backgrounds
than to identify b — e~ events, the ¢ — e* network needs more training events
in total than the b — e~ network.
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Figure A.5: Figure of merit of the b — ¢~ and ¢ — e™ neural networks calcu-
lated using a statistically independent test sample as a function
of the used number of training events per weight. 365 training
events per weight correspond to 49 640 and 66 065 events for the
b — e and the ¢ — e™ networks respectively. In both cases the
test sample consists of a total of 100000 signal and background
events.

A.3 Application of a Neural Network to Data

After the training procedure the meaning of the network output has to be found.
The interpretation of the network output as the probability that the correspond-
ing event belongs to the signal fraction is only possible, if the signal to background
ratio of the training sample is the same than that of the data to which the network
should be applied. For various reasons this is a rather rare case. The network
output can still be used to determine this probability in case the over all signal
to background ratio realized in the data is known. Fortunately this is the case for
all data used for the asymmetry measurement presented in this text. This allows
to determine the shape of the network output distribution expected from data
by calculating the superposition of the shapes of the signal and background dis-
tributions, computed using a set of simulated events. As an example, Figure A.4
(c) shows the output distribution of the simple neural network introduced in the
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previous section. With the help of such a distribution the efficiency and the pu-
rity for each output bin can be calculated. Now a meaningful interpretation of
the network output produced with real data is possible.

Neural networks are used in three different ways in the asymmetry analysis:

1. To support a yes/no decision: to identify electrons coming from direct quark
decays, cuts are placed on the outputs of two different neural networks.
The first network is trained to decide whether the found particle is an
electron or not. The second network rejects electrons, originating from
photon conversions. An electron is considered to be identified in case it
fulfils both cuts.

2. To deliver more information to another neural network: to improve the
quality of the quark flavour separation the outputs of the neural networks
used for the electron identification are fed as an input into the two neural
networks, trained to identify b — e~ and ¢ — et decays.

3. To separate multiple event classes and produce event weights: in order to
use the whole sample of lepton candidates, two types of neural networks
are trained: the first is trained to separate b — ¢~ decays from all others,
the second to separate ¢ — £* decays from all other decays. The outputs of
both networks are used to produce a two dimensional distribution (10x10
bins) of the lepton candidates. Over all, there are four different classes
of lepton candidates (b — ¢=, b — ¢ — ¢*, ¢ — ¢* and background). In
different regions of the plane the contribution of the different channels vary.
Since the ratio between the four event classes is known, the same neural
networks can be used to produce weights representing probabilities for the
different event classes for each of the bins separately. These weights are
used in the maximum likelihood fit to calculate the appropriate asymmetry
of each bin.
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