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Introduction

Since the classical ages, one has tried to answer the question: What is matter made
of? Democritus assumed the existence of an infinite number of unvarying, imperishable and indivisible 'atoms'. Aristotle claimed that any substance is a combination
of the four basic elements earth, water, fire and air. Nowadays physicists believe
that all matter is built out of two kinds of constituents: leptons and quarks.
High energy physics studies the ultimate building blocks of matter and their
interactions. In order to Teach the very small scale required to visualise and materialise these constituents, one needs extremely small wavelengths corresponding
to very high energies. Large particle accelerators, in which charged particles are
accelerated and made to collide with target material or with each other, are built
to obtain these high energies.
The so-called Standard Model incorporates the theories describing these constituents and their interactions. All fundamental forces except the gravitational are
included. An outstanding feature of the Standard Model is that it unifies the electromagnetic and weak forces by an equal treatment of their carriers: the photon
and the weak intermediate vector bosons, respectively. These bosons were discovered in 1983 at the European Organisation for Nuclear Research CERN, thereby
substantially enhancing the credibility of the Standard Model.
At present, the Standard Model describes the quarks and leptons grouped into
three families. The existence of a third family was suggested in 1973 and confirmed
by the discovery of the tau lepton in 1975 and the bottom quark in 1977. With
the discovery of the top quark in 1994 and the confirmation of its existence in the
beginning of 1995, the third family is essentially complete.
The aim of this thesis is to study the bottom quarks resulting from neutral vector
boson decays in order to test the Standard Model and determine its parameters.
The tens of thousands of bottom quarks produced at the Large Electron Positron
collider LEP and observed by the L3 detector during the years 1990 to 1993 at CERN
form an ideal data source for this study. Our main focus is the measurement of the
forward-backward asymmetry for bottom quarks via which the weak mixing angle —
one of the most fundamental Standard Model parameters — can be determined with
high precision. This weak mixing angle, in turn, yields information and constraints
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on the mass of the heaviest of the quarks (the top quark) and on the mass of
a yet to be discovered hypothetical particle which would be the quantum of the
field responsible foi the existence of mass: the Higgs boson. The bottom quark
forward-backward asymmetry cannot be interpreted in terms of the Standard Model
parameters, without studying a quantum mechanical phenomenon related to the
hadron in which these quarks are embedded; the so-called mixing of neutral bottom
mesons with their antiparticles. Measuring this rate is the important secondary topic
of this thesis. Its determination also provides us with limits on parameters relating
top to down and strange quark decay, i.e. top quark Cabibbo-Kobayashi-Maskawa
matrix elements.

Chapter 1
Theory
The purpose of this chapter is to give a brief overview of the theoretical and phenomenological tools needed to analyse and interpret the data. After reviewing
the Standard Model ingredients necessary to arrive at the basic cross section and
forward-backward asymmetry formulae, the models required to relate the quark to
the particle level, specifically the quark fragmentation and hadronisation models
and the heavy quark decay models, are discussed. The chapter concludes by treat
ing a phenomenon which, although it has stand-alone significance, also acts as a
perturbation on the forward-backward asymmetry measurement: the B°B° mixing.
In the following the units used are such that the constant of Planck and the velocity
of light are both equal to one (ft = с — 1).

1.1

Structure of matter and the Standard Model

Our present day knowledge is that all matter is made out of two types of constituents:
leptons and quarks (see figure 1.1). Leptons and quarks are spin-| particles and are
therefore fermions. In addition, there are mediators carrying the forces between
these particles. The mediators are spin-1 particles and therefore bosons. There are
6 leptons which manifest themselves in 3 subgroups, the generations or families, each
consisting of a lepton and a neutrino. They go by the names electron, muon and
tau respectively. There are also 6 different quarks again grouped in 3 generations:
the up and down quark, the charm and strange quark, the top and bottom quark.
In addition to quarks and leptons also antiquarks and antileptons exist.
The c, b and t quarks form the group of heavy quarks; they all share the prop
erty that their behaviour becomes more and more accessible to perturbation theory
as their mass increases. The с quark has a mass of ~ 1.5 GeV and the b quark
of ~ 4.5 GeV. The extraordinarily heavy t quark was discovered by the Fermilab
CDF collaboration in the spring of 1994 and confirmed by the (again Fermilab) DO
collaboration in early 1995 [1]. As of now, the total number of observed i-quark
events is still very small however ( » 40). Actually, it is the sheer magnitude of the
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Figure 1.1: The constituents of matter and their forces.

f-quark mass which inhibits its production at present-day accelerators. Thus, the b
quark is the heaviest quark which can be abundantly produced. This makes for the
fact that Ь-quark physics has kept its central role in the study of the heavy quark
sector.
There are four types of forces in nature varying considerably in strength: the
strong, the weak, the electromagnetic and the gravitational force. The strength of
the latter is so small that, at present, it does not play any role of importance on
the level of experimental particle physics. The remaining three are mediated by
'coloured' gluons, the W± and Ζ vector boson and the photon, respectively. Among
the leptons, the neutrinos are involved in weak interactions only; the e, μ and τ feel
both weak and electromagnetic interactions. The quarks are the only constituents
participating in all three of the particle forces (see figure 1.1).
The Standard Model incorporates the theories of quantum chromodynamics
(QCD), quantum electrodynamics (QED) and flavourdynamics, i.e. the theories
±
describing the exchange of gluons, photons, and the vector bosons W and Z,
respectively. It is based on the gauge group 5i/(3)c x SU(2)L Χ U(l)y.
The
group SU(3)c corresponds to the theory of QCD as suggested by Gell-Mann [2];
the group SU{2)L Χ U(1)Y to the theory unifying the electromagnetic and weak
forces as proposed by Glashow, Weinberg and Salam [3]. The latter is referred to
as the Standard Model of electroweak interactions. Within the Standard Model,
the Higgs-mechanism is a possibility to account for the masses of the vector bosons
via spontaneous symmetry breaking. Consequently, all massive leptons and quarks
would obtain their mass through their interaction with the Higgs field.
The weak interaction does not conserve flavour. Thus, for quarks the eigenstates of the weak interaction are mixtures of the flavour eigenstates. The so-called
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Cabibbo-Kobayashi-Maskawa (CKM) matrix, or quark mixing matrix, describes the
transformation between the weak and flavour eigenstates [4]. By convention, the
quark mixing is expressed in terms of a matrix operating on the charge — | quarks
(d, 3,b) only, leaving the charge | quarks (it,c, i) unmixed:

id'
\Vj

Vud
ы

\Vu

VUE

Vub

V„
Vu

л
л

(d\
(1.1)

W

This unitary (3 x 3) matrix with complex elements is experimentally completely
specified by four observable parameters: three angles and one overall phase. The
strength of the coupling between the quarks is given by the elements of this ma
trix. Transitions from one flavour to another are mainly caused by flavour changing
charged currents and less by flavour changing neutral currents which do not exist in
lowest order perturbation theory.
In its present form, the Standard Model contains 18 parameters, which can only
be determined experimentally: the masses of the three leptons and the six quarks,
the three quark mixing angles and one phase, the mass and vacuum expectation
value of the Higgs boson and three coupling constants for the electromagnetic, weak
and strong forces. Instead of the Higgs vacuum expectation value and two coupling
constants one normally takes three parameters that correspond to more directly
measurable quantities. At LEP one most commonly chooses the electromagnetic
fine structure constant α and the masses of the W± and Ζ bosons. Because the
mass of the W^ has not yet been measured very precisely, one often takes the
precisely known constant Gß instead.
At the tree level one can express the electroweak couplings of the 7, Ζ and W *
to the fermions as given in figure 1.2. In these expressions, e is the unit of electric
charge and 7; (г = 1,2,.., 5) the Dirac gamma matrices in the Pauli convention. The
vector and axial vector coupling constants ν f and a¡ are defined by:
Vf = il - 2Qf sin2 0W

and

a¡ = l(

(1.2)

where Ц indicates the weak isospin third component (Ц = + § for the left-handed
ν„νμ, тл и, с, t and I¿ = —| for the left-handed e - , / i - , r - , d , s,b particles and Ц =
0 for all right-handed particles) and Q¡ the electric charge in units of e of the fermion
under consideration. The angle 6w is the weak mixing angle defined in terms of the
И^* and Ζ masses [5] as:

( 1

an4w=l

-w
±

·

3 )

Within the Standard Model the masses of W and Ζ can be related to the Fermi
constant Gß and the electromagnetic coupling constant a, two constants which are
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Figure 1.2: The electroweak couplings within the framework of the Standard Model.

known with high precision. In lowest order, this relation is given by:
ira

"

=

1

V2 ' M^sm2ew-

.

.

{1A

'

Relation 1.3 and 1.4 imply that once Mz has been specified, Mw and sin2#w can
be determined.
In the following, we will mainly deal with e+e~ —> Ζ —• qq final states and then
use the subscript q instead of ƒ ; where physics is described involving heavy quarks,
it will be mentioned explicitly and, if appropriate, the g subscript replaced by the
specific quark symbol (b or c).

1.2

Quark pair production

For low centre-of-mass energies y/s, the process e + e~ —• qq will be dominated by
single photon exchange. With increasing energies the Ζ exchange comes into play
and when energies in the vicinity of the Ζ resonance at y/s « 92 GeV are reached,
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Q u a r k pair p r o d u c t i o n

t h e Ζ exchange dominates t h e process. Figure 1.3 shows t h e two lowest order
+
Feynman diagrams corresponding t o t h e 7 and Ζ exchange in t h e reaction e e " —•
+
gg. T h e contribution t o t h e process from t h e Higgs channel, e e~ —• H° —> qq, is
neglected.

e+

g

e+

g

e~

g

e~

q

Figure 1.3: The Feynman diagrams for the reaction e+e~ —• qq in lowest
order.

T h e definition of t h e polar angle θ between t h e incoming electron and t h e outgo
ing quark is shown in figure 1.4. T h e lowest order differential cross-section
dal(s)/dii
for t h e process e+e~ —• Ζ ¡η —• gg can be written as:

Figure 1.4: The definition of the polar angle в between the incoming elec
tron and the outgoing quark.
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(1.5)

and the corresponding total cross section as:

*5(')

=

—-Gi(-).

(1.6)

In this formula both the incoming electron and positron masses and the final state
quark masses aie neglected; the notation is reminiscent of the fact that there is an
additional term G-i which vanishes in the limit of zero final state quark masses. The
factors G\ and G% can be expressed as:
Gi(s)
Сз(а)

=
=

Ql-2XlvevqQqReXo(s)

+ Xí(ví

+ al)(v¡ + al)\Xo(s)\*

-2x?a e a,<2, Rexo(s) + 4χ? veaevqaq

(1.7)

2

\xo{s)\

with

*·(*> = s - M l l

ÍMZTZ

and

*1

=

2sin^cos<V·

(L8)

The symbol Υ ζ refers to the lowest order total Ζ decay width, which - in the unit
system chosen - equals the inverse of the Ζ lifetime Γ^=1/τζ· The total Ζ decay
width is the sum of the partial widths of all the possible decay channels of the Z:

Γζ = Σ Γ / ·

(1.9)

ƒ

In expression 1.5, which is also called the Born approximation of the cross section,
three types of terms can be distinguished. The terms which axe proportional to
| χ 0 ( θ ) | 2 correspond to the exchange of the Z. Because the Ζ exchange dominates
the process, they are the most significant ones; they produce the characteristic
Breit-Wigner shape of the cross section, the maximum value of which occurs at
а = Af|(l + Tz/Mz)i.
The terms proportional to Rexo(a) are due to the (f,Z)
interference and the remaining term is a 7 exchange contribution; at Ζ resonance
energies both are very small compared to the Ζ exchange contribution.
There is a whole set of higher order corrections to the diagrams of figure 1.3
which can be divided into the following classes:
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• "QED corrections", which consist ofthose diagrams with (a) real or virtual
photon(s) added to the Born level diagrams; examples are initial and final
state radiation, virtual photon loops or interference between final and initial
state radiation.
• "Weak corrections", which collect all the remaining one-loop diagrams;
they contain the set of corrections to the (7, Z) propagators, the set of vertex
corrections (with the exclusion of the virtual photon contributions) and the
box diagrams with two massive boson exchanges.
• QCD corrections, which involve final state gluon radiation.
The QED corrections do not depend on the 'new physics' introduced by the SM
but they are numerically very important and hence need a careful treatment. Both
the QCD and the weak corrections are relatively small. The weak corrections are
sensitive to the electroweak theory beyond the tree level and thus of prime impor
tance for 'new physics'. It turns out that they can be applied by maintaining the
SM formulas with only a redefinition of the SM parameters; they will be treated
first. Note that the separation of the electroweak corrections (into QED and weak)
as described above is somewhat arbitrary. 1
The most important weak corrections are propagator corrections (also called
vacuum polarisation terms) and initial and final state vertex correction terms (see
figure 1.5). The bottom two diagrams of this figure display the special case of two
b quarks in the final state; the diagram where the 6 quark couples with the t quark
dominates the diagrams in which the 6 quark couples with the other quarks, because
of the W propagators involved in the loop-integrals.
The weak radiative corrections depend on all the parameters of the Standard
Model in particular on the mass of the top quark mt and the unknown mass of the
Higgs boson Мц- The variation of the corrections due to different possible values of
the Higgs mass is small as it only depends on the logarithm of the Higgs mass. The
variation for different values of the top quark mass is more important, however, as
it depends on the squared mass of this particle (see further).
As stated, the weak corrections can be taken into account by keeping the Born
cross section formula but redefining the SM parameters it contains. The resulting
expression is called the improved Born approximation of the cross section. The
parameters in this improved expression are called effective and are distinguished
from the original parameters by a bar above the symbol. Thus, äf and Vf represent
the effective electroweak vector and axial vector coupling constants for the fermions
involved, i.e. for the initial state electron and positron and the final state quarks, §w
'The "weak collections" contain contributions which ate purely electromagnetic. The separation is based on the fact that the "QED corrections" as defined here, form a gauge invariant subset
and - contrary to the weak corrections - do depend on the experimental cuts applied to the final
state photons.
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Figure 1.5: Feynman diagrams corresponding to (a) a Ζ propagator cor
rection, (b) a final state vertex correction, resulting from the neutral vector
boson Ζ and the Higgs boson H° and (c and d) from the charged vector
boson W*· for the case of a bb quark final state. Each Ζ exchange could
be replaced by a f exchange, but the corresponding contribution would be
small.
the effective weak mixing angle and ομ the effective muon decay constant. These
redefined SM parameters can be written as follows [6]:

(1.10)

a}

=

l( + -SfbAp

Vf

=

(Ц - 2Q/ sin 2 6w) + ^SfbAp + ...

sin θ w

=

sin 2 Bw + cos 2 6wAp + £-Μτ£

2

Gu

+ ...

t

= σμ(ΐ + Δρ) + ..

2

47Г

+ 1) - 2] + .
17.3

1.2 Quark pair production
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with

3V2G,τη 2

<V = ^ ¡ ¿ H ·

(ui)

Неге Sfb is а kronecker-6, i.e. 1 for b quarks and 0 otherwise, Mg the Higgs mass
expressed in GeV and (7 μ the Fermi constant defined in 1.4. Formulas 1.10 and 1.11
give the dominating terms of the weak corrections on the quantities a/, v¡, sin20w
and ομ. The suppressed (...) terms stand for the many smaller corrections depend
ing on the complete set of Standard Model parameters.
Among the QED corrections, the initial state photon radiation yields by far
the largest correction to the cross section. A consequence of initial state photon
radiation is that the available centre-of-mass energy is lowered. The effects of this
initial state radiation can be taken into account by convoluting the improved Born
cross section with a so-called radiator function. The net effect on the Ζ peak cross
section is an overall shift to higher energy values and a reduction of the peak cross
section by approximately 35% (see figure 1.6).
The final state QED correction is the net result of diagrams with (an) extra
photon(s) in the final state and their interference with the lowest order Ζ decay
process. It changes the cross section by a factor:
1 + 6QED = 1 + -^J-

(1.12)

and is therefore small: only 0.019% for the quarks with charge | (d, з, b) and only
0.077% for those with charge | (u,c,i) [6].
The QCD corrections involve additional gluons in the tree level diagrams of
figure 1.3 and its higher order diagrams, the most important of which were shown
in figure 1.5. Unlike the photons, the gluons do not couple to the leptons but only
to the final state quarks. Thus, QCD radiative corrections do not affect the initial
state energy scale. The main complication in calculating QCD effects is that the
strong coupling constant a, is much larger than the QED coupling constant and
that quark mass effects have to be taken into account. For non-zero quark masses
these corrections have only been calculated to order a,; they result in a modification
of the cross section by the multiplicative factor:
.
(1.13)
π
For heavy flavours these corrections induce a shift of 4 to 5% in the total cross
section [6].
On the level of the total cross section, taking into account the final state radiative
corrections thus amounts to the substitution:
1+6QCD

= 1+ —

σ< -» σ" · (1 + SQED) • (1 +

SQCD).

(1.14)
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Figure 1.6 shows t h e cross section for the process e e~ —У ЬЬ in the Born approxi
mation and in t h e improved Born approximation with all Q E D and QCD corrections
included, i.e. including t h e convolution required for t h e initial state QED radiative
corrections. T h e curves are t h e predictions of a p r o g r a m m e called Z F I T T E R , which
calculates (among other quantities) e + e ~ cross sections and angular distributions
of final s t a t e fermions around t h e Ζ pole t o 0 ( a ) for t h e electroweak radiative
corrections and to 0{a\) for t h e Q C D corrections [7]. 2

.Q

15

10

92

94

96

Vs (GeV)
Figure 1.6: The energy dependence of the cross section in the Born approx
imation (solid line) and after applying all weak, QED and QCD corrections
(dashed line).

2

The SM parameters used, are: sm20w = 0.232, Jtfz=91.19 GeV, mt = 174 GeV, MH = 300
0.115. The same values are used for all the subsequent ZFITTER
GeV, a = 0.00776 and a,
plots and predictions.

1.3 Forward-backward asymmetry
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Forward-backward asymmetry

The forward-backward asymmetry for the process e + e~ —> qq, is defined as:
_ (Tp — о в

A%
=
¥в —
л

°f^f

(1.15)

with
Г1 da4
(TF = 2ir
-TT- d(cosö)
Jo dit

r° da4
σΒ=2π/
— - d(cosö)
J-i dit

,

(1.16)

where θ is the angle defined in figure 1.4. Evaluating these formulae with expres
sions 1.5 and 1.6, results in:

Using this quantity, the differential Born cross section daq/dü for the process e + e _ —•
qq given by formula 1.5 can be rewritten as:
^

~ [ | ( 1 + cos29) + А%соз

].

(1.18)

The asymmetry A]?B is the result from the interference between the vector and
axial-vector components of the neutral weak current. Interference also occurs be
tween the electromagnetic and neutral weak currents, but this interference vanishes
on the peak of the Ζ resonance.
By using in Gi and б?з the effective coupling constants äf and Vf, the expression 1.17 becomes Born improved. By in addition going to the Ζ resonance energy
(,/j = Mz), one obtains the so-called Z-pole asymmetry, i.e.
Afi

= | Л Л + ...

(1.19)

in which Ae and Aq are defined as:
2veae

^ =-aШ.-a г

-d

л п і

-.
2vqaq
2
A = -2 1-2

Â=^Ft

(1.20)

and the higher order weak corrections are suppressed. Note that this expression does
not yet contain the QED and QCD corrections mentioned in the previous paragraph.
The incorporation of the QED and QCD corrections is in essence based on the
same techniques as discussed for σ', but now applied to the forward and backward
hemispheres separately. Since the asymmetry is an increasing function around the
Z, the energy loss from initial state radiation leads to a reduction of the asymmetry.
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The effect of this initial state radiation is again taken into account by the convolu
tion procedure referred to before; it results in the largest correction to be applied.
The main contribution comes from pure initial state diagrams. There exists in prin
ciple an interference between initial and final state photon radiation, which for our
experimental situation implies a negligible redefinition of the angle θ [8]. The final
state QED corrections and the QCD corrections affect only the symmetric part in
equation 1.15, i.e. (σρ + сд), because they are equal for σρ and σΒ and thus cancel
in the asymmetric part. The symmetric part correction is then obviously the same
as the one on σ'. Thus, the corrections to AqßB become:

1 + OQED

~

Af°

-l + OQCD

• (1 - 8QED) · (1 - SQCD)

with SQED and SQCD as defined before. The final state photon radiation correction
is negligible.
In addition to applying final state corrections, one finally also has to take into
account the small corrections due to the 7 contribution and η-Ζ interference and a
possible energy shift with respect to the Ζ peak in order to arrive at the forwardbackward asymmetry ÂpB which we will measure [9].
The energy dependence expected for 6 quarks with all the radiative corrections
included is shown in figure 1.7. This prediction is obtained with the ZFITTER
programme referred to above.
Measuring the forward-backward asymmetry yields information on sm2Bw and
thus estimates for mt and MB (see formulas 1.10 and 1.11). Figure 1.8 shows the
expected sin2#w dependence of the amplitudes Ль, Ae and the forward-backward
asymmetries for the reactions e+e~ •—» bb and e + e~ —> e + e~. The sin2é>nr region
shown is the one compatible with present-day experimental results. Again, these
curves are ZFITTER predictions. One observes that Ль is very insensitive to sm2$w
and stays always close to one. Therefore, the sensitivity of ApB to sin2öw comes
from the factor Ле. This implies that ApB and the lepton final state asymmetries
determine the same higher order corrected sm^Bw', their measurement results can
therefore be directly compared. Note also that the sensitivity of ApB to sin2Övv is
higher than that of A"B (see figure 1.8, right).
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Figure 1.7: The energy dependence of the forward-backward asymmetry
A*pB in the Born approximation and after applying all the radiative correc
tions.
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Quark fragmentation models

The processes through which the Ζ decays into a quark-antiquark pair and subse
quently produces a variety of final state hadrons can be divided into four stages.
These four stages are schematically depicted in figure 1.9. In the first stage the
Ζ decays into the primary qq pair; this is described by the Standard Model Electroweak theory discussed in the previous sections. In the second stage, additional
quarks and gluons (in this context collectively called partons) are produced. At the
relatively high scale of the Ζ peak energy, the running coupling constant mechanism
of QCD implies a small strong coupling constant a,(s); this part can therefore be
calculated by perturbative QCD. It is usually described by either a complete QCD
matrix element calculus up to 2nd order in a,, generating a maximum number of only
four secondary partons, or by the so-called parton shower process, a more simple
probability calculus which can generate large numbers of partons [10].

Figure 1.9: A schematic representation of the four stages of the Ζ decaying
into a quark-antiquark pair subsequently fragmenting into a set of final state
hadrons.

The third stage is the fragmentation and hadronisation process, in which from
an initial set of partons a final set of hadrons is produced. Because the energy
scale is much lower here than in the second stage, the a,(s) values involved are
much larger; thus these processes cannot be calculated by perturbative QCD and
phenomenological models have to be invoked. Also the combining of quarks into
hadrons is not a perturbative process and requires experimentally determined input.
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Finally, part four describes the decay of the short-lived hadrons, formed in part three,
into directly detectable particles; this part is generally described using empirical
input quantities, e.g. measured lifetimes, masses, decay widths and branching ratios
of produced particles.
Note that even after all the fragmentation, hadronisation and decay processes
described above, the final state particles - in most cases - remain bunched in groups of
particles around the original Z-decay bb axis, forming jets. Thus, the most common
final state configuration for the particles resulting from Ζ —• qq decay is two opposing
jets.
Several phenomenological models are used to describe the fragmentation and
hadronisation processes and many variations on and mixtures between these mod
els are possible. There is the cluster fragmentation model, in which the gluons from
the perturbative phase split into quarks and antiquarks which subsequently combine
with other nearby quarks to form colourless clusters; its flexibility is limited, because
it contains only one basic parameter [11]. More flexible is the independent fragmen
tation model, in which the production of qq hadrons is described as the result of the
(incoherent) sum of the fragmentation from each parton separately [12]. There is
also the colour string fragmentation model, in which the qq production results from
the break-ups of the tube-like colour string forces between the partons [13]. Also in
the latter two models, the partons involved are those resulting from the perturbative
phase. They both use an iterative procedure in which the sharing of the energy and
momentum between the original quark and the new qq pair is expressed by a prob
ability function f(z), where ζ is the fraction of energy taken by the qq hadron, thus
leaving (1 — z) for the remaining parton. The remaining parton is then assumed to
be just a scaled version of the original one, again splitting its energy according to
the same f(z) probability distribution. The variable ζ can be defined as:

(Е

2=

+Р

1 1

)^

т

( L 2 2 )

(E + p)^er*
in which (E +p)quark is the sum of energy and momentum of the primary quark and
(E +p\\)hadron the sum of the energy and the momentum component parallel to the
direction of the leading fragmenting parton. The average value of the z-parameter,
< ζ >, is a measure of the hardness of the fragmentation process: the higher < ζ >,
the harder is the fragmentation process.
In general, the colour string fragmentation model yields a better description of
the experimental data than the independent fragmentation one [14]. It does, how
ever, require a 'universal' expression of f{z) valid for all the quark types involved.
For fragmentation processes containing a dominant contribution from heavy quarks,
this constraint is a handicap: heavy quarks require a substantially harder fragmen
tation than the one implied by the general f(z), used for the colour string frag
mentation model. The independent fragmentation model, on the other hand, does
possess the flexibility to accommodate these features; it is therefore the model used
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in this thesis. It allows using different fragmentation functions for the light and
heavy quarks respectively.
For light quarks (u, d, s) one uses the Field-Feynman parametrisation:
f(z) = l-a

+ Za(l-z)2

(1.23)

with a — 0.77. For the heavy quarks с and b, which play a central role in the present
analysis, the preferred choice for the determination of the final analysis results is
the Peterson function [15], defined as:
Peterson : f(z) ~ [z(l - - - j^-)2]

~'

(1.24)

containing a parameter eq which depends on whether one considers 6- or c-quark
fragmentation. There are other fragmentation functions which can be adopted to
describe the fragmentation of heavy quarks. Possible common alternatives are the
Collins & Spiller function [16] and the Kartvelishvili function [17] . 3
The particles produced in the fragmentation process include the heavy flavour
В and D mesons. 4 The В mesons are the bound states of a 6 quark with one of the
lighter quarks. Their quark composition reads: 6
B+

(ub)

,

B°d (db)

,

B°, (sb)

В'

(üb)

,

B°d (db)

,

B°, (sb)

where the superscript indicates the meson charge (0,+ or —). Note that there are two
different types of B° mesons, distinguished by the subscripts s, d and that in analogy
with the K° sector, the normal B° mesons contain a 6 quark, the B° a 6 quark. The
B+ and Bj mesons (respectively the B~ and B° mesons) form isospin doublets
again analogous to the К mesons; the B°t and B°t are isospin singlets however. All
В mesons have masses of approximately 5.3 GeV and an average lifetime of about
1.5 ps. Similarly, the D mesons are the bound states of а с quark with one of the
light quarks u, d or a, but in this case - again by convention - the D° mesons contain
а с quark and the D° а с quark. The only experimentally seen baryons with a b
quark are the AjJ(udò), Σ^(<Μ>),Σ^(υζίί>), E^(dsb), El(usb) and their antipartners.
Whereas the letter В refers to a meson with a b quark, the calligraphic В is used to
refer to any hadron (either baryon or meson) containing a b quark.
3

The piefetence foi the Peterson fragmentation fonction is, to some extent, arbitrary. Possible
systematic error consequences of this choice will be discussed in appendix C.
4
Note that these mesons can be created in an 'excited' state, e.g. B', B", D* and D".
6
The meson Bf (cb), i.e. the bound state of a b quark and а с quark, has not been seen yet.
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Heavy flavour decay

The decay mechanisms for the heavy В and D mesons are quite similar. The sim
plest description of the weak decays of heavy flavour mesons is given by the specta
tor model. In this model the heavy quark behaves as a free particle decaying into
a lighter quark (by emission of a W* boson) while the other quark acts as a spec
tator only, i.e. having no influence on the decay of the heavy quark. Clearly, this
model neglects the QCD effects that play a role in the decay as the quarks are not
completely free but bound by the strong force. For heavy flavour mesons, however,
in first order, this spectator model appears to be correct.
Figure 1.10 shows two examples of the decay of a heavy meson via a W+ based
on this model. The W*1 can, subsequently, decay into any fermion-antifermion
pair; if the fermion involved is a lepton (I = ε,μ,τ) and its antineutrino, a so-called
semileptonic decay is obtained. In this case, the two diagrams of figure 1.10 represent
the same process. If the W* decays into a qq pair, one differentiates between a decay
via an external W± and an internal W*. In the former, the resulting qq pair forms
a meson and the remaining two quarks another meson (or mesons), whereas in the
latter each of the produced quarks q can combine with one of the remaining quarks.
The contribution of the decay via an internal W± is suppressed by approximately a
factor of three with respect to the decay via an external W±, because the internal
W± is forced to decay into a qq pair with the same colour as the colour of the
spectator quark.

b

wy\

ƒ

b

w+\

ƒ
с

d

d

(«)

с

<

f
'

d

f
d

(ь)

Figure 1.10: Two examples of spectator diagrams: external W+ decay (a)
and internal W+ decay (b).

If the only possible decay processes for heavy mesons would be the spectator
diagrams, one would expect the lifetimes of the heavy neutral and charged mesons
and their semileptonic branching ratios to be the same. One finds, however, that
the various neutral and charged charm and bottom mesons have somewhat different
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lifetimes and semileptonic branching ratios. From this one concludes that there are
non-spectator diagrams contributing to heavy flavour decays; the main possibilities
are:
• W± mediated flavour annihilation (figure 1.11a).
• Wr± exchange (figure 1.11b).
• Interference between final state identical quarks.
• Soft gluon interaction between the quarks in the heavy flavour meson.
• So-called penguin decays (figure 1.11c).

и

(с)
Figure 1.11: Three examples of non-spectator diagrams: flavour annihi
lation (a), W* exchange (b) and a penguin diagram (c).

Several models have been developed to correct for the non-spectator effects in
the calculation of В meson lifetimes and their semileptonic branching ratios. The
two models used in this thesis are those of Isgur, Scora, Grinstein and Wise (ISGW)
and Altarelli, Cabibbo, Corbò, Maiani and Martinelli (ACCMM).
The ISGW [18] model is based on complete matrix element calculation for transitions to specific (exclusively defined) final states; it uses a spin-flavour symmetry
for heavy quarks embedded in QCD. Its main merit is that it provides predictions
for the semileptonic branching ratios of the В meson into D, D* and D" mesons. A
drawback of this model is that it does not account for all the decay channels (like the

Ι.β Β°Β° mixing
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baryon decay) and it does not yield a satisfactory agreement with the experimental
results on the abundance of the D* and D" mesons.
The ACCMM [19] model operates on the quark-level. It modifies the simple
spectator quark model by treating the spectator quark as (only) a quasi-free particle
of effective mass m,p and with a momentum ρ distribution given by a Gaussian,
characterised by a width pp
'.
φ(\ρ\) = - J L - e - l P l V * .

(1.25)

The heavy quark is then treated as a virtual particle with mass тоь, related to the
mass and the momentum of the spectator quark by:
m¡ = Ml + m]p - 2MB^ІРР

+Ч ,

(1.26)

where MB is the mass of the В meson. A second feature of this model is that it
includes quark gluon radiation effects which lower the end-point lepton momentum
spectrum.
In the case of а В meson, the ACCMM prediction for the decay lepton momentum
essentially uses two parameters: the Fermi momentum p? and the mass of the
spectator quark m,p. The model also has to adopt a value for the mass mc (or m u )
of the с (or u) quark into which the b quark decays.
Non-spectator effects modify the decay spectra and decrease the lifetime and
semileptonic branching ratios of the В meson; their decreasing effects are generally
smaller than 10%. For unknown mixtures of В mesons, and for quantities such as
lifetimes and branching ratios, one often ignores the resulting differences and just
uses average values [6]. For specific momentum decay spectra, however, the nonspectator diagram effects must be taken into account via the mentioned models.

1.6

B°B° mixing

Oscillations and thus mixings between particles and antiparticles were predicted for
the (K° — K°) system in 1955 by Gell-Mann and Pais [20] and observed for the first
time in 1956 by Lande et al. [21]. Particle-antiparticle mixing is also possible for
neutral mesons containing a c o r i quark, the (£)° — D°) and the (B° — B°) systems.
However, only in the latter does the mixing create a measurable effect. The first
B°B° mixing events were observed in 1987 by the ARGUS collaboration [22]. In the
framework of the Standard Model, B°B° mixing is described by the box-diagrams of
figure 1.12, in which two W bosons are exchanged. Note that second order flavour
changing neutral currents are allowed.
Primarily, the B° and B° mesons are created in fragmentation and hadronisation
processes, i.e. through the intermediary of the strong force. Thus, initially, the B°
and B° are flavour eigenstates. Subsequently, the B° and B° are subjected to
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Figure 1.12: Box diagrams illustrating the B°B° oscillation through the
exchange of two W bosons.

the electroweak force causing their decay. As weak interactions do not conserve
flavour, but are to a high degree of accuracy CP-conservinge, the states observed
via the decay processes are the mass and CP-eigenstates B\ and B2, i.e. linear
superpositions of the flavour eigenstates:

(1.27)
\B>) = ^(\B°)

- \B°))

with different masses Mi and M¡ and different decay widths ΐχ and Γ 2 . In contrast
to the (K° — K°) system, Βχ and B¡ have nearly the same width (and lifetime) [23];
thus Γι « Гг и Г.7 Using this approximation and defining ΔΛί = M\ — Мг, one can
derive the B° and B° intensities at time t, for a 5 ° meson beam of unit intensity at
t = 0, as:

I(t)«nmix

= -ехр(-Гі)[1 + cos(AM · t)}

I(t)mi*

= U x p ( - r t ) [ l - cos(AM · t)].

(1.28)

¿i

Figure 1.13 shows the oscillations of the B° and B° meson for two different assumptions for the ratio AM/T.
6

The small CP-violating effects aie neglected.
The underlying leason is that the B° and B° have much less common decay final states than
the K° and K°.

в°

1.6

B°B°

23

mixing

Figure 1.13: The oscillation of the B°B° system for two different values
of the ratio of the mass difference ΔΜ between the two mass eigenstates
and the decay width Г.

Because the lifetime of the В mesons is so shoit (¡=s 1.5 ps), one often has to
resort to methods in which only the time integrated. B°B° mixing is measured. 8 The
time integrated rates following from equation 1.28 are:
N(B°
N(B°-

T
(
ι
)
2^Г
Ρ + ΔΜ2'

1 1

B°)=
>

B°)

2 Г

(1.29)

Γ2 + Δ Μ 2 ) ·

In practice the determination of the mixing has to take into account that the B°
mesons are produced in pairs. The actual mixing is determined by comparing the
number of mixed events (i.e. events with two B° mesons having the same bottom
content) to the total number of two B° events (mixed or unmixed). For this purpose
it is convenient to introduce the quantity:

χ, = P(B° -• B°) =

N{B° -• B°)
N{B° -• B°) + N{B° -v B°)
ΔΜ2
x\
_

8

Я

2(rj + AM¡)

_

9

2(1 + x\)

Recently, also time dependent B°B° mixing has been observed [24].

(1.30)
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in which the subscript q has been introduced to distinguish B, from B¿ and
xq = AMq/Tq.

(1.31)

No mixing would imply xq —> 0 and χ , » 0; complete mixing xq —• OO and χ , и 0.5.
With this definition, and using the fact that in the decay of the Ζ the 5 ° mesons
are produced incoherently in terms of the strong interaction quantum numbers, the
fraction of mixed B°B° events is given by 2χ,(1 — χ ς ) .
A Feynman calculus of the box diagrams of figure 1.12, yields a result for AMq,
which because of the dominance of the t quark in the loop-integral involved, displays
a dependence given by [23, 25]:

AM, ~ |vt;v;,|2

(1.32)

in which Vtb and Vtq are two CKM matrix elements introduced in section 1.1.
A measurement of χ4 implies a determination of xq and thus of CKM matrix
elements. Assuming that the В meson decay width Г, does not depend on the
nature of the spectator quark, one obtains:

«.

WM2 _ (Wu\\*

(133)

The proportionality factor in relation 1.32 involves various weak and strong inter
action parameters which to the precision considered here, are the same for B° from
В% mesons and thus cancel [25, 26].
An additional complication is that in an experiment as described here, one cannot
distinguish between B° mesons containing an я or a tí quark. The quantity observed
is therefore not χ9 but a linear combination of x¿ and χ , for B¿B°¿ and B°B°,
mixing respectively:
XB = f.X. + fdXd-

(1-34)

The parameters ƒ, and f¿ in this expression are the relative abundances of B, and
Bj mesons in the total 6-quark fragmentation. Their values have been estimated
as 0.15 and 0.40, respectively [27]; this corresponds to a strange quark suppression
factor 7, = f,lfd ^ 0.3 [28]. The fact that f, and f¿ do not add up to one is due to
the existence of significant non-S 0 fragmentation of the b quark (e.g. fragmentation
into charged 6-quark mesons or into b-quark baryons).

Chapter 2
LEP and the L3 Detector
The purpose of this chapter is to give a short description of the Large Electron
Positron collider LEP at CERN and of the £3 detector which collected the data
used for the physics analyses described in this thesis.

2.1

LEP

The LEP storage ring is at this moment the largest particle accelerator in the
world [29]. It accelerates electrons and positrons up to about 46 GeV in opposite
directions providing the centre-of-mass energies needed to cover the Ζ resonance
region. Because of its abundant production of Z's on top of a relatively small back
ground, LEP is an ideal machine to investigate the electroweak interaction.
LEP is installed in a 26.7 km long tunnel about 100 m under the surface of
the French-Swiss border near Geneva. It consists of eight straight and eight curved
sections. In four straight sections large particle detectors are set up; they go by the
names of ALEPH, OPAL, DELPHI and L3 respectively.
The colliding beams are produced as the result of a chain of accelerating, storing
and transfer processes [29]. The positrons are created by colliding an intense pulsed
electron beam, accelerated by a linear accelerator up to 200 MeV, on a tungsten
target. A second linear accelerator is used to accelerate these positrons to an energy
of 600 MeV, after which they are injected in the Electron-Positron Accumulation
ring (EPA). The electrons are directly transferred to the 600 MeV accelerator, and
subsequently stored in the EPA as well. Once enough positrons and electrons are
accumulated in the EPA, they are passed on to the Proton Synchrotron (PS) which
accelerates them up to 3.5 GeV. Subsequently, the positrons and electrons are trans
ferred to the Super Proton Synchrotron (SPS) which boosts them to an energy of
20 GeV. Having reached this energy, both the positrons and electrons are injected
in either four or eight bunches into the LEP ring, where they are simultaneously
accelerated to their final energy. Figure 2.1 shows the geographical location of the
LEP, PS and SPS rings and of the four LEP-detectors.
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Figure 2.1: The LEP ring under the surface of the French-Swiss border
near Geneva. The four experiments ALEPH, OPAL, DELPHI and ¿ 3 as
well as the PS and SPS rings are indicated.

T h e beams are kept in orbit by more than 3000 bending magnets and almost
2000 focusing and correction magnets. They circulate inside a lead-shielded, watercooled, oval aluminium t u b e of 13 by 7 cm, in which a vacuum is maintained varying
from 1 0 - 9 to IO" 1 0 Torr. Turning around the L E P ring, electrons and positrons of
45 GeV radiate 117 MeV of synchrotron radiation per t u r n . This energy loss is
compensated by the 128 radio-frequency ( R F ) accelerating cavities installed along
t h e b e a m p a t h [30]. Losses of positrons and electrons are responsible for a continuous
decrease of the beam intensities. Among the various causes for these losses are t h e
Compton scattering on thermal photons, the beam-gas interactions, the single b e a m
bremsstrahlung and beam-beam interactions. As a result, LEP needs refilling at
least every 20 hours.

2.2

Ls detector

A perspective view of t h e L3 detector is shown in figure 2.2. T h e various subdetectors
as well as t h e directions of t h e positron and electron beams are indicated. T h e
particles produced in the interaction point and their decay products traversing t h e
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Figure 2.2: Perspective view of the £3 detector.
detector, successively encounter the following subdetectors:
• a central tracking detector, specifically a time expansion wire chamber (TEC)
to measure the curvature and the direction of charged tracks;
• an electromagnetic calorimeter (ECAL) to measure photon and electron energies and directions;
• scintillation counters to supply trigger information.
t a hadron calorimeter (HCAL) to measure hadron energies;
• muon chambers (MUCH) to measure high momentum muons.
In addition, there is a monitor to measure the luminosity of the e+e~ beam
produced by LEP. The luminosity £ is a quantity which determines the rate of
produced events; it will be defined more precisely in paragraph 2.8.
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All t h e subdetectors axe supported by a 32 m long steel t u b e with a diameter
of 4.45 m and m o u n t e d inside a solenoid coil producing a magnetic field along t h e
z-axis of 0.5 Τ [31]. T h e inner radius of t h e coil is 5.9 m . In order to r e t u r n t h e
magnetic flux in b o t h t h e barrel and endcap region, t h e coil is surrounded by an iron
yoke which is closed off at b o t h ends by two hinged iron doors which also function
as yokes. T h e outer radius of t h e yoke is 7.9 m. T h e various subdetectors will be
discussed in more detail in t h e subsequent sections. 1

2.3

Time expansion chamber

T h e time expansion drift chamber has an inner and outer p a r t . It consists of two
cylindrical drift chambers surrounded by two cylindrical proportional chambers. Its
task is t o detect t h e location of charged particle tracks as well as t h e sign of their
charge and their transverse m o m e n t u m with respect t o t h e b e a m axis.

+
•
•
zz
Δ

= Anode Charge Division wire
= Anode Standard wire
= Focus wire
= Focus Calhode wire
= Grid wires
= Group of 5 Grid wires for solving
left—right ambiguity

Figure 2.3: A TEC inner sector and its two associated outer sectors.

T h e inner drift chamber is divided into 12 sectors, whereas t h e outer drift cham1

Prior to the data taking of 1993 an additional vertex detector, a so-called silicon microvertex
detector, was installed inside the time expansion chamber. The subsequent running year turned
out to be a debugging period for this subdetector. As a result its data could not be used for the
analysis described in this thesis.
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ber consists of 24 sectors. One inner sector and its two associated outer sectors are
shown in figure 2.3. The wires in these sectors all run parallel to the beam-axis;
their sensitive length is 98 cm.
There are three types of sensitive wires in the drift chambers: standard wires,
charge division wires and grid wires. The standard wires measure the (r, «^-coordinates
of tracks; the charge division (CD) wires measure the ¿-coordinates of tracks; the
grid wires, grouped in sets of five, solve the left-right ambiguities (LR). Whereas a
signal in the standard wires parallel to the beam is sufficient to determine an (r, incoordinate, the sizes of the read-out signal at both ends of a charge division wire
have to be compared to calculate the ¿-coordinate. Some of the wires have more
than one function. The sectors of the inner drift chamber have 8 standard wires 2
of which also functioning as CD wires; the sectors of the outer chambers have 54
standard wires of which 14 also function as LR wire groups and 9 as CD wires.
The two proportional chambers surrounding the TEC outer chambers also measure the z-coordinate of the particles. These Z-detectors cover a polar angle range
of45°<0<135°.

2.4

Electromagnetic calorimeter

The electromagnetic calorimeter is positioned between the time expansion chamber
and the hadron calorimeter. It is made out of Bismuth Germanate (BGO) crystals
pointing to the interaction region, the main purpose of which is to act as detecting medium for electrons, positrons and photons. The ECAL measures both the
position and the energy of photons and electrons. The main advantages of BGO
are its high stopping power for photons and electrons and its low afterglow, i.e. its
short response time. The ECAL consists of a barrel part and two endcaps together
covering approximately 94% of the total solid angle (figure 2.4).
The barrel part is divided into two halves each consisting of 3840 crystals mounted
in 24 rings of 160 crystals; it covers the polar angle 42° < θ < 138°. Each endcap
contains 1536 crystals divided into 16 sections in the azimuthal angle φ. Through
these endcaps the 0-coverage is extended to 12° in the forward and 168° in the
backward region.
Each crystal has the shape of a truncated pyramid and is 24 cm long with
2
a front-end surface towards the interaction point of (2 χ 2) cm and a back-end
2
surface of (3 x 3) cm . For electrons and photons with an energy larger then 2
GeV, the ECAL has an energy precision of about 1%. For this same energy range
the spatial resolution is better than 2 mm. The crystals are calibrated by Xenon
flashlight pulses. Note that the ECAL represents one nuclear absorption length for
transversing hadrons.
Four drift chambers (FTC) in front of the endcaps measure the position and
direction of charged particles entering this subdetector.
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Figure 2.4: The ECAL barrel and endcap detectors made out of BGO
crystals. The TEC and FTC svbdetectors are shown as well.

2.5

Scintillator counters

The primary function of the scintillator counters is to supply trigger information.
Their signals form the starting point for the decision as to whether one is going to
keep the event, i.e. read out the subdetectors and store their information, or reject
it (see chapter 3). A major subfunction of the scintillators is to reject cosmic muons.
The scintillators are located between the electromagnetic calorimeter and the
hadron calorimeter. They are positioned in the barrel region at a distance of 875
mm from the vertex and cover a polar angle of 34° < θ < 146°. The scintillators
cover 93% of the azimuthal (φ) range.

2.6 Hadron calorimeter
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H a d r o n calorimeter

The hadron calorimeter measures the energy of hadrons by a total absorption tech
nique. The hadron calorimeter is attached to the interior of the support tube and
also consists of barrel and endcap parts. The barrel part covers the central region
of 35° < θ < 145°; the endcaps the forward-backward parts, i.e. the polar angle
regions of 5.5° < θ < 35° and 145° < θ < 174.5° respectively. Both barrel and
endcaps cover the whole azimuthal range; thus a coverage of 99.5% of 4π is reached
by the whole hadron calorimeter.
The barrel hadron calorimeter consists of 9 rings of 16 modules each (see fig
ure 2.5). Its length is 4.7 m and it has an outer radius of 1.8 m. The middle three
rings have an inner radius of 0.89 m; the other rings have an inner radius of 0.98
m. The endcap hadron calorimeter consists of three separate rings called HCl, HC2
and HC3 respectively (see figure 2.5). Each of these rings is split into two removable
half-rings, thus allowing access to the inner detectors.
The HCAL modules of both barrel and encap are made of 5 mm thick layers of
depleted uranium plates interspersed with proportional wire chambers. The wires
in successive proportional chambers of the barrel are configured at right angles to
each other in order to measure the coordinates in both φ and ζ direction. The wires
in successive chambers of the endcap are rotated over Αφ = 22.5°, to give stereo
information and to avoid gap line-up in the successive layers.
The first advantage of uranium is that it has a short absorption length, thereby
maximising the absorption power in the limited space available.2 Such high stop
ping power ameliorates the energy precision of the calorimeter. Another advantage
of uranium is that, in contrast to other materials, the neutrons produced in the nu
clear interactions of the incoming hadron, can give rise to nuclear fission processes.
As the secondary products of these fission processes are again 'seen' by the hadron
calorimeter, this compensating mechanism avoids the loss of energy detection, which
would otherwise occur, mainly through low energy neutron capture processes. Fi
nally, the natural uranium radioactivity also offers a built-in gamma source for the
calibration of the wire chambers.
Using a test beam the energy precision of a prototype of the hadron calorimeter
was found to be:

One more nuclear absorption length for hadrons is added to the hadron calorime
ter by the muon filter. The muon filter is also attached to the inside of the support
tube. It consists of 8 identical octants each containing absorber plates interleaved
with proportional chambers. Its purpose is to reduce the punch-through of hadronic
3

The absorption length is defined as the mean free path of an incoming particle befóte it interacts
inelastically.
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Figure 2.5: Perspective view of the hadron calorimeter.
particles into the muon detector. Note, that in spite of the high mass of the hadron
calorimeter and presence of the muon-filter almost all muons are able to penetrate
into the muon chambers; their energy loss in the hadron calorimeter is limited to
about 2.5 GeV.

2.7

M u o n chambers

The muon spectrometer is subdivided into 16 independent units or octants assembled
in two Ferris wheels. The spectrometer is supported by two torque tubes which are
mounted co-axially to the magnetic field onto the exterior of the support tube. Each
octant has an inner radius of 2.5 m and an outer radius of 5.4 m. The chambers
were designed to measure the momentum of muons with an accuracy of Δρ/ρ = 2%
at 50 GeV. In actual measurements a precision of (2.5 ± 0.2)% is obtained; this
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difference could be due to the fact that the relative alignment of the layers of the
chambers in space and time is slightly worse than expected.
Each octant (figure 2.6) consists of five drift chambers, two in the outer layer
MO, two in the middle layer MM and one in the inner layer MI. These P-chambers
measure track coordinates in the zy-plane perpendicular to the beam and the direc
tion of the magnetic field. Each chamber contains planes of mesh (cathode) wires
and sense (anode) wires. The number of signal wires in a sense wire plane is 16, 24
and 16 for MO, MM and MI respectively; the sense wires are interspaced with field
shaping wires. The wires are about 5.6 m long and supported by bridges to reduce
the gravitational sag to 96 μιη.

Outer Chamber (MO)
16 wires ^iiiiii|i|iiiiihiihiiiiiiiiiiiiiii

|i|i|ili|i|ì|ili|i|i|i|i|i|ili|iìHi|i|
φ Receiver

Middle Chamber (MM)
24 wires \J| I
Lens

Inner Chamber (Ml)

F

2.9 m

LED

i s wires Хшпцптнмппппппппцпп/1

Figure 2.6: A muon chamber octant consisting of five chambers arranged
in three different layers, MI, MM and MO.

In these chambers the 0.5 Τ magnetic field makes a 50 GeV muon track deviate
from a straight line by a sagitta s = 3.4 mm over a track length of approximately
3 m [31] . 3 The relative precision of the muon chambers is then given by:
Ap

As

80 As

/л

.

in which ρ is the muon momentum, Ap the error on this momentum, As the error
3
The sagitta of a curve is defined as the maximum deviation of that curve from a straight line
going through two fixed points on the curve.
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on the sagitta, В the magnetic field and L the effective length of the track. In order
to obtain a precision of 2.5 % at 50 GeV, the sagitta must in principle be measured
with a Δθ of better than 90 μια.
The major factors determining the precision of the momentum measurements
through the sagitta are:
• the intrinsic precision of the drift chambers,
• the presence of multiple scattering,
• the alignment accuracy of chambers belonging to different layers,4 and
• systematic errors in the electronics and the electron drift path reconstruction.
Combining these different contributions quadratically into a total error on the
sagitta, one obtains a value of approximately 87 /im, which - substituted in equa
tion 2.2 - indeed yields approximately 2.5% overall precision at 50 GeV [33].
The top and bottom of the MO and MI chambers are both covered with two Zchambers measuring the track z-coordinate along the beam. A Z-chamber consists
of two layers of drift cells, offset by half a cell in order to solve left-right ambiguities.
The measured precision of the Z-chambers is about 500 /ші [34].

2.8

Luminosity monitor

The luminosity detector measures the LEP beam luminosity in the L3 detector.
The time integrated luminosity L is measured by counting the number of small
angle Bhabha events and is given by:
1 = [Cdt
J

= —

(2.3)

<TBB

in which NBB is the number of accepted Bhabha events (e + e~ —* e + e~) in the time
interval considered and авв the accepted Bhabha cross section. As the cross-section
сгвв of the Bhabha process is theoretically determined for small scattering angles,
the integrated luminosity can be determined from the Bhabha scattering rate with
high accuracy.
The luminosity detector is positioned at 2.7 m from the interaction point, cov
ering the polar angle in the interval 31 mrad < θ < 62 mrad. In this θ range the
contribution to Bhabha scattering from Ζ exchange can be neglected.
The luminosity detector consists of two symmetric halves. These halves are mov
able and can be kept away from the beams during fills, thus preventing the detector
from getting damaged as long as the beams have not yet reached their final orbit.
4

The chamber layers are aligned by an optical alignment system, called Rasnik [32], consisting
of a LED, a lens and a receiver, see fig. 2.6.

2.8 Luminosity monitor

35

Each half-detector consists of an array of 304 BGO crystals, mounted cylindrically
in 8 rings around the beam axis. A silicon strip detector with a high precision
geometry is located in front of the crystals; with this detector one determines the
geometrical acceptance of the crystals, a quantity which is needed to calculate the
luminosity [35].
In 1993 the measured Lz luminosity reached a peak value of £ = 1.8 x 1031
_2 _1
cm s . Table 2.1 gives a summary of the time-integrated luminosities and the
corresponding number of hadronic Z-decay events obtained for the data-taking years
of the £3 detector considered in this thesis.

year

JCdt

1990
1991
1992
1993
Total

5pb-!
13 pb- 1
22 pb" 1
32 pb- 1
72 pb" 1

•*' hadrona

108 К
308 К
678 К
658 К
1752 К

Table 2.1: The integrated luminosity for each running year and the corre
sponding number of observed hadronic events.

Chapter 3
Data Acquisition and
Reconstruction
During the running periods used foi the present analysis, the ¿3 data acquisition
system collected events at the rate of about 3 Hz. Among these are not only the
hadron final states used in this analysis, but also the lepton final states (e.g. the
Bhabhas), the two-photon interactions, the noise and such background events as
beam-gas interactions and cosmics. In order to reduce the dead-time of the detector 1
and the amount of off-line data processing, a hierarchical three level trigger system
has been set up.

3.1

Trigger and data acquisition

The purpose of the level-1 trigger is to make a decision before the next bunch crossing
on whether or not the event is interesting for further processing. If the decision is
negative, the data acquisition system is reset in order to be ready for the next event;
such triggers do not induce any dead-time. In the case of a positive decision, the
measured data are buffered and, if followed by a positive level-2 and level-3 trigger,
subsequently transferred to tape. The subdetectors are stopped from all further data
taking during the time that the event is being processed; such triggers therefore do
induce a dead-time.
The level-1 trigger is a logical OR of the four sub-triggers described below. The
e + e~ interactions are usually triggered by two or more of these triggers.
• Energy trigger: This trigger requires signals from the ECAL, the HCAL and
the luminosity monitor. It consists of a set of subtriggers combined in logical
OR's, specifically a trigger looking for aligned energy clusters in different detector layers, a trigger requiring a minimum energy, a single-photon trigger,
1

The dead-time is the time during which the detector is processing the data of a previous event
and is not ready to process the next event.
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a trigger requiring a minimum number of calorimeter hits and a luminosity
trigger requiring back-to-back luminosity detector hits.
• Muon trigger: This trigger requires a coincidence between the muon chamber P- and Z-layers. The single muon trigger requires a coincidence between at
least 2 out of 3 P-layers and 3 out of 4 Z-layers. The dimuon trigger requires,
on one side a coincidence between at least two P-layers and one Z-layer, and
on the opposite side a coincidence between only two P-layers.
• T E C trigger: This trigger requires at least two tracks in the central chamber
with a minimum transverse momentum of 150 MeV separated by more than
120° in azimuth.
• Scintillator trigger: This trigger requires that at least 5 of the 30 scintillation counters are hit within 15 ns of the beam crossing. There has to be at
least one pair of hits separated by more than 45° in azimuth.
In 1992 the decision rate of the standard level-1 trigger was increased by a factor of
two in order to cope with the increasing luminosity resulting from LEP switching
from a (4x4) bunch operation mode to an (8x8) one.
The level-2 trigger uses the information of the level-1 trigger and performs checks
and calculations, especially on the energy distribution within the event and the TEC
charge division information, in order to reject some of the background accepted by
the level-1 trigger. Thus, it removes calorimeter triggers produced by electronics
noise and beam-gas interactions, TEC triggers originating from synchroton radiation, beam-wall and beam-gas interactions.
The final step in reducing the event rate is performed by the level-3 trigger;
it uses the complete data available for the event. On this level the event energies
are recalculated more accurately. The potential TEC tracks are required to be
associated with calorimetrie energies of at least 100 MeV and to fulfill quality and
vertex requirements. There is also a subtrigger requiring a coincidence between
muon tracks and scintillator hits.
If an event passes all three trigger levels, it is stored onto tape for the off-line
processing. In principle each run corresponds to a specific tape and vice-versa. A
fill by LEP typically lasts for about 12 hours and produces of the order of 40 runs,
each containing approximately 5000 events. An event typically requires 40 kB of
tape storage.

3.2

Event simulation

To understand the response of the detector-components to the different reactions and
their resulting final state particles, and because a full analytical detector description
is impossible, one has to resort to the so-called Monte Carlo (MC) technique [36].
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MC data sets allow us to determine the geometrical acceptance of the detector, both
overall and for specific phase space regions. Another major application is the simulation of the detailed physical signals (with all their fluctuations and imperfections)
caused by the different types of particles in the various subdetector-components and
their materials.
It is now standard to perform the event-simulation in two steps. The first step
consists of the event generation. Special programmes, called event generators, simulate reactions and events of a specific preselected type. Input to these generators are
models, theoretically known distributions or experimentally determined parameters
such as cross-sections, branching ratios and decay rates. The models can vary from
very fundamental (as e.g. the standard model in primary electroweak reactions) to
highly phenomenological (as e.g. the empirically tuned models for fragmentation
and hadronisation). No detector characteristics are used in this first step.
The second step consists of the detector simulation referred to above. A special
software package called SIL3 has been designed to perform this task. The input to
this simulation step consists of particle lifetimes, fragmentation parameters, branching ratios of the different particle decay modes and detector material properties.
For the simulation of the passage through and the interaction with the L3 detector
materials of the particles produced in the e + e~ interactions, the standard package
GEANT 3.14 was used [37]. This programme takes into account the simulation of
energy loss, multiple scattering, decays and the effects of experimental precision of
the detector.
The detector simulation used in the present analyses assumes a nearly perfect
detector. It does not take into account such defects as bad TEC sectors, dead
or noisy ECAL crystals, dead regions in the hadron calorimeter and malfunctioning
wires, bad cells or noise in the muon chambers. The net effect is (small) discrepancies
in various distributions between data and MC. To compensate for these omissions,
three MC variables which are crucial to our analysis are subjected to a smearing
procedure in order to make them resemble their experimental data counterparts as
closely as possible. Note that the smearing primarily implies a correction of the
distribution shape. The variables concerned are the momentum of the muon and
the energy of the electron used in the selection of the bb events as well as their angles
with the bb jet axis (see chapter 4). Details concerning the smearing procedures
used are presented in appendix A. The remaining detector effects for these variables
are not of the 'shape' but of a 'loss' type and are taken into account in a more
overall way applying (in)efficiency correction factors. The corresponding details are
presented in appendix B.
The large amounts of computing time needed for the production of MC events
are mainly a consequence of the simulation of the detector's response to the various
particle interactions and not of the generator step of the MC production. The
net effect is that a repeated re-simulation of the detector's response is often not
possible and that whenever necessary, once a MC data set has been produced, there
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is a preference for adapting it to any change in experimental input or theoretical
insights by an ad hoc reweighting method. The detector (in)efficiency corrections
mentioned in the previous paragraph are applied by means of such a reweighting
method.

3.3

Event reconstruction

The on-line system of the L3 detector provides data in the form of raw events stored
on tapes. The programme REL3 is the package used for the reconstruction of both
data and MC generated events. The input to REL3 is either the output of the
detector or the output of the simulation package SIL3. The event reconstruction
proceeds in two steps. In the first step REL3 steers the reconstruction in the different
subdetectors; in the second step it combines all the reconstructed subdetector data
into one global reconstruction of the event.
The most important subdetector reconstruction programmes are ECL3, HCL3,
MUL3 and TEL3. The first one combines the data obtained in the ECAL into
groups of crystals hit by a presumably single electromagnetic energy deposition,
the so-called bumps. Analogously, the programme HCL3 groups adjacent hadron
calorimeter energy deposits into HCAL clusters. The muon chamber and the time
expansion chamber data are transformed into tracks by the programmes MUL3 and
TEL3, respectively. The reconstruction of muon tracks in the muon chambers is
extensively described in reference 33.
The programme AXL3 subsequently combines electromagnetic bumps and hadronic clusters compatible with common particles into single so-called calorimeter
clusters. Both the ratio of the energies deposited in the ECAL and the HCAL,
and the transverse and longitudinal profile of these clusters, are used to identify the
type of the deposit interactions as being either electromagnetic or hadronic. The
real energy of the calorimeter clusters is obtained by scaling the energy depositions
with so-called G-factors determined from calibration runs and MC simulated data.
The direction associated with the calorimeter cluster is the combined vector sum
of all the directions of the participating calorimeter hits with respect to the vertex.
The package AXL3 also combines the reconstruction of the event in the different
subdetectors into a reconstruction running across the whole L3 detector. It creates objects representing particles which can be used directly in the various physics
analyses. The most important among these objects are:
• an AMUI: a successful combination of a muon chamber track with hits in
the hadron and electromagnetic calorimeter and, where possible, a track in
the TEC [33]. Figure 3.1 shows an event with such a reconstructed muon.
• an A S R C : a smallest resolvable cluster (in the following simply called: cluster), i.e. a combined energy deposit of at least 50 MeV in the ECAL and/or
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HCAL, eithei alone or successfully combined with ал aligned TEC track.
Discrimination between photons and charged particles is made by checking
whether the calorimeter clusters can be associated with a TEC track or not.
Figure 3.2 - which is a blow-up of the event shown in figure 3.1 - displays
how, on the opposite side of the muon, a TEC track and a calorimeter cluster
match to form a positron candidate. As an electron or positron deposits in
most cases nearly all its energy in the ECAL, its cluster generally consists only
of a large ECAL bump and no hadron calorimeter deposit.

Figure 3.1: An L$ event showing two opposite jets causing signals in the
HCAL with one of the jets having an associated fully reconstructed muon.

In addition to the above, a global event reconstruction is performed by AXL3.
The applied algorithm first calculates an axis by summing the energy-weighted vec
tors Ei of the clusters within a cone of 30° around the most energetic cluster. The
vector Ei is defined as a vertex vector pointing from the vertex to the position of
the cluster, having a length equal to its energy, \Ei\ = E¡. Around the axis thus
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obtained, a new cone of 30° is defined and all clusters laying within this new cone,
are added to the energy-weighted vector sum. This procedure is repeated until no
more add-on candidates can be found. Any group of clusters formed in this way is
called a jet and labelled as a so-called ASJT by AXL3. The axis of the 30° cone is
called the jet-axis. The jet thrust T}et is defined as:

2^ = ІЕДІ/ЕІДІ-

i3·1)

Figure 3.2: An L3 event showing two opposite jets causing tracks in the
TEC and energy bumps in the EC AL with one of the jets having an asso
ciated high energy positron reconstructed from a TEC track matched to an
EC AL bump.
Following the above procedure all possible jets in the event are reconstructed.
Only jets with a minimum jet energy of 2 GeV are retained. All clusters due to
both charged and neutral particles are included to reconstruct the jets. If, after
the reconstruction of all the jets, there are still clusters left, they are attributed to
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the nearest jet. Subsequently, the jet energy is determined and the jet is classified
as either an hadronic, an electromagnetic, a single muon or a single electron jet.
The jet angular resolution is found to be approximately 2° [38]. Both figure 3.1
and figure 3.2 show two clearly separated hadronic jets; the jets are approximately
collinear and back-to-back.
At this step also several other event shape variables are calculated, like the thrust,
the major and the minor axis of the event. The most commonly used is the thrust
of the event. The event thrust Г т о е п 4 determines the energy flow and is defined as:
Tevtnt = maxÇ£

\Èt • й г І / Σ | Д | )

(3.2)

in which пт is the event thrust axis, i.e. the axis pointing into the direction in
which the energy flow is maximal and Et are the energy-weighted cluster vectors as
defined above. In the subsequent chapters the event thrust axis will be used as an
approximation for the direction of flight of the original Z-decay quarks.

3.4

Event formats

The reconstructed event structures used for the physics analyses are stored in differ
ent types of format. In the DRE (Data Reconstructed) format, not only the main
event reconstruction quantities like tracks, energy clusters and jets are retained, but
also much of the raw detector information like TEC hits and channel-by-channel
calorimeter data. The DSU (Data SUmmary) format is similar to the DRE format
except that in order to reduce its size much of the raw information is dropped. In
the case of simulated events, both the DRE and the DSU formats also contain a
significant amount of the MC generator information.
A data format derived from the DSU is the so-called DVN (Data from the AVNT
bank), a format in which the information of only one of the several DSU data banks
is kept. The DVN provides data which in principle still cover all possible physics
analyses, but in a format through which only the variables directly related to the
analyses are kept; all the raw information and a considerable amount of the MC
generator information is omitted.
Another format derived from the DSU is the so-called LXDSU (inclusive Lepton
DSU). It is of the DSU type but organised in a way significantly different from
the DSU format. The main difference is that extensive extra information, derived
from the ASRC's for the electron candidates and from the AMUI's for the muon
candidates, is calculated and stored under very loose cut-conditions. Among these
loose cuts are the momentum cuts ρ > 0.5 GeV and ρ > 2.0 GeV for the muon
and electron candidates, respectively. Examples of such extra information are the
transverse momenta of the muons and electrons with respect to the axis of the jet
to which they belong. All standard reconstruction information like BGO bumps,
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HCAL clusters, TEC tracks, AMUI's, ASRC's and ASJT's is kept. In addition, all
MC parton generator and track simulation information relevant for a heavy flavour
analysis is maintained. In this way, the MC history of all selected leptons can be
fully traced back. This lepton history is needed, e.g. to retain the possibility of
adapting c.q. reweighting the MC. A lot of information, not needed for inclusive
lepton analyses, is dropped however. The LXDSU format is specially suitable for the
lepton tagged heavy flavour analyses of ¿3. Its main advantage is its reduced size;
all 1990 to 1993 £3 data can be stored in about 3 Gb of disk space. This represents a
reduction with respect to the DVN and the DSU formats of approximately a factor
of 10 to 25, respectively. Thus, it is more easily accessible and the time needed
to (re)process all data substantially shortened. The LXDSU is the format used in
the analysis of this thesis. It should be noted that in order to read LXDSU files,
a programme is required which is significantly different from the standard REL3
programme.

Chapter 4
Event Selection
This chapter describes, successively, three selection steps: the selection of hadronic
events, the selection of muons and electrons in the hadronic events and the applica
tion of a cut on the momentum and transverse momentum of those leptons. Finally,
the cut applied to obtain a sample of dilepton events is discussed.

4.1

Selection procedure

Because the Ζ —» bb event is a special case of the more general event type Ζ —> qq,
the first step in the procedure consists of selecting hadronic events and discarding
pure leptonic final states. Next, one obtains a sample of bb events with the lepton
tagging technique. This method tries to identify the b quark through its semileptonic
decay and comprises two additional selection steps. First, the leptons have to be
identified in an hadronic environment. As not only b quarks, but also other quarks
can decay semileptonically, this lepton sample still contains numerous non-6 quark
events. In order to obtain a more pure 6 quark sample - an enriched sample - a
final selection based on the specific properties of the heavy quark fragmentation and
decay is required.
In essence, two properties are employed. First, the ò-quark evolution is characterised by a hard fragmentation. This means that the В hadron formed in the
fragmentation process gets a large share of the energy of the primary b quark. As
a consequence, the lepton resulting from the decay of the В hadron has a relatively
high momentum p. Secondly, the mass difference of the b quark vis-à-vis the с quark,
to which the former decays almost entirely, is large ( » 3 GeV). This results in a rel
atively large average momentum of the lepton in the rest frame of the b quark, thus
allowing a large average transverse momentum pt with respect to to the direction
of flight of the b quark in the laboratory system. Note that the other quarks are
characterised by a fragmentation softer than that of the b quark. As a result, the
leptons from the decay of the corresponding hadrons have a lower momentum p. In
addition, the mass differences between the various quarks lighter than the b quark,
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are relatively small (the largest к 1 GeV for the difference in mass of t h e с and s
quark). Therefore, t h e decay-leptons from these lighter quarks have a substantially
lower average transverse m o m e n t u m pt. By requiring t h e lepton t o have both a large
ρ and large pt, an enriched 6-quark sample is obtained. T h e lepton tagging in this
thesis is performed using both muons a n d electrons, b u t not via t h e less accessible
r lepton channel.
All distributions in this chapter show numbers of events versus a cut-variable
for t h e d a t a , t h e total M C sample and the ό-quark M C subsample, respectively.
T h e M C has been normalised t o t h e d a t a in terms of t h e t o t a l number of selected
hadronic events. For each distribution all cuts have been applied except t h e cut,
indicated with an arrow, on t h e variable which is used for t h e i-axis and t h e cut on
t h e transverse m o m e n t u m . T h e net effect of this choice is t h a t all plots show t h e
role of t h e cut under consideration with respect to t h e final sample; it should be kept
in mind, however, t h a t these cuts were actually not optimised on t h e distributions
as displayed.

4.2

Hadron selection

In order t o select hadronic events t h e following cuts are applied:
• a cut on Evi,/y/s, in which .£„,·, is the sum of t h e visible energy measured in
the calorimeters and t h e muon chambers and y/s as defined in chapter 1:
0.42 < Evi,/y/s

< 1.5

(see figure 4.1).

• a cut on E_i, t h e energy imbalance perpendicular t o t h e b e a m :
EL

< 0.5Evi,

(see figure 4.2).

• a cut on J5||, t h e energy imbalance longitudinal t o t h e b e a m :
£ | | < 0.5Evit

(see figure 4.2).

• a cut on Nciutter,
t h e n u m b e r of ASRC's. This cut depends on the d a t a taking
period and t h e detector region considered.
For 1990, t h e cuts used are:
- 12 < Natter < 75 (barrel events)
8 < Nciutur < 75 (endcap events),
and for 1991, 1992 and 1993:
13 < Nciutter < 75 (barrel events)
17 < Nciusttr < 75 (endcap events) (see figure 4.3).
For t h e purpose of this selection, a barrel event is defined as an event with
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• Data
Π MC: all
MC:b

Figure 4.1: The ratio of the visible energy Em,
energy y/s.

and the centre-of-mass

|cos 9thrust\ < 0-74 and an endcap event as one with |cos 0 t h r u , t | > 0.74, 0t/iru»t
being the polai angle of the event t h r u s t axis. T h e large difference in t h e cut
on Neiu,ter in t h e endcap region for 1990 versus 1991, 1992 and 1993 is due to
the fact t h a t in 1990 the ECAL endcaps were not yet installed.
Basically, the above cuts are t h e same as the ones used in t h e ¿ 3 hadron lineshape analysis [39]. T h e minimum cut 0.42 < Ет,/л/з is chosen somewhat looser t o
account for t h e missing energy which is taken away by t h e neutrino in t h e semileptonic b decay. T h e cut on the m a x i m u m number of allowed clusters in t h e event was
not applied in t h e hadronic cross section analysis, because the end point events of
the distribution were identified as being genuine hadron events.
The potential background processes are t h e l e p t o n events Ζ —• μ+μ~, e + e ~ , τ + τ ~ ,
the cosmic muons and the two-photon processes. T h e Ζ —У μ+μ~ ,e+e~ ,T+T~ events
all have low cluster multiplicity. After applying the above mentioned cluster mul
tiplicity cuts, t h e background in t h e lepton selection from t h e muons and electrons
coming directly from t h e Ζ is negligible [34, 40]. Whereas t h e Ζ —* T+T~ events
have a cluster multiplicity which is on average higher t h a n t h a t of t h e other lepton
final states, their contribution to t h e final sample after t h e low-multiplicity cut is
found t o be negligible as well [32]. T h e cosmic muons have in addition t o a low
cluster multiplicity, a low total energy; they are cut away almost entirely by b o t h
the cluster multiplicity cut and t h e cut on Em,¡y/a.
T h e two-photon events typ-
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Figure 4.2: The longitudinal (left) and transverse (right) energy imbalance
EII and E]_ expressed as a fraction of Em,.

ically kave a low visible energy fraction; their number is considerably reduced by
the cut on Em,/y/s. The remainder of the two-photon events are eliminated by a
cut on the parallel energy imbalance; in the final sample their contribution can be
neglected [39].
The MC simulation of the complete visible energy distribution is especially difficult. This results in an imperfect agreement between data and MC in the Emt/y/s
distribution of figure 4.1. As the cuts are applied in a region where the discrepancy
is relatively small, it does not contribute significantly to the systematic error of the
measurement. For values of E\\ and E±_ around 0.5 a small discrepancy is found
between data and MC as can be seen in figure 4.2. This discrepancy does not cause
effects on the final measurement results of more than a few permille and can therefore be neglected with respect to the systematic errors which will result from other
sources down the analysis chain (see chapter 6 and 7). The peak in the data for
low values of Nc¡urítr in figure 4.3 results from Ζ —> τ+τ~ events, a channel which
is not simulated in the MC [39]. The cut to eliminate the τ+τ~ events is placed
in a region with a negligible discrepancy between data and MC, so no systematic
error is introduced in the measurements. The surplus of data events with respect to
the MC events in the high cluster multiplicity region can be partly ascribed to the
presence of low energy clusters from e.g. nuclear interactions in the HCAL which
are difficult to simulate in the MC [39]. The region with this discrepancy was cut
away to avoid introducing systematic errors in the measurement.
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4.3

M u o n selection in hadronic events

To identify the presence of a muon in the events obtained by the application of the
hadron selection, the following extra conditions are imposed:
• There has to be an unambiguous, well defined AMUI. The track in the muon
chambers has to consist of at least two hit P-chambers and one hit Z-chamber.
• The muon track must originate from the vertex. This is ensured by a cut on the
so-called Distance of Closest Approach (DCA) which is defined as the smallest
distance to the vertex perpendicular to the AMUI. The DCA in the r^-plane
R has to be smaller than 200 mm, the DCA in the rz-plane Ζ has to be
smaller than 300 mm (see figure 4.4). In addition, both DCA's are required to
be smaller than 4 times their error. There is good general agreement between
data and MC in the distributions of R and Z. As the differences are small,
specifically only at the permille level in the areas where the cuts are applied,
they do not cause a systematic distorsion of the \в and ApB measurements.
The above conditions and cuts both identify muons and suppress various sources
of background. As background we can discern several processes.
First of all, there are the non-fc secondary muons. Such muons can e.g. originate
from the hadronic showers in the calorimeter material. They are found to have an
energy predominantly below 1.0 GeV [41]. In order to reach the muon chambers,
muons must have, however, at least 2.5 GeV. Thus, the background from these
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secondary muons is negligible. The contribution from non-ò secondary muons coming
from π * or K± mesons which decay before they reach the calorimeters is larger,
because these muons can have energies above 2.5 GeV. After their production, these
muons transverse the calorimeters while leaving only a minimum ionising track.
Because the π * and A"* mesons have a very short time of flight in the TEC the
probability for this to happen is nevertheless limited, as will be shown in chapter 5.
Secondly, there are non-muon background particles (e.g. π + ' _ ) giving a signal
in the muon chambers, the punch-through particles. One can distinguish between
two sources: hadrons coming from showers in the calorimeters and hadrons created
in the primary fragmentation and hadronisation process (usually called sad-through
particles). In both cases one deals with hadrons of sufficient energy which, through
a statistical fluctuation, happen to be able to completely transverse the calorimeter
detector material as minimum ionising particles. The entire detector material up
to the muon chambers has a 'thickness' of 6 nuclear interaction lengths, leaving a
probability of less than 0.3 % for sailing through. As a result, only a small fraction
of the punch-through is due to the sail-through phenomenon.
The background of punch-through particles is substantially suppressed by the
cut on the DCA, as such particles generally do not point back to the vertex.
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Electron selection in hadronic events

Whereas the muons are readily identifiable by their unique ability to penetrate the
detector up to the muon chambers, the electrons have to be identified in the ECAL
amidst all other showering particles of the hadronic jet. The relatively small radius
of the TEC and the ECAL makes the spatial distinction of electrons from other
particles difficult. Hadronic events contain on the average about 21 charged particles,
10 π 0 ^ and 1 K\ and at LEP energies the hadronic jets are very collimated. All this
makes the electron identification more complicated than the muon identification.
More isolation cuts have to be used for electrons in order not to confuse them with
other particles. The acceptance for selecting electrons is therefore relatively low.
Electrons produce electromagnetic showers by the interplay of bremsstrahlung
and pair production. The resulting shower shape is less broad in both longitudinal
and transverse direction with respect to the direction of flight of the electron than
the one produced by a hadron. This property is used to distinguish electrons from
hadrons [40]. To distinguish the electron showers from those of photons or other
neutral particles, one tries to match them to a track in the TEC. The selection of
electrons proceeds therefore in three steps: first the electromagnetic bump is required
to have the shape and energy corresponding to an electron candidate; secondly a
TEC track should be matchable to the bump and thirdly, the TEC track candidate
has to fulfill some quality requirements. Each step consists of various cuts which
are described below. First some selection tools are defined and discussed.
Electromagnetic clusters or bumps in the calorimeters consist of a group of ad
jacent crystals. The bump crystal is defined as the most energetic crystal in the
bump. The quantity Е^/Е^ъ is defined as the ratio of the sum of energies of the 9,
respectively 25, crystals surrounding the bump crystal (see figure 4.5) [40].

Figure 4.5: A sketch illustrating the matrices of 9 and 25 crystals sur
rounding the most energetic crystal of a bump in the ECAL.

Real electron or photon ECAL energy depositions are completely confined within
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the matrix of 25 crystals. For the matrix of 9 crystals there is a small loss of
confinement which is compensated for by subjecting all Eg quantities to a scaling
procedure. This scaling is effectuated under the assumption that the electromagnetic
deposition has originated from a single electron or photon. Thus after scaling,
isolated electron and photon bumps display an Eg/Еж distribution centered around
1.0 with a width smaller than 1% [42], while the hadronic showers or non-resolved
conversion e+e~ pairs will yield a very broad distribution with values which are on
average substantially lower than 1.0. Actually, the most important contribution to
these low values of Ед/Е^ь (i.e. the long tail in the Ед/Е2ъ distribution) are electrons
close to electromagnetic activity caused by charged hadrons (e.g. π*) and neutral
particles (e.g. ir° and photons), see figure 4.6 (left). Thus, a cut on Eg/E2s eliminates
part of the hadronic background and electrons for which the energy measurement is
contaminated due to the vicinity of other particles. Note that the peak of the Eg ¡Εκ
distribution is at a value somewhat higher than 1.0 because of additional energy
corrections which have been applied on Eg and Е2ь to account for energy losses
near the edges of the crystals and for the impact parameter not being exactly in the
centre of a crystal; these corrections are slightly different for Eg and E2$. In order to
minimise these edge effects, only rings of crystals in the central part of the barrel are
included, i.e. bumps for which |cos #bu mp | < 0.69. The Eg/Е2ъ distribution shows
good overall agreement between data and MC. Although the discrepancy between
data and MC for the peak value of Ед/Е2ъ is only at the percentage level and thus
negligible with respect to the other errors which will occur down the analysis chain,
a possible effect on the mixing and asymmetry measurements caused by it will be
accounted for by a contribution to the systematic error.
To characterise the shape of the ECAL shower more precisely, a X2-type quantity
is introduced [42]. This quantity compares the energy deposited in the .Ej-crystals
with a standard deposition pattern derived from test beam measurements. Analyti
cally, this comparison is effectuated by a nine-crystal sum of differences in standard
deposition energies and actually measured energies divided by the uncertainty on
the standard deposition energies. Note that this quantity is not a χ 2 variable in the
standard statistical sense, but just a convenient empirically tuned ECAL-electron
discriminator. Figure 4.6 (right) shows the distribution of this variable. Again, there
is good overall agreement between data and MC. The small discrepancy between
data and MC in figure 4.6 for low values of χ2 will be handled in the same way
as the Eg/Ezi discrepancy. Note also that this distribution does not peak at the
expected value of 8 because of the pseudo-χ2 nature of the variable used; correla
tions between the crystal energies are not taken into account and the errors on the
standard deposition energies are probably incorrectly estimated.
The remaining variables used in the selection of electrons are related to the line
up of the HCAL and ECAL calorimeter energy depositions and the TEC tracks. The
quantity E7ECAL is the energy in the hadronic calorimeter in a cone of an half-angle
of 7° behind an electromagnetic bump (see figure 4.7). Figure 4.7 also illustrates the
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definition of the azimuthal angle between the centre of gravity of the electromagnetic
bump and the closest TEC track A<f>match and a variable called the isolation angle
around that ECAL bump Афі,^.
To be considered an electromagnetic bump caused by an electron, the following
criteria have to be obeyed:
Step 1
• Each crystal must have an energy of at least 10 MeV. This cut reduces a
substantial part of the background resulting from noise in the BGO crystals.
• The quantity E7BCAL is required to be less than 3.0 GeV. Electrons loose their
energy almost entirely in the ECAL; since charged hadrons loose most of their
energy in the HCAL this cut reduces the hadronic background.
• The quantity E9¡Егь is required to be higher than 0.9. In a test-beam study of
the electron-hadron separation this cut was proved to be an efficient eliminator
of hadrons without any significant loss of electrons [43].
• The quantity χ2 is required to be smaller than 25. Again, test beam results
show that values of χ2 above 25 are extremely unlikely for electrons. By
applying this χ 2 cut, one eliminates a considerable part of the background
particles, while the number of selected electrons is practically not affected [42].
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Figure 4.7: The cone of 7° m the HCAL, the angle A<j>match between the
TEC track and the ECAL bump and the isolation angle Афі10і.
Step 2
To match the electromagnetic bumps with the TEC tracks the following cuts are
applied:
• The angle A<£maic/, is required to be smaller than 6 mrad (see figure 4.8).
To prevent a mismatch between an ECAL bump and a TEC track, the next
closest track is required to be outside an isolation angle of A<j>ttoi — 5 mrad
with respect to that bump. 1 Figure 4.8 shows a small shift in central value
between MC and data. This discrepancy is due to a small difference in the
coordinate systems used; in the MC simulation the reconstruction reference
origin is fixed and does not incorporate its fluctuations with time, whereas
in the experiment, and thereby in the data, such fluctuations indeed occur.
Because А.фтаик does not enter into the measurement's algorithms, it should
not affect the mixing and asymmetry measurements in a systematic way. The
fact that the MC distribution is slightly more peaked than the data one was
also found not to affect the measurement results [44].
• The momentum measured by the TEC is required to agree with the energy
measured by the ECAL. Because the ^-resolution of the TEC is rather lim
ited, only the transverse momentum and the transverse bump energy are
compared (see figure 4.9, left). The latter is obtained using the relation
ECAL

E

=

EECALún

fl^.

For the purpose of this comparison, the ratio Δ(1/Ρχ)/<τ(1/Ρχ) is introduced;
its distribution is shown in figure 4.9 (right). The quantity Δ(1/Ρ±) is defined
X

A polai angle match between tracks and bumps is not imposed as it can be shown not to
reduce the background.
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Figure 4.8: The distribution of A<t>match, the difference between the azimuthal angle in the TEC and the EC AL.
as \¡PlEC - l/EfCÀL. The quantity σ{1/Ρ±.) is the intrinsic TEC precision;
it is obtained by tuning the data distribution of Α(1/Ρ±)/σ(1/Ρ±) to the MC
one. The value found (0.015) is in agreement with the one derived from a
study of Ζ —> μ+μ~ events [45]. The agreement between the TEC and EC AL
measurement is imposed by requiring the absolute value of Δ(1/Ρχ)/σ(1/Ρχ)
to be smaller than 6. Again, there is good agreement between data and MC.
The small discrepancies between data and MC are due to deficiencies in the MC
simulation; their effect on the measurement will again be taken into account
as described above.

Step 3
In order to ensure satisfactory measured transverse momenta and charges, the
following additional quality cuts are imposed on the TEC tracks:
• The number of hit wires used in the track reconstruction has to be at least 40
and must cover a span of at least 50 wires; through this cut only well defined
tracks with a small reconstruction uncertainty are accepted.
• The DCA in the r e p l a n e has to be smaller than 5.0 mm; thus, tracks are
excluded which do not correspond to electrons resulting from b-quark decay.
• The TEC track transverse momentum has to be smaller than 35.0 GeV; this
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cut reduces the charge confusion,
appendix A.

The charge confusion is investigated in

• The azimuthal angle between the track and the closest anode or cathode wire
plane in the ТБС has to be at least 10.0 mrad. This cut is introduced because,
in the vicinity of the TEC wires, both the charge confusion becomes higher
and the efficiency lower.
The main sources of background for the selected electrons are:
• A hadron bump coinciding with a photon bump. If, in a dense hadron jet, a
charged hadron deposits energy in the ECAL calorimeter coincident with that
of a photon, the simultaneous appearance of this energy deposition and the
hadron TEC track can lead to a false electron identification.
• Mismatches between bumps and tracks. Unprecise reconstruction of showers
in the ECAL calorimeter and tracks in the TEC can result in an erroneous
association of a shower and a track and thus yield a fake electron.
and Dalitz decays ir° —» e + e 7 before the ECAL
Photon conversions 7
calorimeter. These are the decay-background electrons and positrons.
The first two background sources, i.e. the misidentified electrons, are consider
ably suppressed by the combination of the cut on A</>mat<.f,, the cut on the energy
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CAL

deposition in a cone of 7° in the HCAL and the comparison-cut between Ef
and
pTEC Disposing 0 f the background electrons from photon conversions and Dalitz
decays, however, is more difficult. Such electrons will therefore be taken into account
as an explicit source of background in the final sample.
In this analysis only electrons in the ECAL barrel are used. A gain of 30 % in
statistics could be obtained by including electrons in the ECAL endcaps. However,
in the endcaps the precision of the charge and momentum measurement is reduced,
yielding higher systematic errors. The gain in statistical error would therefore be
lost to an increase in the systematic error [41].

4.5

B o t t o m quark enrichment

A cut on the momentum is applied in order to obtain a more enriched b-quark sam
ple. The b-muon track candidate is required to have a momentum satisfying:
4.0 GeV < ρ < 30.0 GeV
and the 6-electron bump candidate an energy in agreement with:
3.0 GeV < Ebump < 30.0 GeV.

For the muon the AMUI momentum is used, for the electron the bump energy
Ebump as measured by the ECAL. Because for the energies considered here the
ls
a
electron mass is negligible, the energy .Ebump ' *° good approximation equal to
the electron momentum; in the following the electron energy and momentum will be
used interchangeably. The momentum distributions for both muons and electrons
are shown in figure 4.10.
Based on the hadron selection and all the previous lepton cuts, the MC predicts
a purity for b quarks following the direct decay path (b —> l~) of 33% for muons and
of 62% for electrons. 2 The effect of the additional ρ cut is an increase in this purity
from 33% to 38% for muons and from 62% to 69% for electrons.
By applying an additional cut on the transverse momentum with respect to the
axis of the nearest jet, this purity can be considerably increased. The b-lepton
candidate is therefore required to have a transverse momentum:
pt > 1.0 GeV.
2

Recall that the preselected lepton candidates were already subjected to a loose momentum cut.
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For t h e purpose of this cut, t h e jet axis is calculated after omitting t h e lepton
from t h e jet. This procedure slightly increases t h e lepton selection acceptance, b u t
it also somewhat decreases t h e purity. 3 Figure 4.11 shows t h e transverse m o m e n t u m
distributions for muons and electrons of the selected sample.
From t h e transverse m o m e n t u m distributions it is clear t h a t by applying a min
imum pt cut of 1.0 GeV, one suppresses a substantial fraction of t h e non-òò events.
The effect of this additional pt cut is to increase t h e purity for b quarks following t h e
direct decay p a t h from 38% to 69% for muons and from 69% to 79% for electrons.
Note that this purity for electrons both before and after the application of t h e pt cut
is larger t h a n t h a t for muons, because t h e electrons were subjected to more stringent
cuts to begin with. As a consequence, t h e pt cut has a relatively less purifying effect
for electrons than for muons. In t h e forthcoming chapter t h e effect of t h e pt cut will
be examined in more detail for t h e different event types contributing to the final
d a t a sample. Also t h e effect of t h e specific choice of t h e pt cut value of 1.0 GeV on
the XB and ApB measurements will be the subject of a separate investigation (see
appendix C).

3

A detailed study of the influence of the various possible definitions of JH can be found in
reference 44.
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There is good overall agreement between data and MC in figures 4.10 and 4.11.
To take into account the small discrepancies in the momentum and transverse mo
mentum distributions, a smearing technique is applied to both the lepton momentum
and the angle between the lepton and the jet axis. Both the smearing and its ef
fect on the mixing and asymmetry measurements results are described in appendix
A and C. Whatever remains in terms of discrepancies after this smearing is again
due to inadequate MC simulation and will be again taken into account as described
before.

4.6

Dilepton selection in hadronic events

For the measurement of the mixing parameter one uses dilepton events, i.e. events
with two large ρ and large pt leptons. In order to select dilepton events in which
the two leptons are likely to come from two opposite b quarks, a cut is applied on
their spatial angular separation. Figure 4.12 shows the distribution of the angle (
between the two large ρ and pt leptons. Exceptionally, the data and MC entered
into this distribution have been subjected to the pt cut. The peak at small angles
(~ 15°) is due to dileptons coming either from the b —* с decay chain, with both
the b and the с quarks decaying semileptonically, or from the b —v J ¡φ —• l+l~
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decay chain. Cutting away all dileptons with an angle of less than 100° effectively
eliminates these contributions.
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dilepton sample and the position of the cut used to remove the dileptons
resulting from semileptonically decaying b and с quarks in the b —* с decay
chain and from b —» J¡φ decays.

Chapter 5
Event Type Fractions
To disentangle the various types of heavy quark decay cascades present in the se
lected data sample one has to resort to a MC simulation technique. This simulation
determines the relative fractions of the different event types in both the single and
the dilepton sample. The relative event type fractions within the single lepton sam
ple are needed for the algorithm calculating ApBt the relative fractions within the
dilepton sample for the \в algorithm. The MC is also needed for the determination
of the momentum cuts to be applied to obtain a 6-quark sample and to estimate
the selection efficiencies. Because the ApB and %д measurements depend on the
MC event type fractions and as the MC was generated with input data which have
been superseded by more recent or more precise physics results, a MC reweighting
is performed; this procedure is discussed in Appendix B.

5.1

Single lepton event types

The single lepton tagged events - i.e. events with at least one high ρ and pt lepton
- can be grouped in eight different types indicated by the symbols s¿, with the
subscript г referring to the ith type. Some of these single lepton event types are
shown in figure 5.1. Each of the diagrams starts with a 6 or а с quark and is - with
a change of the sign of the charge - equally valid for both the 6 (c) quark and its
antiquark 6 (с).
Event type 3χ (b —* l~) groups together the prompt 6 decay lepton events, i.e.
events containing a lepton originating directly from a primary 6 quark via a W
decay.1 Similarly, event type ¿4 (c —• l+) includes events with a prompt с lepton
originating from a W decay of a primary с quark. Note that the lepton from the
prompt b decay has a charge which is opposite to the one from the prompt с decay.
'Note that all the mentioned event types include both the decay chain as expressed by the given
particle symbols and the chaige conjugate of this chain. Thus, event type «i (b —> l~) contains
both the b —• l~ and l· —> i + decays.
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Figure 5.1: Various types of events with a single prompt or cascade lepton.
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Event type Зг (6 —• с —• l+) comprises events with a lepton coming from
a 6 quark via а с quark. Again, leptons resulting from the decay 6 —> с —> l+
have a charge opposite to the ones from the prompt decay b —* l~. In event type
«3 (6 —• с —• /~) the lepton comes from a 6 quark via а с quark; there are two W
decays involved in this process. Now, leptons resulting from the decay 6 —* с —• l~
have the same charge as the ones from the prompt decay 6 —> l~. In event type
Se (b —+ т~ —• / _ ) all events with a lepton coming from a b quark via а т~ lepton
are grouped together. Leptons resulting from the decay b —> r~ —> l~ have again
the same charge as the ones from the prompt decay b —> l~. The event types з2,зз
and se, are the events with a so-called cascade lepton.
The three background (BG) sources 55,37 and ss are not depicted in figure 5.1.
The event type s¡ (6 —• BG) contains 6-quark events other than the ones mentioned
above in which the measured particle has nevertheless still a charge relation with
the primary 6 quark. It comprises the events with a lepton coming from a b quark
via a decay chain different from the Зі,з2,3з or Se types. Examples are the events
with a lepton from an s quark produced in a b- quark decay cascade and the events
with a lepton from a l - t J/ψ —ν l+l~ decay. Type Ss also contains events with
'non-leptons' originating from the primary b quark.
Type 37 (decay) is a hybrid collection of the various remaining real lepton event
types. It comprises 66 events with a genuine lepton at the end of the decay chain
6 —» gluon —> 6 —* ... —* l~. Also cc events with a genuine lepton not directly
coming from the с quarks belong to this type. In addition, all events with a lepton
not classifiable in one of the previous types are attributed to Í7; this includes leptons
coming from non-66 and non-cc events, muons coming from the decay of π± and Ki
and electrons coming from photon conversions and Dalit ζ decays.
Type 5g (non-6 non-Z) contains events with an incorrectly identified lepton not
coming from a 6 quark. Among the misidentified muons are punch-throughs from
hadronic showers in the calorimeters and sail-throughs; among the misidentified
electrons are overlaps between 7 + π * and π° + π± bumps, mismatched bumps (c.q.
tracks) and misidentified hadrons.

5.2

Dilepton event types

Like the single lepton events, the dilepton events are divided in eight different types
indicated by the symbol di, with the subscript i again referring to the ith type.
As the leptons in the single lepton event types зг (b —• /~), з3 (b —> с —» l~)
and ¿g (b —* τ~ —* l~) have all the same charge, the dilepton event type d\ (6 —+
l~,b —* l+) comprises dilepton events with a lepton in each of the two hemispheres
from either the type ¿i, 33 or s6. Event type ¿2 (6 —• с —• ί + ,6 —* с —• l~) groups
together the dilepton events that have in each of the two hemispheres a lepton of
the type s2 (6 —• с —* l+). In the absence of B°B° mixing, the signature of an event
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Figure 5.2: Three examples of dilepton types in a Ζ —* bb event. Figure
(a) shows a d\-type unlike sign dilepton, (b) a di-type like sign dilepton due
to mixing. Figure (c) is a аз-type like sign dilepton not due to mixing but
resulting from a different decay path of the b quark.
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of type di or ¿ι is a pair of leptons of unlike charge, an unlike sign dilepton. This
is illustrated for a dilepton event of type d\ in figure 5.2 (a). If, as a result of B°B°
mixing, a B° (B°) meson in one hemisphere oscillates into a B° (B°) meson, a like
sign dilepton event of type d\ or ¿2 is obtained (see figure 5.2 (b)).
Dilepton event type аз (b —• /~,6 —• с —> l~) comprises the events which have
in one hemisphere a lepton of the event type Л2 and in the other hemisphere one of
the event type s\, s3 or se. In the absence of B°B° mixing the signature of event
type tía is a like sign dilepton, as is shown in figure 5.2 (c).
Type di (6 —> l~,b —• BG) contains the dilepton events with in one hemisphere
a lepton of the type βχ, S3 or Se and in the other hemisphere a lepton of the type
Si (6 —• BG). Type d s (b —> с —> l+,b —» BG) contains the dileptons with in one
hemisphere a lepton of the event type s^ and in the other hemisphere a lepton of
the event type s6. In type de (Ь —> BG, b —> BG) one requires in both hemispheres
a lepton of the type s6 and in dj (c —» l+,c —• l~) in both hemispheres a lepton
of the type s^ (c —• l+). Finally, type dg (others) contains all the other possible
combinations of the single lepton event types as defined above. The effect of mixing
on the charge signature of event types di to dg will be discussed in chapter 6.

5.3

Single lepton fractions

Table 5.1 gives the fractions of the eight different types of single lepton events in
the selected sample as estimated by the MC. The fractions are given for the muon
and electron final states separately. To show the influence of the pt cut, both the
fractions before and after the application of the pt cut are given. In both cases
all other single lepton cuts are imposed. Note that the momentum cut for muons
and electrons is different. The bottom row gives the efficiencies for selecting the
most relevant event type Si (6 —> l~). These efficiencies can also be expressed
with respect to the total initial b-quark sample. With all cuts included and using a
Br(6 —> l~) of 0.117, one finds 4.0% efficiency for muons and 2.4% for electrons.
The XB and ApB measurements are sensitive to the MC determined event type
fractions. The high data statistics on the other hand allow a relatively precise mea
surement of \B and ApB. The MC used is in several respects not in complete agree
ment with the most recent measurements and theoretical calculations; the models
and parameters of particle production and decay and, more specifically, the fragmen
tation parameters, the momentum spectra of produced particles and their branching
ratios implemented in the MC need corrections. Correcting the MC for each year
of data taking separately renders the MC simulation slightly time dependent. The
MC adaptation is effectuated through the reweighting described in Appendix B. 2
This appendix also points out that instead of the fragmentation parameters £¡, and
3
Recall that this MC reweighting already contains a step intended to adapt the MC lepton
spectra to the experimentally observed spectra (see chapter 3 and appendix B).
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ρ > 4 GeV

p f > OGeV

ρ > 3 GeV

pt > OGeV

Pt > l G e V

Fractions (%)

¿1

δ—/b -> с -» Z+

«3

ò - • с -» / -

5β

e:

Pt > l G e V

Type

Event T y p e Fractions

Ь - > т - -»/"
decay
non-ò non-Ζ

Efficiency si

(%)

37.8
9.4
1.9
17.1
4.7
1.9
8.3
18.9

±
±
±
±
±
±
±
±

0.1
0.1
0.0
0.1
0.1
0.0
0.1
0.1

43.0 ± 0.1

68.8
5.7
0.8
7.6
3.1
1.9
3.1
9.0

±
±
±
±
±
±
±
±

0.2
0.1
0.0
0.1
0.1
0.1
0.1
0.1

34.0 ± 0.1

69.2
6.9
1.0
5.9
3.2
2.6
1.1
10.3

±
±
±
±
±
±
±
±

0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1

22.5 ± 0.1

78.9
4.3
0.5
3.8
2.7
2.1
0.9
6.8

±
±
±
±
±
±
±
±

0.2
0.1
0.0
0.1
0.1
0.1
0.1
0.1

20.5 ± 0.1

Table 5.1: MC estimates for the fractions of the single lepton event types
and the efficiencies for selecting a prompt b —• l~ event.

ec one commonly uses t h e quantities < ХЕ{Ь) > and < XE{C) > .
T h e MC d a t a used to determine t h e event type fractions is produced with t h e
J E T S E T 7.3 programme [46]. In this programme a naive spectator model is used t o
simulate t h e semileptonic decays of heavy flavour hadrons. T h e lepton m o m e n t u m
spectra obtained in this model do not take into account spin correlations, structure
functions or radiative corrections in t h e final state and do therefore not fully agree
with t h e spectra seen in t h e d a t a . In order to obtain an agreement between d a t a and
M C , t h e lepton m o m e n t u m spectra in J E T S E T are adapted to t h e results of lepton
m o m e n t u m spectra of recent experiments. For this purpose the phenomenological
models - parametrising the spectra of lepton m o m e n t a produced in semileptonic band c-quark hadron decay - as described in chapter 1 are used. In this thesis t h e
+
A C C M M model is used for t h e reweighting of the 6 —• l~ and с —> l decay spectra,
t h e Collins function for t h e ò —> с decay spectrum.
T h e J E T S E T programme is of t h e 5-flavoui kind, i.e. restricted t o t h e frag
mentation processes and decays in hadronic events of u, d, s, с and 6 quarks only.
T h e simulation includes all Feynman diagrams representing t h e electroweak inter
+
action of a positron e and an electron e~ through t h e exchange of a Ζ or a 7 .
Also all t h e initial state radiative corrections are implemented. Approximately 2.9
million 5-flavour hadron events were generated to calculate t h e fractions given in
table 5.1. Given t h e size of this M C sample, t h e statistical errors on these fractions
are relatively small.
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Dilepton fractions

Table 5.2 shows the MC estimates for the fractions of the eight different event
types in the dilepton sample. These fractions are obtained, after the application
of all dilepton cuts described in the previous chapter and are given for three dif
ferent channels: a muon in each of the two hemispheres, an electron in each of the
two hemispheres, and, a muon in one hemisphere and an electron in the opposite
one. The bottom row gives the efficiency for selecting the most relevant type, the
(b —> l~,b —> Z+) events.

Dileptons

μμ

ее

με

Pt > l G e V

Pt > l G e V

Pt > l G e V

Type

Fractions (%)

dx : 6 - Z - , 6 - > Z +
75.0 ± 1.1
d2 : b —* с —• l+,b —> с —> Z~0.6 ± 0.2
ds : b —> l~, 6 —• с —• l~
13.1 ± 0.9
d4: 6->Z-,ò->BG
6.5 ± 0.6
d6: 6 - > c - > Z + , b - > B G
1.2 ± 0.3
de : δ -» BG, b -y BG
0.1 ± 0.1
dr : с —• Z+ ,c —> Z_
0.7 ± 0.2
dg : others
2.8 ± 0.4
Efficiency di

(%)

13.4 ± 0.4

83.9
0.1
7.4
6.4
0.2
0.0
0.0
2.0

±
±
±
±
±
±
±
±

1.5
0.1
1.1
1.0
0.2
0.0
0.0
0.6

5.5 ± 0.2

80.8
0.4
10.0
5.2
0.5
0.2
0.5
2.4

±
±
±
±
±
±
±
±

0.9
0.2
0.7
0.5
0.2
0.1
0.2
0.4

8.8 ± 0.2

Table 5.2: MC estimates for the fractions of the dilepton event types and
the efficiencies for selecting a prompt (6 —> l~,b —> l+) event.

Also for the determination of these dilepton MC fractions, the reweighted MC
sample of approximately 2.9 million 5-flavour MC hadron events has been used.

Chapter 6
B°B° Mixing
Because two prompt leptons coming from a bb event have opposite charge, a dilepton
event with two like sign leptons is the signature of B°B° mixing in one of the two
hemispheres. As has been pointed out, like sign dileptons can also be produced in
events of the type (b —• l~,b —> с —> l~). Also background events can produce like
sign dilepton events. Thus, like sign dilepton events with high ρ and pt are merely
candidates for B°B° mixing and the real amount of B°B° mixing must be obtained
by correcting for other contributions. The MC estimation of these contributions was
the subject of chapter 5. The actual value for the mixing parameter хв is determined
by equating the number of the counted like sign dileptons to an expression containing
all the possible like sign dilepton sources, the so-called counting method.

6.1

D a t a sample

The number of dileptons in the selected data sample is presented in table 6.1. The
number of positive and negative like sign dileptons and their sum, the number of
opposite sign dileptons and the total number of dileptons are given for the three
channels μμ, ее and με, both with and without the minimum pt cut. As stated in
chapter 2, these data were taken during the LEP runs of 1990, 1991, 1992 and 1993
and selected from approximately 1.7 million hadronic events. Bad runs due to the
malfunctioning of either TEC, ECAL or MUCH are omitted. Distinction is made
between bad runs with subdetectors not operational for either the muon detection
or for the electron detection. Thus, the numbers in table 6.1 refer to two slightly
non-overlapping samples.
There are very few events with three high momentum and transverse momentum
leptons. Whenever there are either three high ρ and pt muons or three high ρ and
Pt electrons in an event, the two leptons with the highest momentum are retained.
In the rare case that an event with three leptons can be classified as being both a
μμ and a με event, or being both а ее and a με event, this event is counted only
once and arbitrarily assigned to the μμ and ее event type, respectively.
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μμ
ее
με

Pt min

N++

OGeV
1 GeV
OGeV
1 GeV
OGeV
1 GeV

668
175
73
44
351
135

N—

535
130
65
38
329
155

N

±±

ΛΓ±τ

NM

1203
305
138
82
680
290

1871
634
254
190
1034
574

3074
939
392
272
1714
864

B°B°

Mixing

Table 6.1: The dilepton data sample from the LEP runs 1990 to 1993.
The superscripts of N stand for the charges of the two leptons; Ntot is the
total number of dileptons in a given channel.

Figure 6.1 shows two dimuon events. From t h e curvature of the tracks in the
muon chambers it can be seen t h a t t h e event above is an unlike sign event, i.e. a
candidate for a (6 —• μ~, b —• μ+) event without B°B° mixing. T h e event below is a
like sign dimuon event, i.e. a candidate for a (6 —• μ~,b —• μ+) event in which one
of the hadrons is a B° meson which has oscillated into its antiparticle. 1
Figure 6.2 shows the combined e and μ distributions of t h e smallest of the two
m o m e n t a associated with like sign (left) and unlike sign (right) dileptons in the
d a t a compared t o t h e same variable from t h e M C d a t a without mixing. For these
plots, in addition t o the minimum pt cut of 1.0 GeV, a m i n i m u m ρ cut of 4.0 GeV
is applied for b o t h muons and electrons. T h e M C distributions are normalised t o
the t o t a l number of dilepton events in the d a t a sample. In t h e M C , in addition t o
t h e total number of (un)like sign dileptons, t h e largest contributing dilepton type
t o this total is indicated by the hatched area. In t h e left like sign dilepton plot, this
contribution is of the type ¿з (b —• l~,b —У С —> / ~ ) , whereas in the right plot it is of
type di {b —¥ l~,b —> / + ) . From this figure one concludes t h a t there is a clear B°B°
mixing effect; there is a distinct surplus in t h e d a t a for the like sign dileptons in the
left plot and a deficit for t h e unlike sign dileptons in t h e right plot.
Figure 6.3 shows t h e same distributions as 6.2, this t i m e however in terms of the
transverse m o m e n t u m . Similarly t o figure 6.2, one concludes from this figure t h a t
there exists B°B° mixing in t h e d a t a .

1
Note that the event displayed in figures 3.1 and 3.2 is a like sign με event and thus abo a
candidate for a (b —» l~,b —» i + ) event with B°B° mixing.

6.1 Data sample
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ρ = -5.5 GeV

ρ = +4.3 GeV

= -7.0 GeV

ρ = -4.9 GeV

Figure 6.1: An example of an unlike sign dimuon event characteristic for
a bb event in which no B° meson has mixed and a like sign dimuon event
characteristic for a bb event with one mixed B° meson. The momenta and
the charges of the muons are indicated.
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Figure β.2: The distribution of the smallest of the two momenta of the
selected like sign (left) and unlike sign (right) dileptons in the 1990 to 1993
data sample compared to MC data without mixing.
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Figure 6.3: The distribution of the smallest of the two transverse momenta
of the selected like sign (left) and unlike sign (right) dileptons in the 1990
to 1993 data sample compared to MC data without mixing.
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Counting method

Basically, the mixing parameter \в is determined by counting the number of like
sign dileptons iV ±:t versus the total number of dileptons Ntot = N±:k + Ν±ψ. In
the case of a pure (b —У l~,b —> / + ) sample, a non-zero value of the ratio
N±±/Ntot
would indicate the presence of mixing in the B°B° system. However, as stated in the
introduction, there are other sources of like sign dileptons (both from background
and non-mixing bb events). In addition, there is also a systematic error source of
like sign dileptons, the charge confusion. Charge confusion is the phenomenon that
a positive lepton is measured as negative or vice versa.
In formula 6.3, a detailed expression for N±±/Nt0t will be given, taking into
account all the possible like sign dilepton sources. Quite generally one can state
that, because the (b —• l~ ,b —У С —> /~) and background contributions to the data
sample are small compared to the (6 —> l~,b —> / + ) fraction (see chapter 5), and
because the charge confusion for muons and electrons in the selected sample can be
shown to be small (see Appendix A), the relation between the existence of B°B°
mixing and the non-zero value of the ratio N±±/Ntot
survives. We now explain the
different terms in equation 6.3.
Suppose one has selected a bb event of type d\ or ¿2 which, without mixing, yields
an unlike sign dilepton; the probability that such an event could become a like sign
dilepton event due to mixing is 2χ^(1 — хв), since one of the two 5 ° mesons should
mix while the other one should not. The factor 2 results from the fact that there are
two ways to do so. If, on the contrary, one has selected a 6b event of type ¿3 which,
again without mixing, yields a like sign dilepton, the chance of remaining a like sign
dilepton event equals (1 — хв)2 + Хв, since both B° mesons should either not mix
or mix simultaneously. If the selected event involves an s^ (b —У BG) decay, as in
the case of dilepton types ¿4, d¡ or de, one has to introduce an additional quantity
Хв defined as:
X5 = XBP™

+ (1 - χ Β ) ( ι

- Ρ°")

(6.1)

4

in which i " " is the probability that a b (b) quark decays via the (b —y BG) cascade
into a negative (positive) particle which is subsequently detected as a lepton. The
quantity Xs is the probability that the (Ò —У BG) cascade has a charge signature
opposite to that of the (b —> l~) decay, or equivalently, the probability to obtain in
the mentioned event types either real mixing (1*' term) or simulated mixing (2nd
term). For both muons and electrons P™1' is determined from the MC data to be:
P"1· = 0.63 ± 0.01,

(6.2)

in which the error results from the finite MC statistics. Note that if the parameter
Pca' has a value different from 0.5, the charge of the detected lepton contains infor
mation about the mixing of the B° meson. Using \s, the probability that an event of
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event type άΛ produces a like sign dilepton event becomes Хв(1 — ХБ) + ХБ(1 — Хв)·
Similarly, t h e probability t h a t an event of t h e type d$ or сЦ produces a like sign
dilepton event becomes (1 - х в ) ( 1 — ХБ) + ХвХб and 2 χ 5 ( 1 — χ 6 ) respectively.
Taking into account all types of selected events which can produce equal sign
±±
a n
dileptons, one obtains t h e following relation between N /Ntot
d Хв'·

JV±±
Ntot

(аг + dj) • 2 χ Β ( 1 - χ Β )

+ а з - [ ( 1 - Ы 2 + Хв]
+d 4 · [хв(1 - Хв) + ХБ(1 - Хв)]
+ds · [(1 - хв)(1 - ХБ) + ХВХБ]

+ав-2х Б (1-Хб)
+dsP±±.

(6.3)
±:t

In this formula, one more p a r a m e t e r is introduced ( P ) accounting for t h e
probability t o detect a like sign dilepton due t o a non-66 event of type d 8 ; it is also
determined using t h e M C d a t a and found to be:
P±:k

= 0.55 ± 0.02,

(6.4)

with t h e error again resulting from t h e finite MC statistics. Fraction dj does not ap
pear in formula 6.3 because of t h e absence of measurable mixing in t h e D° mesons. 2
T h e mixing parameter is determined by using for N±± /Ntot t h e experimental values
presented in table 6.1, for d¡ t h e MC values of the dilepton event type fractions as
calculated in chapter 5 and by solving relation 6.3 for х д . In a final step, t h e result
found is corrected for t h e existence of charge confusion as explained in appendix A.

6.3

Systematic errors

An extensive study is performed of t h e possible systematic errors related to t h e х в
measurement. Basically, three sources of systematic errors can be distinguished.
To t h e first source belong systematic errors resulting from uncertainties on t h e
MC input parameters and models used e.g. for determining t h e s¿ and d,· fractions
and t h e selection efficiencies. These uncertainties are present both for t h e quantities
used in the initial MC generations, such as t h e 66 and cc partial decay widths and
t h e form of t h e fragmentation functions, and for those adopted to effectuate t h e
2

The dilepton event types d* to tig involve eithei primary c-quark decay oi other background
processes. The D° mesons - directly originating from the primary с quarks - do not yield any
measurable mixing; the signature of primary с quark events therefore always remains an unlike
dilepton and needs not to be taken into account in the algorithm calculating хв-
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reweighting procedures, such as the b-decay and c-decay branching ratios and their
related decay models.
The second source of systematic errors is due to detector related uncertainties
and shortcomings; examples are the uncertainties in the charge confusion and the
smearing procedures referred to above.
The third main source of systematics is the limited amount of generated MC qq
events available for the estimations which have to be made to perform the analy
sis. The statistical errors on the MC event fractions resulting from this limitation
translate into a systematic error on the measurement.
All systematic errors are determined by averaging the two variations resulting
from varying the parameter controlling the error-source under consideration by plus
or minus one standard deviation of its potential uncertainty. Each parameter is
varied independently, i.e. while it is varied all other parameters are kept constant.
Variation ranges are derived from different sets of assumptions and various sources.
Whenever possible we use the variations recommended by the LEP Electroweak
Working Group [47, 48]. 3 In several cases we assume ranges following from the
MC determination of the input parameters and - when more conservative - from
averaging LEP experimental results. In a few cases we adopt ad hoc conservative
limits.
To evaluate possible effects resulting from the choice of the fragmentation func
tion, the influence of assuming different functions, such as those proposed by Pe
terson, Kartvelishvili and Collins, is examined. The systematics resulting from the
fragmentation parameter is investigated in the context of the Peterson function only,
through a variation of the average quantities < хя(Ь) > and < XE(C) >· The details
of this study are described in appendix C.
The central values used in the MC simulation for the relative partial decay widths
of ό and с quarks, Г^/Глд^ and Г«/Гьоа, are their Standard Model predictions. The
variations applied for the systematic error calculation, however, are adopted from
the LEP measurement errors in reference 49, as they are generally somewhat larger
and thus more conservative than those that would result from the uncertainties on
the SM input parameters (such as the top and the Higgs mass).
+
The branching ratios Br(b -> f"), Br(c -> /+), Br(6 -> с -> l ) and Br(b -•
с —• l~) are varied by the uncertainties given in appendix B. These are the only
branching ratios contributing to the systematic error. The reason why, for example,
Br(6 —• r~ —• l~) and Br(6 —• J/ψ —• l+l~) do not contribute is that these decays
are almost absent in the final sample. The details of this systematic error analysis
are discussed in appendix C.
Systematic contributions resulting from the MC determination of the Pca' and
±:t
P
parameters are taken into account by varying these parameters over their MC
3
The LEP Electroweak Working Group is formed by members of the four LEP detector col
laborations with the task of averaging and comparing the different LEP results; to facilitate their
task they propose standardised SM input parameters, models, formats etc.
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4

statistical error.
To account for an uncertainty in the MC estimation of the non-6 background
fractions s 5 , 3γ and ss, their combined background fraction is varied by an arbi
trary large value, so as to fully take into account the small discrepancies flagged in
figures 4.6, 4.9, 4.10 and 4.11.
In order to account for the choice of the cut on the dilepton angle £, this angle is
varied in the region around its central value. This variation does not influence the
data sample, but causes a small change in the MC data.
The uncertainty in the decay model reweighting (see appendix B) is accounted
for by varying the momentum spectra for the decays b —> l~, с —• / + and В —> D as
described by the ACCMM, ISGW and Collins models. The details are described in
appendix C.
A systematic source of the second type is the uncertainty on the charge confusion.
For both muons and electrons, it is accounted for by propagating the error on the
charge confusion probability к through the charge confusion correction formulae
described in appendix A.
To take into account the uncertainty in the smearing procedures - explained in
appendix A - applied on the muon momentum p, the electron energy E and the
angle between the lepton and the jet axis ζ, this smearing is varied. This variation,
resulting again in a second source error, is described in appendix C.
Finally, there is the systematic error resulting from the fact that the determina
tion of the event fractions of chapter 5, is done with a MC sample of limited size.
The methods used to obtain this typical third source error are again explained in
appendix C.
The different contributions to the total systematic error are summarised in ta
ble 6.2. The μμ, ее and με dilepton channels show differences in the various sys
tematic error contributions; one of the reasons is that the electron sample purity is
higher than the muon one. The last column quotes the event-weighted average of
the μμ, ее and με systematic errors. Note that there are several systematic contri
butions which depend on the year of data taking and on the MC subset used; the
quoted systematic errors are therefore also weighted averages over these data years
and their corresponding MC data subsets. The total systematic error is a quadratic
sum of the individual contributions.
With respect to the choice of the minimum ρ and pt cuts, a special analysis is
performed - not leading to an entry in table 6.2 - on the statistical consequences of
varying these cuts; these variations have a large impact on the size of the sample.
The effects observed, however, are too small to require an extra systematic error.
The details of the analysis are again given in appendix C.
An inspection of table 6.2 indicates that the uncertainty on Br(i> —• с —• l+)
4

Note that the attribution of these errors is somewhat arbitrary; they could be eithei considered
to be of the first source oi of the thiid source. For the present analysis they are included in the
first group.

6.3 S y s t e m a t i c errors
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Ахв(М

Ахв(ее)

ΔχΒ(με)

Δχβ(«)

MC Input Parameters
Peterson < xE(b) > = 0.70 ± 0.02
Peterson < xE{c) >= 0.51 ± 0.02
Decay width Г ц / Г ^ = 0.216 ± 0.005
Decay width r c S / r w = 0.169 ± 0.005
В г ( 6 - > Г ) = 0.117 ±0.005
Br(c - > ! + ) = 0.098 ±0.005
Br(o - t c - » l + ) = 0.079 ± 0.012
Br(ò - t c - * ¡ - ) = 0.013 ± 0.005
Background cascade Pca' = 0.63 ± 0.01
Background mixing P ± : t = 0.55 ± 0.02
Background ± 5 %
Dilepton angle ζ = (100 ± 5)°

0.0012
0.0005
0.0031
0.0002
0.0044
0.0006
0.0122
0.0001
0.0005
0.0005
0.0011
0.0003

0.0024
0.0000
0.0012
0.0000
0.0019
0.0002
0.0055
0.0000
0.0002
0.0003
0.0006
0.0007

0.0013
0.0006
0.0014
0.0001
0.0026
0.0003
0.0076
0.0001
0.0005
0.0005
0.0010
0.0003

0.0013
0.0005
0.0022
0.0002
0.0034
0.0004
0.0095
0.0001
0.0005
0.0005
0.0010
0.0004

MC Input Decay Models
6 -> /- ACCMM {p} = 0.298)-ISGW
с -> i+ ACCMM {Pf = 0.467 ± 0.114)
В -» D Collins (εχ, = 1.586 ± 0.345)

0.0028
0.0044
0.0046

0.0009
0.0021
0.0022

0.0025
0.0024
0.0018

0.0024
0.0033
0.0031

Detector Corrections
Charge confusion к - (0.2 ± 0.2)%
Lepton ρ (E) smearing Δ β (Ад) ± 15%
Lepton angle smearing ζ — (0.6 ± 0.3)°

0.0010
0.0005
0.0014

0.0008
0.0002
0.0017

0.0010
0.0003
0.0005

0.0010
0.0004
0.0014

MC Statistics

0.0059

0.0070

0.0042

0.0031

Total Systematic Error on Хв

0.0164

0.0102

0.0102

0.0122

Table 6.2: The various contributions to the systematic error of the \в
measurement using the counting method.
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yields the largest contribution to the total systematic error. The contributions
resulting from the limited size of the MC sample, from the uncertainties on Γ ^ / Γ Λ ^ ,
Вг(Ь —• l~) and from the reweighting of the decay models are considerably smaller
but do affect the total systematic error. All the other contributions to the total
systematic error are practically negligible.

6.4

Results

Using the counting method as described here, one finds - per channel and after
applying the small charge confusion correction (see appendix A) - the following
values for the mixing parameter χΒ:

χΒ{μμ)

= 0.130 ± 0.016 (stat),

(6.5)

Хв(ее) = 0.138 ± 0.025 (stat),
χΒ(με)

= 0.163 ± 0.017 (stat),

in which the error results from the data statistics only.
Combining the three channels, the complete result for χΒ, now with its system
atic error included, becomes:

Хв = 0.145 ± 0.010 (stat) ± 0.012 (syst).

(6.6)

Figure 6.4 shows the ratio of the number of like sign dileptons versus the total
number of dileptons as a function of the transverse momentum of the least energetic
of the two large ρ and pt leptons. In addition to the data points, two MC histograms
are depicted. The solid histogram represents MC without mixing; the discrepancy
is obvious. The dashed histogram is the prediction from MC data in which a mixing
Хв = 0.145 - exactly as measured in the data - is added in. Although there are still
some remaining small discrepancies between data and MC with mixing (in part due
to the limited nature of the comparison) it is obvious that the bulk of the discrepancy
between the two MC histograms is indeed explained by a mixing phenomenon of the
size given by result 6.6.
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Figure 6.4: Ratio of like sign dileptons versus all dileptons, as a function
of the transverse momentum of the least energetic of the two large ρ and
Pt leptons. The curves are the MC expectations without mixing (solid line)
and with the measured mixing added in (dotted line).

Chapter 7
Forward-Backward bb Asymmetry
Whereas the mixing parameter \в is determined using a sample of dilepton events,
the forward-backward asymmetry for 6 quarks, А*£в, is measured using a sample of
single lepton events. The quark forward-backward asymmetry measurements require
an identification of the flavour and a determination of both the charge and direction
of flight of the selected quarks. The actual value of АрB is determined by a binned
likelihood fit to the polar angle distribution of the ò-quark candidate leptons with
respect to the electron-positron beam, taking into account all the selected event type
fractions. This method is more refined, and more correct with respect to the form of
the asymmetry distribution and the subtraction of the various (background) event
types, than a straightforward counting method.

7.1

Forward and backward classification

In principle, for a two-body reaction the notions forward and backward are defined
via the angle between one of the ingoing particles and the outgoing particle with the
same charge, i.e. via the angle θ defined in figure 1.4 in chapter 1. The identifica
tion of a quark through its semileptonic decay suggests the introduction of another
angle Θ', defined as the angle between the direction of flight of the incoming posi
tive particle (the positron) and the semileptonically decaying outgoing (anti)quark.
Recall that the sign of the charge of the primary quark is the same as that of the
lepton into which it decays. The following event classification can now be adopted:
in the case that the lepton is positive the event is called forward if Θ' > 90° and
backward if Θ' < 90°. For negative leptons this classification is reversed: the event
is called backward if Θ' > 90° and forward if Θ' < 90°. Figure 7.1 clarifies these
definitions.
The direction of flight of the primary £>(£>) quark cannot be measured directly, an
alternative would be to use the direction of flight of the В hadron. The В hadron,
however, has a decay length of only a few millimeters which is too small for the
measuring precision of the vertex detector of ¿ 3 . Another option would be the
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Figure 7.1: The forward and backward event

classification.

direction of flight of t h e lepton from t h e semileptonic decay. Because of t h e possibly
substantial angle between this lepton and t h e direction of flight of t h e primary quark,
it is not an accurate representation of this direction. Therefore, t h e thrust axis angle
Othrutt is used as an approximation for Θ'. In this context, it is denned as t h e angle
between t h e direction of t h e z-axis and t h e direction of t h e event thrust axis, but
with its vector direction definition coupled to t h e Θ' one. A M C study of Othrust
proves t h a t it is an accurate estimate for t h e (common) direction of flight of t h e
primary b o t t o m quarks at production [6]. If Q designs t h e charge of t h e selected
lepton, it is now the sign of — QcosÖ t /, ru>t which determines whether an event is
forward or backward.
T h e existence of B°B° mixing distorts the interpretation of ApB. If t h e selected
lepton comes from a B° meson which has mixed into its antiparticle before its decay,
t h e event is interpreted as forward instead of backward and vice-versa. Because there
are more forward t h a n backward events, mixing reduces ApB. One introduces t h e
observed asymmetry for b quarks, AFB *, given by:
Aft

= (1 - 2 χ Β ) A*B

(7.1)

where χΒ is t h e mixing p a r a m e t e r defined in chapter 1 and measured in chapter 6. 1
As there is no observable mixing in t h e D°D° system, there is no analogous factor
affecting t h e ΑψΒ asymmetry for с quarks.
l
The factor (1 - 2χβ) results from the meaning of хв as the probability foi either B° —» B°
or B° —» B°. Its derivation is analogous to that of the reduction factor resulting from charge
confusion (see appendix A).
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D a t a sample

The numbers of selected single leptons are given in table 7.1. For both muons
and electrons the numbers are presented with and without the pt cut. The leptons
presented are obtained from the same data set as the dilepton sample given in
table 6.1; thus the dilepton sample forms a (small) subsample of the single lepton
sample. Although a dilepton event has two semileptonic 6-quark decays, it is counted
only once in the single lepton sample; the highest momentum lepton is kept in the
sample.
In order to display the dependence of the b-quark forward-backward asymmetry
on the centre-of-mass energy, the data sample is split into three energy bins:
• below the Ζ peak
•
on the Ζ peak
• above the Ζ peak

:
:
:

90.75 GeV <
91.75 GeV <

y/s
y/s
y/s

< 90.75 GeV
< 91.75 GeV

Table 7.1 gives the numbers of muons and electrons, both for the three energy bins
separately, and for the energy-summed totals.

Pt min

μ
e

0.0
1.0
0.0
1.0

GeV
GeV
GeV
GeV

below

on

above

total

6,253
2,758
1,832
1,473

73,883
32,816
20,863
16,252

9,159
4,114
2,517
1,961

89,295
39,688
25,212
19,686

Table 7.1: The number of single leptons in the 1990 to 1993 data sample.

7.3

Binned likelihood fit

Figures 7.2 and 7.3 show the on-peak — Qcos9thru$t distribution for data muons
and electrons respectively. Also shown are the total MC prediction (normalised
to the number of data on-peak muons and electrons) and the MC prediction for
the b-quark subsample. All cuts, including the minimum pt cut, are applied. The
slight discrepancies will be discussed in the section on systematic errors. From a
comparison between the number of data events between 0 and 1 (the forward events)
Np and the number of data events between -1 and 0 (the backward events) NB, one
concludes that there is a forward-backward asymmetry. In addition, from the MC
distributions in these figures it can be seen that this asymmetry is due to the b
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4000

thrust

Figure 7.2: The on-peak -Q cos 0t/iru»t distribution for data and MC
showing a prevalence of b-quark muons m the forward region.

quarks in the sample. A rough estimate for AFB ' can be obtained by counting NF
and NB and applying the following formula:
A

?B ~{jbïJb){

WthPU.t

)

( 7

·2)

in which the angular factor represents the correction to the observed asymmetry
for the limited angular acceptance of the detector. With the maximum measurable
cosine of the thrust angle approximately equal to 0.8, this formula yields for the
selected muons and electrons, respectively:
іб£,о6«
(μ)
FB
465.06«/

A

(7.3)

» 0.046 ± 0.006,

Ар'в*"(е) ~ 0-039 ± 0.009.

A more correct and more refined method for the measurement of AFB ' can be
used. First of all, one takes into account that the observed asymmetry is the net
effect of different types of bb events as well as some non-6b events. Thus, more
correctly, the observed asymmetry should be expressed as:
¿abt

=
+

AFB
AS3S

' ( ¿ χ -S2
C

- A FB3i

+ S3 +

se)

+ Aback(s7 + 36)

(7.4)
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2000

thrust

Figure 7.3: The on-peak -Q cos #thru»t distribution for data and MC
showing a prevalence of b-guark electrons tn the forward region.

in which st are the fractions of the different types of single lepton events defined
and determined in chapter 5. The fractions а^ and Л4 appear in relation 7.4 with
a negative sign as the leptons coming from the decay b —> с —• l+ and с - t ! +
respectively have a charge opposite to that from the decay b —* l~. Thus, the
contribution of the background fraction of с quarks to the asymmetry determination
is proportional to — ApB and not to AeßB. The cc asymmetry AjßB is taken to be
0.068, a value derived from the combined LEP measurement of the 1990 to 1993
data [9]. The quantity Ab is expressed in the following way:
Аъ = (2Pea· -

l)Aft-

(7.5)

As explained in the previous chapter, the parameter Pca' is the probability that a
i>(6) quark decays via the (6 —• BG) cascade into a negative (positive) particle which
is subsequently detected as a lepton (Pca' = 0.63 ± 0.01). The quantity (2Pca· - 1)
expresses the probability that a lepton from the type (b —• BG) has a charge such
that it contributes in the same way to AFB * as a lepton from s-i ,2
The second step in obtaining a more correct and refined J 4 ^ ¿ , is the use of a
binned likelihood fit. This fit is performed on the data — Qcos öt/,ru#t distribution
divided into 20 bins. A set of 10 joint probabilities f(i) is formed combining the
2
The derivation again parallels the one given foi the charge confusion reduction factor and for
the (1 — 2\B) factor in relation 7.1 (see appendix A).
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probabilities of F¡ events in the forward ith bin with the probability of B, events in
the opposite bin:

/(0 = P f'(l - f t ) * with

Pi

= \ (\Α™™!!^

+ l)

L \ 1 + c o s ' Vthrurt.i

(7-6)

J

in which pi is the probability for an event to be forward. An advantage of this
method is that effects due to detector acceptance asymmetries in the polar angle
can be neglected.
The likelihood С is then given by:
10

£ = Ylf(i);

(7.7)

•=1

С is optimised with MINUIT [50] and yields, averaged over the μ and e channels,
the result:
A%

= 0.045 ± 0.005,

(7.8)

in which the error is statistical only.
The background asymmetry depends indirectly on various quantities such as
the input parameters of the MC, various detector material properties, the detector
geometry and the selection criteria used in the analysis. For the determination of
Aback a similar fit is performed on the combined MC background fractions βγ and
3s. Using the total MC sample and again averaging over the μ and e channels, one
finds:
Aback = 0.005 ± 0.010,

(7.9)

in which the error is once more statistical only.

7.4

Systematic errors

As in the case of %в, an extensive study is performed of the possible systematic
errors related to the AF'B ' measurement.
The contributing sources are almost entirely identical to the ones enumerated
and described in the previous chapter; 3 the techniques used are the same (averaging
of the two variations resulting from varying the error source by plus or minus one
standard deviation, one parameter variation at a time, etc.) and the variation ranges
again derived from the group of assumptions and sources described in chapter 6.
Once more, wherever possible, the preference is given to the variations proposed
by the LEP Electroweak Working Group. For the errors related to the choice of
3

The exceptions aie the typical dilepton errors related to the probability P±:t

and angle ζ.
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the fragmentation models and parameters, the lepton decay branching ratios, their
decay spectra and the smearing procedures we again refer to appendix C. Also for
AF'B ' we examined the effect of the position of the ρ and pt cut; the findings are
analogous to those for %в (see appendix C).
Two error sources are specific to the AFB ' measurement. A very important one
follows from the background correction Aback', although it is found to be close to
zero, the error on it resulting from the limited statistics is substantial. 4 The second
one is due to the uncertainty on the value used for ApB.6
Note that as the MC is only used for the determination of the fractions Si and
Aback, the discrepancy in figures 7.2 and 7.3 between data and MC contribute only
in second order to the error on the measurement of AFB
The resulting contributions to the systematics are given in table 7.2. All the
remarks made with respect to the organisation and meaning of the table 6.2 entries
also apply here.
Inspection of the numbers of table 7.2 indicates that the uncertainty on Aback
yields the largest contribution to the total systematic error. The uncertainties on
Br(6 —v / _ ) , Br(b —> с —• l+), the 6 —» l~ decay model and the limited size of the
MC sample also yield significant systematic errors. All the other contributions to
the total systematic error are practically negligible.

4
Note that this is again an example of an error which, because of the iole of the MC in its
determination, could be considered to be of the first or the third type, but which we have included
in the first group.
5
Although this quantity is not used as a MC input parameter as such (it directly enters the
asymmetry determination through the AFg ' algorithm), the resulting systematic error contribu
tion is again - somewhat arbitrarily - attributed to the first group.
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ΔΑΧ'(μ)

AA$f(e)

AAf£"(l)

MC Input Parameters
Peterson < xE{b) > = 0.70 ± 0.02
Peterson < xE{c) > = 0.51 ± 0.02
Decay width Γ ^ / Γ ω = 0.216 ± 0.005
Decay width Г й / Г ы = 0.169 ± 0.005
Br(b->/") = 0.117 ±0.005
Br(c -»/+) = 0.098 ±0.005
Br(6 -+ с -> /+) = 0.079 ± 0.012
Br(ò - » c - » í - ) = 0.013 ± 0.005
Background cascade P c o ' = 0.63 ± 0.01
Background ±5%
Aback = 0.005 ± 0.010
AfB = 0.068 ± 0.009

0.0003
0.0002
0.0006
0.0004
0.0015
0.0007
0.0015
0.0000
0.0001
0.0004
0.0022
0.0010

0.0001
0.0005
0.0002
0.0001
0.0004
0.0002
0.0006
0.0000
0.0000
0.0001
0.0007
0.0003

0.0002
0.0003
0.0005
0.0003
0.0011
0.0005
0.0012
0.0000
0.0001
0.0003
0.0017
0.0008

MC Input Decay Models
6 -» I' ACCMM fa = 0.298)-ISGW
с -• /+ ACCMM (pf = 0.467 ± 0.114)
В ^ D Collins ( e 0 = 1.586 ± 0.345)

0.0005
0.0011
0.0004

0.0001
0.0005
0.0001

0.0004
0.0009
0.0003

Detector Corrections
Charge confusion к - (0.2 ± 0.2)%
Lepton ρ (E) smearing Δ α (Δ^) ± 15%
Lepton angle smearing ζ = (0.6 ± 0.3)°

0.0002
0.0001
0.0006

0.0002
0.0008
0.0003

0.0002
0.0003
0.0005

MC Statistics

0.0023

0.0015

0.0013

0.0043

0.0022

0.0032

Total Systematic Error on

Af¿"

Table 7.2: The contributions to the systematic error of the AF'B ' measurement using the binned likelihoodfitmethod.
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Results

Results

Using the At results for AFB and Aback a s input to relation 7.4, separately for each
channel and per energy point, the following set of observed asymmetries are ob
tained:

Α^·{μ

below) = 0.074 ± 0.030 (stat),

=
FB
(μ Oïl)
дЬЬ.оЬм
FB
(f· above) b&.oba/
FB
( e below) -

A

I

on)
лЬЬ,оЬш

(7.10)

0.077 ± 0.009 (stat),
0.108 ± 0.024 (stat),
0.050 ± 0.036 (stat),

-- 0.057 ± 0.011 (stat),

(e above)

0.028 ± 0.031 (stat).

Combining the μ and e data and including the systematic error, these results
become:

Af¿'(below)

= 0.064 ± 0.023 (stat) ± 0.003 (syst),

Afg"(on)

= 0.069 ± 0.007 (stat) ± 0.003 (syst),

(7.11)

Af ¿"{above) = 0.078 ± 0.019 (stat) ± 0.003 (syst),
in which it assumed that the systematic errors do not depend on the centre-of-mass
energy at which the measurement is performed.
To obtain ApB, one has to correct for charge confusion and mixing effects. The
asymmetry measurement undergoes a small correction for charge confusion by the
factor (1 — 2K), in which κ is the charge confusion probability; this correction is
explained in appendix A. The mixing correction is effectuated by dividing both
AF'B ' and its errors by (1 — 2χβ)· To arrive at a total systematic error on J4J£ B , one
combines in quadrature the (corrected) systematic error on AFB ' with the one on
Α'ρβ resulting from the statistical error on хв* Taking the result for хв as obtained
in chapter 6, this results in the wanted asymmetries A^B:
A%{below)

= 0.090 ± 0.032 (stat) ± 0.006 (syst),

A%(on)

= 0.097 ± 0.010 (stat) ± 0.006 (syst),

AfB(above)

= 0.110 ± 0.027 (stat) ± 0.006 (syst).

incorporating also the systematic error on \в would imply double counting.

(7.12)
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The systematic error is well below the statistical error. Figure 7.4 shows the en
ergy dependence of the A^B asymmetry for the complete 1990 to 1993 data sample.
The solid curve is the Standard Model prediction.
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Figure 7.4: The energy dependence of the forward-backward asymmetry
ApB. The solid curve is the Standard Model prediction.

Chapter 8
Standard Model Parameters
This chapter interprets the analysis results presented in chapters 6 and 7 in terms
of the input parameters of the Standard Model. In addition, a comparison is made
with the results from other experiments.

8.1

Cabibbo-Kobayashi-Maskawa matrix elements

Because the £3 data do not allow to distinguish between B° and B°t mesons, the
measured χβ is an average mixing, хв = f,χ, + fdXd (see equation 1.34). As
mentioned in chapter 1, the relative abundances ƒ, and f¿ of a B° meson containing
an s quark or a d quark are assigned the values of 0.15 and 0.40 respectively [27].
Thus the presented results are modulo possible changes in these values.
Figure 8.1 shows the Xd-χ, relation as implied by our measurement of the mixing
parameter, хв — 0.145 ±0.010 (stat) ±0.012 (syst). Also shown is the SM predicted
region for the Xd-χ, relation, obtained from equation 1.31 ( χ , = ж^/2(1 + x\) ) and
the restriction |Vtd/Vt,| < 0.42 which follows from existing measurements and the
unitarity of the CKM matrix [51].
In order to arrive at a value for the mixing of B° mesons, a value for x¿ has to
be adopted; the x¿ world average value from PDG is used [52]:
Xd = 0.156 ± 0.024.
Figure 8.1 displays this PDG value as a horizontal line. The dashed lines in the
figure correspond to the one sigma errors on the measurements of хв and x¿.
Proceeding, without taking into account that χ, - like any mixing parameter - is
constrained between 0 and 0.5, one arrives at a preliminary value for χ„ given by:
χ, = 0.55 ± 0.07 (stat) ± 0.10 (syst),

(8.1)

in which the statistical error follows from the statistical error on \в and the system
atic error is due to the propagation of the error on x¿ and the systematic error on
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Figure 8.1: The Xd-χ, relation as implied by the mixing parameter result
ing from this analysis and the values of f¿ = 0.40 and f, — 0.15. Also
shown is the \¿ value from PDG and the SM predicted region for the Xd-Χι
relation.
XB· T h e value of result 8.1, which lies just outside t h e physical region of figure 8.1,
is nevertheless in good agreement with t h e P D G value, χ, = 0.62 ± 0.13. For t h e
calculation of t h e errors on χ, we have assumed t h a t b o t h \в and \¿ are Gaussianly
distributed. 1
Clearly, t h e correct way t o evaluate χ, is t o take into account its physical con
straints. This reduces t h e problem t o calculating a lower limit on χ, for a preset
Confidence Level (CL). We again assume a Gaussian probability density function
1

The XB likelihood function is found to be approximately parabolic aiound its central value
within a range of at least plus or minus three standard deviations, indicating that this is a rea
sonable assumption for this variable [53]. The x¿ variable is in principle distorted because it is hke XB - subjected to a physical region constraint; however, both the central value and the error
observed keep its distribution sufficiently far away from the physical boundaries of 0 and 0.5 for
the Gaussian assumption to be approximately valid also here.

8.2 Effective weak mixing angle sin 2 éV
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for χ„ with a central value equal to the value given by result 8.1 and with a width
σ ( = 0.12), obtained by combining its statistical and systematic errors, i.e.

fix.) =

1

-(χ.-0.ΒΒ)2/2σ3

y/bro

(8.2)

The lower limit of χ, is then obtained by restricting this probability density
function to the physical region and renormalising the remaining probability function,
i.e. by evaluating:
CL

So.'o f{X') dX'

(8.3)

The result is:
χ.

> 0.33

at

90% CL.

(8.4)

Using equation 1.31, one can translate this lower χ, limit into a lower limit on
the parameter x, = ΑΜ,/Ть'.
x. > 1.38

at

90% CL.

(8.5)

From the inverse of relation 1.33 (xd/x, = \Vtt¡/Vu | 2 ), the ratio of the two matrix
elements Vtd and Vt, of the CKM matrix is obtained. Using the x, value from
result 8.5 and the x¿ resulting from the PDG x¿ value (x¿ — 0.67 ± 0.08), an upper
limit for |VJd/Vt,| can be derived:

\Vtd/Vt.\ < 0.77

at

90% CL.

(8.6)

The lower limit on x, can also be used to determine the lower limit on the mass
difference between the two B, mass eigenstates. This is done using the relation
AM, = х,Ть = χ,/ть with for η, the average В hadron lifetime measured by the La
collaboration, η, = (1.535 ± 0.045) ps [54]. The result is found to be:
AM,

8.2

>

5.6 χ 10- 4 eV

at 90% CL.

(8.7)

Effective weak mixing angle sin 2 0w

The pole asymmetry for b quarks in the improved Born approximation AF'B is given
by relation 1.19 and can be used to determine the effective electroweak mixing angle
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2

sin 0w· Note that this relation is an approximation which is only valid at the Ζ peak.
In addition, the off-peak data sample is small compared to the on-peak sample. For
these reasons, only the asymmetry measured on the Ζ peak (^/i = 91.27 GeV) is
2
used to determine sin 0w.
In order to relate the measured asymmetry to the pole asymmetry, several cor
rections have to be applied. There are four different types of corrections [9] discussed
below and summarised in table 8.1.
• QED correction.
The QED correction, due to the initial state photon radiation, is calculated
with ZFITTER and determined to be +0.0041 [7].
• QCD correction.
Using formula 1.13 for the correction SQCD due to final state gluon radia
tion given in chapter 1, an increase of approximately +0.0030 is found [55].
Recently, a more precise calculation was performed, yielding approximately
+0.0027 [56]; it is in agreement with the more simple estimate and will be the
one applied.
• Energy shift correction.
The on-peak data are taken at an energy which is not precisely at the top of
the Ζ resonance; the measured asymmetry has to be corrected for this small
energy shift. The correction is calculated with ZFITTER to be -0.0013 [7].
• Photon exchange and η-Ζ interference correction.
A correction has to be applied to the measured asymmetry to account for
the 7 and η-Ζ interference contributions. This correction is determined using
ZFITTER and found to be very small, i.e. -0.0003 [7].
Algebraically, the corrections to the measured asymmetry ApB
that:
Af% = A% + Zi{SAfB)i.

are defined such

(8.8)

Using for the asymmetry the value at the peak obtained in chapter 7, and for its
error a quadratic combination of the statistical and systematic errors, i.e. ApB =
0.0975 ± 0.0110, the resulting pole asymmetry in the improved Born approximation
is:
1

FB

0.1027 ±0.0110.

(8.9)

From this result and equation 1.19, which relates AFB to the SM parameters, the
effective electroweak mixing angle can be extracted. Using ZFITTER and the previ
ously defined SM parameters М г =91.19 GeV, mt = 174 GeV and MH = 300 GeV,
one finds:

8.3 Top and Higgs mass
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Source

oAFB

QED correction
QCD correction
Energy shift y/s — Mz
"Ί,Ί-Ζ contributions

+0.0041
+0.0027
-0.0013
-0.0003

Total

+0.0052

Table 8.1: The corrections to be applied to the measured b quark asymme
try ApB in order to obtain the pole asymmetry AFB.

sin 2 0w = 0.2305 ± 0.0021,

(8.10)

where the error results from the propagation of the error in result 8.9.

8.3

Top and Higgs mass

Having evaluated sin20yp via Αρ'β one can determine the corresponding SM predic
tions for the top quark and the Higgs boson mass. Figure 8.2 shows the dependence
of sin'öfF on mt (left) and Mg (right). To give an impression of the difference between sin20w and sin2$w, also the sm20w dependence is depicted in the figure. Both
the mt and Ms dependences were again calculated with the ZFITTER programme
using for Mz and Мц (left), respectively Mz and mt (right), the same values as
given above.
The top quark mass is then found to be:
mt = (218 ± 54) GeV.

(8.11)

Similarly, a constraint on the Higgs boson - which has not yet been experimentally
observed - can be determined, using result 8.10 and for Mz and mt again the values
given above:
Mn < 834 GeV

at 68% CL,

(8.12)

where exceptionally a one standard deviation CL is given, because a two sigma one
would imply Higgs mass values beyond the range in which the present SM is believed
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Figure 8.2: The dependence of ain29w and згп2 цг on the top mass (left)
and the Higgs mass (right). The horizontal line represents our result for
sin26wi the gray area its 68% CL error band.

to provide reliable predictions. Higgs mass limits as obtained with, result 8.12 lead
physicists t o believe t h a t an accelerator such as t h e Large Hadron Collider L H C ,
intended t o cover t h e 1 TeV Higgs mass region, should yield new insights into t h e
mass symmetry breaking mechanisms.

8.4

Other experiments

In t h e following figures a comparison is made between t h e results of our study and
those from t h e (other) L E P experiments. All t h e L E P results shown are those
including 1993 d a t a ; wherever t h e results of 1993 are not yet published, t h e prelim
inary results presented for t h e International High Energy Physics I H E P conference
in Glasgow 1994 are given. 2
Figure 8.3 shows, for t h e four L E P experiments, t h e mixing parameter Хв result
ing from measurements performed with t h e lepton tagging m e t h o d . T h e £3 result
from our analysis is quite consistent with t h e other measurements; only A L E P H
observes а \в value significantly different from the other L E P experiments. T h e
systematic error attached t o our analysis lies in t h e range of those observed in other
3
New results have been presented at the 1995 summer conferences. They generally agree with
the ones mentioned here, although the errors are somewhat smaller. To keep our conclusions and
comparisons balanced we have not included them in our discussion.
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experiments. The statistical errors from ALEPH and L3 are approximately the
same; those from DELPHI and OPAL are considerably higher due to a smaller data
sample.

-0.1

ALEPH [57]

0.099 ± 0.007 ± 0.008

DELPHI [58]

0.150 ± 0.020 ± 0.016

La [59]

0.125 ± 0.011 ± 0.008

OPAL [60]

0.144 ± 0.022 ± 0.006

¿3, this analysis

0.145 ± 0.010 ± 0.012

0.1

0.2

0.3

0.4

XB
Figure 8.3: A comparison between the LEP lepton tagged measurements
of XB, their weighted average (given by the vertical line) and our L% measurement.
Figures 8.4, 8.5 and 8.6 compare the LEP measurements of the bb asymmetry
ApB for three energy points: on peak (у/а = 91.27), below peak (on peak - 2 GeV)
and above peak (on peak + 2 GeV). Again, only results from the lepton tagging
method are compared. In all three cases there is a good agreement between the
different experiments. The ALEPH systematic errors are substantially smaller than
those affecting the other measurements. 3
Figure 8.7 shows the results for the electroweak mixing angle sin.26w from various
Ζ —• τ+τ~, Ζ —> l+l~ and Ζ —» qq (polarisation) asymmetry measurements, such
as the quantities AT and A* resulting from the r polarisation (asymmetry), the
total lepton forward-backward asymmetry ApB, the asymmetry for δ and с quarks,
3

This can be partly explained by the fact that ALEPH, using a global fit method, simultaneously
fitting a wide range of b-quaik related quantities, appears to transfer some systematic contributions
to the statistical error. In addition, the ALEPH systematic error calculation neglects the systematic
contribution coming from the background asymmetry, a factor which has been taken into account
in our measurement. The consequence of these choices is masked by the large size of the ALEPH
data sample and the resulting small statistical errors.
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ALEPH [57]

0.041 ± 0.026 ± 0.001

DELPHI [61]

0.063 ± 0.038 ± 0.002

L3 [59]

0.070 ± 0.035 ± 0.004

OPAL [60]

0.037 ± 0.030 ± 0.005

¿3, this analysis

0.090 ± 0.032 ± 0.006

-0.1

0.2

0.1

AFB

0.3

below peak

Figure 8.4: A comparison between the LEP lepton tagged measurements
of the (peak-2 GeV) asymmetry ApB, their weighted average (given by the
vertical line) and our L 3 measurement.

ALEPH [57]
DELPHI [61]

0.084 ± 0.007 ± 0.001

-+-

—

0.107 ± 0.011 ± 0.004

U [59]

0.103 ± 0.010 ± 0.004

OPAL [60]

0.087 ± 0.010 ± 0.003

¿3, this analysis

0.098 ± 0.010 ± 0.006

0

1

1

0.1

0.2

.

.

.

.

1

0.3

AFB

on peak

Figure 8.5: A comparison between the LEP lepton tagged measurements
of the peak asymmetry ApB, their weighted average (given by the vertical
line) and our L% measurement.
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ALEPH [57]

0.096 ± 0.021 ± 0.003

DELPHI [61]

0.149 ± 0.036 ± 0.006

L3 [59]

0.110 ± 0.029 ± 0.004

OPAL [60]

0.111 ± 0.026 ± 0.006

¿3, this analysis

0.110 ± 0.027 ± 0.006

0.2

0.1

0.3
,bb

AFR above peak
Figure 8.6: A comparison between the LEP lepton tagged measurements
of the (peak+2 GeV) asymmetry ApB, their weighted average (given by the
vertical line) and our L3 measurement.
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I

0.2330 ± 0.0014
0.2311 ± 0.0009
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Figure 8.7: A comparison of the Standard Model parameter sin2§w re
sulting from various measurements of Ζ final state asymmetries. All mea
surements are LEP results, except for ALR which is an SLC result. The
vertical line corresponds to the weighted average, excluding our result.
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Standard Model Parameters

the average quark hadronic asymmetry Aq^B and the left-right asymmetry ALR- All
measured values are LEP results [9], except for AIR which is a result from the
SLD detector at the Stanford Linear Accelerator Center SLAC [62]. There is good
agreement between the weighted average of these values and the result from our
analysis. From figure 8.7 it can be seen that the asymmetry ApB is a variable which
measures s i n 2 ^ as precise as all the lepton asymmetries combined.4
Finally, table 8.2 shows a comparison of the top quark mass from our analysis
with those obtained from the recent top quark observations at the CDF and DO
experiments at Fermilab, and from the LEP combined electroweak fit. Although
our observation is limited by its indirect nature vis-à-vis the Fermilab experiments
and by its statistics vis-à-vis the total LEP determination (which integrates the four
LEP experiments) it is entirely compatible with these results.

Experiment

Method

mt

(GeV)

CDF [1]

direct production

176 ± 8 ± 10

D0[1]

direct production

№t\\ ± 22

LEP [9]

electroweak SM fit

+18
_20

178 ± 10

Weighted Average
¿a, this analysis

170+I2
1'0_13

sm20w

218 ± 52

Table 8.2: A comparison between various measurements of the top mass.

8.5

Outlook

The overall picture resulting from our measurement of mixing and forward-backward
asymmetry in Ζ —> bb is one of continuing confirmation of the validity of the Stan
dard Model for electroweak interactions. All values derived for the Standard Model
parameters, such as |Vtd/Vt,|, sia2§w and mt are found to be compatible with other
experimental results and Standard Model constraints. An upper limit on the Higgs
boson mass of approximately 1 TeV is found, at the limit of the validity of the
4
Note that the r polarisation (asymmetry) results for sina0w do not correspond to the complete
1990 to 1993 data set. Its measurement yields therefore also a competitive sin3£vv determination.
Using ¿3 results only, a similar comparison is found.
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present day SM formulation, but in agreement with the expectation that new phe
nomena related to the mass origin mechanisms should manifest themselves in this
energy region.
As to the future possibilities of the measurements described in this thesis, the
following comments are appropriate. Measurements of \в will not profit significantly
from increased statistics due to the systematic errors resulting from the methods
applied; more precise information on the Vtd and Vt, Cabibbo-Kobayashi-Maskawa
matrix elements will thus have to come from i-quark decay observations. The ΑψΒ
measurement, on the other hand, could still be considerably improved by more
statistics (by factors of at least an order of magnitude) before the systematic error
would start dominating the statistical one. Such an increase in statistics would yield
even more precise s i n 2 ^ determinations, and more specifically, better estimations
for Мц. Part of this increase could be the result of more data taking, but an equally
important role is reserved for the more efficient lifetime tagging techniques provided
by the new generation of silicon vertex detectors, such as the one used for the 1994
and 1995 ¿3 data runs.
In addition to the benefits for the analysis topics discussed in this thesis, substantially increasing the Ζ —• 66 data sample would open up a wide ranging field of other
SM tests or SM parameter determinations. Although observation of CP-violation
is statistically out of reach, there are plenty of topics requiring more detailed and
more precise information.6 Thus the field of ß-physics is likely to remain one of the
most fruitful and most challenging testing grounds of the SM.

5

A topical example being the persistent discrepancies between the observed Ζ —» ЪЬ partial

width and its SM prediction.

Appendix A
Detector Corrections
As stated in chapter 3, the MC data are subjected to a smearing procedure, in order
to correct for the detector deficiencies and thus make them resemble the experimental
data as close as possible. This procedure is applied to the muon momentum, to the
electron energy and to the angle between the muon or electron and the jet axis.
Another effect - mentioned in chapter 6 and 7 - resulting from detector deficits, is
the charge confusion. It leads to an explicit correction factor on the mixing and
forward-backward asymmetry measurements.

A.l

Smearing procedures

Although there are other effects affecting an optimal performance of the muon cham
bers, the main cause of differences between data and MC in the muon momentum
precision is malfunctioning wires in the muon chambers [33]. These effects are not
simulated in the MC. In the MC, a momentum dependent parametrisation of the
muon momentum is used, expressed by the following relation:

in which ρ is the relative momentum precision, ρ the muon momentum and α, β
and 7 parameters characterising the intrinsic muon chamber precision, the multiple
scattering induced by the muon chambers and the energy loss in the inner detectors,
respectively. The shift (jp — 2.5) accounts for the 2.5 GeV average energy loss in both
calorimeters. Whereas β and 7 generally well reproduce the precision factors they
are representing, the MC intrinsic muon chamber precision is found to differ from
the one in the data [33]. This disagreement can be parametrised by:
^mear = V^data ~ Q M c ) (P ~ 2 ' 5 ) = M ? " 2 · 5 ) ·

(A·2)
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From a comparison between data and MC of the muon momentum distribution in
+
Ζ —• μ μ~ events, the Δ α values were determined to be [33]:

•{

(0.054 ± 0.001)%
(0.37 ± 0.01)%

for MUCH triplets,
for MUCH doublets.

,
l

.
>

Using these Δ α values, the muon momentum is smeared with the formula:
(-)«—r = -[1.0 + ЬАа(р - 2.5)]
(A.4)
Ρ
Ρ
in which the parameter b is a random number with a Gaussian distribution of zero
mean and unit width. Following the smearing, \в and AFB ' are redetermined.
This process is repeated approximately 20 times and the results for \в and AFB '
averaged.
As stated before, the crystals in the ECAL subdetector are calibrated by Xenon
flashlight pulses. The limited accuracy with which the energy of the Xenon lightpulse emission is known, results in an uncertainty on the energy measurement of
the ECAL detector. To correct for the resulting difference in the energy precision
between data and MC, the MC is smeared. The following formula is applied:
= E{1.0 + bA B W—)
(A.5)
у
in which AE is a parameter representing the ECAL uncertainty resulting from the
Xenon energy spread and b again a random number as in A.4. The value Δ Ε is
assumed to be 1%, which is conservative considering that the Xenon pulse energy is
known to an accuracy of approximately 0.7% [63]. Again, the smearing process is
repeated approximately 20 times and the results for \в and AFB ' averaged.
Various sources of jet angle measurement deficiencies, such as dead HCAL regions
and dead ECAL crystals, result in a difference of the jet angular precision between
data and MC. To account for these discrepancies, also the MC lepton angle with
respect to the jet axis is smeared. The following relation is applied:
E,mear

фт,аг=Ф+Ь(

(A.6)

in which φ is the angle between the lepton and the jet axis, ζ a variation angle
adopted to be 0.6 [33] and b once more a random number as in A.4. Again, the
smearing process is repeated approximately 20 times and the results for \в and
AFB ' averaged.

A.2

Charge confusion

As stated in chapter 6, the charge confusion is the phenomenon that a positive
lepton is measured as negative or vice versa. Its main cause is the decrease in

Α.2
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relative precision with which curvature can be measured in the TEC for electrons
and in the MUCH for muons, as the momentum of the tagged leptons incieases.
Charge confusion reduces the forward-backward asymmetry, because, when there
are more forward than backward leptons, charge confusion makes more forward lep
tons looking as backward ones than vice-versa. In the presence of charge confusion,
the number of observed forward leptons N'F can be written as:
N'F = {1-

(A.7)

+ κΝΒ

K)NF

in which к represents the charge confusion probability, NF and NB the real num
ber of forward and backward leptons respectively. The net effect is that the ratio
(Np — NB)/(NF + Ng), which is characteristic for the forward-backward asymme
try, is reduced by a factor of (1 — 2«), leading to:
^ - ^ - ( 1

2

K

)

N

'-

N B

ÍA8)

Similarly, charge confusion affects the B°B° mixing, because charge confusion
makes like sign dileptons appear as unlike sign ones and vice-versa. In the presence
of charge confusion, the number of observed like sign dileptons N ± : t can be written

N'** = [(1 - к ) 2 + κ2] Ν** + 2κ(1 - κ) ΛΓ±Τ

(А.9)

in which N±:k and N±:f are the real number of like and unlike sign dileptons re
spectively. The first term in this relation represents the probability for a like sign
dilepton to keep its charge signature and the second term the probability for an
unlike sign dilepton to be interpreted as a like sign dilepton. Neglecting terms of
order к 2 , the net effect is that the ratio N±:k/Ntot,
characteristic for mixing, can be
approximated by:
N'±±
—

±±

*2к + (1-4к)—.

N

(A.10)

Prom a MC and a τ~ —> l~ decay study, the charge confusion for 6-quark can
didate leptons is estimated to be (0.2 ± 0.2)% [49, 64]. This is the factor used for
correcting XB in chapter 6 and AFB ' in chapter 7. Because leptons from τ decays
have on the average a higher momentum than the b-quark candidate leptons, this
result can be considered an upper limit for the charge confusion in the sample se
lected for our analysis. However, even with this conservative value of the charge
confusion, the χβ and AFB ' measurements are only slightly affected.

Appendix В
Monte Carlo Reweighting
This appendix describes the reweighting procedures applied to the MC data in order
to adapt them to the most recent experimental and theoretical input and to correct
them for detector inefficiencies. Wherever possible, this procedure is performed using
the input proposed by the LEP Electroweak Working Group LEPEWG [47, 48]. The
following sections will, successively, treat the reweighting of the MC events for the
(small) discrepancies in the heavy quark fragmentation, the branching ratios and
the decay spectra of the decays b —> l~, с —> l+ and b —> c/c —> Z* and for the
detector inefficiencies.

B.l

Heavy flavour fragmentation

The quantity ζ as defined in equation 1.22 is experimentally difficult to determine,
as a direct measurement of the quark momentum and energy after its first frag
mentation step is impossible. Instead, one often uses a quantity XE which is an
approximation of z. This quantity is defined as:
XE = - =

(B.l)

&beam

i.e. in terms of the first hadron energy Ehadrm and the beam energy i?beam> quantities
which are directly measurable. The beam energy Ebeam is a reasonable approxima
tion for the initial quark energy E^^k but tends to be on average slightly larger than
this quantity due to initial and final state photon and final state gluon radiation.
To describe the fragmentation of b and с quarks the Peterson fragmentation
function as discussed in chapter 1 is used. The Peterson function depends on the
fragmentation parameters ε^ or ec; there is a unique relation between these param
eters and the average quantity < χ E >• The MC was retuned in such a way that
< XE > equals approximately 0.70 and 0.51 for 6 and с quarks respectively; these
are the values recommended in references 48, 65 on the basis of a fit to the combined
LEP data.
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B.2

Monte Carlo Reweighting

D e c a y lept ons ò —)· I

In the spectator model all hadrons with a 6 quark are assumed to have the same
branching ratio for their decay to a lepton. Because the JETSET value of approximately Br(b —• Í - ) = 0.112 is too low with respect to the measurement by L3, the
MC is reweighted to the value Br(ò —• l~) = 0.117 ± 0.005, an average between the
L¡ measurement and the values from PEP and PETRA [66]. The error is taken
from reference 48.
As stated in chapter 5 the ACCMM model has been chosen to adjust the MC
momentum distribution of the decay b —» l~ [48]. The experimental data serving as
input for the parametrisation of this model are taken from measurements with the
ARGUS, CLEO and CUSB experiments at energies around the T(45') resonance [67,
68, 69]. In these experiments B¿ and B* mesons are produced which are almost
at rest. The experimental results lead to the values of the spectator quark mass
m,p = 15 MeV and the it-quark mass mu = 150 MeV and a set of values for the
c-quark mass mc and the parameter pp. Table B.l shows the different values found
for mc and pp in the ACCMM model by the experiments ARGUS, CLEO and CUSB
respectively.

Experiment
ARGUS [67] (1990)
CLEO [68] (1992)
CUSB [69] (1991)

mc (MeV)
1650 ± 70
1673 ± 58
1500 ± 110

PF (MeV)
260 ± 60
298 ± 59
330 ± 110

Table B.l: The different values of tnc and pp· in the ACCMM model
resulting from the ARGUS, CLEO and CUSB experiments.

The most recent results from the CLEO experiment axe used to fix the parameters of the ACCMM model prediction for the lepton momentum distributions of
B B
dl u
-* l±· Figure B.l shows the original JETSET distribution and the new
ACCMM distribution of the lepton momentum in the rest frame of the В meson for
PF = 0.30 GeV and me = 1.67 GeV (m,p = 0.015 GeV, mu = 0.15 GeV). As our
experimental knowledge on the B, decay (or Bc decay) and the semileptonic decays
of b baryons is limited, for both the B, (Bc) and the b baryons the same corrections
as for B¿¡'B^ are applied. As can be seen from the figure, the correction slightly
decreases the fraction of prompt b —• l~ events.

B.3 Decay leptons с —> /

s;

g

PF

+

10Θ

JETSET
АССММ
= 0.30 GeV

•ta 0.02

'S
0.01

2

3

ρ

(GeV)

Figure B.l: The lepton momentum m the В rest frame. The hatched line
w the distribution as predicted by the ACCMM model with the CLEO data,
the solid line the original JETSET distribution.

B.3

Decay leptons с —>· l+

Contrary to hadrons with a b quark, the hadrons with а с quark cover a broad range
of branching ratios. As a first step, the MC is reweighted to the average branching
ratio for the charm hadrons given by the PDG, Br(c -» 1+) = 0.098 ± 0.005 [48].
A comparison of the JETSET decay abundances of hadrons resulting from the
semileptonic decays of c-quark hadrons with the most recently measured abundances
(ref. 52), points out that JETSET overestimates the number of decay modes with
three or more hadrons; this results in a lepton momentum distribution which is too
soft. The momentum distribution of leptons coming from D mesons (through the
decay с —> l+ ) is adapted in order to correct for this discrepancy.
As stated in chapter 5, for the adjustment of the momentum distributions of
leptons coming from D mesons, again the parametrisation of the ACCMM model is
used. To effectuate this correction, data are used from the experiments DELCO [70]
and MARK III [71] in which D° and D+ mesons are produced which are practically
at rest. Figure B.2 shows the comparison between the JETSET distribution of
leptons in the rest system of the D meson and the equivalent ACCMM distribution
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Figure В.2: The Upton momentum m the D rest frame. The hatched line
is the distribution as predicted by the ACCMM model with the DELCO and
MARK III data; the solid line the original JETSET
distribution.

for t h e p a r a m e t e r values m, ~ 0 and pp = 467 MeV*. As can be seen from t h e figure
+
this correction significantly increases t h e fraction of p r o m p t с —• / events and thus
again decreases all t h e other fractions, i.e. mainly t h a t of 6 —> Z - events.

B.4

Decay leptons b —>· с/с —> l^

As t h e Ь quark predominantly decays into а с quark and a W boson, the probability
t h a t t h e b quark decays into а и quark and a W boson is very small. Within t h e
framework of t h e spectator model all β hadrons have a branching ratio Br(b —>
с + W~) — 96.7%. T h e с quark from t h e decay of t h e b quark and the remaining
spectator quark form a D meson. In addition t o this D meson, t h e W boson resulting
from t h e b quark can also yield a D meson by decaying into a cs pair. The branching
ratio for this decay B r ( H ^ - —> cs) = 13.5%. One therefore observes both t h e decay
chains b —* с —> l+ and b —> с —> /~. Because J E T S E T was not produced with
up-to-date values for these branching ratios, the M C is reweighted t o the values
Br(6 -• с -+ 1+) = 0.079 ± 0.012 and Br(b -> с -ν l~) = 0.013 ± 0.005 [48].
* The fact that the value used for τη, does not correspond to the 'real' «-quark mass is irrelevant
as long as the ACCMM model fits the data.
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Decay leptons b —• c/c —• /*
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Figure B.3: The D momentum m the В rest frame. The hatched Ime
is the distribution as predicted by the Collins function; the solid line the
original JETSET distribution.

In order to measure the fraction b —• c/c —> í ¿ it is important that the MC
contains not only proper branching ratios Br(¿> —• с), Ът{\ ~ —• с) and Br(c —• / + )
but also that the momentum spectra of the produced hadrons are in good agreement
with the experimental data. The momentum spectra of the D mesons in JETSET are
significantly différent from those measured by the experiments ARGUS and CLEO
where В mesons are produced which are almost at rest. Figure B.3 shows the
momentum distribution of the D meson in the rest frame of the В meson measured
by ARGUS and CLEO, and fitted with the Collins function using ejj = 1.59 (see
chapter 1), and the equivalent distribution from JETSET. The ARGUS and CLEO
data are obtained from decays with muons as end-products; it is assumed that similar
distributions would result from decays with electrons. There is also not differentiated
between the various В mesons and 6 baryons and between the various D mesons and
с baryons. The peak in the JETSET distribution is due to an overestimate of the
branching ratio for the two body decay В —у DD [72]; the MC reweighting corrects
for this discrepancy.
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Detector inefficiencies

We distinguish between (overall) detector inefficiencies for muons and electrons.
There exist several m e t h o d s to calculate t h e inefficiencies related t o t h e muon
chambers. T h e one applied here is based on a comparison between d a t a and M C
of t h e abundance of muon tracks with a given number of P- and Z-segments; losing
a segment can lead t o a failure in t h e track reconstruction. Through a x 2 -fit, this
comparison yields t h e probability t o lose a P-segment, respectively t h e probability t o
lose a Z-segment, due t o a malfunctioning cell. These probabilities are subsequently
used in t h e calculation of muon m o m e n t u m dependent d a t a inefficiencies; they agree
with those obtained from other methods [33, 34]. T h e results of this calculation are
given in table B.2 for t h e four years during which t h e analysed d a t a were taken. T h e
existing 'perfect' detector MC has been reweighted on t h e basis of these m o m e n t u m
dependent detector inefficiencies. A more extensive description of the m e t h o d can
be found in reference 33.

Total Muon Inefficiency (%)
1990
1991
1992
1993

3 - 4 GeV
8.0 ± 1.0
6.3 ± 0.5
7.8 ± 0.4
6.9 ± 0.4

4 - 8 GeV
5.3 ± 0.6
3.9 ± 0.3
6.3 ± 0.2
5.8 ± 0.2

8 - 1 2 GeV
4.3
3.8
4.9
4.1

±
±
±
±

0.8
0.4
0.3
0.3

> 12 GeV
4.3 ± 0.8
3.0 ± 0.4
4.1 ± 0.2
3.1 ± 0.2

Table B.2: The total inefficiencies for the 1990, 1991, 1992 and 1993
muon sample as a function of the muon momentum.

For t h e electrons a correction is m a d e t o account for dead or noisy B G O crystals
and bad T E C sectors. T h e r e are about 1.5% dead or noisy B G O crystals in t h e
E C AL resulting in an electron detection inefficiency of about 3-4%. For hadronic
events t h e T E C global inefficiency is defined as t h e fraction of hadronic events
without any T E C tracks. Because t h e r e are in practice large differences in electron
detection efficiency between t h e different T E C sectors, also a sector-dependent track
inefficiency is used. In 1993 t h e T E C global inefficiency amounted to a value smaller
t h a n a few р е г т Ш е , t h e average T E C sector inefficiency t o a value smaller t h a n a
few percent. T h e electron detection inefficiencies for t h e years of d a t a analysed in
this thesis are given in table B.3 for b o t h t h e ECAL and t h e T E C . For t h e latter
both t h e global and t h e average T E C sector inefficiency is given [73]. T h e overall
electron inefficiency is obtained by multiplying t h e ECAL, t h e T E C global and t h e
T E C sector track inefficiencies. Note t h a t t h e T E C sector track inefficiency can
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be larger than the global event inefficiency because, for hadron events, the loss of
a track due to a malfunctioning ТБС sector does not necessarily imply loss of the
entire event. The MC has been reweighted on the basis of the multiplied values of
table B.3. For a more extensive description of the electron inefficiency method, one
is referred to reference 74.

Total Electron Inefficiency (%)
ECAL
1990
1991
1992
1993

3.0
3.1
3.8
3.8

±
±
±
±

0.3
0.3
0.3
0.3

TEC global / event
0.4
1.5
0.2
0.1

±
±
±
±

0.1
0.1
0.1
0.1

TEC sector / track
7.5
3.6
2.2
1.4

±
±
±
±

0.4
0.4
0.4
0.4

Table B.3: ECAL and TEC inefficiencies for the 1990, 1991, 1992 and
1993 electron sample.

Appendix С
Systematics Methods
This appendix discusses the details of some of the methods applied to determine the
systematic errors on the \в and AF'B ' measurements. The procedures described
are those for the systematic errors related to the choice of the type, respectively the
parameters of the fragmentation functions, the decay models, the charge confusion,
the momentum and angle smearing, the limited MC statistics and the ρ and pt cut.

C.l

Fragmentation functions

The role of the uncertainty on the fragmentation parameter for both b and с quarks
is examined using the Peterson function. By varying this parameter, one changes
the average energy of the leading hadron.
For b-quark fragmentation, the systematic contribution is obtained by a variation
of the fragmentation parameter £¡,, such that the average energy fraction < ХЕ(Ь) >
of the 6-quark hadron is changed from 0.70 to 0.72 (0.68) as proposed in references 47
and 48. The Peterson fragmentation functions for b quarks corresponding to these
three < ХЕ(Ь) > values are shown in figure C.l. The < ХЕ(Ь) > change imposed
corresponds to a variation in £(, from approximately 0.042 to 0.054 (0.032) (see
table C.l).
For c-quark fragmentation, the systematic contribution is obtained by a variation
of the fragmentation parameter ee, such that the average energy fraction < хя(с) >
of the c-quark hadron is changed from 0.51 to 0.53 (0.49) [47, 48]. The Peterson
fragmentation functions for с quarks corresponding to these three < хя(с) > values
are shown in figure C.2. This < хя(с) > change corresponds to a variation in ec
from approximately 0.36 to 0.44 (0.29) (see table C.l).
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fr

"S

xjb)
Figure C.l: The Peterson b-quark fragmentation function for three differ
ent < ХЕ(Ь) > values. The area under the curves is normalised to unity.

1 < xE(c) > = 0.53

Peterson

2 < xE(c) > = 0.51

s

3 < xB{c) >= 0.49

•e

xM
Figure C.2: The Peterson c-quark fragmentation function for three differ
ent < XE(C) > values. The area under the curves is normalised to unity.

C.l

117

Fragmentation functions

4

Fragmentation

Parameter

< xs(q)

Peterson

eb = 0.032

0.72

Peterson

eb = 0.042

0.70

Peterson

eb = 0.054

0.68

Collins & Spiller

eb = 0.081

0.68

Kartvelishvili

ab = 3.25

0.68

Peterson

£c = 0.29

0.53

Peterson

ec = 0.36

0.51

Peterson

ec = 0.44

0.49

>

function
b quark

с quark

Table C.l: The variations of the fragmentation parameters and the dif
ferent fragmentation functions considered for the study of the systematic
error on XB and AFB
'.

For b-quark fragmentation, also t h e effect of taking different fragmentation func
tions, like t h e Collins & Spiller function [16] and t h e Kartvelishvili function [17], is
examined:

Collina

& Spiller

: f{z)

~ ( — ζ

Kartvelishvili

+ \—-e,)(l
1 —ζ

+ z 2 ) ( l - - - -^-)~2
ζ
1— ζ

: f (ζ) ~ ζ α ' ( 1 - ζ).

(C.l)

(C.2)

T h e parameters £, and α , are again p a r a m e t e r s which depend on t h e quark flavour
considered. Figure C.3 shows a comparison of t h e three different functions used in
t h e fragmentation of b quarks. For all t h r e e models t h e parameters are chosen such
t h a t t h e same average < ХЕ(Ь) > value of 0.68 is obtained (see table C . l ) .
In t h e case of XB, t h e variation resulting from switching from Peterson t o Collins
& Spiller is approximately equal t o t h e average variation obtained when varying t h e
Peterson p a r a m e t e r itself, while t h e Peterson - Kartvelishvili one is found t o be
somewhat larger. In t h e case of AFB ', switching from t h e Peterson fragmentation
function t o either t h e Collins & Spiller or t h e Kartvelishvili function gives for b o t h
cases a somewhat smaller variation t h a n t h e one resulting from varying t h e Peterson
parameter.
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Figure C.3: A comparison between the Peterson, Collins and Kartvel
ishvili fragmentation functions for b quarks. For all three models the pa
rameters are chosen such that the average < z(b) > « 0.68.

Overall, the most conservative approach is varying the parameter in the Peterson
function and it are the хв and AFB ' variations resulting from this method which
we quote as systematic errors.

C.2

Decay models

Three possible error contributions are examined related to the b —• /~, с —> /+ and
В —> D decay models respectively. The model and parameter variations applied are
again those as proposed by LEPEWG (see references 47 and 48).
Figure C.4 shows distributions of the momentum of the b —У l~ decay lepton in
the rest-frame of the В meson predicted by the ACCMM and ISGW models. Three
distributions are shown for the ACCMM model with different Fermi momenta pp and
one for the parameter independent ISGW model. For determining the systematics
resulting from the uncertainties in these decay models, two methods can be adopted.
In the first method one only uses the ACCMM model and compares the хв and
AFB ' results for the Fermi momenta pF = 0.25 GeV and pp = 0.35 GeV with the
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Figure C.4: The lepton momentum distribution in the rest-frame of the В
meson as predicted by the A CCMM and ISG W models. The distributions
shown are three for the ACCMM model for different values of pp and one
for the ISG W model; the area under the curves is normalised to unity.

ACCMM
pF = 0.47 GeV
pF = 0.58 GeV
Pi- = 0.36 GeV
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Figure C.5: The lepton momentum distribution in the rest-frame of the D
meson as predicted by the ACCMM and ISGW models. The distributions
shown are three for the ACCMM model for different values of pp and one
for the ISGW model; the area under the curves is normalised to unity.
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ones obtained from the central value pp = 0.30 GeV. In the second method, one
compares the ACCMM result from the central pp value with the ISGW one. From
these two alternatives, the one yielding the largest variation in хв and AFB ' is
adopted. For both the хв and AFB ' measurements, the second method yields the
largest error.
Figure C.5 shows three distributions of the momentum of the с —» l+ decay
lepton in the rest-frame of the D meson predicted by the ACCMM model for pp
varying from 0.47 to 0.36 (0.58) and one predicted by the ISGW model. For the
determination of the systematic error resulting from the uncertainties in these decay
models, the same two methods are applied as for the 6 —> l~ decay model systematic
error determination and again the method giving the largest variation in \в and
AFB ' is adopted. This time, for both хв and AFB ', it is the first method which
yields the largest error.
Figure C.6 shows three В —> D distributions for the momentum of the D meson
in the rest-frame of the В meson as predicted by the Collins function. The Collins
function is of the same type as the one used to describe the fragmentation of the Ь
quark with, however, a new value for the fragmentation parameter tq — £д. For the
systematic error contribution resulting from this ец choice, we again use the average
spread in χβ and AFB ' observed as a consequence of switching to the two new to
values.

C.3

M o m e n t u m and angle smearing

To estimate the systematic error following from the muon momentum smearing, Δ α
is varied by the somewhat arbitrary but very conservative value of ±15%. For these
two new values of Δ α , the smearing iteration and averaging procedure is repeated
resulting in two additional sets of хв and AFB ' values. Their differences with the
'old' central value of хв and AFB ' are averaged and used as the systematic error
related to the ρ smearing.
A similar procedure is applied for the determination of the systematic error
contribution following from the uncertainty in the electron energy smearing. Again,
Δ β is varied by ±15% and the observed average spread with respect to the central
value of хв and AFB ' used as the systematic error due to the E smearing.
To evaluate the systematic error possibly induced by the uncertainty on the
smearing of the angle between the lepton and the jet axis, the parameter ζ is varied
from 0.6° to 0.9° (0.3°). Again, for both new values of ζ the smearing iteration
and averaging procedure is applied and the observed average spread used as the
systematic error following from the φ smearing.

C.4

M C statistics
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Figure C.6: The D meson momentum distribution in the rest-frame of
the В meson as predicted by the Collins function.
The distributions are
for three different values of the parameter t p ; the area under the curves is
normalised to unity.

C.4

M C statistics

Two methods t o determine t h e contribution of t h e limited size of t h e M C sample
to the systematic error on \в and AFB ' are applied. In t h e first m e t h o d , t h e eight
MC fractions are varied coherently by an amount equal to their statistical error and
the influence of this variation on t h e central value of \в and AFB ' determined. In
the second m e t h o d , t h e MC sample is split into approximately 15 sub-samples; for
each sub-sample а \в and AFB ' is determined and t h e spread in t h e resulting set
of measurements used as a measure for the systematic error.
In t h e first m e t h o d , one ignores the correlations between t h e different fractions;
even t h e constraint t h a t the sum-total of the fractions should remain equal t o 100%
is not taken into account. T h e second m ethod , on t h e other hand, takes into account
the correlations between the event fractions and keeps t h e sum-total of t h e fractions
equal to 100%.*
For XB, b o t h procedures result in approximately a same total systematic error
of 0.0031.

For AF'B

', t h e second m e t h o d results in a systematic error of 0.0013

"In addition, the first method uses one Aback value foi the MC sample as a whole, whereas the
second method uses a different Aback value foi each MC subsample separately.
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which is approximately 10 times larger than the error resulting from the first one;
consequently, the error from the second method is used. The difference between these
two results presumably comes from the fact that in the first method the correlations
between the event fractions are neglected.

C.5

M o m e n t u m and transverse m o m e n t u m cuts

The pure statistical effect on the \в and ApB measurements resulting from the
choice of the ρ and pt cuts is examined. Figure C.7 shows the change in \в and
A*FB for various values of the minimum ρ and pt cuts relative to their values obtained
for the central cuts (p t > 1.0 GeV; ρ > 4.0 GeV for muons and ρ > 3.0 GeV for
electrons). The errors are calculated by comparing the number of selected events in
the data sample for the new cut value to those with the central cut.
For the XB measurement, the error is calculated with the binomial error formula:
σ(ΑΝ^)

= ^/ΔΛΓ±±(1 - ^ - )

(C.3)

in which AN±:t and ANM are the relative changes in the quantities JV±:t and NtotVarying N±:i by ±<r(AN±:t), and keeping the MC fractions d¿ and Ntot at the values
they have at the cut considered, the corresponding change in XB is calculated.
For the asymmetry measurement, the error σ(ΑΝρ) is calculated - using again a
binomial formula - from the relative changes ANF and ANtot in the quantities Np
and Ntot:
σ(Δ*,) = Α / Δ Λ Γ , ( 1 - ^ ) .

(C.4)

Varying Np and NB by this error and keeping Ntot constant at the cut value con
sidered, the corresponding change in ΑψΒ is determined.
For both XB and J4$? B , the above procedure is applied for eight ρ and ten pt cut
values. As can be seen from the \в and A^B plots, all variations are statistically
consistent. Therefore, no systematic error is attributed to account for the choice of
the position of the minimum ρ and pt cuts.
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Figure C.7: The change in хв and ApB as a function of the minimum ρ
and pt cut, normalised to the measurement at the central cut.
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Summary

The subject of this thesis is the measurement of the mixing in the B°B° system and
the forward-backward asymmetry in the electroweak process e+e~ —• Ζ —• 66. These
measurements yield a test of the Standard Model. The experiment is performed with
data taken by the La detector, one of the four detectors along the LEP electronpositron storage ring at CERN.
In chapter 1, the theoretical background of the measurements is presented. After
a short introduction to the Standard Model, the theory behind quark production at
the Ζ resonance, the 66 asymmetry, the heavy quark fragmentation and decay and
the neutral bottom meson mixing is explained.
Chapter 2 gives a brief description of the LEP accelerator and the i 3 detector.
The 46 GeV electron and positron beams circulating along the accelerator collide
in the centre of the detector. This collision produces particles encountering, suc
cessively, the detector components designated as the time expansion chamber, the
electromagnetic calorimeter, the scintillator counters, the hadron calorimeter and
the muon chambers.
In chapter 3, the data acquisition and reconstruction is discussed. A threelevel trigger system precedes the actual data acquisition. Monte Carlo techniques
are used for the event simulation. The reconstruction programme produces a data
format directly accessible for physics analyses. Appendix A describes how the MC
data are corrected for detector deficiencies.
Chapter 4 is dedicated to the event selection to which the data are subjected. The
first step in obtaining a bottom quark sample is a hadron selection. Subsequently,
the lepton tagging method is applied consisting of selecting muons and electrons
with a high momentum and high transverse momentum with respect to the 66 jet
axis in order to obtain an enriched bottom quark data sample.
Chapter 5 describes how the Monte Carlo simulation technique is used to de
termine the Standard Model prediction of the relative fractions of event types in
the selected sample. Both the single and dilepton event types are explained and
their fractions - used for the asymmetry and mixing measurements respectively are given. Appendix В treats in detail the reweighting techniques, needed to adapt
the MC to the most recent experimental and theoretical input and to further correct
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it for detector inefficiencies.
Chapter 6 and 7 deal with the actual measurements of the mixing хв and
forward-backward asymmetry ApB, respectively. Both the dilepton and single lepton
data samples taken in the years 1990 to 1993 are presented. The methods applied
are described and the systematic error induced by the measurement discussed; the
systematic errors involved are explained more extensively in appendix C. For the
mixing the result xg = 0.145 ± 0.010 (stat) ± 0.012 (syst) is obtained and for the
on-peak asymmetry A% = 0.097 ± 0.010 (stat) ± 0.006 (syst).
Chapter 8 is devoted to the Standard Model parameters which can be extracted
from the measurement results and to comparisons with other experiments. From
XB one subsequently derives, at 90% confidence level: the B°B° mixing parameter
χ, > 0.33, the CKM matrix elements ratio \Vtd/Vt, \ < 0.72 and the mass difference
between the two B° mass eigenstates AM, > 5.9 x 1 0 - 4 . From ApB, the effective
electroweak mixing angle is calculated to be s i n 2 ^ = 0.2305 ± 0.0021. This result
is then used to obtain a top quark mass determination mt — 218 ± 52 GeV and a
constraint on the Higgs boson mass of Mmgg, < 834 GeV at 68% confidence level.
All results prove to be consistent both with those from other experiments and with
the predictions from the Standard Model.

Samenvatting

Experimentele Studie van Menging en Asymmetrie in Ζ —*• bb
Dit proefschrift beschrijft de metingen van de menging in het B°B° systeem
en de voorwaarts-achterwaartse asymmetrie in het electrozwakke proces e+e~ —•
Ζ —• bb. Deze metingen vormen een test van het zogenaamde Standaard Model.
Het experiment is uitgevoerd met meetgegevens van de L3 detector, een van de
vier detectoren opgesteld aan de LEP electron-positron opslagring van het CERN
(Genève).
In hoofdstuk 1 wordt de theoretische achtergrond van de metingen gegeven. Na
een korte beschrijving van het Standaard Model worden achtereenvolgend behandeld: de quark productie op de Ζ resonantie, de voorwaarts-achterwaartse asymme
trie voor bottom quarks, de zware quark fragmentatie, het zware quark verval en de
menging in het neutrale bottom quark meson systeem.
Hoofdstuk 2 beschrijft de LEP versneller en de L3 detector. De 46 GeV electron
en positron bundels die in de versneller rondlopen, botsen in het middelpunt van de
detector. In deze botsing worden deeltjes gecreëerd die achtereenvolgens de detector
componenten, genaamd de tijd-expansie kamer, de electromagnetische calorimeter,
de scintiüatie tellers, de hadronische calorimeter en de muon kamers doorkruisen.
In hoofdstuk 3 worden de data acquisitie en reconstructie behandeld. Een drieniveau beslissingssysteem gaat vooraf aan de feitelijke data acquisitie. Zogenaamde
Monte Carlo technieken worden gebruikt voor het simuleren van gebeurtenissen.
Het reconstructie programma produceert een data formaat dat direct toegankelijk
is voor de fysica analyses. Appendix A beschrijft hoe de MC data gecorrigeerd
worden voor de detector tekortkomingen.
Hoofdstuk 4 is gewijd aan de selectie waaraan de verschijnselen onderworpen
worden. De eerste stap in het verkrijgen van een verzameling van bottom quarks
is een hadron selectie. Vervolgens wordt de zogenaamde 'lepton taggings' methode
gebruikt, die bestaat uit het selecteren van muonen en electronen met hoge impuls
en transversale impuls ten opzichte van de objet as, ter verkrijging van een verrijkte
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bottom quark verzameling.
Hoofdstuk 5 beschrijft hoe de Monte Carlo simulatie techniek wordt gebruikt
om de Standaard Model voorspelling te bepalen van de relatieve verhoudingen van
de gebeurtenis soorten. Zowel de enkelvoudige lepton als de dilepton gebeurtenis
sen worden beschreven en hun fracties, die respectievelijk gebruikt worden voor
de metingen van de asymmetrie en de menging, gegeven. Appendix В geeft een
gedetailleerde beschrijving van de herwegingstechniek, die toegepast wordt om de
Monte Carlo aan te passen aan de meest recente experimentele en theoretische input
gegevens en om deze te corrigeren voor detector inefficiënties.
Hoofdstuk 6 en 7 gaan respectievelijk in op de metingen van de menging \в en
de voorwaarts-achterwaartse asymmetrie ΑψΒ. Zowel de enkelvoudige als dilepton
data verzameld in dejaren van 1990 tot 1993, worden gepresenteerd. De toegepaste
methodes worden beschreven en de systematische fout die de meting met zich mee
brengt toegelicht; de methodes gebruikt bij de bepaling van deze systematische fout
wordt in detail behandeld in appendix C. Voor de menging wordt het resultaat
XB = 0.145 ± 0.010 (stat) ± 0.012 (syst) verkregen en voor de asymmetrie op de Ζ
piek A% = 0.097 ± 0.010 (stat) ± 0.006 (syst).
Hoodstuk 8 is gewijd aan de Standaard Model parameters die uit de meetresul
taten afgeleid kunnen worden en aan het vergelijken van deze resultaten met andere
experimenten. Uit XB kan men met een 90% betrouwbaarheids interval afleiden:
de B°B° menging parameter χ, > 0.33, de ratio van de CKM matrix elementen
|Vé<í/VÍ,| < 0.72 en het massaverschil tussen de twee B° massa eigentoestanden
AM, > 5.9 x 10~4. Uit ApB kan de electrozwakke menging hoek berekend worden, sin2öwr = 0.2305 ± 0.0021. Dit resultaat wordt vervolgens gebruikt voor een
top quark massa bepaling mt = 218 ± 52 GeV en een limiet op de Higgs boson
massa van Мцідд, < 834 GeV met een 68% betrouwbaarheids interval. Alle resul
taten blijken in overeenstemming te zijn zowel met die van andere experimenten als
met de voorspellingen gegeven door het Standaard Model.
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