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Abstract

In this thesis the relative decay width of the Z to bottom quarks, R = ﬁfhim,
has been measured by tagging bottom hadrons exploiting their lifetime information.
The analysis has been performed using the data collected at the Z resonance in
1994 and 1995 with the L3 detector corresponding to £ ~ 71 pb~! of integrated
luminosity. Experimentally, RY can be obtained at the Z resonance from the ratio

o(ete” —+bb) 7 by applying a small correction due to photon

of cross sections Rb = m

propagation. The measurement is based on the double-tag method which allows to
determine the b tag efficiency from data. Hence, precise knowledge of the details
of B hadron decays is not required. The result of the measurement is:

RY = 0.2178 & 0.0018(stat) 4 0.0031(syst) — 0.196(R? — 0.172).

The parameter R?, the relative decay width of the Z boson into charm quarks, has
not been fixed within the measurement. Taking the Standard Model prediction for
R? = 0.172, the result is in agreement with the Standard Model prediction for RY.
RY is a function of the effective vector and axial-vector couplings of the electroweak
neutral current. Using a second observable — the forward-backward asymmetry of

the b quarks produced in the Z decay — these couplings are derived to be:

i = 020843

¢ = —0.527510:9356

The couplings of fermions to the Z boson are of great importance in establishing
the validity of the Standard Model and investigating physics effects beyond it.
The experimental results of L3 on the neutral current couplings of the b quark do
not provide compelling evidence for physics beyond the Standard Model. Thus,
the b quark data are mutually consistent with the theory; the b quark is a rep-
resentative of the third-generation weak iso-spin doublet. In that sense it can be
interpreted as proof of the existence of the top quark, which is the Standard Model
weak iso-spin partner of the b quark.

The combination of these results with other very precise measurements expounds
small deviations from the Standard Model. Possible contributions of new physics

are discussed.



Inhalt

Diese Arbeit beschreibt die Messung der Grofe RY = ﬁfhim, die relative
Zerfallsbreite des Z Bosons in bottom Quarks, durch die Identifizierung von bottom
Hadronen unter Ausnutzung ihrer Lebensdauerinformation. Die Analyse erfolgte
mit Daten, die 1994 und 1995 mit dem L3 Detektor auf der Z-Resonanz
aufgezeichnet wurden und einer integrierten Luminositit von £ ~ 71 pb~! ent-
sprechen. Experimentell kann RY aus dem Verhiltnis der Wirkungsquer-
schnitte Ry, = % bestimmt werden. Dazu wird auf den Beitrag des
Photonaustausches korrigiert. Die Messung macht von der double-tag Methode,
die die Bestimmung der Identifikationseffizienz fiir bottom Quarks aus den Daten
erlaubt, Gebrauch. Eine genaue Kenntnis der Details des B-Hadron-Zerfalls is

somit nicht erforderlich. Das Ergebnis der Messung ist:
R} = 0.2178 4 0.0018(stat) 4 0.0031(syst) — 0.196(R — 0.172).

Die Grofie R?, die relative Zerfallsbreite des Z Bosons in charm Quarks, wurde nicht
fixiert. Wird fiir R? die Vorhersage des Standardmodells R, = 0.172 angenommen,
stimmt die Messung mit der Standardmodellvorhersage fiir R tiberein.

RY ist eine Funktion der effektiven Vektor- und Axialvektor-Kopplungskonstanten
des elektroschwachen neutralen Stromes. Unter Hinzunahme einer zweiten Me83-
grofle — der Vorwarts-Riickwarts-Asymmetrie der b Quarks aus dem Z Zerfall —
wurden diese Kopplungskonstanten berechnet:

gy = —0.298475555

¢ = —0.527510:935%6

Die Kopplungen der Fermionen an das Z-Boson sind von grofler Bedeutung fiir die
Bestatigung der Giiltigkeit des Standardmodells und das Studium von Effekten, die
nicht mit diesem Modell zu erklaren sind. Die elektroschwachen Kopplungen des
neutralen Stromes, die aus experimentellen Resultaten von L3 bestimmt wurden,
geben keine Hinweise auf Physik auflerhalb des Standardmodells. Die Daten der
bottom Quarks sind somit in Ubereinstimmung mit der Theorie; das bottom Quark

ist ein Reprasentant des Isospin-Dubletts der dritten Generation. Gleichermaflen



kann dies als Beweis fiir die Existenz des top Quarks interpretiert werden, welches
im Standardmodell der Isospin-Partner des bottom Quarks ist.

Die Kombination dieser Resultate mit anderen sehr prazisen Messungen zeigt eine
kleine Abweichung von der Standardmodell-Vorhersage. Mogliche Beitrage neuer
Physik werden diskutiert.
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Chapter 1

Introduction and Motivation

The Standard Model of the electroweak interaction - introduced by Glashow,
Salam, and Weinberg in the seventies [1-4] - describes interactions between basic
constituents of matter. Over the last twenty years, many tests of the Standard
Model have been carried out with increasing precision. Its predictions for a large
amount of quantities are in remarkable agreement with the precise measurements
from the Large Electron Positron collider at CERN'. LEP started its operation in
1989 with the goal of studying the properties of the vector boson of the weak neu-
tral current, the Z, and was upgraded 1995 to operate above the pair production
threshold of the vector boson of the weak charged current, the W. In order to dis-
tinguish these two regimes of LEP they are called LEP-I and LEP-II, respectively.
During the LEP-I phase about 15 million electron-positron annihilations have been
recorded at centre-of-mass energies in the vicinity of the Z resonance. Precise mea-
surements have been performed of the Z mass, its width and leptonic couplings
using leptonic and inclusive hadronic decays of the Z. With the large LEP-I statis-
tics and advanced detector technologies, high precision measurements at LEP have
been extended into the investigation of heavy quarks. The measurement of the

relative decay width of the Z into b quarks:

T _
R) = —Z2% (1.1)
FZ—)hadrons

is of particular interest in the Standard Model. Electroweak corrections involving

L An overview of all experiments and laboratories mentioned in this work can be found in the
appendix A



1 INTRODUCTION AND MOTIVATION

the top quark affect the partial Z decay width, I';5, differently from the widths for
lighter quarks. As a result, R} depends on the top quark mass but is to a large
extent independent of other corrections such as QED or QCD corrections or elec-
troweak corrections to the Z propagator. Therefore, with the known mass of the
top quark, measured by CDF and DO [5-7], R} provides a sensitive environment
to detect a signal for physics beyond the Standard Model. The measurement also
allows to obtain the electroweak couplings of the b quark to the Z boson. The Stan-
dard Model assumption that the b quark is a representative of an iso-spin doublet
is capable of experimental proof by measuring the neutral electroweak couplings.
The iso-spin partner of the b quark is the top quark.

Until mid 1996, the average value of RY measured by the LEP experiments and
SLD was about three standard deviations above the Standard Model prediction [8].
Because of the large discrepancy between the observed and predicted values of R,
a lot of interest and effort was invested in updating the measurements, to confirm
or disclaim the deviation from the Standard Model.

The work presented in this thesis covers the latest measurement of R using data
taken with the L3 detector at LEP from 1994 to 1995. The result was published
as a contribution to the ICHEP conference [9].

The system of units adopted here is that of particle physics, where the Planck
constant A = h/2m, and the speed of light, ¢, are set to unity, A = ¢ = 1.
Energies, momenta, and masses are measured in units of electron volts, 1leV =
1.60217733(49) - 1071%J. Cross sections are given in units of barns, 1b = 107%m?.
Otherwise, SI units are used.

Short History of Quark Physics

e 1963: Cabibbo postulated the mixing between hadron states to explain the
observation of strangeness-changing currents [10]; later interpreted as the

mixing between down and strange quarks.

e 1964: Gell-Mann [11] and Zweig [12] simultaneously introduced quarks as
the constituents of the schematic model of mesons and baryons.




e 1970: Glashow, Iliopoulos and Maiani introduced an extra quark, the charm,
as iso-spin partner of the strange quark, in order to explain the suppression

of flavour-changing neutral currents in K decays [4].

e 1973: Kobayashi and Maskawa proposed a third generation of quarks (today
known as b and t) in order to accommodate CP-violation in the Standard
Model. At least one phase is present in the mixing matrix for three or more
quark generations: one phase in the case of three generations, three phases
in case of four generations [13]. It was shown that the presence of such a
phase is able to explain the CP-violating effects observed in the neutral kaon

system.

e 1974: Gaillard, Lee and Rosner [14] outlined a phenomenology to describe
the spectroscopy, production, decays and mixing of particles containing charm
quarks, just a month before their discovery. The charm quark was discovered
simultaneously at SLAC at the SPEAR e*e™ collider and at BNL in proton
nucleon scattering as ’hidden’ charm J/4, in 1974 [15,16].

e 1977 The b quark was first seen in a fixed target experiment p + N —
T(1S) + X at FNAL [17,18], by studying the y*pu~invariant mass spectrum.
This result was confirmed by studying eTe~ annihilations [19-22] leading to
the observations of further T states. The structure of the eTe™ cross section
in the 10 GeV region is shown in Figure 1.1. The Y(4S) bb state lies just
above the threshold for the BB production, and most of the measurements

concerning B mesons are done with data taken at the Y(4S) resonance (e.g.
ARGUS, CLEQO, Crystal Ball and CUSB).

e 1987: The first measurement of the mixing in the BB-system was presented
by the ARGUS collaboration [23].

e 1994: The first direct experimental evidence for the top quark was published
by CDF and later by the D0 collaboration [5-7].

In the six years of running LEP at energies around the Z resonance heavy quark
and particularly b quark physics was a very important part of the experimental

program. In addition to spectroscopic measurements the production rates of many
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Figure 1.1: The ete™ cross section of an energy region around the Y(4S) reso-
nance [24-26.

hadrons, especially charm and bottom hadrons, have been measured. The life-
time of these hadrons have been measured precisely as average lifetime as well
as depending on the hadron composition [27]. Several elements of the Cabbibo-
Kobayashi-Maskawa matrix (see section 2.2) have been measured investigating the
decay properties of ¢ and b quarks which provide information about the weak

charged current.

In today’s and future B-physics experiments the study of the CP-violation in the
BB-system is of great interest: CLEOII at LNS is an ete™ experiment which is
optimised to study the behaviour of B hadrons on the Y (4S) resonance. In early
1999 the detector BaBar at the asymmetric B-factory PEPII at SLAC is scheduled
to start its operation. The BELLE experiment is located at the Japanese asym-
metric B factory KEK-B, which is also designed to work at the Y(4S) resonance.
At HERA, B hadrons to be analysed by the HERA-B collaboration starting 1999
are produced by collision of the proton beam halo with an internal wire target.

A new energy era in particle physics will be started by the LHC storage ring at
CERN. The LHC is an accelerator which will bring protons into head-on collision
at energies of 14 TeV. The LHC-B experiment is designed to perform precision
measurements of CP-violation and rare decays using the high B production rate of
the LHC. The LHC experiments ATLAS and CMS also have included B-physics

into their experimental programs.




Chapter 2

Standard Model of Elementary
Particle Physics

The Standard Model of elementary particle physics describes three of the four forces
which transmit the interactions of fundamental particles, i.e., the strong force, the
electromagnetic force and the weak force. The state of today’s knowledge about
the smallest constituents of matter and their intermediate forces was developed
in the second half of this century. Elementary particles are quarks, leptons and
the bosons which are responsible for the transmission of the corresponding forces.
The most familiar of these forces, gravity, is not included in this theory. So far a
consistent quantum theory of gravity does not exist. It is the weakest of the four
forces and has a negligible effect at the subatomic scale. The strong, the weak and
the electromagnetic force are described by gauge theories based on the symmetry
group SU(3) ® SU(2) ® U(1). In order to have a complete symmetry nowadays
physicists try to include the Standard Model into a Grand Unified Theory (GUT).
In the following the basic principles of the Standard Model are described.

2.1 Quantum Chromo Dynamics

The strong force acts between quarks. Hence it is responsible to form particles
like protons and nucleons. It is the strongest of the four forces with the shortest
interaction distance. The gauge theory of the strong interaction is called Quantum
Chromo Dynamics (QCD) [28]. The structure of this theory is non-Abelian and

is based on the symmetry group SU(3)c. In analogy to the electromagnetism a
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charge - called colour - is introduced. Each quark can exist in three different colour
states. The quarks are arranged in a triplet which stands for the three colours. The
colour charges are intermediated by massless bosons - the gluons. However, unlike
the photon, which is neutral, the gluons themselves carry colour charge and can
therefore interact with each other. Gluons occur in eight different states, which
correspond to the number of generators of the group SU(3)c.

The self interaction of the gluons leads to a screening of the colour charge at small
distances or high energies, respectively. This phenomenon is called asymptotic
freedom. Therefore, the coupling constant of the strong interaction oy has an

energy dependence.

0.4 T T T T T TTT T T T T T T1TTT
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1 2 5 10 20 50 100 200
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Figure 2.1: World summary of ag(u) at the energies p where they are measured
(status 1998 [27]). The lines show the central values and the 1o limits of the
average. The figure clearly shows the experimental evidence of the decrease in
ag(p) with increasing p. The average value for a; at myz is as(mz) = 0.119+0.002.

At LEP-I o5 was determined with high precision to [29]:
as(v/s =mz) = 0.121 £+ 0.003

This result is based on a fit to LEP-I data using observables like the ratio of lep-

tonic and hadronic cross section, I'y,q /T, the width of the Z, I'z, and the hadronic
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cross section, op,q, which are strongly oy dependent and other weakly correlated
fit parameters. The knowledge of the higher-order QCD corrections (see section
3.4) and their computation up to O(a?) enables to obtain ay from this quantities.
Taking the results from experiments at lower energies, the expectation of an energy
dependence is confirmed. Figure 2.1 shows the world summary of a5(p) including
measurements above 100 GeV from the first data of LEP-II. Following the con-
finement hypothesis (the increase of the strong coupling with decreasing energies),
quarks and gluons cannot be observed as free particles but only as colour neutral
singlets of the SU(3)¢, the hadrons. The bound states qq and qqq are called mesons
and baryons, respectively. Because of increasing oy at lower energies the pertur-
bation theory is not applicable in this case. In order to describe the transition
from partons (quarks and gluons) to hadrons phenomenological models are used.
This transition process is called hadronisation or fragmentation and is described

in section 5.1.1.

2.2 Standard Model of Electroweak Interaction

The basis for a unified description of the electromagnetic and weak interaction was
created in 1961 by S.Glashow [1] as SU(2);, ® U(1)y gauge theory. This theory
was extended 1967 and 1968 by S.Weinberg [3] and A.Salam [2]. They introduced
massive vector bosons by the method of spontaneous symmetry breaking. This
field theory is known as the Standard Model of electroweak interaction or Glashow-
Salam-Weinberg model. In this scenario the vector bosons get their masses via the
Higgs mechanism [30-32], which leads to an additional particle - the scalar Higgs
boson.

The weak iso-spin T = (T, Ty, T3) and the weak hyper-charge Y depict the general
charges of the theory. They are the generators of the symmetry groups SU(2);, and
U(1)y. The electrical charge is related to the hyper-charge and the third component
of the iso-spin by the formula:

Q=Ty+Y. (2.1)

The Lagrangian of the electroweak interaction of gauge bosons with a fermion field

is of the following form:
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L = pin* 0,1
919
- = AILJE‘M

Vi + 95
- \/Q% +9§ ZuJJl\ch (2.2)

g — u—
— = WHEe + Wi o)

V2

¢ and 1) are spinors which represent all fermions, particles with spin % A, is
the photon field, Z,, and ij are the gauge fields of the neutral and charged weak
current, which correspond to the massive gauge bosons Z and W+, respectively.
They arise from the spontaneous symmetry breaking within the Higgs mechanism
from the original massless fields W}f’?’ and B, in the Standard Model Lagrangian
by:
+ 1 1 2
W, = E[Wu + W] (2.3)

A, = cosOyB,+sin GWW5
ZM = —sin QWBN —+ cos HWWE

fw is the electroweak mixing angle and is a fundamental parameter of the Standard
Model. The identification of A, with the photon field leads to a relation of the
couplings e, g1, and g» with the weak mixing angle:

e = & = @1 - COS HW = g2 - Sin OW (24)

Vi + g5

The electromagnetic (Jg,,), the weak neutral (J§), and the weak charged current

(J&c) can be written as:

Jon = UV(Ts+ Y)Y (2.5)
Jhe = PyPTath — sin® Oy Jh (2.6)
TG = P (Ty£iT2)y. (2.7)
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Here, Ty 23 and Y are matrices with the dimension of the corresponding spinors.
As in the one-dimensional case, T3 and Y are related by formula 2.1. For a specific

fermion anti-fermion pair the currents can be written as:

Tonw = Qf"f (2.8)
Ive = %ﬁ“(gi—gﬁ%)f (2.9)
Jec = %f’Y”(l—’Ys)f- (2.10)

The vector coupling, g{c}, and the axial-vector coupling, gj.i, can be expressed by:

gl = T —20Q7sin® by, (2.11)
gh = T, (2.12)

where T% is the third component of the weak iso-spin and Qf the fermion charge.
The structure of the formulae 2.9 and 2.10 is called (V-A) form. Pure (V-A) cou-
pling, i.e. (1 — 7y5), means that only left-handed fermions interact. The operator
(1 — ~5) projects out the left-handed component of the field. Hence, the weak
charged current acts only on the left-handed fermion doublets, whereas the weak
neutral current acts on both components of the fermion field. The charged current
is 100% parity violating and in addition not flavour conserving. The parity violat-
ing of the weak currents is a fundamental characteristic of the Standard Model.
The structure of all fermion generations and their properties are summarised in
table 2.1. The quark types with a prime represent a mixture of d, s, and b mass
eigenstates. This mixture can be described by:

Vud Vus Vub d
(¢ s 0)=| Ve Vi Var s (2.13)
Viae Vis Vi b

where the 3x3 matrix is known as Cabibbo-Kobayashi-Maskawa (CKM) mixing
matrix [10,33].
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fermion generation
I IT III I Ts Y Q C
1 1 1
leptOnS Ve Yy v, + 2 + 2 -3 0 0
e ). . T )L +% —% —% — 0
VeR VuR VR 0 0 0 0 0
CR MR ™R 0 0 —1 —1 0
quarks ( u ) ( c ) ( t ) +% +% +% —l—% r,g,b
1 1 1 1
dl L S, L bl L +§ —3 —f—g -3 r, g,b
uR Cr tr 0 0 % +% r,g, b
dR SR bR 0 0 —% —% r,g, b

Table 2.1: The structure and the properties of leptons | (1 = e, u, 7), their neutrinos
and u and d type quarks (v = u,c,t, d = d,s,b) in the Standard Model is visualised by
their quantum numbers T3 and Y. The prime at the left-handed down type quarks
indicates that they are mixtures of the different mass eigenstates. The colour
quantum number, C, is non-zero only for quarks and has three possible states: red,
green, blue. Right-handed neutrinos are hypothetical, there is no indication for
their existence. Indices L and R denote left-handed and right-handed fermions.

With the assumption that the neutrinos are massless, the Minimal Standard Model!
(MSM) has 18 free parameters:

e the coupling constants g, agep and sin® Oy

the masses of the leptons m,, m,, m,

the masses of the quarks m,, mq, m., mg, mg, my,

the masses of the bosons mz, my

the parameters of the Cabbibo-Kobayashi-Maskawa mixing matrix of the

quark sector ¥, U5, ¥3 and ¢

In case of massive neutrinos®> there are seven additional parameters for lepton

masses and a mixing matrix for this sector. In further extensions of the Minimal

!There are more complicated extensions of the Standard Model. Here, the word 'Minimal’ is

added to describe the version containing one doublet of Higgs fields.
ZRecent results from the Super-Kamiokande experiment [34] give evidence for neutrino oscil-
lations and hence for neutrino masses.

10
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Standard Model the number of free parameters increases for additional Higgs or
gauge bosons.

However, the MSM has a number of problems, and it is commonly accepted that
it is an approximation at the electroweak scale of a more fundamental theory.
Outside that scale particle masses receive quadratically divergent contributions
which require either an extremely difficult fine tuning of the Higgs potential or,
e.g., the introduction of a new symmetry, called supersymmetry (SUSY). In this
model each fundamental Standard Model particle has a supersymmetric partner,
associated with transformations which change the spin by half a unit. The search
for SUSY particles is an important part of the current experimental program of
LEP-IIL.

11



2 STANDARD MODEL OF ELEMENTARY PARTICLE PHYSICS

12



Chapter 3

Physics of Heavy Quarks at
LEP-I

As described in the sections before the (V-A) structure of the weak currents and
hence the parity violation of the weak interaction is a fundamental property of the
Standard Model of the electroweak interaction. Since the Standard Model does not
predict the strength of the couplings experimental results are needed to confirm
the theory.

At LEP, the effective neutral current couplings of heavy quarks can be measured
through the partial Z decay widths of the processes Z — bb and Z — c¢, denoted
as I'yy and ['¢z , respectively and the angular distribution of the produced heavy
quarks relative to the beam axis.

The measurement of RY = I%f;’ the relative decay width of the Z into b quarks,
presented here provides a sensitive environment to detect a signal for physics be-
yond the Standard Model. Vertex corrections render it sensitive to the top mass.
By construction, other corrections such as QED or QCD corrections or electroweak
corrections to the Z propagator, e.g., corrections which depends on the unknown
Higgs mass, are negligible.

Further topics of heavy quark physics at LEP-I are, e.g., measurements of hadron
lifetimes, the measurement of exclusive branching fractions, and spectroscopy.
Within the scope of this thesis results from these fields are only taken into ac-

count in the discussion of the error contributions.

13



3 PHYsIcs oF HEAVY QUARKS AT LEP-I

3.1 Production and Decay of Heavy Quarks

Since free quarks (and gluons) have never been observed, the investigation of the

electroweak couplings of the quarks at LEP is only possible via eTe™ annihilations

to hadrons, built by this quarks. The evolution of the processes with hadronic

final states can be subdivided into four different steps; beginning from the pair

production of the quarks to the formation of stable particles, which will be detected

by the experimental apparatus. The phases correspond to different time and length

scales [35]. Figure 3.1 shows a schematic view of the whole process.

e electroweak phase (107"m): the decay of the Z is an electroweak process

and thus subjected to all necessary electroweak corrections. This phase of
the process ends when the quark anti-quark pair and a number of initial
and final state photons have been produced. Only those photons radiated
from the primary final state quark anti-quark pair are counted as final state

radiation.

perturbative QCD phase (10 '"m): In the perturbative phase of QCD
the momentum transfer between the quarks and the gluons - if radiated - is
rather large corresponding to small interaction distances and relatively small
values of the strong coupling constant, as. In this regime perturbative theory
is applicable. Two different methods are used for the calculation inside the
perturbative theory [36]. The matrix element algorithm (ME) calculates the
scattering matrix elements completely up to a certain order of «g. Calcula-
tions are available up to o which means that the perturbative phase can end
with at maximum 4 partons (gluons and quarks). The parton shower algo-
rithm (PS) accounts for all orders in o but only the leading terms. In some
cases additional terms, e.g., the next to leading logarithms, are included. This
model is especially suited for Monte Carlo applications and is used within
this analysis. The perturbative phase of QCD stops when the momentum
transfer becomes too small (some GeV) and thus the coupling constant is
too large to allow further perturbative steps. The resulting particles from

this phase are quarks and gluons and are called final state partons.

non-perturbative QCD phase (107'°m): The process to build colourless

hadrons from quarks is called hadronisation or fragmentation. Since there

14



3.1 PRODUCTION AND DECAY OF HEAVY QUARKS

is no theory which can describe this phase completely models have to be in-
troduced. The models are characterised by many parameters, which are not
based on an underlying consistent theory but which are mostly empirically
motivated. This implies that model uncertainties have to be taken into ac-
count. Variables which are used to quantify the uncertainties are explained

below.

e particle decay phase (> 107*®m): In order to compare theory with data
one has to account for decays of unstable hadrons. Many of these decays
are well understood from measurements in low-energy experiments. But in
case of heavy-flavoured hadrons still some uncertainties remain because not

all decay modes have been measured.

Figure 3.1: The four phases of the quark production in ete™ collisions as example
of a bb event: electroweak part (I), perturbative QCD part (II), non-perturbative
QCD part (III) and the decay of unstable hadrons into detectable particles (IV).

In order to deduce the properties of the underlying quarks one has to assume some
model for the fragmentation process. Several models have been proposed in the
last years: independent jet models [37], string fragmentation models [38,39] and

cluster fragmentation models [40-43].
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3 PHYsIcs oF HEAVY QUARKS AT LEP-I

The string model has been popularised by the Lund Monte Carlo JETSET [44]
and has become the model commonly used for the eTe ™ annihilation to hadrons in
recent years. String models are based on the idea that, if the primary two quarks
move apart, a colour flux tube (string) stretches between them. As soon as the
potential energy is high enough to build a qq pair, the string tears into two parts.

The quarks and anti-quarks from adjacent breaking can then form mesons.

Particle ‘ Fraction [%]
B~ (ab) | 39.7%53
1§0 (db) 39.713 3
B, (sb) 10.5718
Ap (udb) | 10.1+39

Table 3.1: Fraction of different B hadrons in a sample of weakly decaying B
hadrons [27].

Although well founded on the QCD, the model still contains many parameters con-
trolling transverse and longitudinal momentum, baryon production etc. However,
because energy and momentum are conserved at each step in the string fragmenta-
tion, no artificial procedure has to be applied to join up the last hadrons. Baryon
production is included by the production of diquark anti-diquark pairs at some of
the string breaks.

In order to parameterise the amount of momentum (or energy) carried by the initial
quarks ends up in each of the hadrons produced during the fragmentation process

the following variable is commonly used:

E+ adron
2= %, (3.1)
(E +p||)quark

E is the energy and p; the momentum component along the initial quark direc-
tion. In the Lund string model the Peterson fragmentation function [45] is used to

describe the fragmentation of heavy quarks:

1
O = a7

Here ¢, is a free parameter and its value decrease with increasing mass of the initial

(3.2)

quark, €, ~ 1/ mfl. Experimentally one observes the quantity:
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3.1 PRODUCTION AND DECAY OF HEAVY QUARKS

_ Ehadron
e Ebeam . (33)

Using the relation of z and xg from the Monte Carlo one can study the fragmen-
tation function and the agreement of the model with data. The LEP experiments
have measured the mean retained hadron energy of b and ¢ quarks [46] to be
(xg);, = 0.702 £ 0.008 and (xg), = 0.484 £ 0.008.

There is a functional dependence between the charge multiplicity of hadronic
events, (n), and the initial quark energy [47]. Results from measurements of (n) are
used to estimate the heavy quark fragmentation function. The most accurate mea-
surement of the charged decay multiplicities of DT, D and Dy mesons are from
the MARKIII collaboration [48]. Applying an averaging procedure which takes
into account the separate uncertainties weighted by their relative contributions,
an average D decay multiplicity of (n), = 2.53 £ 0.06 can be obtained. The LEP
collaborations have measured the average decay multiplicity of the b decay [49-51].
The combined result is (n), = 4.955 £ 0.062 [52] and hence found to be about two

times larger than for charm mesons.

c

q

Figure 3.2: Standard Model charged current decay of the b quark. The quark line
below is called the ’spectator’ quark. The spectator model one possible description
for the decay of the B hadron. ff can be a lepton anti-neutrino pair as well as a
quark anti-quark pair.

At high-energy collider experiments b quarks hadronise as B°, B~ B;, and B
mesons or as baryons containing b quarks. B mesons decay mainly weakly via

17



3 PHYsIcs oF HEAVY QUARKS AT LEP-I

the charged current process depicted in figure 3.2. The B hadron sample compo-
sition of weakly decaying B hadrons at the Z resonance is shown in table 3.1. A

summary of properties of bottom and charm hadrons are shown in table 3.2.

Particle ‘ Mass [MeV/c?] ‘ 7 [1071% 5] ‘ cr [um] ‘ Br(X — [~ anything) [%]

B~ 52789 £ 1.8 | 1.65 £ 0.04 495 10.3 £ 0.9
B 5279.2 £ 1.8 | 1.56 £ 0.04 468 10.5 £ 0.8
B; 5369.3 £ 2.0 | 1.54 £0.07 462 81425

D~ 1869.3 £ 0.5 | 1.057 £0.015 | 317 172+ 1.9
DO 1864.5 £ 0.5 | 0.415 £ 0.004 | 124 6.75 + 0.29
D; 1968.5 £ 0.6 | 0.447 £0.017 | 134 g+¢

Table 3.2: Summary of properties of weakly decaying bottom and charm
mesons [27]. The branching ratio of By is not a pure measurement and related
to the channel By — D [~ anything.

3.2 Partial Decay Width

As mentioned before, high energy ete™ annihilations into fermion anti-fermion
pairs could establish the weak iso-spin doublet character of the b quarks by mea-
suring their vector and axial-vector couplings to the Z boson. Annihilations at
centre-of-mass energies around the Z resonance (LEP-I, SLC) proceed predom-
inantly via ete™ — Z — ff. f is any fermion except the top quark which is too
heavy to be produced at LEP-I energies. In contrast, at previous colliders (PEP,
PETRA, KEK) the process efe™ — v — ff was dominant with some sensitivity to
the v-Z interference term.

In the lowest-order (Born) approximation and taking the Z exchange only, the cross
section shows the typical Breit-Wigner resonance behaviour:

1215 TyaereTyss
o'lete = Z — ff) = NS Iomele Zoff

. 3.4
m2 (s —m%)? +m%l% (3.4)

If the centre-of-mass energy, +/s, is exactly equal to the Z mass, mz, the cross
section can be written as:
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3.2 PARTIAL DECAY WIDTH

peak

m, s

Figure 3.3: Depiction of the Born cross section of the process ete™ — Z — ff
at energies around the Z mass. The resonance behaviour can be clearly seen.
Fundamental observables like the Z mass, the width of the Z and the peak cross
section can be extracted.

1ﬂZ—)e*’e‘ FZ—)ff

o’ete” = 7 — ff)‘\/g:mz =127 pEaes

Figure 3.4: Lowest order Feynman diagrams for ete~ — ff where f is any fermion.

The partial decay width of the Z to a particular ff pair can be expressed as a
function of the coupling constants [53] by:
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Gpm3 ,@
Tyossf = ——2=L[(1+ 2n0)((60)* + (94)?) — 6m(9%)INe (3.6)

6m/2
where 7 = m?/m2, 3 = /1 — 4n; and N¢ the colour factor which is equal 3 for
quarks and 1 for leptons. The Fermi decay constant, G, replaces the coupling

g which appears in equation 2.2 and was measured very precisely from the muon
decay [54].

As can be seen from formula 3.5, the partial decay width of the Z into a certain
fermion is directly proportional to the corresponding pole cross section. By forming
the ratio of the widths all constant terms cancel. The relative production of b
quarks at the Z pole given by the ratio of the width of the decay Z — bb to
the total hadronic width can be measured by the ratio of the corresponding cross

sections:

RO = Ty 0'(ete” = Z — bb)
b

= = 3.7
1—‘Z—Hmdrons 0'0(6+6_ —Z — qu) Vs=mz ( )
The observable which can be measured at the Z pole:
O(ete™ — bb
R,= 2 (e”e ) (3.8)
o%(ete™ = q@) | 5m,

includes a contribution coming from the photon exchange. The contribution to Ry
has been evaluated using the ZFITTER program [55,56] to be RY = Ry, + 0.0003
and is taken into account.

Using equation 3.6, Gy and my cancel, leaving a result in terms of vector and
axial-vector couplings of the Z to each type of quark, ¢, accessible at LEP-I1. At
energies around the Z mass - assuming 7, ~ (0.05)% and hence 3 ~ 1 - equation

3.7 can be written as:

(9v)* + (94)*
zq:1,5((g€/)2 +(9%)?)
Assuming sin® 6y ~ 0.23 [57], Ry ~ 0.2 is obtained; in about 20% of the cases
where the Z decays hadronically it decays into b quarks. The influence of higher

ON
RY ~

(3.9)

order (radiative) corrections is discussed in section 3.4.
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3.3 FORWARD-BACKWARD ASYMMETRY

3.3 Forward-Backward Asymmetry

Another access to direct information about the coupling constants in the elec-
troweak sector is the measurement of the angular distribution of the final state

fermions.

forward

interaction
point

backward

interaction
point

b

Figure 3.5: Definition of forward and backward ete™ — bb events. # is the angle
between the directions of the incoming electron and the outgoing b quark.

For pure photon exchange, the process is forward-backward symmetric. The dif-
ferential cross section can be described as follows:

do(ete™ = v — ff)

1 2 0. 1
- x 1+ cos*6 (3.10)

Because of the parity violating nature of the weak interaction as discussed in sec-
tion 2.2, the Z exchange leads to a forward-backward asymmetry and a modified

differential cross section:

do(ete™ = Z,v — ff)
dcos 0

8
oc 1+ cos® 6 + gA};Bcos 6. (3.11)
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As can be seen from figure 3.5, efe™ — bb events may be classified as forward or
backward according to whether the projection of the outgoing b momentum along
the beam line is parallel or anti-parallel to the direction of the incident electron.

The asymmetry, Abg , is defined in terms of the cross sections op for 'forward’ and

op for 'backward’ events:

O — OB

. — (3.12)

0'F+O'B

Neglecting the contributions from virtual photon exchange, the asymmetry at the Z
peak can be expressed as the product of two terms, one results from the annihilation
of the eTe™ pair, the other from the decay Z — bb :

A% = AAb (3.13)
where A1, are given by
f
9v
2 af o 2 =
A = vda __ — (f = e,b) (3.14)

@2+ 14 (¢

>x|< ~

)?

For sin? fy ~ 0.23 one obtains Abg ~ 0.10, a forward-backward asymmetry of b
quark production of about 10%.

With the two observables RY and A%’E (3.7 and 3.14) it is possible to calculate the
vector and axial-vector couplings from b quarks to the Z boson. It is important to
stress that measurements of Ayh at LEP can only measure the product A.Ap.

However, A;, can be measured directly if a significant longitudinal polarisation P,
is present in the electron or positron beam using the left-right forward-backward

asymmetry:

b b b b
Olp—0Olg—COhp+0
A;};b — J;F J;B fF fB = A,P |f— (3.15)

With a known polarisation P,, A, can be derived directly from the left-right asym-
metry between the cross section of left-handed and right-handed electrons:
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3.4 RADIATIVE CORRECTIONS

e oL —

LR

OR

oiron v (316)
This is currently possible only at SLC using a longitudinally polarised electron
beam. A, can also be measured at LEP exploiting the 7 polarisation as the function

of the polar 7 production angle [58].

3.4 Radiative Corrections

For a given process of interest, the Feynman rules derived from the Standard Model
Lagrangian allow to calculate the corresponding matrix elements and hence the dif-
ferential cross sections. For a given final state, however, the most simple diagram,
the Born diagram, does not always describe the measurements sufficiently. In order
to get more precise theoretical predictions it is necessary to incorporate more com-
plicated diagrams leading to the same final state. Because of arising mathematical
problems in calculating higher-order corrections, a consistent procedure is used to
redefine the ingredients of the Lagrangian - such as the coupling constants, wave
functions and propagators - in order to recover finite expressions. The application
of such a procedure to a quantum field theory is called renormalisation. There
are two schemes of renormalisation widely used: the modified minimal-subtraction
(MS) scheme and the on-shell renormalisation. In the following the on-shell scheme
is used. A detailed discussion and a list of references can be found in [59].

The radiative corrections need to be considered in the process ete~ — ff are

summarised in the following groups of Feynman graphs:

e QED corrections - contain all diagrams with an extra photon added to the
Born diagrams either as a real bremsstrahlung photon or virtual photon loop

in the initial or final state. These are illustrated in figure 3.6.

e Weak corrections - include all other loop diagrams involving electroweak
bosons. These can be divided into those which involve corrections to the v or
Z propagator, also called self-energy correction (figure 3.7a), a set of vertex

corrections (figure 3.7b) and contributions from box diagrams (figure 3.8a).
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3 PHYsIcs oF HEAVY QUARKS AT LEP-I

e QCD corrections - arise from gluon radiation from real and virtual quarks
characterised by diagrams as shown in figure 3.8b. They affect the final state
and appear in qq only.

3 <
R

Figure 3.6: Most important QED corrections to ete™ — ff around the Z resonance.
The wiggly lines without specifications are photons.

Considering the corrections appearing to Ry, , only the parts of the Feynman graphs
concerning the Z boson and 7, the final state fermions and the corresponding ver-

tices are relevant.

A good approach in describing electroweak corrections at energies around the 7
resonance is the concept of running coupling constants. They are defined in such a
way that the results at LEP are a measure of these couplings at the scale q* ~ m3.
In the on-shell renormalisation scheme the weak mixing angle is defined uniquely

through the gauge boson masses:

2 m%/V
Sin 9W = ]_ — W and (317)
7z
A2
may, sin® Oy = - OAT (3.18)
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(-

Figure 3.7: a) Propagator corrections to ete™ — ff : the shaded area represents a
virtual loop of any of the fundamental fermions or bosons. b) Vertex corrections:
the straight lines represent fermions, the wiggly lines vector bosons (W or Z).

where Ay = 1/Gpra/v/2 = 37.2802 GeV [27] is known very precisely by measuring
Gy from the muon decay p — 7, + e 4+ v,. Ar includes the radiative corrections
relating to the dominant contribution from the photon self-energy and a much
smaller term which is dominated by a quadratic top mass dependence. The effective

electroweak mixing angle can be expressed by:

sin? 0, — sin? 9£ff = sin® Oy k. (3.19)
k' is a form factor that describes vertex corrections for a given fermion f. An

additional form factor, pf, appears in the replacement:

mz GF — Mz Gpr (320)

Effective vector and axial-vector couplings can be expressed in terms of this form
factor by:
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Figure 3.8: a) Typical box diagrams for the process ete™ — Z — ff and b)
Feynman graphs represent QCD corrections in the process ete™ — Z — qq caused
by radiated gluons.

gh—ah = TV (3.21)
g =gy = Vel (Tf —2Qssin®0l,). (3.22)

With these transformations, the effect of electroweak radiative corrections can be
absorbed in a running coupling constant sin? 05 t7- The running of a from > =0

to q*> = mZ is given by:

2 (0)

a(myz) = 1= Aa(m2)’ (3.23)

where Aa consider the self-energy to the photon propagator. At the Z pole « is
determined to be [27]:

(3.24)
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QCD corrections to the Z partial width can be expressed as an expansion of the
strong coupling constant as and have approximately the form of a multiplicative

factor:

fg;CD =1+ 5{2@. (3.25)

The quantity (%CD is equal zero for leptons and has been computed for quarks
up to the order of a2. The magnitude of these corrections is O(1072). The same

procedure can be applied in case of QED corrections

foep=1+b5p (3.26)

with dggp = 3aQf /4.

Improved Born Approximation

The Born-level formulae (e.g. equation 3.6) can be used in the analysis of the
LEP data, provided the coupling constants are replaced by effective constants
(equations 3.21 and 3.22) at a scale q*> ~ mZ. The fermionic partial width can be
parameterised by the Improved Born Approximation in terms of effective vector

and axial-vector couplings of the Z to fermions:

G 3
IPETES %\%ﬁf[(l +200)((30)° + (52)°) — 6043’ INe foppthep  (327)

with the correction factors ey, and f§g;, defined above.

For the Z — bb final state there are additional sizable vertex corrections, arising
from vertex diagrams [60-62] involving b and t quarks and W bosons, as shown in
figure 3.9. The CKM matrix element Vy, is about 1, which results in a dominant
contribution from the Wtb vertex. Due to the large top mass these contributions
are significant with respect to the high precision of the LEP/SLD measurements.
In the framework of running couplings the additional contributions are included

by corrections with respect of the form factors of the light down type quark d:
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Figure 3.9: Vertex corrections to efe™ — Z — bb

Ap(m3,,)
oy = ph —2——2, (3.28)
Qp
Ap(m?
Ky = kL + % (3.29)
b

In the limit of large top quark masses, the correction is given by [62]:

Ap(m3,,) o [ 8 1 m;,
— 2 ~ |V & - 1 i 3.30
Vi [m%v +<3+600829w> o8 m%v} (3:30)

For the decay width, I';_,;, these vertex corrections cancel most of the loop cor-
rections due to loops of a virtual top quark; I',_,,; is weakly top mass dependent.
Taking RY = lfh—ii, the top quark corrections appearing in the total hadronic width
cancel the loop corrections in I'; ;5 and hence render it sensitive to the square
of the top mass coming from the vertex correction. In contrast to Ry, the relative
decay width of lighter down type quarks, e.g. Rq= %:d, is much less sensitive to
the mass of the top. Figure 3.10 shows the behaviour of Ry, and Ry with respect
to the top mass predicted by Standard Model calculations using the ZFITTER!
program. It is also shown that Ry, is, by construction, nearly insensitive to the

mass of the Higgs boson.

LZFITTER is the most comprehensive implementation of the radiative corrections for ete™
interactions at energies around the Z resonance. It is commonly used for experimental data anal-
ysis. and is based on a semi-analytical approach to fermion pair production in ete~ annihilation
and Bhabha scattering and is using the on-shell renormalisation.
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Figure 3.10: a) Standard Model predictions of Ry, and Rq as a function of the mass
of the top quark. The effect on the curves of varying the Higgs mass between 90
and 1000 GeV is smaller than the resolution of the lines. Ry is much less dependent
on my,, than Ry,. The band in the middle depicts the 1o region of the latest world
average of Ry, = 0.2173 &+ 0.0009 [27]. b) Standard Model predictions of Ry, as
a function of the Higgs boson mass assuming a top mass of my,, = 173.8 £ 5.2
GeV [27]. Ry, is nearly independent from the Higgs mass.
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3.5 Measurement of R, at LEP-I - Experimental

Review

The following Z decays have been studied at LEP-I in great detail [63,64]:

e ete” — qq () (hadronic)

e ete” — utp () (dimuon)

e ete” = 77 () (tau)

e efe” — ete () (Bhabha)

The decay of the Z into a neutrino anti-neutrino pair is not visible, because neu-
trinos passing the detector without interaction. Only if at least one initial state
photon (from a bremsstrahlung process) appears, the process e*e™ — v y can be

investigated by looking for events with a single photon in the detector.

Year 1990/91 | 1992 | 1993 | 1994 | 1995 | total
£ (pb 1) 19.1] 22.7| 33.0 | 49.7 | 30.0 | 154.5
Ng 7 1 3 1 3
number of events (x10?)

hadronic 416 | 678 | 645 | 1359 | 526 | 3624
dimuon 13 21 21 42 17 114
tau 10 15 20 41 17 103
bhabha 16 23 23 43 21 126

Table 3.3: Integrated luminosity £ and number of events recorded by L3 at the Z

resonance. Ng gives the number of energy points per year.

The integrated luminosity per year recorded by the L3 experiment and the cor-
responding number of events per channel mentioned above are given in table 3.3.
The numbers for ALEPH, DELPHI and OPAL are similar. In some years the cen-

tre of mass energy was scanned over a few energy points within 2-3 GeV off the Z

peak (see Ng in table 3.3).
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The key for precise heavy quark physics is an efficient and so-called self-calibrating
method of distinguishing (tagging) Z — bb decays from Z decays into lighter
quarks. A self-calibrating tag allows that the efficiency can be determined directly
from the data. This reduces systematic errors by minimising the dependence on
Monte Carlo simulations. There are three sources of information available to iden-
tify Z — bb decays: leptons from semileptonic b decays, the shape of b jets (event
shape) and the finite lifetime of the B hadrons:

e Lepton tag: Approximately 20% of b quarks decay semi-leptonically into
electrons and muons. Due to the relatively high mass and hence the fact
that a large fraction of the initial energy of the b quark is retained by the B
hadron into which it fragments, about half of these decays result in a high-
momentum lepton (p > 3 GeV) with high momentum transverse to the b
quark direction (p; > 1 GeV). Due to the lower ¢ quark mass, leptons from

¢ decays have high momenta but lower transverse momenta.

e Event shape tag: The method relies on the fact that the larger mass leads
to slightly more isotropically distributed tracks from heavy quark events than
in light quark events. However at energies around the Z mass the difference
of few GeV between the quark masses is of limited consequence to achieve
any discrimination. Event shapes are only used occasionally at these energies
and mostly in conjunction with other methods, for instance as one of many

inputs to an neural network.

e Lifetime tag: This method exploits the relatively long lifetime of hadrons
containing b quarks and their hard fragmentation. At LEP-I energies, a
weakly decaying B hadron from Z decay travels typically 2-3 mm before
decaying into five charged tracks on average. There are two main variables
that are used for lifetime tagging. The most straightforward one is the decay
length, which is the distance from the interaction point to the decay point.
The second variable is the impact parameter, which is the distance of closest
approach of the track to the assumed interaction point. In contrast to the
decay length, which is a joint property of a number of tracks, the impact
parameter is a property of each track and can be used even when the decay

vertex has not been reconstructed. With the installation of silicon vertex
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detectors in the LEP experiments very accurate determinations of secondary

vertex positions and impact parameters became possible.

The lifetime tag is by far the most efficient method to distinguish b events from
events containing lighter quarks. Typically 20-25% of Z — bb events are tagged
with a sample purity of ~90%. The full characteristics of this kind of tag and the
method of ’self-calibration’ will be described in detail in section 6.2. Different tags
are sometimes combined into a multivariate tag which can increase the tagging
efficiency.

0.24 T T T T T T T T T T T T

0.23

0.22

0.21
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NZ - bb)/T(Z - hadrons)

0.18

Ry

O. 17 1 1 1 1 1
1985 1990 1995 2000

Figure 3.11: Historical perspective of R as a function of date of publication of the
Review of Particle Physics [27].

The first precise measurements of Ry, have been presented in early 1993, when anal-
ysis of data taken with vertex detectors at LEP became possible. Since summer
1993, the situation has evolved slowly (depicted in figure 3.11), with a discrep-
ancy of the combined average of the LEP experiments growing from about two
standard deviations to more than three. The status of LEP measurements on
Ry, as presented in summer 1995, is given in figure 3.12. The slow evolution can
be explained by the fact, that results were systematically limited from the very
beginning. Progress could only come from improved techniques and better under-

standing of the underlying systematic.
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Figure 3.12:

ALEPH (lifetime)
0.2187 + 0.0022 =+ 0.0026

ALEPH (event shape)
0.228 + 0.0054 + 0.0048

DELPHI (combined)
0.2210 + 0.0016 = 0.0020

DELPHI (lifetime)
0.2216 = 0.0017 = 0.0027

DELPHI (lepton fit)
0.2145 + 0.0089 + 0.0067

L3 (lepton)
0.2187 £ 0.0081 = 0.0058

L3 (event shape)
0.222 + 0.003 = 0.007

OPAL (lifetime)
0.2197 + 0.0014 + 0.0022

OPAL (lepton fit)
0.225 = 0.0110 = 0.0066

SLD (lifetime)
0.2171 = 0.0040 + 0.0037
= Average == SM
0.2205 + 0.0016 02188
R = 0.172 020 021 022 023 024
R,

Measurements of Ry, as presented in summer 1995 [8]. Beside the
total error, the contribution from statistics is given for each measurement (thick
line). The left vertical band depicts the Standard Model prediction, the right one is
the world average. DELPHI has presented a combined measurement. In addition
the result of the lifetime tag is given.
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In addition measurements of R, have developed a discrepancy at the level of two
standard deviations. The combined results in 1995 were [8]:

Ry, = 0.22054+0.0016 SM Value: 0.2155 discrepancy: 3.1lo
R. = 0.1598 + 0.0069 SM Value: 0.172  discrepancy: 1.8¢

with a negative correlation of -30%. The correlation results from the fact that

charm events are the main background to the Z — bb signal.

Taking into account the difficulty of the measurement, one should check mea-
surements and methods and trying to find out how new physics or other model
dependent things could explain it, as well. Precise updated measurements of Ry,

are necessary and of great interest.
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Chapter 4

The L3 Detector at LEP

4.1 The LEP Machine

The Large Electron Positron collider was built to study the electroweak interaction
at energies of up to 200 GeV. The physics goals are twofold. The first stage (LEP-I)
was started in 1989 and provided colliding beams of approximately 45 GeV, i.e.; a
centre of mass energy close to the Z resonance, in order to study production and
decay of the Z boson. LEP-II began in 1996 with beam energies of around 80 GeV
allowing the production of W boson pairs.

A map of the LEP area is shown in figure 4.1. The ring consists of eight bending
and eight straight sections. The four experiments, ALEPH, DELPHI, L3 and
OPAL are located at the centre of alternate straight sections. The electron and
positron beams are split into four or eight bunches which are timed to cross at the
interaction points inside the detectors. In 1995 a new technique was introduced:
each bunch was replaced by up to four closely-spaced bunchlets. This increases the
luminosity considerably. With four bunches in each beam, the bunch crossing rate
seen by each experiment is approximately 44 kHz.

Superconducting quadrupoles on either side of each experiment squeeze the beams
to give a luminosity of about 103! cm~2s~!. Conventional radio frequency cavities
in LEP-I accelerate the beams and compensate for synchrotron radiation losses.
For LEP-II they are complemented by additional superconducting cavities. The
beams are injected into LEP with an energy of 22 GeV via a complex system of
smaller accelerators, as shown in figure 4.2. Once accelerated they can circulate

up to about 20 hours giving several thousand Z decays per fill.
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LEP

——— 1km

Figure 4.1: A map of the CERN site showing the Large Electron Positron collider
(LEP), the Super Proton Synchrotron (SPS), Proton Synchrotron (PS), and the
four LEP experiments ALEPH, DELPHI, L3 and OPAL.

To identify bottom hadrons using the length of flight, the dimension of ete~
bunches and the environment near the interaction point are of great importance.
The average decay length of B hadrons at LEP-I is of the order of 3 mm. The ex-
tension of the beam in the plane perpendicular to the beam axis at the interaction
point is of about 20 pm in vertical direction and of about 100 pgm in horizontal
direction. The difference between horizontal and vertical extension is caused by
the synchrotron radiation emitted in the accelerator plane causing momentum and
thus orbit changes. The total luminosity delivered to the L3 experiment at the Z
resonance was 155 pb~!; 80 pb~! were taken in the years 1994 and 1995. Detailed

information on the LEP machine and its performance can be found in [65].

4.2 The L3 Detector

L3 is a large detector [66] designed to study ete™ collisions at centre-of-mass en-
ergies of up to 200 GeV with an emphasis on the precise energy measurement of
electrons, photons, muons and jets. Figure 4.3 shows a perspective view of the

detector. It is located in a cavern at interaction point 2 of the LEP ring, 50 m
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Figure 4.2: A schematic view of the ete™ injection system through linac, accumu-
lator (EPA), Proton Synchrotron, Super Proton Synchrotron and into LEP.

under the village of Sergy in the foothills of the Jura mountains in France.

The experiment consists of a number of sub-detectors housed in a 7800 ton solenoid.
The magnetic field of the solenoid is 0.5 T along the beam line with a high degree
of uniformity. A 32 m long, 4.45 m diameter steel tube running concentric to the
LEP beam line houses the inner detector elements arranged as barrel and endcap
components around the beam pipe. This support tube can be adjusted to allow

the alignment of all sub-detectors relative to the ete™ beams.

Starting from the interaction point there is a high resolution Silicon Vertex De-
tector (SMD), a tracking chamber (TEC) to measure the r¢ coordinates, and a Z
chamber to measure the z coordinates of charged particle trajectories, an electro-
magnetic calorimeter made from Bismuth Germanate (BGO) crystals, a luminosity
monitor, an array of scintillators, an uranium hadron calorimeter and a muon filter.
Outside the support tube, but within the magnet volume, are three layers of muon
chambers arranged concentrically around the beam axis. From 1995 an additional
forward-backward muon system consisting of chambers arranged on either side of
the solenoid endcaps belongs to the detector.

Additional toroids on both sides allow precise momentum determination with this
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new forward-backward muon chamber system.

Outer Cooling Circuit

Inner Cooling Circuit

Figure 4.3: Perspective view of the L3 detector.

The design and operation of each sub-detector is outlined below, with focusing on
the inner tracker (SMD+TEC) which is the most important part of L3 for the
analysis presented in this thesis. A more detailed description of the detector can
be found in reference [66,67].

Coordinate System

In order to combine the information of the detector components, a standard coor-

dinate system has been agreed upon:
e The origin of coordinates is at the nominal ete™ interaction point.

e The z axis runs from the origin in the direction of the incoming electron

beam.
e The x axis runs from the origin to the centre of the LEP machine.

e The y axis points vertically through the origin.
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e The polar angle, 0, is defined as the angle with respect to the z axis.

e The azimuthal angle, ¢, is defined as the angle in the xy plane with respect
to the x axis.

e The xy plane is also denoted as r¢ plane where r is the radial distance from

the origin (cylinder coordinates).

Silicon Microvertex Detector

In the last 10 years a lot of effort has been made to establish the silicon technology
for the construction of detectors with very high spatial resolution. Today two kinds
of segmentation techniques are used: strips to measure one coordinate per segmen-
tation layer and silicon pads to measure two coordinates per segmentation layer
simultaneously. Their spatial resolution of the order of 10 ym and the possibility
to install the detectors close to the beam pipe make the silicon detectors essential
for the recognition of secondary decays on an event-by-event basis. Most of the
actual collider experiments make use of this technique: e.g., all LEP experiments,
SLD, H1, ZEUS, HERA-B, the BaBar Experiment, CDF, DO, and BELLE.

y
outer layer inner layer

Figure 4.4: The Silicon Microvertex Detector - end view.

The Silicon Microvertex Detector (SMD) of L3 is a cylindrical detector directly
surrounding the beam pipe (figure 4.4). It is built of 2 layers of double-sided silicon
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strip detectors, at 6 and 8 cm radially from the interaction region, respectively. It
is capable of providing r¢ and z coordinate measurements for |cos 6| < 0.93.

The basic detector element is a ladder (figure 4.5). There are in total 24 ladders,
each built from two separate half-ladders. Each half ladder in turn consists of 2
electrically and mechanically connected silicon sensors. Each sensor is 70 mm long,
40 mm wide and made of 300 pm thick n-type silicon. On one side (the junction
side) there are implantation strips every 25 pm with a readout pitch of 50 pm.
These run parallel to the long side of the sensor and give the r¢ coordinate. On the
other (ohmic) side are n* implantation strips with a pitch of 50 ym perpendicular
to the junction side strips. Between the strips on the ohmic side p™ blocking strips
are interspersed designed to separate accumulated surface charge. The readout
pitch is 150 pm for |cosf| < 0.53 and 200 pum for the rest of the angular range.
This side measures the z coordinate.

Figure 4.5: Exploded view of a SMD ladder. Each half ladder consists of two
double-sided silicon sensors.

The inner ladders are mounted parallel to the beam line with a 5 % overlap as an
alignment aid. The outer ladders are mounted at a stereo angle of 2° with respect
to the beam line to facilitate pattern recognition, particularly the reconstruction
of the z coordinate. More information on the construction and operation of the
SMD can be found in [68] and [69, 70].

As mentioned above there is a difference between the strip distance and the readout
pitch. Tt is still rather expensive to read out all strips of these detectors with
typical strip pitches of ~ 30 ym. One possibility to reduce the huge number of

readout channels by a small worsening of the resolution is the method of capacitive
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charge division: strips are coupled by a capacitor and hence charge collected by a
non-readout strip induces a certain charge on the neighbour readout strips. The
position of the trajectory can consequently be extrapolated by the signal heights

including information from non-readout strips.

A detailed report on silicon detectors and their application in heavy flavour physics
can be found in [71].

SMD Alignment

In order to achieve the desired high precision in vertex reconstruction an accurate
alignment of the SMD has to be performed. Before installation of the SMD detector
into the L3 experiment a complete survey of the ladder positions on the carbon
cylinder has been performed. Under running conditions the ladder positions are
monitored as a function of time. This is done by laser light spots, focused on the

silicon detector surface. The system is capable of a precision of several microns.

The final alignment concerns both the global SMD detector position with respect to
the rest of the detector and the relative positions of SMD sensors to each other. The
global alignment is performed by the use of a sample of dimuon events with muons
measured in the time expansion chamber and the muon chambers. The discrepancy
between the SMD hits and the track extrapolation points is minimised using free
parameters describing translations and rotation angles of the whole detector. In
the local alignment each ladder position is described by translations and rotations
relative to a SMD coordinate frame. The parameters are determined as before
by minimising the residuals of the hit positions with respect to the fitted track.
In order to be independent of the systematic error from the rest of the tracking
system the local alignment is done with the SMD alone. Tracks that are passing
through the r¢ overlap region of the inner ladders constrain neighbour ladders to
each other. Tracks that have hits in the inner and outer layer relate both detector
layers to each other. In addition dimuon and Bhabha events allow to constrain
opposite sides of the detector due to their back-to-back structure. As a result the
relative ladder positions can be determined with a resolution of 5 ym in the r¢

projection and of 10 pum in the rz projection.
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SMD Efficiency

In order to study the SMD efficiency the number of tracks with an associated SMD
hit has been compared to the number of tracks measured by the TEC:

(SMD _ Number of tracks with SMD hit
- Number of TEC tracks

(4.1)

A dilepton sample was used to determine the efficiency. The low track multiplicity
of such events avoids problems with ambiguous hit assignments. Hit finding and
matching algorithm effects are included in the tracks numbers and lead to corre-
lations between the physical independent SMD layers. The efficiencies of all four
SMD layers as a function of the angles # and ¢ are shown in figures 4.6 and 4.7.
As can be seen the efficiency is angular dependent. The Monte Carlo describes
these dependencies, because broken or inefficient readout channels are taken into
account in the simulation. The observed deviations are of the order of 2%. The re-
quirement that each track has at least one assigned SMD z-hit reduces the number
of events to 74% of the total data sample.

The overall efficiency is 84% and the hardware was found to be operational to
79% [68,72]. The spatial resolution in r¢ is 15um and 25pm in z.

Time Expansion Chamber

The time expansion chamber (TEC) [73] is a precise wire chamber for position
measurements of charged particles traversing its volume. The chamber extends
over a radial distance of 37 cm and operates in the so-called time expansion mode.
Following this principle, the chamber combines a large volume with a low, homo-
geneous drift field with a very small volume of high field to achieve the necessary
gas amplification. The chamber is filled with a mixture of 80% CO, and 20%
isobutane (iso-C4Hyg), at a pressure of 1.2 bar. This gas mixture has a low diffu-
sion coefficient and enables the use of low electric fields (0.9 kV/cm). Thus the
electrons produced by ionisation have a low drift velocity of 6 pum/ns which allows
high position resolution. Within the region of a linear drift-distance-to-time rela-
tion - which not includes the amplification region and the zone around the cathode
wires - an average single-wire resolution of about 50 ym is obtained. The averaged

double-track resolution is 650 pm.
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Figure 4.6: The SMD efficiency as a function of §. The dots correspond to data
and the histograms to the Monte Carlo.

43



4 THE L3 DETECTOR AT LEP

[N

09 f
08 ¢ .
07 |
06 |
05 [
04 |
03 |
02}
01}

Efficiency
-
-
-
-
k4

inner z layer
|

5

6

¢ [rad]

09 E
08 [ ¢ ¢
0.7
06
05 F
04 F
03 F
0.2 F
0.1F

Efficiency

inner @ layer

0‘”‘1””2””3””4‘

5

6

¢[rad]

Efficiency

Efficiency

1 L

0.1 F

outer z layer
|

5

6

¢ [rad]

01}

outer @ layer

5

6

¢[rad]

Figure 4.7: The SMD efficiency as a function of ¢. The dots correspond to data
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layer in some particular bins is due to two disconnected silicon wafers. Due to
the matching algorithm a similar efficiency gap can be found for the outer z layer,
although this layer is fully operational.

44



4.2 THE L3 DETECTOR

The chamber is made up of two concentric cylinders operating in a common gas
volume which is limited by an inner cylinder at a radius of 9 cm and by an outer
cylinder at a radius of 46 cm. Its sensitive length in z direction is 98 cm. The
inner drift chamber is divided into 12, the outer into 24 sectors along the ¢ angle.
The different number of sectors is given by the limitation of the geometry of each
sector to keep the maximum drift distance in the inner and outer sectors almost
equal. The drift time in one sector is required to be smaller than the time between
two bunch crossings. In the 8x8 bunch-train regime in 1995 the time between two
bunches was about 11 ps. The maximum drift time of the TEC is about 9 us.

z-detector

beam pipe

Figure 4.8: The Time Expansion Chamber. Note the two concentric cylinders
around the beam pipe and the division into 24 outer and 12 inner sectors.

The arrangement of the sectors of the inner chamber with respect to the sectors
of the outer chamber enables to resolve left-right ambiguities. These ambiguities
occur because only the absolute value of the drift distance - not its direction - is
determined. Each sector contains anode, cathode and grid wires stretched parallel
to the beam direction, as it can be seen in figure 4.9. The grid wires situated close
to the anodes separate the drift region from the amplification region. The inner
chamber measures up to 8, the outer up to 54 coordinate points of a track.

All wires measure the ¢ coordinate. In addition some of the anode wires are
prepared for z coordinate measurement. Information on the z coordinate can be

obtained by a division of the signal charge which is transported to both ends of
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Figure 4.9: A view of the tracking system in r¢. Beginning from the interaction
point, two layers of the silicon detector, the inner and outer sectors of the TEC
and the two layers of the Z chamber are seen.

the wire and a comparison of its pulse heights. The drift direction can be deter-
mined by the readout of groups of grid wires on both sides of the anode. The
difference of the induced charges read out on both sides of an anode helps to solve
the left-right ambiguity. In order to get spatial information from a drift cham-
ber, the drift-distance-to-time relation has to be known. The determination of
the drift-distance-to-time relation for all anodes of the TEC is an essential part
of the calibration. The first step is to convert the raw time information coming
from the flash analog digital converter (FADC) into the drift time. This is done
by subtracting from the raw time an anode depending time marker, which results
from the delay of the beam crossing signal to the induction onto an anode. The
next step is the determination of the calibration constants, e.g., the drift-distance-
to-time relation. This is done by using pairs of muon tracks produced in ete~
collisions. The curvature of the tracks predicted by the muon chamber is used
as an external constraint. The determination of the global parameters is done by
minimising the average residuals of the hits in the inner chamber with respect to
the track predicted by the outer one. Using these global parameters, the anode

dependent correction parameters for each anode are determined by an iterative
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fitting procedure.

A new possibility to calibrate the TEC is offered by the SMD detector [74]. This
calibration has the advantage that it is independent of some TEC systematic un-
certainties. In dimuon events a precise track fit can be performed with the muon
chambers and the SMD. The TEC is now calibrated by comparing this track tra-
jectory with the time measured in the TEC. The particular advantage is that the
residual minimisation is non-iterative and yields directly the calibration parame-
ters. As a result the parameterisation can be chosen closer to the realistic situation
by enlarging the number of free parameters. For instance, small corrections to the
linear drift-distance-to-time relation in the drift region can be described by the
inclusion of a quadratic term. Most important, the drift-distance-to-time relation
are determined separately for each wire, so that the calibration becomes wire and
drift region dependent. Having 2784 wires, about 18000 parameters were fitted
with the SMD calibration method. The single-wire resolution could be improved
by 20% in the drift region and by a factor two in the low-resolution regions close
to the cathode and amplification regions. The only drawback is that the TEC and
SMD calibrations become dependent from each other because the resolution is only
as precise as the position of the SMD is known with respect to the TEC. A data
sample, not used in the SMD calibration, has been used to cross check the impact
of SMD systematic uncertainties on the TEC calibration. This uncertainty was
found to be small.

The use of an external detector, namely the SMD, allows to remove system-
atic uncertainties in the TEC calibration so that an intrinsic resolution of the
TEC of better than 50 um could be reached [75]. The transverse momentum
resolution obtained with the combination of SMD and TEC measurements is
d(1/pL) = 0.017 GeV~! [75]. The inclusion of the SMD improves the resolution
by a factor of two mainly due to the very precise measured track points and its
impact on the lever arm of the tracking system. In addition the precise measured
SMD track point close to the interaction point has a considerable effect on the
impact parameter resolution. A track fit with the TEC alone yields a resolution of
120 pm for high-momentum tracks which is improved to 32 um by including the
track points measured by the SMD.
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Z Chamber

The Z chamber [76,77] supplements the measurements from TEC and SMD with a
z coordinate measurement in the angular range of 42° < # < 138° at r=>50 cm. It
consists of two cylindrical proportional wire chambers with cathode strip readout.
Each wire chamber contains two cathode layers. The 240 readout strips of one
cathode layer in each chamber are oriented perpendicular to the chamber axis
whereas the strips of the remaining layers form a helix with an angle of + 69° to
the axis (stereo layer). The 576 anode wires per chamber are strung in the axial
direction. A particle traversing the Z chamber generates an avalanche of electrons
close to the wire. The avalanche induces image charges on both cathode layers. The
measurement of the charge distribution allows to localise the avalanche position
along the wire. The ¢-component of the stereo layer measurement is used to match
the z information with the tracks measured in TEC. The single hit efficiency of
each chamber is approximately 96%. The resolution varies between 200 ym and
1 mm from the centre to the edges of the chamber. For an analysis which is based
on high multiplicity events, the capability to separate two tracks up to a certain
distance is very important. This distance is called double-track resolution. The
double-track resolution of the Z chamber is measured to be about seven millimeter

and is the limitation factor for a high 3-dimensional impact parameter resolution.

Electromagnetic Calorimeter

The electromagnetic calorimeter, shown in figure 4.10, was designed to measure the
energies and positions of photons and electrons with high precision. The calorime-
ter surrounds the central tracking system and consists of 10734 Bismuth Germanate
(BGO) crystals. The central part of the detector is made of two half barrels cov-
ering a polar angle range of 42° < < 138° and contains 7680 crystals in total.
This angle region is called barrel region. The polar angle coverage of the two
endcaps each consisting of 1527 crystals is 11.6° < 6 < 38° in the forward and
142° < 6 < 168.4° in the backward direction. The inner radius at the origin of the
coordinate system is 52 cm.

Each BGO crystal has the shape of a pyramid segment with a front face of 2x2
cm? and a rear face of 3x3 cm?. Their length of about 24 cm corresponds to

approximately 22 radiation lengths and one nuclear interaction length. The BGO
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Barrel EndCap

beam pipe

Figure 4.10: The BGO electromagnetic calorimeter.

scintillation light is collected using 2 photodiodes glued on the rear face of each
crystal. An angular offset of the order of 10 mrad of the crystals in ¢ with respect
to the nominal interaction point reduces the amount of particles traversing the
space between crystals. The crystals act both as showering and detection medium.
The principle of forming clusters in the BGO is depicted in figure 4.12. The BGO
crystals have a high stopping power for electrons, positrons and photons. Due to
the small Moliere radius of BGO (2.2cm) the energy of electromagnetic showers is
concentrated in almost one crystal. The scintillation light is read out by photodi-
odes mounted on the crystal backface. Hadronic particle can be separated by the
lateral expanded showershape.

Three independent calibration methods ensure a continuous calibration and moni-
toring of the calorimeter. A Xenon flasher monitoring system measures the trans-
parency of the crystals by comparing the detector response with a generated ref-
erence light pulse. In addition Bhabha scattering is used to calibrate the BGO
to the precisely known beam energy. For the calibration at low energies data of

minimum ionising cosmic muons are used.

The energy resolution is measured to be 5% at 100 MeV and less than 2% for
energies larger than 1 GeV [67].
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Scintillation Counters

An array of 30 scintillation counters is situated in the region between the BGO
and the hadron calorimeter. A polar angle coverage corresponding to | cosf| < 0.83
and an azimuthal coverage of 93% is achieved. The aim of these scintillators is to
trigger hadronic events using the hit multiplicity and to discriminate cosmic muons

by precise time-of-flight measurements.
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Figure 4.11: Schematic of the hadron calorimeter covered by muon filters.

Hadron Calorimeter

The energy of hadrons and hadron jets emerging from ete™ collisions is deter-
mined by the total absorption technique with the electromagnetic and the hadron
calorimeter. The hadron calorimeter (HCAL) is mechanically divided into three
parts, the barrel covering the central region of 35° < 6 < 145°, and the endcaps
covering the polar angle range of 5.5° < 6 < 35° and 145° < 0 < 174.5°, respec-
tively. The calorimeter is made of depleted uranium absorber plates interspersed
with proportional wire chambers. The amount of material traversed by a particle

depends on the polar angle and varies between 6 and 7 nuclear absorption lengths.
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The barrel has a modular structure consisting of 9 rings of 16 modules each as
shown in figure 4.11. For the readout the wires are grouped in so-called towers
which include only wires from alternate and thus parallel planes. The principle of
forming towers in the hadron calorimeter is depicted in figure 4.12. The energy
resolution of the HCAL for single pions was determined to be (55/v/E + 8)%. The
fine segmentation of the calorimeters allows a measurement of the jet axis with a
precision of approximately 2.5°. In addition a muon filter is mounted on the inside
wall of the support tube and adds one more absorption length to the HCAL. This
combination ensures that almost only minimum ionising particles reach the muon

spectrometer.
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Figure 4.12: Principle of function of BGO and hadron calorimeter.

Luminosity Monitor

The luminosity delivered by the LEP collider to the L3 interaction region is mea-
sured by two dedicated BGO calorimeters. In the limit of small polar angles
the cross section for Bhabha scattering ete~ — ete™ approaches the contribu-
tion from pure photon exchange. The cross section is very well known from QED
so that the number of observed events can be converted into a direct determina-

tion of the luminosity. The calorimeters are situated symmetrically on either side
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of the interaction region at z = +£2.7 m. They cover a polar angular range of
25 mrad < @ and (7 — ) < 70 mrad. The limiting factor on the luminosity mea-
surement is the definition of the fiducial volume. In order to improve the an-
gular resolution a Silicon Luminosity monitor (SLUM) was installed in front of
each calorimeter [78]. The precision obtained with this luminosity monitor system
is AL/L ~ 0.2%. The uncertainty of the theoretical prediction of the Bhabha-

scattering cross section leads to a contribution of 0.16% to the luminosity error.

Muon Spectrometer

The muon spectrometer consists of eight ferric octants with three layers of drift
chambers. It extends from an inner radius of 2.23 m up to an outer radius of
5.93 m from the beam line. One octant contains five precision drift chambers (P-
chambers) arranged in the three layers. There are two chambers in the outer layer
each with 16 signal wires, two chambers in the middle layer each with 24 signal
wires, and one inner chamber containing 16 wires. A set of Z-chambers is mounted
on the top and the bottom of the P-chambers of the inner and outer layer. The P
and Z-chambers together yield a measurement of the momentum of the track with
a precision of o(Epeam/py) = 2.5% for 45 GeV muon tracks. Tracks measured in
only two layers have a momentum precision of ~ 20%. In 1996 the muon system
has been completed by forward muon chambers. The polar angle acceptance of the
whole muon system covers the range from 36° < 6 < 158°.

L3 Trigger System

In general, the output of the detector is a large number of digital and analog
signals for every beam crossing. Usually, not all information can be recorded
by an experiment. In order to maximise the number of events written on tape
and minimise the background an efficient trigger is needed to read out the L3
subdetectors only when a real eTe™ annihilation take place in the detector. The
readout sequence starts at each bunch crossing and, unless it is aborted, takes
500us or 45 bunch crossings to complete. While the readout sequence is active no
new input will be accepted. In order to minimise this 'dead time’ a trigger system
is designed in three stages such that beam crossings without e*e™ annihilations

can be recognised at time scales of 9us. This allows in case of a negative decision
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to reset the readout in time for the next bunch crossing. Under normal running
conditions the dead time is less than 8%.

Level-1 performs a logical OR of triggers from individual subdetectors. Level-2
coordinates information from more than one subdetector, while level-3 makes the

final decision including the full detector information.

Level-1 trigger The level-1 trigger is based on five separate triggers. Each
trigger starts its operation at the beam crossing. If any of them has a positive
decision the event is digitised and stored until the level-2 decision is available. The

typical trigger rate of the level-1 trigger is 8 Hz. The five subdetector triggers are:

e TEC trigger: The TEC trigger decision is based on the total number of
tracks, the number of co-planar pairs of tracks or on more complicated topolo-
gies [73].

e energy trigger: The energy trigger is designed to select events with a min-

imum energy deposition in the electromagnetic or hadronic calorimeter [79].

e scintillator trigger: The signals of scintillation counters are used to select
high multiplicity events and to discriminate cosmics using the time-of-flight
information [80, 81].

e luminosity trigger: The luminosity trigger requires energy in the luminos-
ity monitor and selects low angle Bhabha events.

e muon trigger: The muon trigger detects events with at least one recon-
structed track in the muon spectrometer. It is not used in this analysis.

Level-2 trigger The level-2 trigger decision is based on the level-1 trigger infor-
mation. The coarse signals of the different subdetectors are combined and analysed.
The main task is the rejection of background events, such as calorimetric noise,
beam-gas events, beam-wall interactions and synchrotron radiation. Each event
with more than one positive level-1 trigger is automatically passed to the level-3

trigger. The level-2 trigger rate is typically 6 Hz.
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Level-3 trigger The level-3 trigger decision is based on the full detector informa-
tion for the event. The digitised data are used to define thresholds more precisely
to perform a simplified pattern recognition for tracks, to reconstruct energetic clus-
ters, and to match energetic bumps in the calorimeters with tracks determined by
the TEC. This leads to a further background suppression. Events with more than
one positive level-1 trigger result are always accepted as well as all luminosity trig-
gers. The level-3 trigger does not introduce any additional dead time and enables

the reduction of the event writing rate to 2-3 Hz.
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Chapter 5

Simulation and Reconstruction

Each physical measurement is based on the observation of a physical process with
a measuring device. In order to extract valuable information from this observation
the functionality of the measuring device has to be known exactly. The response
of the L3 detector on a certain process is simulated by computer programs in such
a way that the reconstruction of the event can be applied as well as for 'real’ data.
The comparison of the detector response from the simulation with that what the
nature is 'producing’ provides a good test of the knowledge of underlying physics.
The analysis chain for high-energy physics experiments contains in general the

following three components:

e data taking / Monte Carlo simulation

e event reconstruction

e physics analysis
These steps within the overall framework of any high energy physics experiment
are illustrated in Figure 5.1.

5.1 Monte Carlo Simulation

Monte Carlo simulations in particle physics experiments are usually split into two

subsequent steps:

e event generation
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e detector simulation

Each generated event of a certain process contains the type of particles in the final
state, the history of their respective parent particles and all four-vectors. Subse-
quent detector simulation modules simulate the response of specific measurement
devices to all particles traversing it. The result is a number of digitised information

as provided by the detector modules during real data taking.

| Event Generation | | Accelerator |
Y
{ Particles (four-vectors) J { Particles J
| Detector Simulation | | Detector |
( Event )

| Event Reconstruction |

Y
[ Hits, Tracks, Clusters, Jets, ... J

| Physics Analysis |

Figure 5.1: Schematic representation of the steps in the simulation, real data taking
and subsequent reconstruction.

5.1.1 Event Generation

The L3 event-generator library contains generator modules for both Standard
Model physics and new physics beyond the Standard Model. For the analysis
presented here, event generation was performed by the programs JETSET [44,82]
and HERWIG [83,84] that generate ete~ — ff events according to Standard Model
processes and perform subsequent decays using experimental data on lifetimes and
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5.1 MONTE CARLO SIMULATION

branching ratios as input.

As explained in section 3.1, the generation of events with hadronic final states
can be subdivided into four different steps: beginning with the pair production of
the quarks up to the formation of stable particles, which will be detected by the
experimental apparatus.

5.1.2 Detector Simulation

The generated particles are propagated through a program package being a detailed
representation of the detector including the response of each active detector element,
and the effects of showering in the detector materials. In L3, this is performed by
a combined version of GEANT3 and GEISHA [85]. The output is a number of
digitised information which can be reconstructed using exactly the same procedure
as for the real data. The calorimeter responses are tuned with the help of test
beam data. Detector imperfections (dead cells, noisy channels etc.) vary with the
time and must be properly simulated. In order to provide such information they
are stored in a central database. Each subdetector is represented in the database

by following information:

e General setup such as the detector geometry.

e Data from online monitoring programs, e.g., high voltage status of the TEC,
BGO crystal temperature etc.

e Offline information of the different subdetectors, e.g., calibration constants,
dead crystal or dead wire maps and alignment data.

In order to keep the statistical uncertainty of the simulation small, the number
of simulated events should be much larger than the number of events in the real
data sample. However, event simulation is very time consuming: on average one
minute CPU time (HP-UX9000/735 with PA7200 processor) for a hadronic events
and up to a few minutes for events with a complicated shower structure in the
BGO. Consequently, a limited number of events can be generated depending on
the event type and the corresponding time need. For hadronic events, typically 4-5
times the number of real data is produced. For the analysis presented here, the

Monte Carlo sample contains about 4.7 million fully simulated ete™ — qq events.
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5 SIMULATION AND RECONSTRUCTION

This corresponds to 4.8 times of the statistics of the experimental data.

In order to be able to produce as many Monte Carlo events as possible and to
handle large Monte Carlo requests in a proper time, 1.3 has implemented a system
for distributed and asynchronous parallel processing of Monte Carlo events in a
heterogeneous computing environment, FUL3 [86]. The concept of FUL3 is based
on the idea to use a scalable amount of processors for the Monte Carlo simulation.
The client-server architecture of FUL3 allows to involve computer instantaneously
when the system load permits, and vice versa. The master is running on an SGI
IRIX64 machine. Up to now about 100 slave machines of the L3 offline UNIX
cluster are involved in the FUL3 Monte Carlo production. Most of the workstations
are of type HP 9000 series 700, some machines are of type SGI Indy and since a

few month an increasing number of Linux PC’s are included.

5.2 Event Reconstruction within L3

The event reconstruction takes place first within each sub-detector. The individual
raw data are formed into objects like tracks or clusters. In order to characterise
the event as a whole the objects finally are combined. Since this analysis is based
on the lifetime information of an event, especially the tracking within L3 will be
explained in detail below.

Muon Spectrometer

Hits in the three layers of the muon chambers are combined to form tracks. These
tracks are fitted with a helix curve to get information about the momentum and
the sign of the charge. The mean energy loss of a minimum ionising particle (MIP)
coming from the traversal of material in the inner part of the detector is taken into

account in order to determine the muon momentum at the interaction point.

Hadron Calorimeter

Hadrons showering in the hadron calorimeter generate many charged particles,
which ionise the gas in the multi-wire proportional chamber. The local sum of the

charge measured in the wire chamber weighted with the average energy loss in the
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5.2 EVENT RECONSTRUCTION WITHIN L3

hadron

¢
PN

Figure 5.2: The different shower shapes in the BGO calorimeter caused by a photon
(or electron) and a hadronic particle.

absorber plates is a measure of the deposited energy. A MIP deposits a certain

amount of energy in the HCAL. A high energy muon looses about 2-3 GeV.

Electromagnetic Calorimeter

Signals of adjacent crystals are grouped into energy bumps. The position of a bump
is determined by a centre of gravity method. By obtaining the shape of energy
deposition it is possible to identify particles. This is mainly used to distinguish
between electromagnetic showers and the signals produced by hadrons. Narrow,
symmetric showers are caused by electrons and photons, whereas lateral expanded
shower shapes may result from hadrons (see figure 5.2).

A parameter to distinguish between those kinds of particles is the ratio of the en-
ergy sums of crystals within a 3x3 crystal map and crystals within a group of 5x5
crystals around the centre of gravity of the tower. According to the number of crys-

tals in each tower the parameter is called Eg/Eq5. For electrons and photons this
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5 SIMULATION AND RECONSTRUCTION

value is typically Eg/Eg; > 0.94. The average value for hadrons is much smaller.
This enables a effective distinction between hadrons and electrons (photons).

The reconstructed bumps in the electromagnetic calorimeter are associated with
information from the hadron calorimeter. A calorimetric cluster is built by using
the energy deposition of associated bumps of BGO and HCAL. Due to noise in the
BGO the energy of a cluster has to be greater than 40 MeV. The energy loss of a
high energy muon in the BGO is about 0.25 GeV.

Track and Vertex Reconstruction

The reconstruction of tracks is performed in two steps: The information of the
TEC alone is used to predefine a track in the r¢ plane. TEC hits are given by
r¢ points, which are computed from the position of the anode wires and the drift
time. Afterwards a new - 3 dimensional - fit is performed by assigning hits from
the SMD and the Z chamber.

Track

Curvature / /

- Beam Spot

Interaction Point

Figure 5.3: Tracking parameters in the r¢ plane.

The hits associated with a track are fitted by a helix. The following parameters
(figure 5.3) can be extracted (r¢-plane):

e the curvature C! of the track, which is proportional to 1/p,, with p, the

transverse momentum of the track,

!The curvature is equal to 1/R, where R is the the radius of the circumference corresponding
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5.2 EVENT RECONSTRUCTION WITHIN L3

e the distance of closest approach (DCA) of the track to the interaction point
(reference point),

e the azimuthal angle ¢ within the bending plane.

The interaction point of the ete™ annihilation is different for each event but lies

within a luminous region, called beam spot. The dimensions of the beam spot are:

0x & 120 pm, oy ~ 20 pm, o, ~ 10 mm (5.1)

The centre of the beam spot is used as reference point. The central beam spot
position is determined by fitting a common vertex for a sample of events. Since
the beam spot position is varying with the time it is useful to determine the beam
spot positions in short time intervals. Samples of about 200 hadronic events are
taken, corresponding to a time interval of about 16 minutes. The result of this
procedure, called 200-event-vertex, is the starting point for the reconstruction of
the primary vertex in each event. Its error, which corresponds to the r.m.s width,
is taken as weight in the fit. For the reconstruction of primary vertices, tracks are

selected passing loose cuts on the track quality:

the track fit should be performed with at least 20 hits of the TEC and at
least one hit from the inner layer of the SMD,

the DCA to the 200-event-vertex should be less than 1 mm,

the significance of the DCA, defined by the ratio of the DCA and its error,
should be less than five,

the transverse momentum of the track should be greater than 150 MeV.

For the determination of the event vertex an iterative procedure is applied. At each
step of the iteration the vertex is calculated with all tracks following the hypothesis
that they all have their origin at a single point. If the x> probability of the vertex
is less than 5%, the track with the largest contribution to x? is removed and the
vertex is recalculated with the remaining tracks. This procedure is repeated until

to the particle trajectory. It is positive (negative) defined for (anti-)clockwise 'rotation’ in the r¢
plane.
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5 SIMULATION AND RECONSTRUCTION

the probability of the vertex is at least 5% or only three tracks are left. In every
step the 200-event vertex is used as a constraint. After the primary vertex of an
event is determined one is able to calculate the distance of closest approach (DCA)
of each track related to this vertex. The DCA and its error, opca, are the most

important parameters for the analysis presented here.

Detector dependent correction on the DCA

The uncertainty on the measurement of the DCA has the following contributions:
e intrinsic accuracy of the tracking system
o detector effects left after the basic calibration
e multiple scattering of charged particles in the Coulomb field of nuclei

Since accurate track parameters and errors and their proper description by the

Monte Carlo are crucial to this analysis, detailed studies were carried out.
Intrinsic DCA Resolution

The DCA resolution was measured using the miss distance? distribution of the two
tracks of Bhabha events with respect to the interaction point weighted by 1/v/2.
In order to perform an independent check a sample was used which was not taken
for the TEC calibration itself.

The measured values depend on the data taking period. For the longest of these
periods the DCA resolution of the TEC was measured to be [74]:

052G =105 pum (5.2)

Including the information of the SMD in the track fit the DCA resolution can be
improved to:

2The miss distance is defined as the distance between the two tracks with respect to the
primary vertex.
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5.2 EVENT RECONSTRUCTION WITHIN L3

oi D =32 ym (5.3)

Detector Calibration Correction

The DCA resolution has been studied as a function of the azimuth angle in local
and global angle segment using hadronic events. The aim is to check the quality
of the basic calibration at the DCA level. In order to investigate the effect of the
tracking system in global the full range of the azimuth angle ¢4, € [0°,360°) was
divided into 48 segments. The DCA resolution of all tracks belonging to this angle

segment was fitted by a Gaussian.
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Figure 5.4: Distribution of the signed DCA before (dashed line) and after applying
the detector dependent DCA correction (solid line).
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The mean of the Gaussian should be compatible with zero. If the mean value
differs from zero more than three times the r.m.s the shift is used to correct all
tracks passing this segment. Once the global correction is applied the test of the
local regions in ¢ can be done. The structure of the TEC as described in section 4.2
allows to define a certain number of sectors with an identical geometrical structure.
A ¢ range of 30 degrees include one inner and two outer sectors each. Hence
the local azimuth angle is defined as ¢y € [0°,30°). The resulting ¢ segment is
again subdivided into 48 subsegments and the same procedure as before is applied.
Finally it will be checked that no significant shifts are left. Otherwise a second
iteration is applied.

The corrections have been made for different data taking periods and different
SMD two-dimensional® hit pattern categories:

Category 1: no SMD hit

Category 2: no inner and 1 outer SMD hit
Category 3: 1 inner and no outer SMD hit
Category 4: 1 inner and 1 outer SMD hit
Category 5: 2 inner and no outer SMD hit

Category 6: 2 inner and 1 outer SMD hit

Figure 5.4 shows the DCA distribution before and after applying these corrections.

Multiple Scattering

A charged particle traversing a medium is deflected by many small-angle scatterings
caused by the Coulomb force in the field of the nuclei, and hence the effect is called
multiple Coulomb scattering. However, in case of hadronic particles the strong
interaction also contributes to the multiple scattering, but in comparison to the
Coulomb scattering it is negligible [27].

3Since the SMD layer are double-sided, there are more combinations of of hits than given in
these categories, which are choosed to be equivalent to the two-dimensional case (r¢). Due to
the SMD pattern recognition the outer layer also include z information.
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5.2 EVENT RECONSTRUCTION WITHIN L3

The deflection of charged relativistic particle carrying unit charge traversing a
homogeneous medium can be described by a Gaussian distribution with a width

give by [27]:
13.6 MeV [ x
oMs = ————4 /[ - 5.4
s = OV, [X (5.4)

x/Xo is the thickness of the medium in units of the radiation length and p the
momentum of the particle.

Assuming a dependence on the layer thickness from the track angle with respect
to the z axis (cc 1/4/sinf) one can parameterise the uncertainty from multiple

scattering by:

k
oms = (5.5)

" p.[GeV]V/sing
The error from multiple scattering can be directly obtained by studying the trans-
verse momentum dependence of the width of the DCA distribution. Studies of low
momentum tracks were performed for different SMD hit pattern categories. The
parameters for the longest data taking period in 1994 are tabled here:

SMD hit category k

212 pym
140 pm
118 pm
110 pm

I

Reconstruction of the event hemispheres

In order to subdivide the event into two halves according to the back-to-back
topology a common event axis has to be reconstructed. This event axis is estimated

by the thrust axis, @i, which is defined by maximising the quantity T (thrust):

T = max <w> (5.6)
AN 2]
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Figure 5.5: Distribution of the signed DCA. The procedure to define the sign
is explained in the next section. A negative sign corresponds to an unphysical
topology due to the resolution of the detector.

where p; is the momentum of the track i. The value T itself is very useful to
characterise the event. A fully isotropic event has a T equal 0.5, T is equal 1 for a
fully collinear event. Figure 5.7 shows the distribution of the thrust value for bb
events. Data and Monte Carlo are in good agreement, but a slight shift to higher
thrust values in the model is visible.

A plane perpendicular to the thrust axis at the reference point subdivides the event,
into two halves, called hemispheres. So, each track of an event can be assigned to

one of the two hemispheres.

Reconstruction of Hadronic Jets

Because of the big B hadron mass the decay products have a high transverse
momentum with respect to the initial B hadron direction. In order to characterise

tracks as belonging to the initial B hadron a cluster algorithm is applied. The most
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Figure 5.6: The transverse momentum dependence of the impact parameter reso-
lution for the SMD hit category 4. The fitted line corresponds to a parameter k =
110 + 2.

common cluster algorithm used by the LEP experiments is JADE [87].
JADE calculates for all particles the value:

2EkEl(1 — COS Gk,l)
E2

Vi

Y1 = (57)
EZ, is the total visible energy of the event. The two particles with the smallest value
of yx, are combined to a new particle by adding their momenta. This procedure
will be repeated until the minimal yy; is greater than a given value y.,. The set
of tracks which are combined by this algorithm is called jet.
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Figure 5.7: Distribution of the thrust value T (see formula 5.6).
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Chapter 6

Measurement of Rg

The measurement of RY presented here is based on the precise tracking information
provided by the Silicon Microvertex Detector. The analysis has been performed
using about one million hadronic Z events collected in 1994 and 1995. In the next
section the selection of hadronic events is presented followed by a detailed explana-
tion of the tagging procedure using lifetime information. The method measuring
R presented here is based on a self-calibrating tagging method. After presenting
the selection of hadronic events and giving an overview of methods to identify b
quarks the self-calibrating double-tag method is discussed in detail.

6.1 Selection of Hadronic Z Events

The event selection for the process ete™ — hadrons is based on the evaluation of
the energy depositions in the electromagnetic and hadronic calorimeters, and on a
high particle multiplicity in the final state.

The selection strategy is based on the selection used for the L.3 measurement of
the hadronic cross section [88,89]. Hadronic events are selected using the following

criteria:

1. 0.5 < Eyis/+/s < 1.5 ; where E,; is the total energy observed in the detector.
2. |Ej|/Eyis < 0.6 ; where E| is the energy imbalance along the beam direction.

3. E1/Es < 0.5 ; where E | is the transverse energy imbalance.
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Figure 6.1: Distributions of the visible energy for hadronic events and the corre-
sponding main background observed in the Monte Carlo . The data are represented
by dots. The disagreement in the tail of the distributions is discussed in the text.
The cut values for the hadron selection are depicted by the arrows.

4. The number of clusters reconstructed in the calorimeters is required to satisfy:
Ncuster > 13 for |cosfr| < 0.74 (barrel)

Ot is the polar angle of the event thrust axis with respect to the beam pipe. The
distributions are shown by figures 6.1, 6.2, 6.3, and 6.4. The main background
components and the applied cuts are shown there. In two of these plots a dis-
agreement between data and Monte Carlo in the tails of the distributions appear.
The disagreement in the tail of the visible energy distribution is caused by the un-
derestimation of the noise in the hadron calorimeter by the simulation. However,
considering the logarithmic scale the effect begins two order of magnitude below
the peak value. The disagreement in the tails of the number of cluster distribution
results from a too small number of low energetic clusters from the simulation and
has been investigated. One possible explanation could be, that the energy cut

which leads to the stopping of the simulation of the particle propagation is too
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Figure 6.2: Distributions of the longitudinal energy imbalance for hadronic events
and the corresponding main background observed in the Monte Carlo . The data
are represented by dots. The cut value for the hadron selection is shown by the
arrow.

high. This cause the simulated particle to deposit the remaining energy in one
cluster. However, a large amount of the affected events have been scanned and
clearly identified as hadronic events.

The selection efficiency is determined using hadronic Monte Carlo events. These
events have been generated with the JETSET and HERWIG Monte Carlo pro-
grams, passed through a simulation of the L3 detector [85] and were reconstructed
by the L3 reconstruction program. The hadron calorimeter covers 99.5% of the full
solid angle which results in a selection efficiency of (99.19 &+ 0.10)%. The uncer-
tainty on this number is estimated by comparing different fragmentation models
as implemented in the generators mentioned above. The largest background with
a fraction of (0.20 + 0.02)% comes from the process ee™ — 7777. The back-
ground from all other Z decays is negligible. The fraction of non-resonant back-

ground, e.g., two-photon processes, beam-gas interaction and cosmic rays, amounts
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Figure 6.3: Distributions of the transversal energy imbalance for hadronic events
and the corresponding main background observed in the Monte Carlo . The data
are represented by dots. The cut value for the hadron selection is depicted by the
arrow.

to (0.10 % 0.04)%.
A few additional requirements ensure that the events are useful for an analysis
based on lifetime information:

1. Event must pass the bad run selection: events from runs with known SMD

or TEC problems, e.g., power off, large noise etc.) are discarded.

2. |cosfr| < 0.7 ; the event axis must point into a fiducial region delimited by
the barrel part of the detector.

3. Niracks > 4 ; where Nyaa 1S the number of reconstructed tracks per event.
4. Njets > 2 ; where Njeig is the number of reconstructed jets per event.

5. A primary vertex must be found.
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Figure 6.4: Distributions of the number of clusters for hadronic events and the
corresponding main background taken from the Monte Carlo . The data are rep-
resented by dots. The disagreement in the tail of the distributions is discussed in
the text. The cut value used for the hadron selection is shown by the arrow.

After applying all the selection criteria about 970.000 hadronic events are selected
from the data taken in the years 1994 and 1995. This corresponds to an integrated
luminosity of £ ~ 71 pb~!. The following table gives the amount of events which
are accepted after applying different selection cuts. The number are given relative

to number of events passing the hadron selection.

Cut Events Passing Events Accepted
Hadron Selection 1.758.626 100.0%
Bad Run Rejection 1.674.034 95.2%
Thrust in Barrel 1.049.190 59.6%
Number of Jets 1.047.474 59.5%
Reconstructed PV 968.964 55.1%
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6.2 Tagging of Heavy Quarks using Lifetime In-

formation

In chapter 3 can be read about details of production and decay of heavy quarks.
It was pointed out that due to a missing theory which can describe the process
of the hadronisation in a consistent way different models are used. That leads to
model uncertainties which has to be taken into account carefully.

The decay of B hadrons is characterised by a relatively long lifetime, a large charge
multiplicity and a large fraction of energy retained from the initial b quark. The
latter leads to large boost on one hand and a small amount of particles coming
directly from the fragmentation on the other hand. These properties enables the
topological separation of B and D hadrons. In case of light quarks a large fraction
of tracks comes directly from the fragmentation and only a small part of the initial
quark energy is carried by the hadron in the final state. By reconstructing the
secondary vertex these properties are exploited to identify B mesons and hence the
initial b quark. The identification is called 'tagging’.

6.2.1 Decay Length Tag

There are two variables that are mainly used for tagging using lifetime informa-
tion. The most straightforward is the decay length, which is the distance from the
interaction point to the decay point. The interaction point and the decay point are
called primary and secondary vertex, respectively. The primary vertex is estimated
on an event by event basis by taking all tracks that are consistent with originating
from the same point. The secondary vertex is estimated by taking all tracks in a
single jet that are consistent with originating from one point separated from the
interaction point. The decay length depends on the lifetime, 7, of the decaying
particle and on its energy:

L =~pecr,

where vy and [ are Lorentz boost factors of the B hadron:
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Hence, to measure the lifetime an estimate of the momentum is required. With a
lifetime of about 1.5 ps and a momentum of about 30 GeV, B hadrons decay after
2-3 mm, i.e., still inside the LEP beam pipe.

6.2.2 The Impact Parameter Tag

In addition to the decay length, which is a joint property of a number of tracks,
it is also useful to measure the impact parameter. The impact parameter is a
property of each track and can be used even when a secondary vertex has not been

reconstructed.

Interaction
Point

Decay
Point
Interaction £~ ¢ Apparent
Point § Decay Point
a) b)

Figure 6.5: a) Schematic presentation of the definitions of decay length and impact
parameter, as given in the text. b) Example of a topology where the apparent decay
point is reconstructed on the wrong side of the interaction point leading to negative
values of impact parameter and decay length.

The impact parameter is defined as the positive DCA of a track with respect to
the nominal interaction point, provided with a sign as explained in figure 6.5. The
DCA is given by dy = Lsina. The angle, a, of the track in the laboratory frame
can be related to the decay angle, &, in the rest frame of the decaying particle by
sina =sind/(y(1 + fcos @)) such that
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BT sin &

= 6.1
1+ Bcosa (6.1)

do
In the ultra-relativistic case, the impact parameter is independent of momentum
or energy of the parent heavy quark. Hence, unlike the decay length, a precise
knowledge of the parents energy is not required.
The sign is used to distinguish measured DCA’s resulting from real secondary
vertices from those which are associated wrongly due to resolution effects of the
detector. The impact parameter is defined positive if the extrapolation of the
linearised track intersects the direction of the associated jet in the direction of the
momentum of the jet and negative if it intersects opposite to that direction with

respect to the primary vertex.

6.2.3 Tagging Probabilities

In figure 6.6 two typical qq events as reconstructed by the L3 detector are shown.
The qq event representing light quarks (u, d, s) is characterised by having only one
joint vertex. For the bb event both the primary vertex and the secondary vertices,
and the resulting large track DCA’s can be clearly seen.

The main idea of the impact parameter tag, applied in this analysis, is to quantify
whether tracks are consistent with the primary vertex or not. In order to define
a probability that tracks are consistent with the primary vertex one considers the
so-called resolution function. The resolution function reflects the precision of the
vertex detector and hence the eligibility to conclude from the impact parameter of
a track, that the track originates from the primary vertex or not.

The key quantity is the impact parameter significance which is given by the ratio

of the impact parameter and its error:

IP
r=—"-. 6.2
p— (6.2)

The error of the impact parameter, o, is composed of the contribution from the
intrinsic DCA resolution, the contribution from the multiple scattering and the
contribution from the primary vertex error. Figure 6.7 shows the distribution of

track significances of hadronic events. The negative part resulting from detector
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(q=u,d,s,c)

5mm

Z — bb

Figure 6.6: Graphical representations of qq events close to the ete™ interaction
point, projected onto a plane perpendicular to the beam axis. In the event Z — bb
the lifetime can be clearly seen by tracks forming secondary vertices or having a
large DCA (O(1mm)). The black point indicates the centre of the beamspot. Note,
that all track segments seen in the picture are reconstructed by combining hits of
detector components which are out of this scale. The first detector layer is located
in a distance of 60 mm from the centre of the detector (interaction region).

resolution has been mirrored (dotted line) in order to emphasise the asymmetric
shape of this distribution. The excess of tracks on the positive side corresponds to
their large probability coming from a secondary vertex.

In order to separate these two classes of tracks, a probability that a track with an
impact parameter significance s is originating from the primary vertex is defined
by:

(6.3)

The resolution function, R(x), is the distribution of the absolute values of the
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Figure 6.7: Significance distribution of qq events of the 1994 and 1995 data and
Monte Carlo sample. The negative part corresponds to the resolution of the de-
tector. For clarity, the negative part has been mirrored (dotted line). The surplus
on the positive side depict the capability to tag tracks as not originating from the
event vertex. Data and MC are in very good agreement.

negative part of the impact parameter significance distribution and can be derived
from data. P(s) varies between 0 and 1. Tracks with lifetime information have low
P(s) values. For n tracks a combined probability can be defined by [[_, Pi. It

depends strongly on the number of tracks, n.

In order to avoid this problem a modified probability function firstly proposed by
the ALEPH Collaboration [90] is used:

The individual track probability is considered as a point inside a n-dimensional
hypercube of unit volume. The idea is to calculate the fractional hyper-area given
by points having equal or less differential probability [] = [];_, P;. Using the fact
that the n-cube has unit hyper-volume the converse of this hyper-area is calculated
by:
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Figure 6.8: The probability distribution that tracks of a hemisphere originating
from the primary vertex. The subdivision of the MC distribution into the different
flavours shows clearly that tracks which are not belonging to the primary vertex
come mainly from B decays.

1,1,...,1)
P=1-— / dzi1dzs...dz),. (6.4)
Hf\;l T

One can render the complicated boundary condition of this integral by unnesting

them as:

1 1 1 1
P=1- / / / : / dxidzxs...dz,. (6.5)
[T JII/zn JI1/%n-2n-1 H/H?:g%

In case of a single track (n=1), [[Pi = P; can be recovered. In case of two tracks
one finds P = [[2,x; = [[-(1 — InJ]). Tt can be shown by induction that the
probability that a set of n tracks is consistent with the primary vertex can be

calculated by:
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Figure 6.9: The distribution of the discriminant variable of a hemisphere in linear
and logarithmic scale. It is evident, that larger discriminint variables lead to higher
fraction of bb events in the sample.

n n—1 :
(=In]Ti, B
P=]]~ i (6.6)
0

i=1 j=

<

This quantity is also distributed between 0 and 1. By construction, the probability
of groups of tracks originating from the primary vertex is distributed flat. If the
group includes tracks coming from the secondary vertex, the distribution peaks
at low values of P. Figure 6.8 shows the hemisphere probability distribution for
the different quark flavours using Monte Carlo information. It can be clearly seen,
that for low probabilities hemispheres containing b quarks can be well separated
from the hemispheres containing lighter quarks. The overall distribution is in good
agreement with the hemisphere probability distribution from data.

The experimental variable finally used is defined by:

D = —logy, P (6.7)

and is further called the discriminant variable. Figure 6.9 depicts the distribution
of the discriminant variable for tracks belonging to a hemisphere. Both represen-

tations show that larger values of the discriminant variable correspond to higher
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6.2 TAGGING OF HEAVY QUARKS USING LIFETIME INFORMATION

fractions of bb events in the sample. Large values of D indicate lifetime informa-
tion in the track sample whereas small values of D allow the assumption that all

tracks of the sample originate from the primary vertex.

0.5 « Data
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Figure 6.10: Fraction of the six track categories relative to all tracks in comparison
between data and Monte Carlo.

The tracks retained for the calculation of D have to fulfil the following quality

criteria which are optimised to give a high tagging efficiency:

e the track should have at least 30 associated hits spanned over a radial distance
which corresponds to 40 TEC anode wires along the track;

e the r¢ projection of the DCA has to be less than 1.5 mm for tracks with

SMD information and less than 3 mm for tracks without SMD information;

e the angular separation of the track from the anode and cathode planes of the

TEC, where the resolution is degraded, should be more than 11 mrad;
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e if a track has no SMD hits, at least 2 hits from an inner TEC segment should
be used in the track fit.

Not all tracks have associated hits in both SMD layers. Since the resolution of the
tracking and associated error assignment is different for tracks with different SMD
hit pattern, tracks are classified into six track categories (see section 5.2, page 64).
The fraction of tracks in the different category classes are shown in figure 6.10.
For a perfect microvertex detector (and a perfect tracking system) all tracks are
expected to be in category four, five, and six. Because of the finite SMD efficiency
a large number of tracks are moved to lower categories and hence a degration of

the best track quality is seen.

| — Track Category 1
-1 ---- Track Category 4

10

Nl_l\meer of Tracks
o

10 ""'I""|'---|---.
-10 -5 0 5 10

Significance

Figure 6.11: Normalised resolution functions of track categories 1 and 4 (see text).
Because of the different shapes resolution functions are built for each track category
separately.

The assignment of tracks to different hit pattern categories is exploited in cal-

culating the track probability. Separate resolution functions are constructed for
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6.2 TAGGING OF HEAVY QUARKS USING LIFETIME INFORMATION

each data taking period and each track category by fitting the negative side of the
impact parameter significance distribution for corresponding tracks. Figure 6.11
shows the comparison of the fitted resolution function for tracks of the categories
one and four!. For technical reasons the negative significance distributions are
symmetrised. Considering figure 6.7 the motivation of using separate resolution
functions becomes clear. The resolution functions and the corresponding data dis-
tributions of all track categories are depicted in figure 6.13. The r.m.s width of
the significance in each class is compatible with one, but the distributions have
substantial tails. Therefore, a model of the resolution function is constructed as

the sum of two Gaussian functions and an exponential tail.
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Figure 6.12: B tag efficiency and purity as a function of the discriminant cut
determined from the Monte Carlo.

Using these functions one is able to compute the probability that the tracks of an

event (or of a hemisphere) are originating from a joint vertex, i.e., the primary

! Except the categories five and six, which corresponds to the 10% overlap of the inner layers,
category four is the one with the most associated SMD hits.

83



6 MEASUREMENT OF R

vertex. An event (hemisphere) is tagged as originating from the process Z — bb

when its discriminant (formula 6.7) is greater or equal than Dy.

6.2.4 Purity and Efficiency

A certain discriminant value corresponds to certain quantities of efficiency and

purity. The b tagging efficiency is defined as:

Number of b hemispheres tagged
€p =

Total number of b hemisphere (6:8)

and the b purity is:

Number of b hemispheres tagged

Mo (6.9)

~ Total number of tagged hemisphere

The efficiency and purity of the b tag applied in this analysis are shown in fig-
ure 6.12. Both quantities has been taken using the Monte Carlo simulation. Later,
the b tag efficiency are determined directly from data by the double-tag method.
Both results are compared in chapter 7.

RY is initially measured as a function of the discriminant cut D¢ys. The cut value

used for the final result is then chosen to optimise the measurement precision.
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Figure 6.13: The fitted resolution functions for the longest data taking period. The
six track categories are explained in the text. With increasing number of SMD hits
the fraction of tracks in the tails becomes smaller.
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6.3 The Double Tag Technique

The measurement of R;, in this analysis is based on the double-tag technique. This
technique allows to deduce simultaneously both Ry, and the efficiency for tagging
b quarks from data and hence is self-calibrating. Typically, the quark and anti-
quark pair originating from a Z decay is produced back-to-back in the Z restframe
and hence the quarks enter into two hemispheres. Each event has the potential to
be tagged twice. The number of tagged hemispheres, Ny, is related to the total
number of hadronic events as follows:

Ny
2Nhaa

= Ry + €.R. + €yis Ruds (610)
= GbRb =+ GCRC + euds(l — RC — Rb) (611)
where €, €. and €,q5 are the efficiencies to obtain a tag from hemispheres containing

jets which are originating from b, ¢ or light quarks, respectively. The number of

events with both hemisphere tagged, Ny, is given by:

=elRy+ "R + ¢ (1 — R, — Ry) (6.12)

uds

Nhaa

The parameter €? is the probability that both hemispheres of an event are tagged
simultaneously, the double-tag efficiency. In first approximation the double-tag
efficiency is equal to the single tag efficiency squared. For a precise measurement,
this assumption is not sufficient, the deviation has to be taken into account:

et =cé (6.13)

The parameter c is called hemisphere correlation factor and quantifies the efficiency

correlation between the two hemispheres. Thus, equation 6.12 can be modified by:

Ntt

— = cbein + cceiRc + cudseids(l — R, — Ry) (6.14)
Nhpaa

Using the system of two equations 6.11 and 6.14 and if the correlation parameters,
€., and €,qs are calculated from the simulation and R, is imposed from other mea-

surements or from the Standard Model, R}, and ¢, can be measured simultaneously
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from the data. Thus, a precise knowledge of the details of B hadron decays is not
required.
With the simplification that €. and €,45 are negligible in comparison to €, one can

write:

G

Ry~ ——t 6.15

® = ANnaaNg (6.15)
Ny

~ . 6.16

b 2Npaa Ry (6.16)

The error on the efficiency correlation contributes directly to the error on Ry, so

an accurate evaluation of ¢, is essential for this measurement.

6.4 Hemisphere Efficiency Correlations

As mentioned above the method of measuring Ry, is based on the subdivision of
each event into two hemispheres. The tagging of a b quark in a hemisphere -
the tagging of the hemisphere - is performed independently of the opposite side.
Naively one would expect that the probability to tag b quarks in both hemispheres
simultaneously is equal to the square of the probability to tag b quarks in one hemi-
sphere of the event. But, in reality, it can be observed that the tagging efficiency
of both hemispheres are correlated. The probability to tag both hemispheres si-
multaneously (¢%) and the probability to tag one of each hemisphere independently

(€) are associated by the correlation parameter:

(6.17)

In order to quantify the hemisphere efficiency correlation Monte Carlo information
is used to identify the main contributions. If the sum of the contributions is in
agreement with the total correlation the same correlation components are deter-
mined from data. The deviations between the correlation components from Monte
Carlo and data are taken as component uncertainties.

Possible correlation sources are discussed below. Beforehand the procedure to

calculate the individual contributions is deduced and explained in detail.
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Method for the Determination of a Correlation Component

Taking the step function as probability, so that

o— 1 — hem?sphere %s selected (6.18)
0 — hemisphere is not selected,
the probability to tag both hemispheres in N events, can be expressed by:
;&
el = ~ PCHCS (6.19)
i=1

By the subdivision of each hemisphere into bins of a specific experimental value,
the step function ©! can be replaced by ®§(k), the probability to tag hemisphere

1(2) if the value was found in bin j(k). So equation 6.19 can be written as:

1 N n n o
=D, 2D 06 (6.20)

i=1 j=1 k=1

_a
1 i n :
Hemisphere 1
Hemisphere 2
1 k n

Figure 6.14: Schematic of the two event hemispheres and bins related to the dis-
tribution of an experimental observable q.

If Nji is the number of events, in which the variable belongs to cell j of hemisphere

1 and to cell k of hemisphere 2, the event index i can be eliminated by:

el = i i %ejek . (6.21)

The step functions ©; have been replaced by ¢;, the probability that a variable q

was found in the bin j of the tagged event hemisphere.
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4 = €€, where € is the co-tag efficiency,

In order to get an equation of the form €
the efficiency of a hemisphere when the opposite one has been tagged - the following

substitution is performed:

n n
N,
=€) ¢ Dk k. (6.22)
j=1 k=1 €
Hence, one can separate a distribution which is experimentally accessible:
1 <~ Nji
C;i==) L. 6.23
J € Pt N k ( )

Here, C; is the normalised distribution of the variable q in a hemisphere, if the
opposite one has been selected. After transition to continuous distributions of q,

the co-tag efficiency can be written as follows:

= [ da cloycta) (6.24)

The hemisphere efficiency correlation parameter caused by a specific experimental
observable can be estimated by:

0 = == [adoc. (6.25)

A possible source of correlation can be quantified by considering variables q for each
hemisphere which could be influenced by tagging the opposite hemisphere. For a

particular cut on the hemisphere discriminant three distributions are defined:

e The average hemisphere tagging efficiency, (e).
e The single hemisphere tagging efficiency as a function of q, €(q)

e The normalised distribution of q in a co-tagged hemisphere, C(q). A co-
tagged hemisphere is the opposite to a tagged hemisphere, regardless of
whether it is tagged itself.
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6 MEASUREMENT OF R

Study of Relevant Correlation Components

The analysis is performed on several candidate variables q. For a bb Monte Carlo
sample, the sum of the separate components is then compared to the total effi-
ciency correlation factor c¢q. A reasonable agreement between them means that the
main sources of correlation have been identified. The following sources have been

determined to be relevant:

’ BN
gluon jet

bad \" |

region" b)

reconstructed sv real pv

=

reconstructed pv

Figure 6.15: Illustration of possible hemisphere correlation sources. a) A bad
region of the detector causes badly reconstructed tracks and hence a loss in the
tagging efficiency in this hemisphere. b) The emission of a hard gluon. Energy
is taken away from both b quarks and in an extreme case both b quark jets are
forced to point into the same hemisphere. ¢) A displaced reconstructed primary
vertex (white circle) with respect to the real event vertex (black circle) causes a
systematic shift in the reconstructed decay length and hence also in the b tagging
probability.

e Geometric effects: Bad regions of the detector can lead to efficiency corre-
lations. The back-to-back nature of the event leads to a positive correlation
in the polar angle. With increasing polar angles the contribution from mul-
tiple scattering to the track error decreases. At the end of the SMD some

of the tracks are pointed outside the geometrical acceptance. This decreases
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the tagging probability in both hemispheres. The angular correlation com-
ponents are estimated using q = cos# and q = ¢ where 6 and ¢ are the polar

and azimuthal angles of the most energetic jet in each hemisphere.

e Vertex effects: Both hemispheres use the same primary vertex, which is
determined as explained in section 5.2. The main effect arises because the
primary vertex fit may also include some tracks coming from B-hadron decays
(negative correlation). To quantify the effect, a primary vertex is constructed
separately in each hemisphere using only the tracks assigned to it. The
variable q is taken to be the distance in the xy plane between the vertex in
each hemisphere and the overall event vertex. Its sign is given according to
how far each hemisphere vertex moves when the 200-event vertex constraint
is removed: the positive sign is assigned to the hemisphere with the larger

movement.

¢ Kinematics effects: The presence of hard gluons in the event can influ-
ence the tagging efficiency of both hemispheres in two ways: a) by taking
energy away from the primary quarks. This lowers the b tagging efficiency,
which leads to a positive correlation or, b) in an extreme case, by pushing
both quarks into the same hemisphere, leading to a negative correlation. The
signed event thrust, ¢ = T, is used as a probe. The positive sign is assigned

to the hemisphere containing the jet with the largest energy.

By means of the polar angle 6, the method of estimating the correlation compo-
nent is now explained in detail. The momentum vectors of both B hadrons are
pointed predominantly into opposite directions - they are highly correlated: In
the rest frame of the Z, which is identical with the laboratory system, the quark
and anti-quark are travelling in opposite directions and fragment into jets with
opposite momentum directions. In order to investigate polar angle effects causing
hemisphere correlations the polar angle of the jet has been taken to be relevant.
Figure 6.16a shows the polar angle distribution of b jets from Monte Carlo (se-
lected and unselected). The dotted line in this figure represents the distribution of
a hemisphere, if the opposite one is selected. Both distributions are normalised to
one. It can be clearly seen, that by tagging one hemisphere the distribution of the
opposite hemisphere is modified (relative to the overall distribution). Figure 6.16b
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shows the distribution of the selection efficiency of one b hemisphere as a function
of the polar angle cos 8, applying a discriminant cut of D¢y = 2.3. The average
selection efficiency is indicated by the dotted line. Using formula 6.25 the correla-
tion factor caused by the correlation due to polar angle effects can be calculated.
Figure 6.17a shows the correlation parameters of different sources as a function of
the discriminant cut. The dominant components are those due to gluon radiation
and vertex bias. There is a remaining discrepancy between the linear sum of the
correlation components resulting from the three sources considered and the total
correlation factor. That can be explained by an interference between the different
sources and by additional sources of smaller relevance. For instance, ¢ and vertex
effects are intrinsically correlated, since the primary vertex uncertainty is affected
by the ¢ dependent beam spot size.

In order to estimate the uncertainty of the efficiency correlation parameter taken
from Monte Carlo, a data sample with a b-purity of 70% is selected by requiring the
event discriminant to be greater than 1.5 (see figure 7.2). The same cut is applied to
the Monte Carlo sample. The correlation coefficients are calculated for each of the
four sources in data and Monte Carlo. Figure 6.17b shows the deviations between
data and Monte Carlo of each component and the linear sum. The correlation used
as input parameter for calculating Ry, is the total correlation from the simulation
corrected by half the difference of data and Monte Carlo component sum. The
uncertainty is estimated by adding the corrections of the different components in

quadrature.
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Figure 6.16: a) Monte Carlo distribution of cos # of the jet in all hemispheres (solid
line) and of the opposite of a tagged hemisphere (dashed line) using a discriminant
cut of D¢y = 2.3. It is clearly visible that if one hemisphere is tagged, the opposite
one tends to point more predominant into the barrel region of the detector (cosf <
0.7). b) The hemisphere selection efficiency as a function of cos6;e;. The average
efficiency is depicted by the dashed line.
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Hem. Correlation

Figure 6.17: a) Correlation components, sum and the total correlation as function
of the discriminant cut in the Monte Carlo. In the region of the final cut the
agreement of the component sum and the total correlation is reasonable. b) The
uncertainties of the correlation components estimated as explained in the text.
The dominant contribution comes from the vertex bias. The filled dots show the
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Chapter 7

Results and Error Discussion

The double-tag method is based on the system of the two equations 6.11 and 6.14
(section 6.3). N¢, Ny, and Ny,q are measured from data, whereas the background
efficiencies €., €,45, and the hemisphere efficiency correlation factor ¢;, are deter-
mined from Monte Carlo. For the relative rate of ¢ quark production, R, = IF}.—Z’
the Standard Model prediction of 0.172 [27] is used. All input values given here
are obtained with a hemisphere discriminant cut of Dy, = 2.3' .The determination
of the hemisphere efficiency correlation is described in detail in section 6.4. The
correlation factors are constructed in such a way that ¢ = 1 represents no correla-
tion, ¢ > 1 a positive and ¢ < 1 an anti-correlation between the tagging in the two

hemispheres. The values obtained from Monte Carlo calculations are listed here:

Quantity Value

€uds 07%
€c 3.0%
Cp 0.97

Any efficiency correlation between the two hemispheres of quarks lighter than the b

quark can be safely neglected (c. = cyqs = 1) because the corresponding efficiencies

'In practice all quantities have been calculated for different discriminant cut values in the
relevant interval D¢y € [1,4]. For clarity reasons, the following numbers are given for D¢y = 2.3.
The motivation for this value will be given later.
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are very small (e = 3.0%, euqs = 0.7%). The background efficiencies €,q5 and e,
are shown in figure 7.1 as a function of the hemisphere discriminant cut value. The

input numbers measured from data are:

Quantity  Value

Nhad 968964
N, 118817
Ny 11705

With all input values the equation system can be solved resulting in the following

numbers for ¢, and Ry:

R, = 0.2178
€p = 2370%

In figure 7.2 the b tagging efficiency for data and Monte Carlo and the purity
of the Monte Carlo sample as a function of the discriminant cut is shown. The
agreement of the b tagging efficiency between Monte Carlo and data is very good.
The residual relative difference between the efficiency observed in data with respect

to the Monte Carlo over the whole interval never exceeds 2.3%.

7.1 Error Discussion

The total error on Ry, is calculated from all errors of the coefficients in the equations
6.11 and 6.14. In order to get the contributions to R; of these input parameters,
they are propagated through the equation. The total error is built by adding these
values in quadrature. Error contributions are considered separately for systematic
and statistical error sources.

The statistical error of the input values are given by the standard deviation of the
binomial distribution. This can be done because the efficiencies, correlations and
numbers of (co-)tagged hemispheres are based on ’true’ or ’false’ decisions on a
sample of known number of events (N). For the number of selected events, Ngq,

out of a sample of known number N the statistical deviation is consequently given
by:
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Figure 7.1: The background efficiencies of ¢ and uds quarks passing the b tag
estimated from Monte Carlo. In comparison, the selection efficiency of b quarks
is also presented. The dashed line indicates the hemisphere discriminant cut value
finally used.

ANy = v/Ne(1l —¢), (7.1)

whereas € is the probability that an event can be selected. This probability is called
selection efficiency. Thus the statistical error of a selection efficiency taken from

Monte Carlo can be calculated by:

Ae = y/e(1 —€)/NMC (7.2)

The investigation of the systematic errors is more complex. They result from
imperfections of the Monte Carlo simulation, either from underlying physics input
to the event generation or from aspects of the detector simulation. In the following
sections the procedure of estimating the contributions to the final systematic error

will be described. The following sources of systematic errors are considered:
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Figure 7.2: The efficiency and the purity of the b tag taken from the Monte Carlo
sample and the b tag efficiency obtained from data.

tracking resolution,

systematics from background modelling,

systematics from hemisphere correlations,

finite Monte Carlo statistics.

7.2 Tracking Resolution

The tracking resolution function - deduced from the distribution of negative impact
parameter significance - is obtained from data. The uncertainty caused by statistics
is negligible. But a wrong description of the resolution function in the Monte
Carlo sample may influence the values taken from the Monte Carlo and hence the
measurement. In order to estimate the systematic error from tracking resolution,

two Monte Carlo samples are used; one with final adjustment and the other one
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corresponding to an lo uncertainty in the resolution function. The Monte Carlo
with final adjustment is found to produce a stable value of R}, as a function of the
discriminant within statistical fluctuations and systematic errors. The magnitude
of the residual discrepancy in the reference Monte Carlo sample is defined by the
resulting inconsistency with a constant value by one standard deviation. The
differences in €., €,45, and c, predicted by these two Monte Carlo samples are

propagated as an estimate of the tracking resolution uncertainty.

7.3 Systematic Error from Background Modelling

By selecting a hemisphere to be originated from a primary b quark using lifetime
information, there is a certain possibility to tag those event hemispheres in which
a long-lived particle other than a B hadron is produced. Since the background
efficiencies €45, €., and the hemisphere efficiency correlation factor c¢;, are deter-
mined externally from Monte Carlo, uncertainties in the modelling of production
and decay of quarks have to be taken into account.

The propagation of the uncertainties is done by calculation reweighting functions
which parameterise the standard deviation of the different error sources and can
be used to modify the existing Monte Carlo sample. The variation of the auxiliary

parameter is taken as error.

The largest background fraction of particles passing the b tag results from the
decay Z — ct. Lifetimes from charm hadrons like D°, D*, Dy, and A, vary between
0.2 and 1.1 ps. Other hadronic events could contain strange mesons or baryons
(K° A) with relatively long lifetime, which contribute to uncertainties in €yqgs. All
these particles decay after travelling some distance from their production point and
hence will produce tracks with significant lifetime information. Typical average
decay length at LEP are one millimeter for charm hadrons and a few centimeters
in case of K and hyperons. The fragmentation function was tuned according to
the measured rate of strange longlived baryons. As an estimate of the error a
variation of 10% around their central value is used.

A further possibility identifying b quarks not originating from the process Z — bb
is the gluon splitting, where radiated gluons, e.g. from Z — uii, produce cC or

bb pairs. Uncertainties in the b and ¢ fragmentation are estimated by varying
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Table 7.1: Variation of modelling parameters used for the determination of the

‘ Error source

‘ Variation

Beauty fragmentation parameter:

(xn(b))

0.702 + 0.008 [46]

Beauty decay parameters:
B lifetimes
B decay multiplicity

1.576 4 0.016 ps [52]
4.955 + 0.062 [52]

Fractions in cC events:
D+
D,
A,

0.233 £ 0.027 [52]
0.103 = 0.029 [52]
0.063 & 0.028 [52]

g — cC in ccC events
g — bb in cC events

(2.38 = 0.48)% [46]
(0.13 4 0.04) x g — T [46]

Charm decay parameters:
DO lifetime
DT lifetime
D, lifetime
A, lifetime

0.415 £ 0.004 ps
1.057 4+ 0.015 ps
0.467 + 0.017 ps
0.206 £ 0.012 ps

27]
27]
27]
27]

D decay multiplicity
BR(D — K%nything)

2.53 % 0.06 [46]
0.46 + 0.06 [48]

Charm fragmentation parameter:

(xg(c)) 0.484 + 0.008 [46]
Fractions in uds events:
K% and A JETSET + 10% (see text)

g — ¢C in uds events
g — bb in uds events

(2.38 4 0.48)% [46]
(0.13 4 0.04) x g — € [46]

systematic error in the impact parameter double-tag measurement.
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the Peterson fragmentation function [91]. This is done using the fraction of beam
energy carried by the b or ¢ hadron, (xg(b)) and (xg(c)).

Modelling uncertainties in the B hadron production only influence the correlation
parameter c,. Beside the B energy fraction, the charged decay multiplicity and
the average lifetime of B hadrons were varied.

All parameters relevant to the Rj; analysis are summarised in table 7.1 . The
parameters and their variation follows a recommendation of the LEP Electroweak
Working Group [46] and updated measurements.

By propagating the large b physics uncertainties to €, estimated from Monte Carlo,
it results in ¢ = (24.18 £ 0.03(stat) & 1.53(syst))%. Here, the advantage of the
double-tag method becomes clear. The large systematic error has no effect on Ry,

because €, from Monte Carlo is not used.

uds Efficiency

Model uncertainties in €,45 arise from:

e the residual contamination by light hadrons with long lifetimes (K° and hy-

perons) and

e the probability for gluon splitting into bb and c€ pairs.

The error sources and the resulting total error of the uds efficiency are listed in

table 7.2. All values are calculated for a hemisphere discriminant cut of D¢y = 2.3 .

c Efficiency

Model uncertainties contributing to the error of €. arise from:

e the lifetimes of charm hadrons,
e its relative branching ratios,
e the decay multiplicity of D mesons,

e the K? multiplicity in ¢ decays,
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7 RESULTS AND ERROR DISCUSSION

Error source A€ygs

Monte Carlo Statistics | 0.004%
Track Resolution 0.009%
K% and A 0.033%
g — cC 0.003%
e 0.003%
Total 0.035%
Error source Ae,

Monte Carlo Statistics | 0.02%
Track Resolution 0.02%
DO lifetime 0.02%
D+ lifetime 0.01%
D, lifetime 0.01%
A, lifetime 0.01%
DT fraction 0.10%
D, fraction 0.02%
A, fraction 0.04%
D decay multiplicity 0.06%
BR(D — Klanything) | 0.02%
(xg(c)) 0.06%
g — cC 0.00%
e 0.00%
Total 0.14%

Table 7.2: Error contributions to €,qs and €. for a cut of D¢y = 2.3.
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7.3 SYSTEMATIC ERROR FROM BACKGROUND MODELLING

e the fragmentation function,
e gluon splitting.

All contributions to the error of €. are listed in table 7.2 for a hemisphere discrim-

inant cut of D¢y = 2.3.

Hemisphere Correlation cy

The accuracy of the Ry, measurement depends largely on the understanding of the
hemisphere efficiency correlation. Due to the high b purity the correlation factors
c. and cugs can be safely neglected. The effect on Ry, varying the background
correlation factors, c.=cygs= 1, within reasonable limits (£1%) is negligible.

Error source Acy

Monte Carlo Statistics | 0.0036
Track Resolution 0.0002
Vertex bias 0.0050
0 correlations 0.0002
¢ correlations 0.0009

Hard gluon emission 0.0004
B decay multiplicity 0.0009

B lifetimes 0.0004
B fragmentation 0.0016
Total 0.0065

Table 7.3: Error contributions to ¢}, for a cut at Dy = 2.3.

No corresponding error estimate involving them is carried out. The remaining

model uncertainties in calculating ¢y, from the Monte Carlo are:

e the B meson decay multiplicity,
e the B meson lifetime,

e the b fragmentation.

All contributions to the total error of ¢y, are listed in table 7.3.
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7 RESULTS AND ERROR DISCUSSION

7.4 Results

Figure 7.3 shows the statistical and systematic errors on Rj;, as a function of the
hemisphere discriminant cut. Minimising the overall error (systematic and statis-
tical added in quadrature), D¢y = 2.3 is chosen to be the central cut value of the
measurement. The corresponding purity of b events is 84%. The value of €. is
estimated by the Monte Carlo to be €. = (3.05 % 0.02(stat) & 0.15(syst))%.
A breakdown of the errors is shown in table 7.2. Since the individual charm
lifetimes are measured very accurately, the fractions of the different species be-
come one of the major error contributions. Among all charm hadrons D™ dom-
inates the errors due to its long lifetime. The value of €,4s is estimated to be
€uas = (0.738 X 0.004(stat) £ 0.035(syst))%. The different error sources
are shown in table 7.2. The systematic error is dominated by the uncertainty in
the rate of light flavoured hadrons with long lifetime. The correlation coefficient
is cp = 0.9729 + 0.0048(stat) £ 0.0067(syst). The different error sources are
listed in table 7.3. Primary vertex effects are the dominant source of uncertainty.

Using all these information the measured value of R} is:

RY = 0.2178 + 0.0018(stat) % 0.0031(syst) — 0.196(R. — 0.172)

The corresponding b quark tagging efficiency is:

€, = (23.70 £ 0.19(stat) £ 0.22(syst))%

The dependence of Ry, on the discriminant cut value is shown in figure 7.4. No
significant dependence from the cut value can be seen. The deviation of R. from
the Standard Model prediction of 0.172 has been left explicitly in the calculations,
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7.4 RESULTS

since there is some uncertainty in the accuracy of its experimental determination.

The full breakdown of the final systematic errors is given in table 7.4.

Error source ARy,

Monte Carlo statistics 0.00092
Resolution 0.00055
Reconstruction effects on ¢, | 0.00120
D™ fraction 0.00133
D, fraction 0.00021
A, fraction 0.00047
D lifetime 0.00020
DO lifetime 0.00013
D, lifetime 0.00012
A, lifetime 0.00008
D decay multiplicity 0.00074
BR(D — K’anything) 0.00025
(xg(c)) 0.00084
g — cC in cc events 0.00001
B2 in T events 0.00003
K9 and A 0.00176
g — cc in uds events 0.00017
i:—]zg in uds events 0.00014
B fragmentation (xg(b)) 0.00040
B lifetimes 0.00011
B decay multiplicity 0.00024
Hard gluon fragmentation 0.00010
Total 0.00307

Table 7.4: Internal and external error contributions to Ry, for a cut at D, = 2.3.
The errors from the D fractions are propagated according to the correlation matrix

defined in [92].
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Figure 7.3: Distribution of the error contributions as a function of the discriminant
cut. In order to determine the discriminant cut value which gives the smallest
error, the distribution of the total error is also shown. The arrow indicates the
discriminant cut chosen for this analysis.
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Figure 7.4: Distribution of Ry}, as a function of the hemisphere discriminant cut.
The deviation of R}, from a constant is within the statistical fluctuation. The arrow
shows the discriminant cut chosen for this analysis.

106



7.4 RESULTS

The precision of the measurement of Ry, relies on an excellent vertex detector. The
precise reconstruction of the primary vertex provides the quality of the measure-
ment. Additional information such as the precisely measured secondary vertex
or the capability to determine the invariant jet mass can greatly improve the b
tagging efficiency by reducing the background simultaneously. The experiments
have made great efforts to improve the details of their vertex tracking system. For
example, DELPHI and ALEPH have upgraded their silicon detectors.

ALEPH (92, 700k) ——m—
0.2187 = 0.0022 + 0.0026

DELPHI (91-93, 950k) —=o=—
0.2216 = 0.0017 = 0.0027

This Measurement —mem—
0.2178 = 0.0018 = 0.0031

OPAL  (92-93, 750k) .-
0.2197 = 0.0014 = 0.0022

— SM
0.2158

‘HH‘HH‘HH‘\H‘HH\HH‘HH‘HH‘
020 0.21 022 023 0.24
R,

Figure 7.5: Comparison of the R}, measurement presented in this thesis with the re-
sults of the other LEP experiments which are based on the same tagging technique.
The amount of data used by each experiment is given in brackets. The results are
compatible® with each other and the uncertainties are similar. In addition the
Standard Model expectation is given.

In order to compare this measurement directly with those from other LEP exper-
iments results were taken which are based on the same tagging method. Figure
7.5 shows the results of the four LEP experiments using a lifetime tag. Since the

silicon vertex detector of L3 was fully operational from 1994 onwards, the analy-
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7 RESULTS AND ERROR DISCUSSION

sis presented here is limited to the data of 1994-1995. Therefore, the results are
comparable in terms of the operation time and hence in terms of statistics. The
measurements are compatible with each other and have similar uncertainties.
Figure 7.6 shows the latest results of all experiments as of end of 1998 [93] and the
result of an electroweak fit including these measurements. The value for L3 is the
result of a combination of the measurement described here with an analysis using
a high-p, lepton tag. The procedure of combining both measurements is described
in [9].

T

ALEPH (92-95 multi) o
0.2156 = 0.0009 = 0.0011

DELPHI (94 multi) o
0.2164 = 0.0008 + 0.0009

L3 (94'95 Combined) —om—
0.2176 = 0.0015 £+ 0.0026

OPAL (92-94 multi) .-
0.2178 = 0.0011 = 0.0013

SLD (93-96 mass)
0.2155 + 0.0017 = 0.0014

== Electroweak Fit = SM
0.2173 + 0'009\9\\\\\\\‘\\\\\ \‘\\\\\\\\(\)(\2\‘!98\\\\‘
0.20 0.21 0.22 0.23 0.24
R,

Figure 7.6: Latest results of R}, measurements from LEP and SLD. The right band
depicts the result of a global electroweak fit including these measurements. The
Standard Model expectation is given by the left band.

The precision of the world average Ry, = 0.2173 4 0.0009 is 0.4% (414 ppm) and
denotes an improvement in the world average in summer 1995 (720 ppm) of almost
a factor of two. In comparison, the mass of the Z boson has been measured at LEP

with a precision of 77 ppm, a,(mz) is known with a precision of 17000 ppm [27].
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Chapter 8
Interpretation and Conclusion

The couplings of fermions to the Z boson are of great importance in establishing
the validity of the Standard Model and investigating physics effects beyond it.

The vector and axial-vector couplings enter in the equation for R; as quadratic
sum (g{’,)2 + (gg)z. Using a second observable, AOF’E, here the couplings enter as
ratio g% /g%, it is possible to calculate the effective couplings separately. Figure
8.1 illustrates the mathematical relation of R;, and A%’E in the ¢%-g4 plane. The
solution in the gb-g4 plane can be described by a crossing point of a circle! with
a radius which is proportional to (R{)? and a straight line with a slope given by
A%E. Since the couplings enter symmetrically into the equations of A%’E and RY, the
values of vector and axial-vector couplings cannot be distinguished. Furthermore,
the absolute sign of the couplings in not defined. This leads to a fourfold ambiguity,
depicted by figure 8.2. It can be resolved, e.g., by including data far below the
7Z resonance. The asymmetry there is dominated by the y-Z interference term,
proportional to Q.95 Qsgk. Thus, the sign of the axial-vector coupling of the b
quark is determined with respect to reference definition of the electron. Taking the
result from an analysis which includes data from PETRA, PEP and KEK [94] as
constraint, the ambiguity can be resolved (see figure 8.2). In order to extract the
couplings an electroweak fit to seven parameters as shown in table 8.1 have been
applied. This fit was done using the MINUIT program [95] which is based on the

!There are small corrections which slightly modify the circle. These corrections were taken
into account but are not seen within the precision of the figures.
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8 INTERPRETATION AND CONCLUSION

minimisation of the chi-square:

Cii -+ Cun X1
X2=(X1 Xn) oo : (8.1)
Cnl e Cnn Xn
with: y; = %) ; )

where x; are the free parameters being fitted, and §; are the uncertainties in the

individual measurements e;.

9,

Figure 8.1: Mathematical representation of A%2 and Ry, in the gh-g4 plane.

The matrix elements C;; describe the correlation between the different input pa-
rameters. The experimental observables used as input values are the hadronic and
leptonic cross-sections and the leptonic forward-backward asymmetries expressed

by the five parameters:
mz, Fz, Jgada Rl, AOF’,IB (82)

These parameters are chosen since they are largely uncorrelated experimentally.

They are taken from a global fit assuming lepton universality. In addition,

RY and A% (8.3)
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are taken from measurements. The free parameters of the fit are chosen to be:

g{)/'v gjbka glVa gi&a Fhad, I_‘Z7 mz. (84)

The relations between the input values and the free parameters of the fit are given
explicitly in section 3. R; is defined by R; = Fl*:—‘l’d The L3 input values are listed
in table 8.1.

Parameter Value

mz (GeV) 91.1883 + 0.0029 [96]
I'z (GeV)  2.4996 + 0.0043 [96]
0., (nb)  41.411 + 0.074 [96]
R, 20.788 + 0.066 [96]
A% 0.0187 =+ 0.0026 [96]
A% 0.1015 + 0.0073 [97]
Ry 0.2178 + 0.0030

Table 8.1: Input values for the fit to L3 data.

The result of the fit to L3 data in the g%-g% plane is shown in figure 8.2 as contours.
The two contours in the lower left quarter correspond to a confidence level of the fit
of 68%. In the upper right zone the equivalent contour of 95% is given. The window
marked by the rectangle defines the region of interest shown in the next figures.
The Standard Model prediction corresponds to a top mass of my,, = 175 GeV and
a fixed Higgs mass of myg = 300 GeV. Figure 8.3 shows the g%-¢% contour of a
68% confidence level and the constraints from the individual measurements for L3
data and combined results from LEP and SLD. The input values taken for the fit
to LEP and SLD results are given in table 8.3.

The fit to L3 data results in the following solution for g% and g4:

gy = —0.20847555 (8.5)
ga = —0.5275755500

The final correlations of the fitted parameters are listed in table 8.2. It can be

seen that the vector and axial-vector couplings of the b quark are strongly anti-
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8 INTERPRETATION AND CONCLUSION

0.6
0.4

0.2

Figure 8.2: The figure shows the four possible solutions for the vector and axial-
vector couplings taking the values of R and A%"]; measured by the L3 experiment.
The value of A% is represented by two straight lines in the gi-g% plane. The
shadowed areas correspond to the 1o error regions. The circle is given by the value
of Ry,. The two lines include the 1o error contribution. The contours in the crossing
areas are results from a global fit to L3 data using the ZFITTER program. The
95% confidence level contour is shown in the upper right quarter and the results
with 68% confidence level in the lower left one. The point inside the rectangle
represents the Standard Model prediction. The value given by a combination of
low energy eTe™ data far below the Z resonance allows to solve the ambiguity. The
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rectangle is the region of interest shown in the next figures.
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correlated.

9% i 9% g mz Tz Tha
¢ [ 1 -0992 0219 -0802 0.048 -0.008 -0.007
7 1 -0196 0.799 -0.047 -0.022 -0.038
¢ 1 -0.246 0.009 -0.675 -0.489
d 1 -0.060 -0.015 -0.017
my 1 0.050 0.039
T, 1 0.65
Thad 1

Table 8.2: Correlations between the free parameters given by the fit to L3 data.

Parameter Value

mz (GeV) 91.1867 + 0.0021 [96]
'z (GeV)  2.4939 + 0.0024 [96]
o). (nb) 41.491 + 0.058 [96]

R, 20.765 =+ 0.026 [96]

AYL 0.01683 £ 0.00096 [96]
A% 0.0990 = 0.0021 [96]
R, 0.21656 + 0.00074 [96]

Table 8.3: Input values for the fit to combined data from LEP and SLD.

From a fit to combined results of LEP and SLD (the input values are listed in table

8.3) the vector and axial-vector couplings has been extracted to be:

g =

9

—0.31001391%

—0.5182+2:0116

(8.6)
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a>
o
0.25 0.25
-0.3 -0.3
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-0.6 -0.55 -0.5 -0.45 -0.6 -0.55 -0.5 -0.45
b b
gA gA

Figure 8.3: The 68% CL contour in the ¢%-g% plane for a 7-parameter fit to L3
data and on combined results from LEP and SLD. The 1o regions given by RY and
A% are also shown.

The weak neutral couplings can also be expressed in terms of the left-handed
((¢% +9¢%)/2) and right-handed ((¢% — ¢%)/2) couplings. The Standard Model
predicts the parity violation of the electroweak interaction and hence different
contribution to g2 and g%. In case of 100% parity violating couplings (¢% = ¢%)
the right-handed coupling would be equal zero, whereas the left-handed coupling
would reach its maximum value. From a fit to L3 data the left-handed and right-

handed couplings can be extracted to be::

g = 0414072051 (57)
gr = +0.114975030

The corresponding results of the fit to LEP and SLD data are:
gh = —0.4152+5:0% (8.8)
g = +0.1044750128

The fit results from LEP and SLD combined data and the one from L3 are in agree-

ment. The experimental results of L3 on the neutral current couplings of the b
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quark do not provide compelling evidence for physics beyond the Standard Model.
In that sense the b quark data are mutually consistent with the Standard Model -
the b quark is a representative of the third-generation weak iso-spin doublet.
However, the extracted couplings from the fit to LEP and SLD combined data
yield a disagreement with the theory. It corresponds to a value of Ry greater than
the Standard Model prediction, and a value of A less than the in the Standard
Model. Figure 8.4 shows the fit results as contours in the gf-g% plane with a con-
fidence level of 68%. Since the result of Ayp measure the product of A, and A,
the value of A, is used as a reference.

o F o F
0151 |3 015" LEP+SLD
0.125|- 0125k
01l 01l
f SM f o SM
0.075 0.075
01057\\\\\\\\\\\\\\\\\\\\ 01057\\\\\\\\\\\\\\\\\\\\
-0.43 -0.42 -0.41 -0.4 -0.43 -0.42 -0.41 -0.4
b b
g|_ gL

Figure 8.4: The 68% CL contour in the g2-¢g% plane for a 7-parameter fit to L3
data and to combined results from LEP and SLD.

Since 1995, when the first measurements of Rj resulted in a large disagreement
with the Standard Model prediction, great theoretical interest was triggered in
the possibility that some aspects of physics beyond the Standard Model might be
playing a role. In particular, the MSSM (the minimal supersymmetric extension
of the Standard Model) was favoured. Considerable interest centred in the exis-
tence of light supersymmetric particles like charginos x* and scalar top quarks

t1. This offered the possibility of removing some apparent discrepancy if the y*
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8 INTERPRETATION AND CONCLUSION

and t; are light enough to be discovered at LEP-II or at Tevatron. But with
today’s lower limits of both masses the possible contribution to Ry is of about
ARZYSY < 0.0010 [98]. This is comparable with the actual experimental error of
the LEP and SLD combined measurement. None of the popular extensions to the
Standard Model could account for these effects. So, it is unlikely that the devia-
tion from the Standard Model arise from new physics contribution to the radiative
correction since a correction to x5 (see equation 3.29 in section 3.4) of about 30%

would be necessary to account for the central value of the results.

Alternatively to the equations 3.9 and 3.14 in section 3.2 and 3.3, R{ and A, can
be expressed in terms of the right-handed and left-handed couplings:

Ry o (g2)* + (93)°, (8.9)

(8.10)

This equation is equivalent to:

97| 1+ A,
‘g%‘ =\ 1z A, (8.11)

Using the LEP and SLD combined fit results, the ratio of the left-handed and
right-handed couplings can be calculated to be [g2]/|g%| = 3.98 4 0.53. This is
compatible with the ratio, calculated directly with 4, = 0.877 £ 0.023 [27], which
is 2.50 below the Standard Model. For the ratio of the couplings the Standard
Model predicts |g2|/|gk| = 5.46. Together with the measurement of R? which yield
a value about 1o high compared to the Standard Model, this suggest that the
right-handed coupling is higher than expected.

The only possible explanation would be an extension, which couples on the tree
level and influences mainly the right-handed coupling of the third generation of

quarks. In supersymmetric models with R-parity? violation, scalar neutrinos (©)

2R-parity is defined as Rp = (—1)>J*3B+L where J, B, and L are spin, baryon number and
lepton number, respectively. Rp conservation strongly restricts the phenomology. It implies that
superpartners must be produced in pairs and that the lightest supersymmetric particle (LSP) is
stable. In the MSSM the R-parity is assumed to be conserved.
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may be produced as s-channel resonances in ete~ annihilations. Taking data from
the high precision scans of the Z lineshape, a sneutrino near the Z mass is not
excluded [99]. It would increase RY and decrease A%’E. In addition, gauge invari-
ance prohibits to affect the g production, and hence R? and AYS (which are now
in perfect agreement with the Standard Model). It has also been shown in [99]
that the t-channel contribution to A, is negligible. By allowing such sneutrino
resonance, the chi-square in a combined fit to lineshape data of the Z and heavy
flavour electroweak observables could be improved from x?/d.o.f = 60.6/54 to
around x?/d.o.f = 54/51 [99]. Except the hadronic cross-section, which is reduced
by 2/3 of the standard deviation, the extracted fit parameters are in agreement
with the Standard Model predictions. The improvement in the fit probability is
mainly due to Ry, (x?/d.o.f reduced from 4.5 to 0.1) and A, yielding a x?/d.o.f of
1.4 instead of 2.6 without assuming a sneutrino resonance. Thus, an improvement
in the sector of weak neutral b quark couplings can be obtained without changing

the other electroweak parameter.

It has to be pointed out that there are complications in the definition of elec-
troweak effective couplings for quarks. These effective couplings absorb not only
the electroweak effects but also underlying QCD corrections and running mass ef-
fects. Top mass dependent effects are contained in both electroweak and QCD
corrections. Thus a clean separation of electroweak and QCD corrections in the
effective couplings depending on my,, and myg and QCD correction factors depend-
ing on oy is not possible beyond one-loop order. For the results presented here,

the factorisation as implemented in the ZFTTTER framework is used as an example.
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Appendix A

Overview about HEP

Experiments and Laboratories

In this thesis many names of high energy physics laboratories and corresponding
high energy physics experiments are used. An overview of actual and past experi-

ments and the laboratories where they are located is given.
BNL - Brookhaven National Laboratory
Location: Long Island, New York, USA.

Accelerators and Experiments:

e AGS - Alternating Gradient Synchrotron. Here the J particle was discovered
in 1974 and led to a Nobel price together with the collaboration which found
the ¥ at the SPEAR storage ring. The particle is today known as J/W.

CERN - European Laboratory for Particle Physics
Location: near Geneva along the border of France and Switzerland.

Accelerators and Experiments:

e PS - The Proton Synchrotron is the oldest and most versatile of CERN'’s
accelerators. The PS was commissioned in 1959 and has been running con-
tinuously ever since. With a diameter of 200 meters and reaching a final
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energy of 28 GeV, it was for a while the most powerful accelerator in the
world. Today the PS is working as preaccelerator, e.g., for LEP.

SPS - The Super Proton Synchrotron is a circular accelerator, 6 km in cir-
cumference, buried underground. It was built originally to accelerate pro-
tons - and still does so - but it has since operated as a proton-antiproton
collider, a heavy-ion accelerator, and an electron/positron injector for LEP.
As a proton-antiproton collider in the 1980s, it provided CERN with one of
its greatest moments - the first observations of the W and Z particles, the

carriers of the weak force.

LEP - Large Electron Positron Collider was built to study electroweak in-
teraction at centre of mass energies of up to about 200 GeV. The four exper-
iments ALEPH, DELPHI, L3, and OPAL are investigating electron-positron
annihilations. Extremely accurate measurements of the Z particle properties
show that the fundamental building blocks of matter consist of only three
families of particles. Today LEP is running at an energy region which allows
the production of W pairs. The investigation of the properties of the charged
gauge boson and the search for the Higgs boson and new phenomena are the
physics goals of today.

LHC - with the Large Hadron Collider it is planned to bring protons into
head-on collisions up to an energy of about 14 TeV using the LEP tunnel.
With this collider one is probably able to answer fundamental questions left
unanswered by LEP, the most important being the mechanism which gives

matter its mass.

DESY - Deutsches Elektron-Synchrotron

Location: Hamburg, Germany.

Accelerators and Experiments:

e DORIS - electron-positron storage ring with a maximum centre of mass en-

ergy of 11.2 GeV. DORIS stops operation in 1992. The experiments ARGUS
(1982 - 1992) and Crystal Ball (1982-1986) have taken data at the Y(4S)

120



Machine Dates Energy(GeV) Major experiments
SPEAR (SLAC) 1972-1990 8 Crystal Ball, DELCO MARK LIIIII
DORIS (DESY)  1973-1992 11.2 ARGUS, Crystal Ball, DASP, PLUTO
CESR (Cornell) 1979- 12 CLEO, CUSB
PETRA (DESY) 1978-1986 46.8 CELLO, JADE, MARK J, PLUTO, TASSO
PEP (SLAC) 1980-1990 30 DELCO, HRS, MAC, MARK II, TPC
TRISTAN (KEK) 1987-1995 64 AMY, TOPAZ, VENUS
SLC (SLAC) 1989- 100 MARK II, SLD
LEP (CERN) 1989- 192 ALEPH, DELPHI, L3, OPAL
PEPII (SLAC) 1999- 9/3.1 BaBar
KEKB (KEK) 1999- 8/3.5 BELLE

Table A.1: The major high-energy ete™

colliders. The energy refers to the max-

imum centre of mass energy except for the asymmetric b-factories where the two
beam energies are given.

resonance. 1987 the mixing of the BB-system was discovered by ARGUS.
Today the DORIS ring is used as synchrotron radiation source with an elec-
tron/positron beam energy of 4.5 GeV (DORISIII).

PETRA - electron-positron storage ring with a maximum centre of mass
energy of about 46.8 GeV. PETRA was operating from 1978 - 1986 for
high energy physics experiments like CELLO, JADE, MARK J, PLUTO
and TASSO. 1979 the gluon was discovered here. Today PETRA is used as
synchrotron radiation source with an electron/positron beam energy of 4.5
GeV and as preaccelerator with a beam energy of 40 GeV (protons) or 4.5
GeV (electrons/positrons).

HERA - electron-proton collider with an electron beam energy of 27.5 GeV
and a proton beam energy of 920 GeV. There are 3 experiments actually
running: H1 and ZEUS, collider experiments measuring the proton struc-
ture function and HERMES a gas target experiment using the longitudinally
polarised electron beam to measure the spin structure function of nucleons.
The experiment HERA-B is proposed to investigate the CP-violation in a B

meson system using an internal wire target and is under construction.
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FNAL - Fermi National Accelerator Laboratory (Fermilab)
Location: Batavia, Illinois, USA

Accelerators and Experiments:

e Tevatron - proton-antiproton collider with a centre-of-mass energy of up
to 2 TeV. Both experiments D0 and CDF are hosted here. The first direct
evidence for the top quark (the up-type quark of the third generation) was
given in 1994/1995 by both experiments.

KEK - High Energy Accelerator Research Organisation

Location: Tsukuba, Japan.

Accelerators and Experiments:

e TRISTAN - electron-positron collider with a centre-of-mass energy of about
64 GeV which ends operation in 1995. Three experiments (AMY, TOPAZ,
and VENUS) were analysing data from this collider.

¢ KEKB - asymmetric B factory for the BELLE experiment which is built to
investigate the CP-violation in the B meson system and will start operation
in 1999.

LNS - Laboratory of Nuclear Studies
Location: Cornell University Department of Physics, Ithaca, NY, USA.

Accelerators and Experiments:

e CESR - the Cornell Electron-positron Storage Ring with centre-of-mass en-
ergies between 9 and 12 GeV. CESR provides electron-positron collision to
the CLEOII experiment. CLEOII is an extension of the CLEO experiment
which is optimised to study the behaviour of B hadrons on the Y(4S) res-
onance. Until 1991 the CUSB experiment takes data at a centre-of-mass

energy of 4 to about 8 GeV.
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SLAC - Stanford Linear Accelerator Center
Location: Stanford, USA.

Accelerators and Experiments:

e SPEAR - electron-positron storage ring with a beam energy of about 4 GeV.
Here the ¥ particle (bounding cc state) was found in 1974. 1976 the lepton
of the third family was discovered. Both measurements won a Nobel price.

Today SPEAR is used for synchrotron radiation research.

e SLC - the Stanford Linear Collider produces polarised electron and unpo-
larised positron beams of about 45 GeV each. The SLD Detector makes
use of the capabilities of the SLC to perform studies of polarised Z particles
produced in collisions between electrons and positrons at the centre of mass

energy at the Z resonance.

e PEPII - an asymmetric ete™ B factory for the BaBar experiment which is

optimised to investigate CP-violation.
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