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Abstract

This thesis presents a new method of investigating the phenomena of B® — B°
mixing at e*e” colliders operating at centre-of-mass energies significantly above
the T(45) mass. It also investigates the z readout of ALEPH's Inner Tracking
Chamber.

The 2z readout of the ITC is shown to be working well and a non-linearity,
known as the S-bend, is measured to have an amplitude of 8.2 cm and a period
of 173 cm.

The new method of examining B® — B° mixing determines the type of b
quark in a decaying hadron by its semileptonic decay. The type of b quark in the
opposite hadron is determined by means of a momentum weighted hemisphere
charge. This method is applied to the data taken by ALEPH in 1989 and 1990
to give a 90% confidence limit on the mixing parameter x of 0.084 < x < 0.175.

Combining the result of this new method with previously published measure-
ments of B® — B® mixing leads to x4 = 0.18 £ 0.05 and x, = 0.45 £ 0.24 if it is
assumed that fy = 0.375 and f, = 0.150 at LEP energies. Also measured is a
lower limit on x, of x, > 0.07, with a 90% confidence limit.
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Chapter 1

Introduction

The phenomenon where a meson is created as a B but decays as a B® and vice
versa is known as B® — B mixing. To measure this it is necessary to know the
type of quark, either a b quark or its antiparticle a & quark, in both the initial
and final mesons. The fact that b quarks are created in quark-antiquark pairs
can be used to derive information about the initial quark in a B meson; while the
decay mode of the final meson can be used to discover the type of quark which
it contained. Traditionally leptons from the semileptonic decay of b quarks (see
Figure 1.1) have been used to identify the types of decaying quarks on both sides

of an event. If both quarks are of the same type then mixing on one side must

<|

w-

Figure 1.1: Schematic of the semileptonic decay of a b quark.
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have occurred. This method of investigating B® — B mixing is referred to as the
‘dilepton’ method.

A B meson decays into an electron or muon 23% of the time[1]. Therefore,
assuming all b quarks form B mesons, only 5% of bb events can be used in a
dilepton analysis. Moreover the experimental efficiency for identifying the leptons
from a semileptonic decay of a B is usually about 50% so that only around 1.3%
of bb events can be used in that type of analysis. A new method of investigating
B° — B® mixing is presented in this thesis. This new method only requires that
one of the B mesons decays semileptonically so that about 12% of the b} events

can be used.

1.1 Overview of method

The philosophy of this thesis is to describe each of the components of the method
separately and then bring them all together. This allows the various different
parts to be used in other analyses without having to be first disentangled from
any particular one. Moreover it allows the reader to understand each topic as it is
discussed without having to worry about how it fits into the rest of the method.
However some people find it easier to follow an idea when it is seen within the
context of the final result. Therefore an overview of the method is given in this
section.

As previously stated the charge of a lepton from a semileptonic decay of a b
quark can be used to identify the type of quark in the final B meson. In this
method the lepton is used to flag the type of b quark that decayed on one side
of an event. ’I‘hé type of quark created on the other side of the event will be
of the opposite type to the initial quark in the lepton’s B meson. Instead of
using another semileptonic decay to identify the type of quark on the opposite
side, a momentum weighted hemisphere charge is used. This hemisphere charge
reflects, to a certain extent, the sign of the charge of the initial quark in that

hemisphere, thus allowing the type of quark to be determined. The charge of
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the lepton can be combined with the hemisphere charge of the opposite side of
the event in order to give a quantity called the lepton-signed hemisphere charge.
If the hemisphere charge perfectly reflected the charge of the initial quark then
the number of positive to negative lepton—signed hemisphere charges would give
a measurement of the amount of mixing in the sample. However the hemisphere
charge only reflects the initial quark’s charge in a statistical sense so there will
be some dilution in the result of this method. This dilution tends to be offset by
the increase in the number of useable events. In Chapter 7 it will be seen that
for the data used in this thesis this method has a similar power as the dilepton

method.

1.2 Layout of thesis

As well as presenting a new method of investigating B® — B® mixing this thesis
also applies the method to data taken by the ALEPH detector during 1989 and
1990, Therefore a description of this detector and how the data are handled is
given in Chapter 2. Chapter 3 gives a detailed description of the study done by
the author on the readout of the z coordinate of the Inner Tracking Chamber of
ALEPH in preparation for a 3 dimensional trigger processor.

A summary of the theoretical framework of B® — B mixing within current
theories is given in Chapter 4. Also discussed in this chapter are the various
parameters that are used to describe B® — B® mixing and how they are related.

The components of the method are explained and investigated in Chapters 5
and 6. Chapter 5 deals with the determination of the initial quark charge using
a momentum weighted hemisphere charge. Chapter 6 covers the identification of
leptons and the tagging of bb events. It also draws together all the parts of the
method to produce a measurement of B® — B° mixing and this is followed by a
discussion of the systematic errors of the method.

In Chapter 7, the result for this new method is combined with the results

from ALEPH’s dileptons analysis and the ARGUS and CLEO measurements for
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mixing in the BY system to give measurements of mixing in both the B and BY?
systems.

Finally Chapter 8 discusses the conclusion derived from this analysis.

1.3 Charge conjugation

Throughout this thesis whenever a process is discussed its charge conjugate is
also implied. However, due to the nature of the topic of this thesis, care must
be taken to conjugate the whole process. For instance stating “a B° mixes into
a B% also implies “a B°® mixes into & B°” but not “ a B® mixes into a BO”,
Moreover from Chapter 5 onwards when a sample is referred to as containing
B%s it will also contain the equivalent B%’s.

The convention used throughout this thesis is that a BS meson contains an b

quark and a d quark. Similarly a B? meson contains a b quark and an s quark.
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Chapter 2

ALEPH - Apparatus for LEp PHysics

ALEPH is an international collaboration of thirty physics institutes, studying
the physics of e*e™ interactions on CERN’s LEP accelerator,

2.1 LEP - Large Electron Positron collider

LEP (the Large Electron Positron collider) is the latest and largest of CERN’s
colliding ring accelerators. It is a near circular ring which is almost 27 km in
circumference.

LEP was designed to accelerate and collide beams of electrons and positrons
with centre-of-mass energies of up to 200 GeV. However, it is initially being
operated at centre-of-mass energies around 92 GeV, the mass of the Z° boson.
Both the electrons and positrons, after injection from a linac, are accelerated
by CERN’s smaller PS and SPS accelerators. The SPS delivers the leptons in
packets to LEP with an energy of 20 GeV. LEP collects these packets into two
beams, one containing electrons the other containing the positrons, each made
up of four l;unches. LEP accumulates leptons until it has a sufficient number
of particles, typically around 1.5 mA for each beam, to give a good luminosity.
These are then accelerated up to an energy of about 46 GeV to give collisions
around 92 GeV. Once the beams are accelerated they are focused (known as
squeezing) and collided at chosen interaction points, where physics events can

then be recorded.
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Figure 2.1: LEP and the other accelerators used to generate
beams of 50 GeV leptons.

There are 8 points around LEP where the beams can intersect. These points
are shown in Figure 2.1 along with the other accelerators used to prepare the
~ beams for LEP. During the initial running of LEP only the even numbered points
had experiments in position, so collisions were only allowed to occur at these
points. Later, smaller experiments were added at some of the odd numbered

points which then had collisions.

2.2 The apparatus

The ALEPH experimental apparatus is situated at interaction point 4 on the LEP
ring. At this point the LEP beam pipe is 137 m below the surface. The apparatus

is set up in an underground cavern around this interaction point. However, much
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of the support equipment such as gas storage and the experiment’s control room
are on the surface above the cavern.

The coordinate system used to describe the layout of the various parts of
ALEPH and to describe events in ALEPH takes a horizontal line pointing foward
a vertical line drawn though LEP’s centre as its z axis. The z axis is defined by
the e~ direction. The y axis is orthogonal to both of these axes and points upward.
Events can also be described by cylindrical and spherical coordinate systems and
these are related to the cartesian system by the standard conventions.

As ALEPH has been built to study ete~ interactions, which gives showers of
particles in all directions, the detector has been designed to cover as much of the
solid angle around the interaction point as possible. To get maximal informa-
tion on each particle ALEPH is in fact a collection of different subdetectors that
measure different properties of the particles. A quick overview of these subde-
tectors is given in this section. More detailed descriptions of ALEPH have been
published elsewhere(2][3].

The subdetectors that make up ALEPH must be coordinated to work to-
gether. First they must know when to record a physics event, and secondly all
their data must be brought together and stored ready for analysis. These two
tasks are done by the trigger and data acquisition systems respectively.

The components of the ALEPH detector are described in the following subsec-
tions. The description starts from the beam pipe and works radially outwards to
the muon detectors, and then along the beam pipe from the SATR to the BCAL.
The Trigger and Data Acquisition systems are described in the next sections.

The general layout of the apparatus is shown in Figure 2.2

2.2.1 VDET - Vertex DETector

The VDET is a silicon microstrip device which is designed to help track resolution
and vertex finding around the interaction point. During the 1989 and 1990

running periods it was in a developmental stage.
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The VDET is built up of silicon wafers. Each wafer has a longitudinal set of
microstrips down one side, and a transverse set on the other side. This allows
position detection in both r-¢ and z directions. Four wafers are bonded together
longitudinally to form a module. These modules are then placed in 2 concentric
layers around the beam pipe at the interaction point. There are 12 modules in

the inner layer and 15 in the outer layer.

2.2.2 ITC - Inner Tracking Chamber

The ITC is designed to give tracking information for charged particles close to
the interaction point, and also to provide tracking information to the first level
of the trigger.

The ITC is a cylindrical multiwire drift chamber. It contains 960 sense wires
to measure the position of tracks in the chamber. The tracks are reconstructed
from coordinates calculated from the sense wire output. The r-¢ position of
each coordinate can be calculated from the drift time for the jonization to reach
the sense wire, and the position of the sense wire. This method has an average
accuracy of 150 um per point. The z coordinate is found by measuring the
difference in arrival time for the signal pulse to reach either end of the sense wire

(see Chapter 3).

2.2.3 TPC - Time Projection Chamber

The TPC is the main tracking detector for ALEPH. The aim is for it to provide
accurate momentum measurements, good two track separation and measure the
particles’ dE/dz.

The central part of the TPC is a large cylindrical gas volume with multiwire
proportional drift chambers at either end. In the middle of the cylinder is a
central membrane which is kept at -26 kV (see Figure 2.3). This, along with
the end-plates which are kept at 0 V, is used to create a longitudinal drift field
for electrons. Each end-plate supports 18 multiwire chambers which are known

as sectors. These are made up of three wire layers: one for gating; one as a
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Figure 2.3: Cutaway view of the TPC.

cathode and one as sense wires. On the inside wall of each end-plate is a plane
of cathode pads arranged to form rings around the beam pipe. The edges of the
outer sectors have a ‘zigzag’ geometry to reduce the amount of a track that can

be lost by passing over a gap between sectors

Like the ITC, the TPC reconstructs tracks from sets of coordinates. The r-¢
coordinates are measured by finding clusters of jonization on the cathode pads
and then using the pad’s position to determine the coordinate. The resolution
of this coordinate is dependent on many variables but the main effect is due to
the pad crossing angle. With a 0° pad crossing angle, i.e. a radial track, the
r-¢ resolution is 160 um; at 10° it is 400 ym. The 2 coordinate is simply found
by measuring the time that it takes the ionization to reach the end-plates after
a beam crossing. The variation in resolution in z is mainly dependent on the

track’s #: at 90° it is 0.7 mm; at 20° it is 2.3 mm.

The charge deposited on the sense wires in the end-plates can be used to
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calculate the dE/dz energy loss of a particle. This can help with particle iden-
tification (see Subsection 6.1.3). The dE/dz resclution is found to be 4.5% for
tracks with 280 wire samples.

Operating the TPC in a magnetic field (see Subsection 2.2.5) causes the
charged particles’ tracks to curve. The curvature is dependent on the particle’s
momentum. Thus its momentum can be measured. The momentum resolution

is found to be[4]

Ap 3 €

po =12 x10 GV
for the TPC alone and

Ap 3 €

p2 = (.8 x 10 "GW

when the ITC is included in the tracking.

2.2.4 ECAL - Electromagnetic CALorimeter

The ECAL is built to provide an accurate measurement of electron and pho-
ton energies and to help to distinguish electrons from pions. It also provides
information to the trigger.

The ECAL is constructed in three independent sections, a single cylindrical
barrel and two circular end-caps. The barrel is built of 12 separate, but identical,
modules. Each of the barrel modules contains 45 lead sheets of either 2 or 4 mm
thickness. Between these sheets are anode wire planes and planes of cathode pads.
The geometry of the pads is designed such that they form ‘towers’ that project
towards the interaction point, and have an area of about 3 x 3 cm?, which is the
approximate size of an electromagnetic shower. Therefore an electromagnetic
shower should be contained within four adjacent towers. Each end-cap is made
of 12 petals. These petals are of a similar design to the barrel modules with
changes dictated by their different shape and attitude.

The pads in the towers are internally connected so that they are read out
in three separate ‘stacks’. Working outwards from the beam pipe these are 4, 9

and 9 radiation lengths deep. The energy can be calculated from the amount of
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the deposited charge. The ECAL is found to have a resolution of

AE oo 19%
S 1%t S
E VE/GeV
for the pads, and
B o re%+
E E/GeV

for the energy when measured from the anode wire readout.

2.2.5 The superconducting coil

The superconducting coil surrounds the VDET, ITC, TPC and ECAL. It is built
to give a uniform 1.5 T magnetic field parallel to the beam axis. It is kept as
thin as possible so as to minimize the effect of its material on particles passing
though it.

The superconducting coil is actually made up of three separate coils, a main
coil and two compensating coils, one at either end of the main coil. The main
coil is usually run at around 5000 A to give the 1.5 T field. The compensating
coils are adjusted to remove the effects of inhomogeneities in the iron yoke of the

HCAL, and thus give the uniform field to a level of 0.2%.

2.2.6 HCAL - Hadron CALorimeter and muon detectors

The iron return yoke of the magnet, which is outside the superconducting coil,
has been instrumented to provide a hadronic calorimeter, The HCAL absorbs
virtually all the hadrons produced by Z° decays, so only muons penetrate it.
QOutside the HCAL are the muon detectors. '
Like the ECAL, the HCAL has three separate sections, & barrel and two end-
caps. The barrel is again divided into 12 modules. These are made up of 22 layers
of a 5 cm iron sheet and 1 cm streamer tubes, with a final 10 cm iron sheet after
the last Jayer of tubes. This represents a total of about 7.2 interaction lengths.
To avoid losing particles these modules are offset by 32.7 mrad in ¢ with respect

to the ECAL modules. This means particles passing though the gaps between
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ECAL modules will be pbserved in the HCAL. On one side of the streamer tube
there are copper pads, which are arranged to form towers projecting towards
the interaction point. On the other side of the streamers are aluminium strips
running the length of the module in z. The end-caps of the HCAL are divided
into six modules, which again have copper pads in the tower geometry, along with
aluminium strips. One point to note about the end-cap modules is that only the
section inside the barrel modules has the full 22 planes of iron and streamer
tubes. The sections that overlap with the end of the barrel only have 16 planes
(see Figure 2.2).

The HCAL is read out by three separate methods. The pads are read out
individually and are used to measure the energy released into the calorimeter,
The aluminium strips record whether there has been none, or at least one hit
along that strip. This is often referred to as the digital readout and is importani
for muon identification (see Subsection 6.1.4). The wires are read out to give a
measure of how much energy has been released in a given plane and are also used

for triggering. The HCAL has an energy resolution of
AE 0.84

E ~ JE/Gev

Qutside the HCAL are two layers of muon detectors. Each muon detector

is made up of a double layer of streamer tubes. On one side of these tubes are
strips running paralle] to the streamer wires (the z-strips). On the other side
there are orthogonal strips (the y-strips). The two layers in a detector are offset
to each other by 5 mm for the z-strips and 6 mm for the y-strips to improve

point resolution.

2.2.7 SATR - Small Angle TRacker

The SATR is one of the luminosity monitors used on ALEPH. It is used in
conjunction with the LCAL to give an accurate determination of the luminosity
seen by ALEPH.

The SATR is made up from 144 sectors, each covering a 45° arc in the r — ¢
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plane, and the complete detector covers the polar angles between 40 and 90 mrad
at either end of ALEPH . Each sector is made up from 14 square brass cathode
tubes glued to a 1 mm PCB. The PCB also supports the 25 um wires which
forms an anode inside each tube. The SATR’s main objective is to detect tracks
in bhabha events and measure their position. This means that the tracking
algorithm from these tracks can use the interaction point as a constraint to the

fit. The performance of the chamber using this method is found to be

vs = 4.5 mrad

¢ = 0.08 mrad .

2.2.8 LCAL - Luminosity CALorimeter

Sitting behind the SATR, the LCAL is used to measure the energies of the bhabha
electrons that have polar angles between 45 and 155 mrad.

The construction of the LCAL is very similar to that of the ECAL, and so
are the readout electronics. The basic design is 38 lead sheets which sandwich
wire proportional tubes. Again there are cathode pads next to the tubes which
are arranged to form towers projecting towards the interaction point.

In the case of the LCAL the towers are spit into three readout stacks of 4.8,

10.6, and 9.3 radiation lengths. This gives a energy resolution of

E 20
BE | 44 207

E E/GeV
and a position resolution of
o: =0, =14 mm .

When the LCAL is used in conjunction with the SATR they cover the polar
angles between 45 and 90 mrad. This leads to a bhabha rate approximately
equal to the Z® rate when running at the Z° peak. The fractional error on the

luminosity measurement using these two subdetectors is 0.7%]5].
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2.2.9 BCAL - Bhabha CALorimeter

The BCAL is designed to provide an online measurement of the luminosity. The
SATR and LCAL are not able to do this precisely due to the low rate of events
seen by this pair. The BCAL rate is about twenty times higher than that seen in
the main luminosity monitors. The BCAL luminosity measurement can be used
to measure relative lJuminosity rates, but it has too large a systematic uncertainty
to be of any use in an absolute measurement.

The BCAL is simply four rectangular modules that are fixed onto either side
of the beam pipe in the & — 2z plane just beyond the final focusing magnets of
LEP. Each modules contains a sandwich of tungsten and planes of scintillator,
with a single plane of silicon strips after the 4th tungsten layer.

The energies of incident particles are measured by photomultiplier tubes that
are attached to the scintillator. The measured energy is dependent on where the
incident particle hit. This is determined by the silicon microstrips. By requiring

a coincidence between the two modules on opposite sides of the interaction point,

the efficiency of the BCAL is found to be around 75%.

2.3 The Trigger

The trigger system must be able to distinguish whether a useful physics event has
occurred at any given beam crossing. LEP was designed to initially produce Z%
at a rate of about 1 Hz., The two beams cross at a rate of 44 kHz, so obviously
there would not be a useful event at each beam crossing. As it takes several
milliseconds to read out the full detector, reading out after every possible beam
crossing would cause many of the following beam crossings to be needlessly lost.
To deal with this problem the trigger has been built in three stages. Level 1
and Level 2 (the first and second decision making stages) are implemented as
programmable hardware, and count as separate subdetectors. After the second
level of the trigger has decided that the current event is worth recording (known

as a ‘Level 2 YES’) all the subdetectors are read out. The third level of the
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trigger is implemented in the data acquisition system and only takes effect after
readout has been completed. This final level uses an analysis program, which is

running on paralle]l processors, to decide whether or not to record the event.

2.3.1 XLV1 - LeVel 1 trigger

The first level of the trigger is designed to reduce the event rate of ALEPH from
the LEP beam crossing rate of 44 kHz to around 500 Hz. To this end it takes
simple pieces of data from the ITC, HCAL, ECAL and LCAL and has to make a
decision whether there is a physics event present in under 5 us. This means that
if a beam crossing is rejected as containing no interesting physics event the next
beam crossing is not missed.

The Level 1 decision can be roughly divided into two parts: luminesity and
non-luminosity triggers. The non-luminosity trigger regards ALEPH as 60 seg-
ments that are created by dividing the apparatus up both azimuthally and by
polar angle. Each segment contains a section of the ECAL and HCAL as well as
covering an area of both tracking chambers. The principles of the trigger logic
are shown in Figure 2.4. Analog signals are taken from areas of each calorime-
ter that correspond to each segment and combined to give an overall signal for
that calorimeter in that segment. This overall signal is then passed through four
discriminators set at different levels to produce a set of YES/NO logical signals.
For offline analysis the signal is digitized and can be read out with the rest of
the subdetectors. The calorimeter signals are then combined with the ITC track
information for each segment to give a trigger decision. This decision can be
programmed depending on the physics requirements. For instance, for a muon
trigger the HCAL towers in that segment must pass the lowest discriminator cut,
the HCAL wires must pass the third highest cut, and there must be an ITC track
in that segment.

The luminosity trigger has a similar ba;is, in that analog signals from the
LCAL towers are summed and put through discriminators and then put through

a trigger logic. However in this decision there is no need for tracking information.
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Figure 2.4: Principle of the Level I and Level 2 triggers. The
swilch at the top of the figure is set to process the Level 1 decision.
It 1s changed to the TPC lo process a Level 2 decision.

As far as this trigger is concerned the LCAL represents 24 more segments. This
gives a total of 84 segments in the Level 1 trigger.

All the segments’ trigger decisions are then ORed to give a final YES/NO
answer, which is passed onto the Main Trigger Supervision (MTS). If a ‘Level 1
NQ’ is generated all subdetectors are prepared for the next beam crossing. If a

‘Level 1 YES' is generated the MTS then initiates the Level 2 trigger process.

2.3.2 YLV2 - LeVel 2 trigger

The trigger’s second level is designed to reduce the Level 1 event rate to around
10 Bz. It does this by replacing the ITC track information in the trigger logic
with track information obtained from the Level 2 track processors.

The Level 2 processors are designed to detect tracks in the TPC originating
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from the interaction point. To be able to do this the ionization in the TPC must
be allowed to drift to the end-plates. This takes about 50 us, i.e. covering the
next two beam crossings, hence the need for a Level 1 YES first. As the ionization
reaches the end-plates it is detected on special trigger pads that are in between
the normal TPC pads. The arrival time and pad radius of each ‘hit’ allows the
6 of the hit to be generated and then the hit is assigned to a given ‘cell’. Each
cell corresponds to a selected range of # values. For a track originating at the
interaction point all its hits will be in one cell. Thus the Level 2 processors can
check each cell and see if there is more than a given number of hits in it. If there
are, then a track is said to exist in that cell.

This tracking information is now put into the trigger logic replacing the ITC
information, and the trigger decision evaluated again. If a ‘Level 2 NO’ is gener-
ated then all the subdetectors are reset. If a ‘Level 2 YES’ is generated then all

subdetectors are read out by the data acquisition system.

2.4 The data acquisition

To readout the detector the data acquisition system has been built in a tree
structure. Each section of the detector, which may be a complete subdetector
or just a part of one, is read out into a single processor. This processor in turn
may be read out by another processor which is higher up the readout tree and
reads out a number of the lower processors. Each processor may perform data
reduction such as zero suppression and online calibrations, and it also formats
the data ready for the next processor. At the top of each subdetector’s tree is
an Event Builder (EB) which collects all the data from that subdetector’s lower
processors. From here the data is read out into the Main Event Builder (MEB)
which passes the complete event onto one of the available Level 3 processors. The
Level 3 trigger does some simple pattern recognition on the data to decided if it
may contain a useful physics event. If Level 3 decides this is a useful event the

data is then written to a file on an online VAX cluster disk.
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The file containing the data is eventually closed for one of the following rea-

SONS:

o the size limit on the tape which is going to be used to store this file has

been reached;

» some aspect of the detector has changed, e.g. a subdetector is no longer

being read out;

e the running conditions of LEP have changed, e.g. a new fill is started, or

the background rate has significantly changed.

At this point a new file is opened so data taking may continue, and the closed
file is copied to tape for permanent storage. Each complete file is known as a
‘run’. Each run has its own unique run number, which is given out sequentially

as data are taken.

2.5 Event reconstruction

After the data have been recorded the events need to be reconstructed, e.g. space
points in the TPC have to be constructed and joined to find the tracks of the
particles. This can be done any time after the data have been taken. In ALEPH,
however, it has been decided that this should be done as soon as the data have
been recorded onto tape. This not only allows analysis of the data to start as
soon as possible, but it also allows the behaviour of the detector to be seen while
data taking is still in progress and adjustments can then be made if they are
necessary.

As soon as the run file has been copied to tape the disk it is stored on is
dismounted from the online computer cluster and mounted on the reconstruction
cluster, which is known as Falcon. The file is then copied onto Falcon’s own disk
and the original disk returned to the online cluster.

Falcon does a primary scan of the data file and splits it up into 12 sections,

Each section is then sent to one of the 12 VaxStation 3200s which, along with the
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boot node, make uﬁ the Falcon cluster. Each VaxStation then runs the standard
ALEPH reconstruction program, known as JULIA, over its own section of the
data and creates a reconstructed data file. When all VaxStations have done this
the 12 reconstructed data files are merged and written onto a POT (Production
Output Tape). After this the full reconstructed run is sent over a data network
to CERN’s central IBM where it is written to disk and tape ready for analysis.
Data tapes for other home institutes are written automatically by the IBM once

the data are received.

2.6 Run quality

Each run that is recorded, reconstructed and stored by ALEPH is assigned a
quality flag that indicates how good that data is for physics analysis. There are
three possible flags(6]:

PERF: All parts of ALEPH were working and LEP’s physics conditions were
good. Data with this flag should be able to be used for all physics work.

MAYB: Either part of ALEPH was not working correctly, or LEP’s physics
conditions were bad, e.g. there were high backgrounds. Data with this flag
maybe useful for physics, but the problem should be checked to see if it

influences the analysis being considered.

DUCK: There was a major problem with the data taking and so this run should

be ignored for any physics analysis.

The decision on a run’s quality is usually made by the Run Managers shortly
after the run has been taken. However it is sometimes possible to recover from
errors that have occurred by reprocessing the data and then the new data can

be given a different quality flag.
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Chapter 3

The ITC 2z coordinate

As discussed in Chapter 2 the ITC is designed to produce trigger information
as well as track coordinates. To date the trigger processing is done using just
r — ¢ information. This task was done by the r — ¢ processor. However it is
planned to increase the decision-making power of the ITC trigger by introducing
the Space Point processor which uses information about z coordinates as well as
r — ¢. For the Space Point processor to work efficiently the z readout must be
understood and a non-linearity, known as the S-bend, quantified. This chapter
explains how the S-bend parameters are determined and other features of the

readout understood.

3.1 ITC trigger

3.1.1 Sense wire readout

The 960 sense wires in the ITC are set out in 8 concentric cylinders, or layers.
These layers are numbered from the centre out. There are 96 wires in each of the
inner four layers, and 144 in each of the outer four. Each sense wire is surrounded
by 6 field wires of which 4 are shared with its neighbours in the same layer. A
schematic of the wire layout is shown in Figure 3.1. Each ‘cell’ around a sense
wire is approximately 1 cm in diameter. The sense wires are held at about 2.0 kV

while the field wires are earthed. The calibration feed wire is used to send a pulse
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Figure 3.1: Schematic layoul of a bilayer of sense wires tn the

ITC.

down ull the calibration field wires. This pulse will simulate a hit at z = 0 and
is used to calibrate the z readout.

Any signal on a sense wire is measured at both ends by a pre-amp. The output
of the pre-amp is then sent to an ‘AZ board’ in the ITC counting rooms. The
AZ board amplifies, discriminates and does a time expansion (explained later)

on the incoming signal. The outputs of the AZ board are as follows:

¢ a pulse to measure the drift time, i.e. the time between the beams crossing
and the signal reaching the wire. This is sent to a 4299 LeCroy TDC for

digitizing and recording;

¢ an ON/OFF hit ‘latch’ which is used by the » — ¢ processor to decide if
there are any radial tracks in the ITC;

# a pulse indicating the position of the hit along the wire. This is sent to the
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Figure 3.2: Calculation of the z coordinate from the difference in

arrival times, assuming the speed of propagation ts constant.

Space Point processor' which tests for tracks that pass through the beam
crossing point. This pulse is also sent to a 1879 LeCroy TDC for digitizing

and recording.

The last output is created by taking the difference of the arrival time at each
end of the wire. This difference is expanded by a set amount, known as the
expansion factor or slope, and a constant term is added, known as the offset.
Figure 3.2 shows how the z coordinate can be derived from the time difference.
The time expansion is calibrated so that all the pulses corresponding to the hits
from a track that passed through the interaction point occur at the same time.
Tracks that do not pass through this point will have their pulses spread over a

period of time. This idea is shown schematically in Figure 3.3.

10nly one of the r — ¢ and Space Point processors will be installed at any given time.
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Figure 3.3: Schematic showing the effect of time ezpansion on 2

hits. Pulses generated by a track passing through the interaction

point will ell occur at the same time. A track not passing through

this point will have its pulses spread over a period of time.
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3.1.2 The r — ¢ processor

The idea behind the r — ¢ processor is to find radial patterns of hits which indicate
that there is a track coming from the r = 0 axis. To do this sets of wires with
similar ¢ values are grouped together in sets called masks. All the hits from a
radial track with p > 1 GeV/c should appear within a single mask. To avoid
losing tracks between masks, the masks overlap so a wire will appear in more
than one mask. To determine whether the hit pattern of a mask indicates a
track the ON/OFF latches for each wire in the mask are used to create a 14 bit
address. This address can then be used to read a RAM location whose contents

will flag whether that particular pattern of hits represents a track.

3.1.3 The Space Point processor

The Space Point processor is based on a similar principle to that of the r — ¢
processor. The main change is that instead of producing a single address from
the ON/OFF latches, a series of addresses are created by looking at the third
output of the AZ boards at various points in time. This is known as time slicing
the output. As all the pulses from a track through the interaction point occur at
the same time they will all be included in a single address. This address will be

the same as the one the r — ¢ processor would have generated.

A radial track that does not pass through the origin will still produce a
‘valid’ address, i.e. one that implies a track, in the r — ¢ processor. However in
the Space Point processor the pulses corresponding to the track’s hits are spread
over a period of time and will therefore be included in different addresses. This

means that they will no longer create a valid address.
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3.2 Analysing the z readout

3.2.1 Track selection

To study the z readout it is necessary to know the actual z coordinate of each
ITC hit. Asthe TPC has a track resolution of a few 100 um in z and the expected
ITC resolution is a few centimetres it is possible to use track information from
the TPC to find the z coordinate of ITC hits. This is done by finding the =z
coordinate of the intersection of the track’s helix with a cylinder whose radius is
that of the wire which is hit. To make the track to hit association as good as
possible and to minimise the chance of multiple hits on a wire, only events with
one or two charged tracks are used in this study. Moreover, as the Space Point
processor is only interested in tracks passing through the beam crossing point, a

track is only used if it passes all of the following requirements:

Momentum 2> 0.3 GeV/c
x*? per degree of freedom < 3.0
Number of hits in ITC > 4
Number of hits in TPC > 4
d < 05cm
zg < 50cm ,

where dp is the » — ¢ distance of the track’s closest approach to the beam axis

and zg is the z coordinate of this point,
The data used in this chapter comes from all the PERF and MAYB runs
taken by ALEPH during 1990.

3.2.2 Preparing the z TDC output

By looking at the spread of TDC counts for a selected range of z on a layer
(Figure 3.4 shows two example distributions) it can be seen that there are a
number of hits in the tails. These indicate that there are some hits which have a

bad z — TDC count relationship. These hits provide no useful information about
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Figure 3.4: Spread of the raw output of the z TDC’s (a) for
19.5 < z < 20.5 in layer 1, and (b) for —80.5 < z < ~79.5 in
layer 8.

the track. Therefore, as this ‘noise’ will hinder the evaluation of the S-bend, an
algorithm has been developed to remove them.

The algorithm works on the principle that the TDC values on a given track
should all be the same since the track is required to have come from the origin.
The mean and standard deviation of all the TDC counts on the track are calcu-
lated. If the standard deviation is greater than a certain limit the track is taken
to have at least one bad z hit on it. If this is the case then the TDC value furthest
from the mean is removed from the track and the mean and standard deviation
recalculated. This process is repeated until the standard deviation is within the
limit. The optimum limit was found to be around fifteen. This removes obvious
bad hits but does not stop a track having some hits that were of the order of 20
counts away from the mean. If a track has fewer than 4 ITC hits remaining after
it has been ‘cleaned’ then it is rejected entirely. The effect of cleaning on the TDC
spread is shown in Figure 3.5 (compare this with Figure 3.4). The Gaussian fit
is done with each bin having an equal weight. This means that highly populated

‘signal’ bins are emphasised. It can be seen that the signal is unaffected by this
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Figure 3.5: Spread of the output of the z TDC’s after remov-
ing ‘bad’ hits (a) for 19.5 < z < 20.5 in layer 1, and (b) for
—80.5 < z < —79.5 tn layer 8.

cleaning. However, the large drop in the standard deviation shows that the long
tails have been removed.

Information on the calibration of each wire can be obtained by performing
straight line fits to the z coordinates versus TDC values. The z -=TDC count
relationship is approximately linear but with a small, roughly sinusoidal compo-
nent — the so called ‘S-Bend’. The S-bend is caused by reflections at either end
of the wire. The reflections are due to a mismatch on the transmission line as
the pulses goes through the end-plates. These reflections cause a change in the
leading edge of the pulses and this affects the timing of the discriminated signal,
giving rise to a non-linear relationship.

The S-Bend implies that the fitted slope is dependent on the range of z being
used. However, provided the range of z used is symmetric about z = 0, then the
S-bend’s effects on the offset will cancel out and the fitted offset is simply the
TDC count representing z = 0 on that wire. The calibration should ensure that
the offsets are the same for all wires.

The results of the fits for the offsets for layer 1 are shown in Figure 3.6. It can
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Figure 3.6: Fitted offset for all wires in layer 1.

be seen that some groups of wires have offsets significantly shifted with respect
to the mean offset. This structure is seen in all layers and is found to be directly
correlated with individual TDC modules. (In fact when modules were moved
around in the readout the offset shift moved with them, thus confirming this
shift is a feature of the TDC.} The mean offset for each TDC module can be
measured and then used to adjust the individual TDC values of wires in that
module. When this correction is included, the widths of the TDC spreads, for
a given z, decrease by approximately 20%. For instance the average sigma of
the fitted Gaussian for layer 8 drops from 5.8 for the ‘cleaned’ data to 4.8 for
‘cleaned’ and ‘shifted’ data. An example of the TDC spreads after both cleaning

and shifting are shown in Figure 3.7.

3.2.3 Measuring the S-bend

Having prepared the z TDC data sample it is now possible to measure the non-
linearity. This manifests itself as a difference between the actual z — At relation-
ship and that given by the simple linear relationship summarised in Figure 3.2.
If Az is the difference between these two relationships, it can be calculated using

c

Az:zm—('fa—T)WoKQ
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in layer 8.

where zp,;, is the actual z coordinate of the hit, 7 is the TDC count of the hit,Tp
the TDC count at z = 0, W is the bin width of the TDC in seconds, K is the
inverse of the expansion factor of the layer, i.e. the contraction factor, and c is
the speed of propagation, i.e the speed of light. W is normally set to be 4 ns
while layer 8 has an expansion factor of 100. Therefore one TDC count on layer
8 is equivalent to 1.2 em.

Before evaluating the S-bend it is important to remember that the track
selection causes the hits to be in a finite, layer dependent, range of 2z which is
centred around z = 0. The range of z for each layer for a track with cos(8) = 0.95-
is shown in Table 3.1. Also shown are the TDC counts that are equivalent
to that value of z and a ‘cutoff’ count that is taken as 24 counts inside the
equivalent count. The cutoff is a count inside which a TDC count will have
unbiased contributions from higher and lower z. Outside the cutoff there will be

a biased contribution due to the drop off in z hits caused by the finite z range.

Work on the test chamber of the ITC[7] showed that the non-linearity could
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Layer | Radius | =z | Equiv. | Chosen | Equiv. | Chosen
(cm) | Range | bin TDC bin TDC
(cm) | (+ve) | cutoff | (-ve) | cutoff
16.11 49 223 247 331 307
17.20 52 222 246 332 308
18.70 56 220 244 334 310
19.79 59 219 243 335 3
21.68 66 217 241 337 312
23.01 70 216 240 338 314
24.69 75 212 236 342 318
26.02 79 209 233 345 321

0 ~I & v B W N

Table 3.1: z cutoff, based on a track with cos(8) = 0.95, and the
associated TDC count, and the cutoff count.

be approximated by a sine function with a period L =~ 160cm. Therefore, due
to the limited z range being used, the S-bend period can not be measured from
the data of inner layers.

The sine function used to model the S-bend is defined by three parameters:

A: which is an offset for each layer due to the fact that the calibration pulse may
not be at z = 0, whereas the S-bend will be symmetric around this point

and so may be slightly shifted with respect to Z;

B: which is the amplitude of the sine function;

T: which is the period of the sine function.

Both B and T are properties of the signal propagation down the wire. As the
local architecture of each wire is similar, these parameters should be reasonably

independent of the wire’s layer.
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Layer A B Period Period T

(TDC) (cm)

1 0.610.05

2 0.64+0.05

3 -0.7+0.05

4 -0.9£0.05

5 0.5+0.05 10.31+0.6 -225+17 225

6 0.5+0.05 9.9+0.4 -192+10 204

7 -1.4+0.05 9.7+0.4 -178+10 203

8 -0.8+0.05 9.240.5 -170+12 205

Table 3.2: Results of fitting for the §-Bend. Only the outer § lay-
ers have a large enough range in z to allow a useful measurement
of B and T. Their fit was restricted to a TDC range equivalent
to 241 < 7 < 313 on layer five.

The values of the three parameters can be derived by fitting the function
2.
A+ B.sin(-j?—(% ~TW . K%)

to the Az distribution. For every hit that gives a particular TDC value the Az
of the hit is calculated and histogrammed. The mean of a Gaussian fit to this
histogram is used as the value of Az for that TDC value. This Az value is then
used in the fit for the S-bend. The fit is done for the outer four layers and the
results are shown in Figure 3.8, The range of TDC counts chosen for these four
layers is equivalent to the wire length covered by 241 < 7" < 313 on layer five.
The inner four layers were only fitted to obtain A, and so their TDC ranges were
chosen to be those dictated by the TDC cutoffs in Table 3.1.

The results of the fits are summarised in Table 3.2 along with the fits to obtain
A for the inner four layers. The outer three layers show good agreement for the
S-band parameters. However if we superimpose the mean result of these three

layers on a plot showing the full TDC range allowed for layer 8 (Figure 3.9(a))
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Figure 3.8: Sine wave fits to Az for layers (a) 5, (b) 6, (c) 7 and

(d) .
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Figure 3.9: (a) Average S-bend fit from the outer three layers
superimposed on the layer 8 data. (b) S-bend fit over the. full
TDC range for layer 8.

we can see that this result does not model the fall-off behaviour at large 2.
Therefore a good S-bend parameterisation can only be derived from a fit to the
data from layer 8. This fit is shown in Figure 3.9(b). It can be seen that this still
models the central region well, but now also models the fall-off. The x® of this
parameterisation of the S-bend with respect to each layer is shown in Figure 3.10.
It can be seen that this parameterisation is not as good as an individual fit to
each layer. However those individual fits have been shown not to model that
behaviour outside the z range used for the fit. Therefore it is preferable to use

the full layer 8 parameterisation for all layers.

Another feature in Table 3.2 to note is that A is very similar for layers in
the same bilayer. This is to be expected as the calibration pulse is fed to each
bilayer, rather than to each layer separately. This can be seen in Figure 3.1. The

offsets for each bilayer are given in Table 3.3.
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Figure 3.10: x? for the §-bend parameterisation for each layer.

Layer Offset
| (cm)
1&2 -0.6
3&4 0.8
5&6 -0.5
T&8 11

Table 3.3: Offset of the calibration pulse from z = 0 for each
bilayer.
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3.3 Conclusions

The z readout of the ITC has been shown to be working. It is now known that
each z TDC module has a slightly different offset, and this needs to be corrected
for offline when calculating the z coordinate. As the calibration of the offset is
done by a single TDC, the pulses from the AZ board to the Space Point processor
are correctly adjusted to be coincidental and therefore do not need to be adjusted
for this feature. However, these pulses do need to be corrected to allow for the
shift of the calibration pulse away from the true z = 0 position.

The S-bend in the ITC has been measured using the data from layer 8 and it

can be reasonably modeled by a sine function with:

Amplitude = 8.2 cm
Period = 173 cm .

These parameters are in general agreement with the values measured in the test
chamber of the I'TC, which were B ~ 10 ecm and T ~ 160 c¢m.

Studies are now in progress to see how the S-bend affects the efficiency of the
three dimensional processor. A prototype of which is currently being commis-

sioned at CERN.
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Chapter 4

An introduction to B? — BY mixing

It is currently believed that basic physical phenomena can be described using
four forces and a limited number of fundamental particles. The four forces are
gravity, electromagnetism, the weak and the strong nuclear forces. As gravity
is substantially weaker than the other three forces (~ 10~® that of electromag-l
netism) it is usually ignored when Jooking at individual particle interactions and
will not be discussed further here. Of the remaining forces, electromagnetism and
the weak nuclear force have now been combined into a single framework called
the Electroweak force, and the strdng nuclear force is believed to be described
by Quantum Chromodynamics (QCD). Together, these two theories have been
tested in a large number of ways and have shown very good agreement with na-
ture. The Electroweak theory has been so successful that it is now commonly

referred to as the “Standard Model”.

4.1 The Standard Model and QCD

The Standard Model is based on two types of particles, fermions with spin %,
and bosons with spin 1. The known fermions, which are usually considered
to be the particles of matter, show a repetitive structure and so are grouped
in families or generations. Each generation contains four particles and their
associated antiparticles. The particles are a charged and a neutral lepton, and

two quarks, one with a charge of —1 and the other with a charge of +§. Apart
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Leptons Quarks

Charge = 0 | Charge = ~1 | Charge = —} | Charge = +1
Ve € down(d) up(u)
v, i strange(s) charm(c)
vy T bottom({b) top(?)

Table 4.1: Families of particles in the Standard Model.

from the different charges, quarks differ from leptons in another way, in that
they experience the strong nuclear force whereas the leptons do not. Recent
results from LEP[8] have shown that there are only three generations with light
neutrinos (the neutral lepton) within the framework of the Standard Model.
The members of these three families are listed in Table 4.1. Although the top
quark has not yet been observed directly, it is 2 fundamental part of the model
and has direct repercussions on B® — B® mixing. In fact when ARGUS first
measured significant B — B} mixing[9] it led to the prediction that the top mass
had to be greater than 45 GeV/c?[10]. The current limits on the top mass are
77 < m, < 203 GeV/c? [11][12].

The bosons in this model are usually considered to be the propagators of the
forces. Their existence is rather elegantly predicted by describing the interactions
of fermions in terms of gauge fields. The formal structure of these fields comes
from quantum field theory. By requiring the field interactions to be invariant
under certain symmetry groups, i.e. SU(2)®U(1) for the electroweak part and
SU(3) for QCD, it is found that vector fields must be introduced to preserve
the interaction’s invariance. These vector fields appear to describe the bosons
observed in nature. However, for the symmetry to hold in this model the vector
fields must be massless, but in reality not all the observed bosons are massless.
This problem is solved by introducing a scalar field with a non-vanishing vacuum
expectation value, which couples to the boson and fermion fields. The inclusion

of this new field moves the minimum of the interaction potential away from the
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Bosons | number force
Photon(~y) 1 electromagnetic
A 1 weak nuclear
w 2 weak nuclear
Gluon 8 strong nuclear

Table 4.2: Gauge vector bosons of the Standard Model.

origin, thus hiding the symmetry. This behaviour generates the mass terms for
the bosons and fermions. This new field is known as the Higgs boson and, like
the top quark, it has not yet been directly observed. A summary of gauge vector

bosons found in the standard model is given in Table 4.2

4.2 Cabibbo-Kobayashi-Maskawa mixing matrix

In the Standard Model developed from gauge theoretical symmetries there is no
implicit mechanism for quark mixing which would lead to phenomena such as
strange quark decay. This mechanism has to be added explicitly by postulating
that the mass eigenstates are not the eigenstates of the weak force. The two
different bases are related by the Cabibbo-Kobayashi-Maskawa (CKM) mixing
‘matrix which was originally laid out for 2 generations by Cabibbo{13] and then
generalised for more generations by Kobayashi and Maskawa[14]. Conventionally

the up type quarks remain unchanged and the down type quarks are mixed using

d Ve Ve Vs d
s' = Vcd Vc: Vcb 8
b ‘th I/t: v;,b b

The values of each matrix element can, in principle, be measured from the
relevant decays of each quark. While this is true in practice for the lighter
quarks the top quark presents a problem as it has not been observed. Moreover

it is expected to have a short lifetime which will make any accurate measurement
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difficult. Fortunately there are other ways to evaluate the bottom row of the
matrix. One method is to use the fact that the laws of transformations mean V
has to be unitary. Therefore information from the other elements can be used
to construct the missing values. Another way is to use indirect methods such as
B°® — B® mixing where a virtual top quark appears in the diagrams that describe
mixing (see Section 4.3).

As the CKM matrix has to be unitary this places a restriction on the number
of parameters required to define it. Moreover, as it is possible to arbitrarily
define the quarks’ phases, the number of free parameters is further reduced. For
a three generation Standard Model the matrix can be fully described by three real
angles and a complex phase. The complex phase is important as it is necessary
to account for C'P violation. The current ranges of the elements of the CKM

matrix, at a 90% confidence limit, are [1];

0.9747 t0 0.9759  0.218 to0 0.224  0.001 to 0.007
0.218 to 0.224  0.9734 to 0.9752  0.030 to 0.058 . (4.1)
0.003 to 0.019  0.029 to 0.058 0.9983 to 0.9996

The first two rows are evaluated by the following means:
{V.a| Comparing nuclear beta decay with muon decay.

|Vis| Analysing K® — #¥e*y and K* — 7%%y, (collectively known as K.,

decays).

|Vus| The lepton spectrum of semileptonic decays of B mesons gives a measure-

ment of |V, /Val.

|Vea! Neutrino and antineutrino production of charm off valence down quarks

combined with the semileptonic branching fraction for charmed mesons.

[Ves! Comparing the measured D3 decay width with the theoretical formula for
I(D — Kety,).

|Ves| Repeating the method of |V,,| but using the Bj; decay, B — Dli.
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The final row is constructed by using the unitarity constraint. For more details

and references see [1].

4.8 B’ - B mixing

Mixing between the neutral pseudoscalar mesons K° and K° has been known
about for some time. There is no reason to believe that this behaviour will not
be repeated by heavier pseudoscalars such as D°’s and B%'s. Indeed the formalism
necessary to describe the effects of mixing are the same. For the sake of clarity
the weak interaction will be assumed to be C' P invariant throughout this section.
The eflects of C P violation will be discussed later.

Having assumed CP invariance, the weak decays of the neutral B meson
must occur from CP eigenstates. However the flavour eigenstates are not the
C P eigenstates as

CP |B% = |B®) .

The CP eigenstates are therefore the linear combinations

By = “\}—“5“30)‘1"]5")) (CP = +1)
B)) = —=(B°) ~|B%) (CP=-1) .

V2

As B, is unstable, its statefunction can be written as
|By(1)) = e" /D4 By(0))

where Ty is its width and m; its mass. Then the statefunction of an initially pure
B® state can be constructed by combining this equation with the equivalent one

for B, to give

|BE o)) = .1,(e~—(*‘-m=+r‘|/2)-t+e-(=‘-m=+l‘:/2)-t)|30)
= 2

+ l(e—(i.m1+l‘1/2).t - e"(i'mz'*'rﬂ/z)'!)'B-o) .
2

Using this, the probability of finding a B? at a time { later is

Ppo(t) = (BB (1)))* = :11- [e"r‘ tre Pt 1 2.6l cos(Am - t)] , (4.2)
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Figure 4.1: Dominant diagrams for B® — B® mizing where q can

either be a down or strange quark.

and that of finding a B° is

Pgo(t) = (BB (1))* = [e-“r'+e—r="-2.e-“.cos(Am-z)] . (4.8)

W f b

Here I' = 1 - (T; + T'2) and Am = m; — ma. It can be seen from these equations
that an initially pure B? state will contain some B? at a later time, i.e. the B® has
mixed. Present experiments do not have enough resolution to measure B® - B°
mixing as a function of time. Therefore only the time integrated measurement
will be considered from here on.

The two diagrafns that give the dominant contribution to this mixing are
the ‘box’ diagrams shown in Figure 4.1. By considering these diagrams and the
similar ones for K° an important difference can be seen. The K° — K° mixing
case in which top quarks are the internal lines is heavily suppressed as both
[Via| and |Vi,| are small. However in the B® — B® mixing case [Vp] is almost
unity aﬁd therefore this case is not as suppressed. In fact, due to the high mass
of the top quark, this case dominates and the up and charm exchange terms
can be neglected. This means that B° — B® mixing can provide us with useful
information about the top’s components in the CKM matrix.

Evaluating the diagrams in Figure 4.1 is not trivial. One of the problems
comes from the fact that the B° is a bound quark state so there are QCD con-
tributions in the diagrams. The problem with QCD is that perturbation theory
can not be used to evaluate its contribution as its coupling constant, «,, is of

the order of unity at B meson energies. Also the evaluation is influenced by the
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unknown top quark mass. However, many of these contributions are the same

for BY’s and B?’s, so that they cancel when considering the ratio z4/z,, where

_Am

T, = r
for a B system. A reasonable approximation to the ratio is[15]

ot (1)
T, IVtslz fB,

where fp, is the decay constant for the BJ meson and represents the SU(3)
symmetry breaking effects of the quark masses. These decay constants for B
mesons have not be measured directly as the B — Tv,,uv, decays that are
required are very rare. There are a number of theoretical predictions for fp,/fs,
from QCD sum rules [16] and lattice calculations [17}, but these have large errors
so do not provide too much numerical information. However they do predict that
fs, < fB,, so using the current limits on the values in the CKM matrix given in
Equation 4.1
za _ |Vl

oy < W < 0.210 , (44)

with 80% confidence. This result will be discussed again in Chapter 7.

4.4 Parameterisation of B’ — BY mixing

The amount of mixing seen in the neutral B system can be described by a number
of different parameters. The choice of the describing parameter usually depends
on the type of work involved, i.e theory or experiment, and the contents of the
sample. As can be seen in the previous section the theorists usually quote mixing
in terms of z,. Experimentalists tend to choose different parameters.

Currently B° — B° mixing is measured in colliding beam experiments, where
it is assessed by counting the number of B%s that mix. This is usually done
by looking at events in which a bb quark pair is created and both quarks de-
cay semileptonically. If one quark mixes then the leptons will have the same

charge, whereas if neither or both quarks mix the leptons will have opposite
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signs, Therefore by counting the number of same signed pairs, and correcting
for other processes that can give such a signal, e.g. having a b — ¢ ~— [ decay
on one side, the number of single mixed events can be measured. Experimental
results are usually quoted as the ratio of the number of mixed B against the
number of some reference events. The choice of reference event depends on the
centre-of-mass energies being used. At CLEO[18] and ARGUS[9], which operate
at energies around 10.6 GeV, B+B~ or BYBY pairs are created from an T(45)
decay, and the result is given with respect to the number of unmixed B3's. This
number can be obtained using the total number of double semileptonic decays
that have opposite charges and correcting for the B* B~ and double mixing con-
tributions. Thus CLEO and ARGUS present their results in terms of r4, where

I'(BY — BY — X')
(B —X) :

(4.5)

Tad =

At higher energy experiments such as MAC[19], UA1[20] and experiments on
LEP[21][22], there are extra problems. At these energies BY’s are created and
they will contribute to the mixing, independent of the BY’s. Moreover the range
of bottom hadrons produced increases enormously. Therefore it is no longer easy
to determine the number of unmixed B? events. The reference event is now taken
as any event containing bottom hadrons, and mixing is given in terms of x, where

I'(5 — B® - B° — X)
I'(b — anything)

X = (4.6)

This is simply the probability that a bottom quark will produce a B° that
mixes. This probability can be split into separate contributions from BJ and B?
mesons. If M, is the probability that a bottom quark will produce a BS meson

that mixes, then

x=Ma+ M, . (4.7)

If x4 is defined as the probability that a B: meson mixes and f, is defined as the

fraction of that meson in the sample, then

M= fo X4 (4.8)

57



and
X=faxa+fox. .
Therefore, for a given f; and f,, x will represent a straight line on the x4 — x,
plane. Using this line, along with other results, it is then possible to deduce some
of the properties of the top quark’s contribution in the CKM matrix.
All the parameters that have been discussed are obviously related. For in-
stance, considering a sample of BY’s, then integration of Equations 4.2 and 4.3

fromt =0 to ¢t — oo gives

py = AT Yd
2+ 2% —y:

where y = AT/(2-T) and AT =T, ~T;. In K°— K° mixing the K; — 37 decay

) (4.9)

is heavily suppressed due to phase space so Al' >~ T, and y >~ 1. In the B; case
there no such phase space suppression and it is found that I'; ~ T'; making y > 0.

Therefore equation 4.9 implies
23

2+ 2%

Td X

The relationship between x4 and 7y is straightforward. A little algebra gives

T4 I:“;

TT1ar o 2(+23)

Xd

A similar expression can be derived for BY's.

4.5 CP violation in B® — B? mixing

The preceeding formalism has been discussed using the assumption that the weak
force is CP invariant. However in 1964 it was shown that the K°K° system
violates CP|23] at a very small level. This violation can be included into the

BYB° system by redefining the decay states B; and B; to be

1 -
1) = e—— e)| B —€)|B°
B = (14 1B+ (1= A1)
1 -
B;) = —m=———=((1+¢)|B°% ~(1-¢)|BY) ,
B = {1+ 91 — (= )
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where € is a complex number that specifies the amount of C'P violation.
By repeating the derivation of r4 in equation 4.9 and also deriving ¥y, which

is defined by a similar equation to that of 4.5 but using B, it is found that:

"y 1-€f 22493
14€i 2422 —y2

o = |1+e2 zi 4yl
1—¢l 24+23—33

In theory, it should be possible to measure the C P violation by studying B° — B°
mixing. However, ¢ = (2.26 & 0.02) x 1073[24], so CP violation is small. B°
production at LEP is not copious enough nor clean enough to be sensitive to this

small effect, so the approximation of C'P invariance is used.
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Chapter 5

Determining quark charges in Z° — qg

decays

No free quarks have even been seen from Z° decays. The fact that no free quarks
have ever been observed at any energy is one of the basic tenets of QCD and
the principle of colour confinement. However in many cases, such as in B° — B°
mixing and charge asymmetry, one would like to be able to extract information
about the initial quarks. At the moment the process that leads from the Z° to the
observed hadrons is not fully understood. While QCD does give an explanation
as to why no free quarks are seen, it can not be solved analytically to show how
the Z° turns into hadrons. At the moment one has to rely on fragmentation

Monte Carlos to model this process.

51 QCD and colour confinement

QCD is derived by enforcing SU(3) symmetry on gauge fields. The ‘charge’ of
this interaction is colour, and it is mediated by 8 different types of gluons. An
important feature that comes out of the SU(3) symmetry is that the gluon fields
are non-abelian, i.e. the gluon operators do not commute with each other. This
leads to the fact that gluons can couple to each other and this, in turn, causes
the QCD coupling constant, a,, to increase as the momentum transfer decreases.

The practical result of this behaviour is that the force between two strongly
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interaction particles increases as they separate, whereas the opposite is true for
electromagnetic interactions. Therefore at the energies at which particles are
usually observed only neutral colour states, such as ¢§ and ggg, can be seen.
This phenomenon is known as colour confinement.

The increase in a,, caused by the ¢§ pair from Z° decay separating, means
that the QCD interactions between the quarks can no longer be solved using
perturbation theory. At the moment non-perturbative problems can not be solved
rigorously. Instead a phenomenological approach has to be used. In this case the
answer is to use a fragmentation model to simulate the transition of quarks and
gluons into hadrons, and these models are implemented by means of a Monte

Carlo simulation.

5.2 ALEPH’s Monte Carlo

The standard Monte Carlo used by ALEPH at the time of this analysis was based
on the JETSET 6.3 program|25){26]. The JETSET program has been modified
to introduce a more complete simulation of the physics in ALEPH, especially
for heavy flavour hadrons. This modified version is referred to as HVFLO1. An
enlarged decay table for both ¢charm and bottom hadrons has been included. More
importantly for this analysis B® — B® mixing has been implemented, a process
not included in the standard JETSET code. The mixing is done by inhibiting B°
decays while allowing all other particles to decay normally. Then each B in the
event is mixed or not as dictated by the input probabilities. If the meson has
been deemed to have mixed, it is then replaced by its antiparticle. Once this has
been done for all B%’s in the event they are all allowed to decay as normal. The

values for mixing used in the Monte Carlo production were
Mg = 0.0642

and

M, = 0.0507 .
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However, it will be seen in Chapter 6 that the new method of determining B — B°
mixing used in this thesis is independent of these Monte Carlo settings.

Full Z° — ¢§ Monte Carlo production for ALEPH is done in three stages.
Initially the ‘generator’ program, KINGAL{27], is run. This generates the ¢§ pair
using the Monte Carlo routines of DYMU 2. It then handles the fragmentation and
the decay of all particles with lifetimes of less than 10~® seconds using HVFLO1.
The output of this program serves as the input to GALEPE[28], the full detector
simulation of ALEPH built using the GEANT[29] package. In this program the
particles are tracked through the detector, decayed when appropriate and any
interactions with the detector are also modeled. The readout pf the detector is
also simulated so that the output of the program is the same as that from the
real detector but with extra information about the Monte Carlo particles used to
generate it. This extra information is referred to as the Monte Carlo truth. The
output from GALEPK is passed onto the ALEPH reconstruction program, JULIA4,
which creates a fully simulated data set. This final output is known as fully
reconstructed Monte Carlo.

Another, quicker, method of generating the Monte Carlo output is used to
assess the effects of changes in the Monte Carlo parameters (see Subsection 6.4.1).
It would be impractical to generate fully reconstructed events for each variation
of a parameter. Therefore the files are generated by just running the KINGAL
program but changing the maximum decay time from 10~?® to 10~® seconds. By
comparing the differences in this output with one generated the same way but
using the standard Monte Carlo settings it is possible to estimate the effects of

any parameter change.

5.3 Fragmentation in JETSET

The hadronisation of quarks produced in Z° decays is modeled by fragmentation
schemes. In JETSET there are a number of possible models to choose from. The

one used by ALEPH has two steps. The first step is to use the method of parton
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showers to model the evolution of the quark-gluon system. The second step is to
use the LUND string model to ‘dress’ the final quarks and gluons of the parton

shower into hadrons.

5.3.1 Parton showers

The parton shower model is based on the principle that a quark can radiate a
gluon, and that a gluon can either radiate another gluon or convert into a quark—
antiquark pair. This branching can be iterated to give a shower of quarks and
gluons. The probability that a branching will occur, creating two new particles
with fractions z and 1 — z of the parent’s energy, is given by the Altarelli-Parisi
equations[30]. The branching for any given quark or gluon is halted when its
mass is less than My,,. The standard ALEPH Monte Carlo has been tuned such
that

Mmjn =1.5 GrEV/C2 .

Once all quarks and gluons have dropped below My, the resulting states are

passed onto the string fragmentation part of the program.

5.3.2 LUND string model

The ideas of the LUND string model[31} can be demonstrated by considering the
simplest case, that of a ¢§ pair which is separating. A schematic of this case
is shown in Figure 5.1. The two quarks are connected by a one dimensional
string that represents the colour field between them. This string has a constant
energy density of approximately 1 GeV?/fm. As the quarks continue to separate,
energy is transferred into the string which can then break by promoting another
quark-antiquark pair (¢'q’) out of the vacuum. The ¢ and § now form the two
ends of a new string segment as do the § and ¢'. One of these string segments
is forced to become a hadron that is on its mass shell. The remaining segment
can continue to fragment, thus giving the method an iterative structure. The

fragmentation stops when the invariant mass of the remaining string falls below

63



-

Colour field

DRC

%ﬁ

Qja

Figure 5.1: Schematic showing the basic idea behind siring frag-
mentation. The ¢'q' pair are created from energy stored in the

colour field.

a selected value. A gluon can be included in the system by introducing a kink
in the colour string between the quarks. To allow for baryon creation as well
as meson creation there is a probability that a diguark-antidiquark quadruplet

(g'q"§'qd") will be promoted out of the vacuum rather than a quark-antiquark

pair. The relative probability for gq : ¢ in the ALEPH Monte Carlo is 1:10.

The momentum of the generated hadrons, which will be important when
considering momentum weighted hemisphere charge, is assigned by using a frag-
mentation formula f(z), where z is the fraction of the string’s energy taken by

the hadron. For hadrons containing only light quarks the function{32]

2
- me

(1 —ZZ)G exp( -

f(z) ~ )

is used, where a and b are parameters tuned to the data, and my is the string’s
transverse mass. The a and b parameters have been tuned on the ALEPH data
to be

a=0.5
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and

b=084 ,

For hadron that contain the heavier charm and bottom quarks the Peterson

formula[33],
1

2(1=1/2— ¢ /(1 = 2))? ’

where ¢, is a free parameter expected to scale with flavour like ¢; &< 1/m3. During

f(z) ~

the ALEPH Monte Carlo production the values of these parameters were set to

those measured in [34], namely
e. = 0.020

and

e = 0.006 .

At the moment there is no evidence to show that these two functions do not
model quark fragmentation well and that an alternative choice of f(z) would be

preferable,

5.4 Momentum weighted hemisphere charge

The fragmentation process leads to the initial quarks being hidden in the shower
of generated hadrons making it impossible to state reliably which hadrons contain
the initial quarks. Moreover heavy quarks will tend to decay before their hadrons
can be observed. Therefore it is not straightforward to find out the charge of a
quark that generates a jet of observable hadrons.

In 1978 Field and Feynman(35) put forward a method for determining, at
least statistically, the charge of a quark that generates such a jet. The idea is
based on the premise that one of the leading particles near the centre of the jet
is most likely to contain the parent quark. Therefore, by taking a weighted sum
of the charges of all charged particles in a jet, it should be possible to find out

some information about the original quark’s charge.
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In this analysis the quarks’ jets are defined by separating the event into two
hemispheres. These hemispheres are defined by a plane though the interaction
point that is perpendicular to the thrust axis. The weighting factor is chosen
to be the particle’s momentum parallel to the thrust axis which is raised to a
selected power. The sum is normalised by the sum of the weighting factors.
Thus the momentum weighted hemisphere charge (referred to from now on as
the hemisphere charge), Qy, is defined by

;g * |Pi* €nl”
On = Ei:q.- !pIp énrl e

where ¢; is the charge of particle i, p; is the particle’s momentum vector, &y is

the unit vector along the thrust axis in that hemisphere, x is the selected power

and ¢ runs over all charged particles whose momentum satisfies
p:- ég >0 .

A number of alternative weighting methods, such as rapidity, have been used by
other experiments[36){37][38][39]. These choices have been found to have similar
efficiencies in assigning the quarks charge to the method used in this analysis.
However the momentum weighting method shows a greater sensitivity to B® — B°
mixing[40].

To get some idea how good Qn is at predicting the sign of a hemisphere’s

parent quark the quark-signed hemisphere charge, Qn, is constructed by
Qqu = sign of quark charge x Qg of its hemisphere. (5.2)

The distribution of this quantity generated from 127 thousand Z° — ¢ Monte
Carlo events is shown in Figure 5.2. In the following chapters the important
quantity of distributions of Qgu will be their shape. Therefore the distribution
is divided by its area to give a probability density function, @(Q.n). To make
sure that the events are well contained within the detector and that they have a
rea.sonable'distribution of tracks, they are required to have |cos(furust)| < 0.85
and must contain at least two jets (for the jet definition see Subsection 6.1.2).

The mean of the distribution in Figure 5.2 is +0.1377 £ 0.0008 which implies

66



—
+

g’ ' Number of entries: 206564
§ o} Mean: 0.1377
oy "I Standard deviation: 0.3753
= a e%n%o
§ ! [ A 3 %m
o 4
Q: [ 4 '°o
0.8 T 0“ ‘:‘g
i ¢ N
0.6} g “
04+r S "
0.2 . ;" -
[ 4 ‘u

0 " PRI SR T oo boa P
-1 -0.75-05-025 0 025 05 075 1
QqH
Figure 5.2: Quu for 127 thousand Z° — ¢§ Monte Carlo events

using £ = 1.0. The distribution has been divided by its area to

create a probability densily distribution.

that n has some power to resolve the sign of the quark’s charge. However it
can also be seen tha;t there is a substantial number of Qu’s which are less than
zero, indicating that the measured Qy had the wrong sign. The effect of these
charges will be to dilute the final result.

To measure how effective @y is at flagging the sign of the quark’s charge the

charge separation asymmetry, A,.p, is defined as

A = (Number of Qx 2 0) ~ (Number of Q.u < 0)
P Total number of Qn -

Figure 5.3 shows how this quantity varies with respect to x, the weighting power,
for each quark flavour. It can be seen for most quark flavours that A,., is fairly
constant with a slight maximum around & = 0.4. The exception to this is the
charm quark. The behaviour of the charm quark can be explained by the fact
that its decays often produce a soft pion that carries the charm quark’s charge
information. However as this pion is soft it will not have a large contribution to

@u due to the momentum weighting and thus the charge information is lost.
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Figure 5.3: Separation asymmetry, A.p, measured from fully re-
constructed Monte Carlo, for (a) charge % quarks and (b) charge

Z quarks.
5.5 Comparing data and Monte Carlo

As the details about Q.u, such as its efficiency and shape, have to be derived
from the Monte Carlo it is important to assess how well the Monte Carlo models
the data. The comparison between the 1990 data and Monte Carlo is shown in
Figure 5.4 using & = 1.0. To evaluate the difference between the two distributions
the x? is calculated. The x? is defined by

(H; pate — Hi Mc)2

X2=Z 7

D)
T Tipaet T MC

Y

where H; is the probability of bin i, &, is the errorin that probability and the sum
runs over all bins between -1,0 and 1.0. The x? per degree of freedom between the
data and Monte Carlo distributions of Qy are shown in Figure 5.5 for the range
of 0.0 < k < 1.6. At this point it should be remembered that the Monte Carlo
was generated with fixed values for My and M, which are not necessarily the
values seen in nature, and as will be shown in Section 5.7 the amount of B® — B°
mixing will affect the overall hemisphere charge distribution to a small extent.

Therefore full agreement between data and Monte Carlo need not be expected.
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The values for & > 0.3 show a general consistency between data and Monte Carlo, -
whereas for x < 0.3 there appears to be some deviation. This result is not too
surprising as at low « values low momentum tracks caused by interactions with
the detector have a large effect and these are not easy to model accurately.

The Monte Carlo can also be tested against the distributions of @4 and Q-
which are defined by

Q+ = QH1 + QHz
and

Q- = QH; - QH,

for each event, where Qy, is the hemisphere charge of hemisphere i. The two
hemispheres are assigned their labels on an arbitrary basis to ensure an equal
population of positive and negative quarks in both hemispheres 1 and 2. The x?
per degree of freedom between the 1990 data and Monte Carlo for the @, and
Q. distributions are shown in Figure 5.6. Again the very low values of x begin
to show a deviation, while the other values show good agreement. Therefore it

would appear to be better to use values of k > 0.4, The effects of My and M,
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on this distribution are small,

5.6 Independence of Qy, and Qy,

The method used in this thesis is based on the premise that the hemisphere
charge is purely a function of the parent quark of that hemisphere. Implicit in
this is the assumption that the distribution of Q. is independent of the value
of @Qu measured in the opposite hemisphere. The main physics reasoning behind
this is that as the decay of any particle is independent of the rest of the event
then the only ‘cross-talk’ between the two hemispheres will stem from the frag-
mentation process. The fragmentation process handles each string segment as
an independent unit up until the last segment where the energy and momentum
of the event have to be conserved. This means that most particles are not cor-
related to the other particles in the event. However string fragmentation is only
a phenomenological model and in tﬁe real world the particles may have different
correlations. Therefore it is necessary to determine how true the assumption of
independence is for the data. As the Q.u distribution can not be measured for
the data it is impossible to prove that the assumption is completely true. How-
ever it is possible to check whether the data is consistent with it by testing to
see if the Qg measured for one hemisphere is independent of the Qu measured
for the opposite one. To do this the Qy’s are divided up into separate sets, S;,
where j = 1 to N and N is the number of sets. The set S; will contain all Qy’s
that satisfy

Q; £ 1Qu| < Qjn

This is shown schematically in Figure 5.7. The values of Q; are chosen so that
each set has similar sized populations. The absolute value of Qy is necessary in
the definition of S; so that each set has an equal contribution from positive and
negative quarks. For each set the distributions of Qg for the hemisphere opposite

the set member can be histogrammed. The histograms from two different sets, j
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Figure 5.7: Schematic showing how the Qu’s are divided into

sels.

and k, can then be compared by evaluating the x* where

b)

2 (HlS) — Hi(Se))®
X = z 0’{(8_-,‘) -+ 0’;(8&)2

3

where H;(S) is the probability of bin ¢ in the histogram from the set §, 0i(S)
is the error in that probability and the sum runs over all bins between -1.0 and
1.0. The results when the sample is split into five sets and using & values of
0.5 and 1.0 are shown in Table 5.1. The values of Q; used to generate this
table are shown in Table 5.2, The results in Table 5.1 imply that there is some
dependence between @y, and Qu, at x = 0.5, whereas at k = 1.0 there is no
obvious sign of this dependence. To get a better idea how the dependence varies
with x Table 5.3 shows for various values of x the x* per degrees of freedom
between S, and Ss and the average and standard deviation of the x? per degree
of freedom for all ten possible combinations of j and k. It can be seen that for

k < 0.8 the two hemispheres have an increasing correlation as x decreases. For
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k

5 4 3 2
1/1.90 1.34 080 0.89
21190 117 0.72
31143 1.02
4117

(a) k=0.5

5 4 3 2

1117 090 1.08 1.11
j 2108 088 1.01
3|1.18 1.01
4|1.05
(b) k =1.0

Table 5.1: x? per degree of freedom between the distributions

of Qu for hemispheres opposite members of sets S; and Sy 'for

x = 0.5 and 1.0.
j Q;
Kk = 0.5 k=1.0

1 0.00 0.00
2 0.06 0.11
3 0.12 0.22
4 0.19 0.35
5 0.32 0.52
6 1.01 1.01

Table 5.2: Values of Q; used when creating Table 5.1.
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x? per degree of freedom
K between Average Standard
Sy and Sg deviation
0.3 3.84 1.99 1.12
0.4 2.36 1.34 0.54
0.5 1.90 1.23 0.40
0.6 1.63 1.17 0.24
0.7 1.76 1.26 0.22
0.8 1.41 1.04 0.19
0.9 1.16 1.07 0.14
1.0 1.17 1.05 0.10
1.1 1.29 1.07 0.11

Table 5.3: x? per degree of freedom between the distributions of

Qu for hemisphere opposite members of sets &) and Ss, along

with the average and standard deviation of the x* per degree of

freedom for all ten possible combinations for sets.

k > 0.8 there is still some slight correlation. This residual correlation can be
explained by considering the flavour composition of each set. This composition
will vary between sets as the distribution of @y is not identical for ea;:h flavour.
However as the x® per degree of freedom is close to unity the differences in

the distributions can be taken to be small. Therefore the hemispheres can be

considered independent for values of x > 0.8.

5.7 Effects of B — B? mixing on Qg

In Chapter 6 the probability density function of Qy for bottom quarks, Qs(Q.u),
will be used to measure B® — B® mixing. Therefore it is important to understand

if and how B° — B® mixing will affect Q;. The function @, can be considered to
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be the combination of five separate distributions, namely:
Onp: Qb of hemispheres not containing a B°.
Cou: & of hemispheres containing a BY that has not mixed.
Qpm: &b of hemispheres containing a BS that has mixed.
Qsu: &y of hemispheres containing a B® that has not mixed.

Qsm: @, of hemispheres containing 2 B? that has mixed.

Therefore Q4, in terms of these distributions, is

D = (I-fa—fi) - @+ fa- (1 —xa) @ou+ fa-xa-Com
(1 =) C@sv+ fi xo-Lsm - (5.3)

The separation asymmetries for these five distributions are shown in Figures 5.8
and 5.9. It can be seen from Figure 5.9 that mixing has a significant effect
on A,., and thus on the hemisphere charge. The difference between the Asep
for hemispheres containing unmixed B%s and those containing mixed B%s can
be explained by considering the contributions to the hemisphere charge of the
descendants of a B® and from the fragmentation products separately. Figure 5.10
shows how a b quark together with a quark, ¢, pulled from the vacuum form a
B{ meson and leave a § quark to continue fragmentation. If @po is defined by
equation 5.1 but with the summation in the numerator being restricted to the
descendants of the BJ, and if @, is similarly defined but with the summation

restricted to all particles that are not descendants of the B?, then

QH=QB"?+Qq ’

Charge conjugation implies

QB? = "'"QB'g 7
so if the B mixes into a Eg then the hemisphere charge becomes

QH = ""QBQ "‘i‘Qq .
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Figure 5.10: Schematic showing how the hemisphere charge for
B® events can be broken down into a part from the descendant
of the B®, @y, and a part from the fragmentation products, Q.
The effect of B® — B mizing is shown on the right.

It is apparent that if @y is non-zero then hemispheres containing unmixed B®’s
and those which contain mixed B%'s will have different distributions of @eu. This
can lead to different values for A,.,. Figure 5.9 shows that this is indeed observed.
By comparing the results in this figure it can be seen that on average Qrg > Qu,
while Qpe = @, for £ > 1.0. As both QBg and Qpo are non-zero then when Q,
is used to measure B® — B° mixing it must contain terms reflecting the changes

with mixing.
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Chapter 6

B — B? mixing using lepton-signed

hemisphere charges

B° — B° mixing at the Z° pole is usually quantified by the mixing parameter
x, defined by equation 4.6. Therefore any measurement of mixing should ideally
only use Z° — bb events. However ALEPH records many different types of
physics events: Z° — ¢ (hadronic), Z° — I (leptonic), two photon, beam-gas
interactions and cosmic ray events. To make a good measurement of B® — B®
mixing as many background, i.e. non-bb , events as possible should be removed,

thus creating a bb enriched sample.

6.1 Selecting a Z° — bb enriched data sample

The enriched bb sample is created in two stages. As hadronic events can be
readily separated from the other types of events, a hadronic sample is created
first. Then this sample is passed through some algorithm that is more likely to

choose b events than the other ¢F events.

6.1.1 Selection of hadronic events

A hadronic event can be distinguished from the other types by its charged track
characteristics. First a good charged track is defined by:

¢ four or more TPC coordinates are associated with the track;
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¢ |cos(f)] of the track is less than 0.95;

e its closest approach to the beam axis in the r — ¢ plane (known as the

track’s dp) is less than 2.0 cm;

e its z coordinate at the point of closest approach to the beam axis (known

as the track’s zp) is less than 10.0 cm.

The first two criteria ensure that the track is well reconstructed. The final pair
remove tracks from beam gas interactions and cosmic ray events. Then, by
considering all good tracks, an event is classed as hadronic if it has both of the

following:
¢ five or more good charged tracks;

o the total energy of the charged tracks is greater the 10% of the centre-of-

mass energy.

The multiplicity requirement removes most of the leptonic events, except six
and greater prong 7tr~ events. The energy criteria rejects most two photon
events.

This method of hadronic selection has been shown to have a (97.3 + 0.3)%

- _efficiency in ALEPH[41), and the major background is 77+~ events which are at

tﬁq{el of (0.26 + 0.03)%.

6.1.2 Tagging bb quark events with high p, leptons

The bb decays of a Z° cannot be uniquely separated from other hadronic decays.
All that can be done is to tag events which have a characteristic that is more
likely to exist in a bb event than any other hadronic event. A number of methods
have been developed for bb tagging. Most of these use the fact that the b quark
is significantly more massive than the other four flavours produced by Z° decay.
This extra mass means that the hadronic showers from decaying bottom hadrons
are generally broader and have a higher multiplicity than those from lighter

hadrons.
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One method used by TASSO[42] was to divide each event into two halves by
a plane perpendicular to the sphericity axis and then Lorentz boost each half
along this axis. The amount of boost was optimised by Monte Carlo studies to
maximise the separation of heavy flavour events. The sphericity of each half was
calculated within its boosted frame and the two values multiplied together to
create a ‘sphericity product’. An event was then chosen if its s;ﬁhcricity product
was above a selected threshold. The idea behind this method is that the bottom
hadrons will have a lower boost than the other quark flavours, due to their larger
mass. Therefore if the boosted frame is correctly chosen bottom hadrons will
have a higher sphericity in both halves than the other flavours, which leads to a

bottom event having a higher sphericity product.

Another method used{43] was to take all charge tracks in an event and find
their intersections with each other in the r— ¢ plane. The distances between each
intersection and the interaction point were then used to create a weighted sum
for the whole event. Again an event was chosen if its sum was above a selected
threshold. The principle behind this idea is that uds events tend to have all their
tracks originating from the interaction point. However heavy quark events will
usually have decay vertices displaced from the interaction point. This fact in
conjunction with the higher average multiplicity seen in heavy flavour events will

cause heavy flavour events to have higher values for their sums.

However, both these techniques rely, in some way, on the event’s shape and
this may bias the hemisphere charges for the selected events., Moreover neither
of these methods provide any information about the bottom hadrons that are in
the event.

The method used in this analysis is to tag events which contain a high p,
lepton, where p, is the momentum of the lepton transverse to the axis of its asso-
ciated jet. This favours heavier quarks as their decay leptons tend to have larger
momenta and, as momentum perpendicular to the boost axis is independent of

the frame of measurement these leptons will have a harder p, spectrum.

A jet is defined by a scaled invariant mass algorithm{44]. For each pair of
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particles, 1+ and j, their invariant mass is calculated by
Mé,- = 2E.EJ(1 — COSs 9,‘_,‘) N

which is then scaled to give e

Wi = 'E-'EJ' ’
where E is the scaling energy. The pair of tracks which have the lowest value
of y;; are then replaced by a pseudo-particle with momentum (p; + p;). This
procedure is iterated until the lowest value of y;; is greater than a cutoff value
Yeut.

In this analysis F is fixed to 91.5 GeV and y,,, is chosen to be 0.004{45]. This
means that the iterations finish at a jet mass of about 5.8 GeV, which is slightly
larger than the rest mass of the b quark. The idea behind this is that the jet
should then contain the majority of the b hadron’s decay products, but clustering
will stop before many fragmentation particles that are included in the jet.

To assess the contents of this tagged sample a binned fit is done to the p—p,
spectrum(21]. The input to the fit is the p— p, spectrum, from the Monte Carlo,

of the following 6 processes
e b — e or p, known as primary b decay (bl);

e boc—eorpandb— W — £ — eor pu, known as secondary ¢ decay (sc);

b— 7 — e orpu, known as v decay (b7);
e ¢ — e or u, known as primary ¢ decay {c);

o electrons or muons from non-heavy quarks decays, e.g. photon conversions

or pion decay. These are known as non-prompt {np);

o hadrons that are identified as electrons or muons. These are known as

misidentified hadrons (had).

The output from the fit is a set of probabilities, Pu,P.c, Pory Pe, Prpy a0d Pheq

respectively, which are functions of p and p, , and gives the probabilities that
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an electron or muon came from these processes. These probabilities can then be
summed for the whole sample to give a final composition. These probabilities

will also be used in the final determination of mixing.

6.1.3 Prompt electron identification

Electrons in ALEPH are identified by using three estimators, Ry, Hy and R;.
All three estimators give a Gaussian distribution for electrons. Therefore, for
simplicity, each is normalised by

_ X - (X
-RX = O'(X) ’ (6'1)

where (X} is the mean and o(X) is the standard deviation of the quantity X for
electrons. The values for these are derived from test beam measurements and
fits to the data.

The Rt and Ry, estimators for a track measure the transverse and longitudinal
development of the electromagnetic shower in the ECAL that is associated with
the track. The track is extrapolated through the ECAL and, for each of the three
stacks in the ECAL, the 4 tower segments that are closest to the extrapolation
are found. The energies in these segments are summed to give an energy, E;, for
each stack, where i is the stack number. The three stack energies are summed
to give E;, the energy deposited in the 4 towers around the track. From these

quantities Ry is calculated using Equation 6.1 and the definition

-y
P
while Hy is _ca]culated using the definition
By
YL ES

where S; is the shower’s mean longitudinal position in stack 1.

R; reflects the dE/dz measurement of the track. At least 50 isolated wire hits

L

in the TPC are required for a track to be considered to a have a useful dE/dz
measurement. R; is then calculated using equation 6.1 and defining I as the 60%

truncated mean of the dE/dz.
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For a track to be considered as an electron it must first be a good track (see
Subsection 6.1.1) with, in addition, p > 2.0 GeV/c and |cos(8)! < 0.92. It must
then pass the following cuts on the estimators:

~16< Rr ;
~-18< Ry £3.0;
-2.5< H;

A track that is identified as an electron may not have come from a decay
of a heavy quark but could be either a non-prompt lepton or a misidentified
hadron. To minimise these backgrounds the track is rejected as a prompt electron

candidate if it has one of the following features:
e less than 5 cells have been ‘fired’ in the ITC along the path of the track:
o the track’s dp is greater than 0.5 em.

Futhermore, as an extra test to see if the electron comes from a photon conversion,
it is paired with every other track in the event which has the opposite sign. If

any pairing has all of the following properties:

o the separation in the r — ¢ plane at their point of closest approach is less

that 1.0 em;

o the separation in the z plane at their point of closest approach is less that

1.0 em;

e The invariant mass of the pair, calculated assuming electron masses, at

their point of closest approach is less that 20 MeV/c?;

then the track is flagged as a definite conversion.

6.1.4 Prompt muon identification

Muons in ALEPH are identified by considering the pattern of hits around a
track’s extrapolation into the HCAL and through the muon chambers. The
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extrapolation takes into account the curvature caused by the magnetic field. A
cone around the track is set up 30 away from the extrapolated line, where o is the
standard deviation of the displacement caused by multiple scattering. A plane
of streamer tubes is deemed to have been fired by the track if there are between
1 and 4 hits lying within the cone on that plane. In the case where two tracks’
cones overlap a likelihood function is generated from the HCAL hits in this area
and the tracks extrapolated position. The hits are associated to the track which
has the highest likelihood.

To be considered as prompt muon candidate the track must first be a good
track with the additional requirements that p > 3.0 GeV/c and dp < 0.5 cm.
Then the track’s hit pattern must have all of the following features[34}[45}:

¢ at least nine planes are expected to be hit;

¢ the number of planes that have fired must be greater than 0.4 x the number

of expected planes;
o at least five planes in the last possible ten have fired;

o the average hit multiplicity per plane over the last ten expected planes is

less than 1.5;

o there is at least one hit in the muon chambers that is within 40 of the

track’s extrapolated position.

The efficiencies of the electron and muon identifications, measured from the
data, are shown in Table 6.1[45], along with the efficiencies for pions to be iden-

tified as electrons and hadrons to be identified as muons.

6.1.5 Data selection

Having decided the requirements for selecting a bb enriched sample, a subset of
ALEPH data can be created. Only those runs with a PERF or MAYB quality flag

were initially considered. All these runs where then checked to see that the parts
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efficiency PL

0.0~1.0 GeV/c | 1.0-2.5 GeV/c
€e 61.1 £2.2 74.3 £2.2

€ 0.08240.016 | 0.034:0.012
€. 1.7 422 | 73.8 £2.2
€ 0.094:40.047 | 0.16 +0.08

Table 6.1: Efficiencies of electiron and muon identification, along
with the efficiencies for identifying a pion as an electron and a

hadrons as a muonf§5]. All tracks have 3 < p <23 GeV/ec.

of the apparatus necessary for lepton identification, i.e. the TPC, the ECAL, the
HCAL and the muon chambers, were working reliably. If they were not the run
was ignored. From the set of remaining runs an initial set of hadronic events was
selected by requiring that each event had all detector high voltages on, that all
the necessary triggers were enabled and that it passed the requirements set out
in Subsection 6.1.1.

Each event in the hadronic sample was passed through the electron and muon
identification routines. The 1989 data was only passed through the electron
identification routines as the muon chambers were not fully operational during
that period which meant that muon identification was not reliable for that data.
If either at least one electron with p > 2 GeV/c or at least one muon with
p > 3 GeV/c was found then the event was put into the lepton subset. At this
stage no check was made to see if an electron was identified as a conversion.

Finally each event in the lepton sample had to pass the following requirements:
o |cos(binrust)l < 0.85;
o at least two jets were found in the event;

e it contained at least one high p, lepton.

A high p, lepton was defined as a lepton that was not flagged as a definite
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Year | Hadron Sample | Lepton Sample | Final sample
1989 18892 1340 471
1990 154113 24266 9693
Total 173005 ) 25606 ?1 64

Table 6.2: Number of events in each sample. In the 1989 data
only electrons are identified. In the 1990 data both electrons and

muons are tdentified.

conversion, and had p > 3.0 GeV/c and p; > 0.5 GeV/e. The first two
requirements for the event ensures that it is well contained within the detector
and that it has a reasonable distribution of tracks. The third enriches the sample
in bb events as these are more likely to have a high p, lepton.

The results of these selections are shown in Table 6.2, while the composition
-of the final sample of high p, leptons is shown in Table 6.3. There are more
leptons in Table 6.3 than final events in Table 6.2 as one event may contain more

than one high p, lepton, in which case all high p, leptons were considered.

6.2 Lepton signed hemisphere charge

For a sample of pure primary b decays each lepton will have the same charge sign
as the decaying b quark. If the decaying bottom hadron has not mixed then the
lepton will have the opposite charge sign to that of the other b quark created by
the Z° decay. Therefore, if the lepton-signed hemisphere charge, Qi, is defined
by .

@ = —1 x sign of lepton charge x Qy of opposite hemisphere ,

then the probability density function (p.d.f.) of Qux for a lepton from an unmixed
bottom hadron is simply Qs(@n) (see Section 5.7 for the definition of Q). In

the case where the bottom hadron has mixed the lepton will have the same sign
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Process Electrons Muons All
Events | Fraction | Events | Fraction | Events | Fraction
primary b 2638 0.56 2841 0.45 5479 0.50
secondary ¢ 912 0.19 1042 0.17 1954 0.18
T decay 79 0.02 86 0.01 165 0.01
primary ¢ 659 0.14 784 0.12 1443 0.13
Non-prompt 243 0.05 1141 0.18 1384 0.12
Hadrons 171 0.04 440 0.07 611 0.06
Tot“;J“ 4702 6334 11036

Table 6.3: Composition of the sample of high p, leptons. Each
lepton in the sample is required to have p 2 3.0 GeV/c and
p1 205 GeV/e.

as the other b quark so the p.d.f. for this case will be Qy(—Qix). These two
quantities can be combined to give the p.d.f. of Qiy for all primary b leptons, £,

namely,

6(Qm) = (1-Ma—M,) Q(Qm,Ma,M,)
+ (Md + Ml) ‘ Qb("QlHa Md!Ml) . (6.2)

Here @y is the distribution of Quy, while My and M, quantify the amount of
Bf and B? mixing in the sample (see Equation 4.8). Therefore, given a pure
sample of primary b leptons and using Equation 5.3 for @, it would be possible
to perform a fit to the distribution of @iy to obtain Hm{ts on My and M,

To do the fit it is necessary to know the p.d.f. of each of the five components
in Equation 5.3 (@ne, &by, Com, Qsv and Qsm). As these can not be measured
from the data they have to be derived from the Monte Carlo. To create a smooth
p.d{. a double Gaussian fit is made to each distribution. Double Gaussians
were used as they were found to give good representations of the distributions

generated with x = 1.0. The functions used to model the Q,’s for non-B°, BY
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Figure 6.1: Double Gaussian fit used to model @np at & = 1.0.

and BY with x = 1.0 are shown in Figures 6.1, 6.2 and 6.3 respectively.
However, as Table 6.3 shows, the subset of ALEPH data does not consist
purely of primary b leptons. Therefore the background contributions must be

considered when any fit to the data is done.

6.2.1 Secondary c decays

The secondary ¢ decays can be split into two parts. The first part is where the b
quark decays into a ¢ which then decays semileptonically, while the second part is
where the b decays into a & via W boson and the € then decays semileptonically.

These two cases are shown schematically in Figure 6.4 If, looking at the first case,

Br(b — ¢ — I) for B}
Br(b — ¢ — 1) for non-B°

=1, (6.3)

is true for both B and B?, then My and M, will not be affected by including
these decays, providing the change in lepton’s charge sign is included. The charge
sign of these secondary leptons will be opposite to those coming from prompt

decays of the b quarks. Therefore the p.d.f. of Qiu for these decays will be the
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Figure 6.4: Schematic showing the two types of secondary ¢ decay.
In the lefthand figure f can stand for an l”,d or s and then f'

will stand for a v,u or ¢ respectively.

same as equation 6.2 but with @y replaced by —Qwu, so

6e(Qm) = (1=Mg=M,)  Qu(-Qm, Ma, M,)
-+ (Md+Ma)'Qb(QJH,Md9M:) '
It is assumed that a similar equation to Equation 6.3 holds true for the second

case (b — W — & — I). For this case the secondary leptons’ sign will be the

same as those for primary b leptons, so

bw(Qm) = &(Qw) .

6.2.2 Primary ¢ decays

As D° — D° mixing is small {less than 0.0037[46]) it will be assumed to be zero.
This means that a primary ¢ lepton will always have the opposite sign to the ¢
quark created in the other half of the event. Therefore the the p.d.f. of Qy for

a lepton from a primary ¢ decay is simply

£.(Qm) = Q(Qu) .

Again this p.d.f. can not be derived from the data and so a double Gaussian fit is

done to the Q.y distribution of the Monte Carlo. This fit is shown in Figure 6.5.
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6.2.3 17 decays

For 7 decays of the b quark the lepton from the = will have the same charge sign
as the decaying b quark.
If an equation similar to Equation 6.3 holds true for 7 decays then these

leptons will correctly reflect the mixing of the b quark and so

£(Qum) = 6(Qm) -

6.2.4 Misidentified hadrons

It is assumed that the probability of misidentifying a hadron as a lepton is only -
a function of the track’s kinematics. This assumption means the £,.q can be
assessed from the data. It is possible to create a sample of ‘non-leptons’ which
are particles that have the same kinematic properties as identified prompt leptons
but are identified as not being leptons. In the case of non-electrons the track’s

estimators must pass at least one of the following cuts:

_RT < =3.0;
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R, < -18;
Ry > 3.0 .

For non-muons the track’s extrapolation is still required to pass through at least

nine planes and its hit pattern must have at least one of the following features:

o less than 0.4 of the number of expected planes that could fire have actually
fired;

o less than five planes in the last possible ten have fired;

o the average hit multiplicity per plane over the last ten expected planes is

greater than 2,05,

In this analysis £h.q is modeled by a single Gaussian. To find the parameters
of this Gaussian the non-leptons in the data are divided up into sets according
to their p and p, . For each set a Gaussian is fitted to the distribution of Q-
This fit produces a mean and sigma for that set. Each set is also assigned the
aQerage values of the p and p, of the tracks in the set. Using these values of
p and p, as coordinates in a 2-dimensional plane, four fits are done. These fits
are done to the means and sigmas of the non—electrons and non-muons. Various
functions were tried and by considering both their simplicity and their x? the

most appropriate functions were chosen to be:

(Qur)=a1+ay-p ,

and

o(@m)="b+by-ps ,

where a; » and b; » are numbers derived from the fits. The p dependence of the
the mean is consistent with the premise that the leading tracks carry information
about the parent quark {see Section 5.4). The p; dependence of the sigmas can
be understood by considering the flavour composition of the sample. As heavier
quarks have less well collimated jets they are more likely to have high p, hadrons.

Therefore the high p, sample of non-leptons will have a higher proportion of
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Favour Mean Standard
of Quu deviation of Quu
up 0.22 0.37
down 0.11 0.38
strange 0.15 . 0.38
charm 0.07 0.38
bottom 0.12 0.35

Table 6.4: Mean and standard deviation of QqH, derived from

Monte Carlo, for each flavour using x = 1.0.

heavy quark events. The final sample is made up of contributions from all five
flavours. The mean and standard deviation of @y for each flavour, taken for the
Monte Carlo, is shown in Table 6.4. It can be seen from these numbers that a
change in composition can lead to a change in overall width of the total shape.

The fits to the data gave:
(Qm) = —0.0074 + 0.0036 x p

for non electrons;

{(Qu) = ~0.0031 + 0.0028 x p - (64)

for non—muens;

and

O'(Q;H) = (.416 — 0.014 x Pl (65)

for both non-electrons and non-muons.

6.2.5 Non-prompt decays

The shape of £, is also modeled by a Gaussian. The available statistics for
definite, identified, non-prompt decays make it impossible to determine £, usihg
a similar approach to that of the previous section. Instead the parameters are

derived from those measured for misidentified hadrons.
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Non-prompt muons are mainly due to decays of kaons and muons. For the
muon to be identified in the HCAL the track must point towards the muon’s
HCAL digital pattern (see Subsection 6.1.4). Therefore, apart from decays that
happen early in flight, the paths of the hadron and muon must be very similar.
In many cases the hadron actually decays in the calorimeter so the associated
track is that of the parent hadron. This means that the measured momentum
of a non-prompt muon is very close to that of its parent hadron. Therefore £,
for muons can be reasonably modeled by using the same parameters as those
measured for non-muons, i.e. Equations 6.4 and 6.5.

Non-prompt electrons are mainly due to conversions of photons, which in
turn come from #® decays. Therefore the kinematics of the resulting electron has
very little correlation with the rest of the event. This means that the parameters
of ¢, for these electrons should be independent of p and p; . As the conversions
are charge symmetric there is no correlation between the tracks charge and the

opposite hemisphere charge. Therefore, for non-prompt electrons

(@Qm) =0.0 .

In this analysis the width is taken from Equation 6.5 using a value of p; = 0.0,
so that
o(@Qm) = 0.416

for non-prompt electrons.

6.3 A log likelihood function for the data

The probability density functions derived in the previous sections for both signal
and background can now be combined together to create a likelihood function,
£(Ma, M,), for a single lepton. If P, is the probability that the lepton came

from process z then

f(Ma,M.) = pb'eb(QlH,MdsM‘)
+  Poc * boc Qrmy May M,)
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T Processes

b—eorp
b b—oT-—eorp Pu + fwPac + Por
bW —E—eorp
be b—c—eorpu (1=~ fw )P
c c—eorpy P.
np non-prompt decays Pap
had misidentified hadrons Phaa

Table 6.5: Definitions of the processes used in equation 6.6. The
right hand column shows how the probabilities are derived from

those discussed in Section 6.1.2.

+ ’Pc ' Ec(QlH)
+ Pnp ' fnp(QlH’p$pJ.$e or P’)
-+ Phad ! Ehad(Qiﬂypa PL,€ 0T }-L) ' (6‘6)

The definition of each process is given in Table 6.5. Also shown in the table is
how P, is determined from the probabilities discussed in Section 6.1.2, where fy
is the fraction of secondary ¢ decays in the b —+ W — & — [ channel. In this
analysis fw is taken to be (14 & 7)% from phase space calculations[47].

A log likelihood function, £, for the sample of leptons created in Section 6.1.5
can now be built from the individual likelihoods,

L{Mg, M) = Z In [E(Md,M,)}

all leptons

Contours of this function can then be used to show confidence limits on the
Mg — M, plane.

The confidence contours generated from the ALEPH data are shown sepa-

rately for electrons and muons in Figure 6.6, while the contours for the total

sample is shown in Figure 6.7. These results were generated using a x value of

1.0 as the Monte Carlo was tuned without momentum weighting, i.e. effectively
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Figure 6.6: Confidence limits for Mg and M, from (a) electrons
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with x = 1.0, and also at this value the hemispheres can be taken as independent
(see Section 5.6). The limits on axis are chosen to include maximal mixing within

the plane for f; < 0.4 and f, < 0.16.

6.4 Systematic errors

The systematic errors in this method come from various sources. These errors will
be treated as if they were Gaussian. A systematic error of £6 in a log likelihood
function, caused by varying an input variable by £ A, can be included by rescaling
the log likelihood function by a factor 1 + (§2/02) (see appendix A), where ¢ is
the original error. The value of §2/0? can be obtained by calculating £'(u1), where
L'(z) is the log likelihood function calculated with the input variable at the limit
of its variation and y is the point of maximum likelihood for the origin:;a.l function.
This is the method adopted to calculate the changes to the conﬁdencg plot due
to the various systematic errors.

For each input variable the value of 52 /o? is calculated at both the upper and
lower bounds. The average value of these two measurements is then used as that

variable’s contribution to the total value of §%/0?,

6.4.1 Monte Carlo

The Monte Carlo distributions of Q.x are a fundamental element of this method.
Therefore errors in the Monte Carlo parameter settings and unknown biases in
the models will cause an uncertainty in the final result. Moreover there is an
error in the parameterisations of @ simply due to the finite number of Monte
Carlo events available.

To measure the effect of the limited Monte Carlo statistics each parameteri-
sation of Q is moved by an amount equal to the error on its mean. First all the
distributions are shified such that their means are moved away from zero and a
new log likelihood is calculated. Then the distributions are moved towards zero

and another log likelihood function is calculated. The resulting new functions
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are used to determine the statistical contribution to 6*/¢2.

To evaluate the uncertainties due to Monte Carlo parameter settings single
Gaussians are used to parameterize Q. This is to overcome the problem that
the double Gaussian parameters are highly correlated. The fractional changes
in the single Gaussian’s parameters at generator level (see Section 5.2), caused
by a change in one Monte Carlo parameter, are used to change the equivalent
Gaussian parameters at reconstructed level. These changed Gaussians are then
used to calculate the relevant log likelihood functions and the value of §?/0? can
then be extracted. If the extracted §°/o? due to a parameter change has a greater
than 50% chance of being simply a statistical fluctuation, i.e. it is less than 0.455
times the value of §2 /0% due to statistics, then it is not included in the final value

of 82/0?2.

The range of settings used for the Monte Carlo parameters are the same as
those in ALEPH’s hadron asymmetry paper[48] and the choices are justified in
the appendix of that paper. A summary of the production settings, the variations

used and their contributions to §2/0? are given in Table 6.6.

6.4.2 Lepton Composition

Due to the limited knowledge of semileptonic branching ratios of bottom and
charm hadrons there will be some uncertainty in the lepton composition of the
sample. To study this the probabilities of each process defined in Table 6.5 are
varied, Each process in turn has its probability scaled by the amount given in
Table 6.7. Then all the probabilities are renormalised so that they sum to unity.
The first three processes’ errors are based on the errors in the branching ratios of
the dominant channel in that process. The non-prompt and misidentified hadrons
fractions are varied according to the limits given in [21}. Included in this study
was the uncertainty in fw. The resulting contributions to §?/¢? are also shown

in Table 6.7.
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Parameter Production Range 6% /ot
Value

Statistics 0.062

€ 0.006 0.003—0.010 0.182

€ 0.020 0.002—0.071 - (0.003)

(72F5 Jud 0.50 0.30—0.75 0.052

(7255 e 0.65 0.50—0.75 (0.006)

(7op5 e 0.75 0.65—0.80 (0.020)

s/u 0.30 0.27—0.40 0.046

b 0.84 0.84—0.93 0.096

o 0.358 0.340—0.400 0.046

Aqcp 0.310 0.260—0.400 (0.009)

Mmin 1.5 1.0—2.0 (0.007)
Monte Carlo Total 0.484 ]

Table 6.6: Systematic error contributions from Monte Carlo pa-
rameter settings. The numbers given in brackets have a greater
than 50% chance of being statistical fluctuations and so are not
included in the totel. Also shown are the produ.ction setting for

the parameters and the ranges used for the systemalic error study.



Probability | Percentage Error §%/q?
Electrons | Muons

Py 410 0.031

Pe +10 0.032

P. +15 0.000

Pap 420 | +10 | 0.000

Phea +20 +40 - 0.000

fw +50 0.018

Lepton Composition Total 0.081

Table 6.7: Systematic error coniributions from Lepton composi-

tion.
6.4.3 Baryon fraction

As the mixed and unmixed BY and BY mesons’ contributions are input into this
method separately then the final result is independent of the input values of f,,
f+s xa and x, used to generate the Monte Carlo. However the non-B® sample is

dependent on the ratio R, where

R = fbaryon
fu

and fuaryon is the fraction of baryons produced. The Monte Carlo settings give
a value of R = 0.23. No measurement has been made of the quantity at LEP
energies, and measurements at Jower energies are not particularly useful in eval-
uating this ratio. Therefore a generous error of £40% is used. The resulting

contribution to §2/¢? is found to be 0.188.

6.5 Result

The contributions from the systematic error are summarised in Table 6.8. Using

the total value of §2/¢? given in this table the confidence contours, including the
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Contribution §2/o?
Monte Carlo total 0.484
Lepton composition total 0.081
Baryonic fraction 0.188
Total systematic error 0.753

Table 6.8: Total systematic error.

systematic error, can now be plotted. The final contours from the 1989 and 1990
ALEPH data are shown in Figure 6.8.

Using these limits and the definition of x in Equation 4.7 the 90% confidence
limits on x are

0.084 < x < 0.175 |

providing f, < 0.16
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Figure 6.8: Confidence limit, including systematic errors, for My

and M, using 1989 and 1990 data from ALEPH.
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Chapter 7

Implications of result

The confidence contours obtained from the present method can be combined with
previous measurements of B® — B® mixing to give tighter constraints on Mg and
M,. Throughout this chapter three different measurements of B® — B® mixing

will be discussed:
1. the hemisphere method described in the thesis;
2. the ALEPH measurement using dileptons{21];

3. The CLEO[18] and ARGUS[9] measurements of rq.

7.1 ALEPH’s dilepton measurement

The confidence limits from ALEPH’s dilepton measurement are shown in Fig-
ure 7.1. Before the result of the present analysis can be combined with the dilep-
ton result the common statistical and systematic errors have to be taken into
account. The dilepton events constitute 8.0% of the events used in the present :
analysis therefore before combining the results the statistical error of this anal-
ysis is scaled by 1/ \/(TTOS) The common systematic error comes from the
uncertainty in the lepton composition of each sample. The contribution to the
error from this source is removed from both results before they are combined
and then it is added back into the combined result. This method leads to the

confidence contours shown in Figure 7.2.
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Figure 7.1: Confidence limits from ALEPH’s dilepton measure-

ment of B® — B° mizing.
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Figure 7.2: Confidence limits from combining the result of the

present analysts with ALEPH’s dilepton measurement.
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It can be seen by comparing Figures 6.8 and 7.1 that the underlying slopes on
the Mg~ M, plane are different. This is caused by the fact that A,,, for BJ's and
BY’s are different so that M4 and M, enter the hemisphere charge contribution to
the present method with different coefficients, whereas the lepton contributions
in both methods have the same coefficients for My and M,. This feature may
become significant in reducing the errors on My and M, when substantially more

data has been collected by ALEPH.

7.2 r; measurement from CLEO and ARGUS
The average result of 7y measured by CLEO and ARGUS is
rqg = 0.20 £ 0.06 .
This corresponds to a value of
x4 = 0.167 £ 0.042 . (7.1)

To interpret this in terms of M, the fraction f; must be known. At present this

is not well known but the standard choice at LEP energies is{21][22]
fa=0.37540.050 . (7.2)
Combining this with Equation 7.1 gives
Mg =0.063 £ 0.018 .

The confidence contours for this measurement are shown in Figure 7.3.

Taking the errors on this measurement to be independent of both methods 1
and 2, the CLEO/ARGUS result can be combined with the result of method 1 to
give the confidence contours shown in Figure 7.4. Combining the CLEO/ARGUS
result with the results of methods 1 and 2 gives the confidence contours shown

in Figure 7.5. From this figure it can be seen that at the 90% confidence limit

M, > 0.011 . (7.3)
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methods discussed in this chapter.

Using the combined result gives the following measurements for My and M,,

Mg = 0.068 +0.016 | (7.4)

H

M, = 0.067+0.026 . (7.5)

To interpret these contours in terms of x4 and x, the fractions of BS and B?
have to be known. Equation 7.2 gives the standard value for f;, and the standard

value for f, is

F.=0.150 + 0.050 . (7.6)

The combined result of methods 1, 2 and 3 is shown in Figure 7.6 including the
xd and x, values assuming these fractions. The shaded region of this figure shows
the region allowed by the Standard Model (see Equation 4.4).

Combining Equations 7.2 and 7.3 gives

xs > 0.07 .

at the 90% confidence level. Similarly Equations 7.2 and 7.4 and Equations 7.5
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and 7.6 give
Xd =
Xe =

It should be remembered that only

meaningful.

0.18 £ 0.05
0.451+0.24 .

values of 0.0 £ x, < 0.5 are physically
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