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Abstract

Using the ARGUS detector at the e+e~ storage ring DORIS II, measurements of multiplicities of
pseudoscalar kaons, of K*(892) and of </>(1020) in B meson decays have been performed through
studies of angular and charge correlations between the above particles and high momentum
leptons produced in semileptonic fi decays. The method has made it possible to measure the
multiplicities for B+/B0 and B-/B0 separately.

The excess of like charge lepton-kaon pairs over opposite charge pairs in semileptonic decays
was used for estimating the ratio of charmed decays over all decays, and thus also the fraction
of charmless decays. A search for an excess of fast neutral kaons coming from rare B decays
was also made. All the results obtained support the assumption that almost all B mesons decay
through b—>c transitions into charmed hadrons.
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Introduction

The attempts to describe the ultimate constituents of matter and how these interact, has been
an ongoing process that probably started long before the times when Anaximenes presented
bis idea about Earth, Air, Fire and Water, and Pemokritos postulated the existence of atoms.
The ideas of Anaximenes, though intensively used for centuries by the early experimentalists,
never proved to be very fruitful, whereas Demokritos* idea of an Atom as a basic unit in matter,
although not indivisible, has become a very important concept in modern physics.

The word atom got a more scientific meaning during the last century, when the systematic
behavior of the elements was discovered, and the Periodic Table of Elements was made. Scat-
tering experiments with a-particles from a radioactive source, made by Rutherford, Geiger and
Marsden just after the turn of the century showed that the atom certainly not was a homoge-
nous ball, but instead carried a substructure: The nucleus was found. Afterwards, the electron,
proton, neutron were discovered, and later with the help of accelerators many other additional
"elementary" particles were observed. By the 1960s the number of discovered particles by far
exceeded the number of elements, and just as scientists one hundred years earlier had studied the
systematic behaviour of elements in order to find something more elementary, scientists now did
the same with particles: "Periodic Tables" were made, and particles corresponding to the states
that were missing in the patterns made by the already known particles were predicted. Some
of these patterns can be seen in figures I.I and 1.2. For instance, the existence of ft~ baryon
was predicted before its discovery [l]. This discovery marked an important milestone in the
understanding of elementary particles, in showing that it was possible to predict new states and
their properties.
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Figure I.I: Symmetry gioups of baryons containing d, u and s quarks; particles with
the same strangeness appear along horizontal lines. Particles with the same charge
appear along diagonal lines. To the right are the quark contents of the baryons.
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Figure 1.2: Symmetry groups of mesons containing d, u and s quarks; particles with
the same strangeness appear along horizontal lines. Particles with the same charge
appear along diagonal lines. To the right are the quark contents of the mesons.

Not only new particles were foreseen, but just as in the case of the elements, also substructures
were predicted [2]. These substructures were called quarks. Experiments similar to Rutherford's,
but now at much higher energies, were made at Stanford, California, (SLAC) in 1968. It was then
shown that the proton really carried a substructure, but whether or not the found partons were
identical with the predicted quarks, or if the quarks were just formal mathematical generators
of the symmetries was unclear for some years. Nowadays it is however generally believed that
the quarks are identical with the experimentally discovered partons, and the physisists that
conducted the experiment were in 1990 awarded the Nobel Prize.

Experiments and theoretical wo.k the last few decades has led us to the so called Standard
Model, which describes all known particles in nature, and three of the four known forces. The
fourth force, Gravitation, is described by the Theory of General Relativity. The Standard Model
has proven itself to be a good and useful model since it well describes experiments made, and it
also has predicted the existence of some particles later discovered. However, there is no reason to
believe that the Standard Model in any way is t, final theory. It does not predict everything: A
large number of free parameters exists, e.g. most particle masses, which must all be determined
from experiments. As a result, it is unfortunately not possible to predict very many things
with some degree of precision. So instead of being hard tests of the validity of the theory,
experiments have rather become a means of determining the parameters of it. The large number
of parameters and the fact that the Standard Model is not easily compatible with the Theory of
General Relativity makes many theorists look for a Theory Of Everything, that would unify the
two. Effort is also made in finding possible extensions of the Standard Model, i.e. answers to
questions like: Are there particles and forces, not yet discovered, that would fit into the pattern
of the Standard Model? The process of describing matter and its interactions will continue,
since modern physics is as good at finding new problems as it is at finding solutions for the old
ones.

Elementary Particles

According to our current understanding, the fundamental constituents of matter are spin 1/2
point-like particles which are naturally grouped into two types, leptons and quarks. The quarks
never appear single, but always in groups such as quark-antiquark (qq) called mesons, or three
quarks {qqq or qqq) called baryons. Hence, most of the elementary particles observed are really
nothing but quark clusters, which means that they are, from a stricter point of view, neither
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Table I.I: Elementary particles and what interactions they are affected by
(Fermions), or what interaction they mediate (Vector Bosons). The Fermions consti-
tute all solid matter in nature, and the Vector Bosons mediate the three mentioned
fundamental forces. For each fennion there also exists an antifermion with the op-
posite value of most quantum numbers, not listed here.

elementary nor point-like particles. Some of the known particles are not at all considered to be
constituents of matter, but rather mediators of the known forces. They are all spin 1 particles
called Vector Bosons.

Fundamental Interactions

The interactions of matter are governed by, as we now know it, four fundamental forces. These
are gravitation, electromagnetism, and the so-called weak and strong forces. The Standard Model
is based on the idea that all interactions are mediated by exchange particles, or Vector Bosons,
which are the carriers of the forces. (See table I.I.)

Gravitation is by far the weakest of the fundamental forces, and it can, on the scale of elemen-
tary particle interactions, be safely neglected. The mediator of gravitation has not yet been
discovered, so it is still unclear whether or not the gravitational force really is mediated by by
the theoretical gravitons. The theory describing electromagnetism is known as Quantum Electro
Dynamics (QED). The effects of gravitation and electromagnetism are well known to most peo-
ple, whereas knowledge about the weak and the strong forces and their effects is not as widely
spread. The only example of effects of the weak force in the macroscopic world is the radioactive
/3-decay. The electromagnetic and weak interactions have successfully been unified by Glashow,
Weinberg, and Salam [3]. The resulting theory, known as Electroweak Theory, has had many
successes, the most convincing of which was the prediction of the existence of the intermediate
vector bosons, W+, Vf~ and Z° which were discovered experimentally in CERN in 1983 [4],
The theory describing the strong interaction is known as Quantum Chromo Dynamics (QCD).
It is called chromo dynamics since the charge of strong interactions is called color.



Introduction

1 il d i *
d
u
i

é
b
i

*°, >7. V
ir"

K°
D"
E°
T-

ir°,';,'7'
A'+

D°
B+

T°

s

K°
iv

Ty, Tj
D7
B"
T."

c

D+

D°
DT

B*
T*

B°
B"
B5
B r
t»

' 1
T+

T°
TT
T?

it

Table 1.2: Pseudoscalar mesons of all the known quarks, grouped according to quark
content. Many of these states, namely the Bc and all mesons containing a t quark,
have not yet been observed. Their existence, however, is generally not questioned.

The ARGUS Experiment

The ARGUS detector is a general purpose magnetic spectrometer at the DORIS II e+e~ storage
ring at DESY, Deutsches Elektronen Synchrotron, in Hamburg, Federal Republic of Germany.
The collaboration is an international group of physisists representing many different Universities
of different countries. A list of the present collaboration members and Universities can be seen
in Appendix C.

The heaviest of the quarks which have been observed so far, the 6 quark, is the object of research
described in this thesis: B mesons, quark-antiquark pairs containing a b or b quark, are produced
in pairs in e+e~ collisions at a centre of mass energy of 10.58 GeV in the DORIS II storage
ring and studied with the help of the ARGUS detector. Some of its decay mechanisms have
been investigated and a number of branching ratios measured. Throughout this publication, all
numbers, figures and plots refer to averages over charge conjugate states 'lnless other is stated.



Chapter 1

The ARGUS Detector

In this chapter a brief discussion of the DORIS II storage ring will be presented, followed by a
short description of the different components of the ARGUS detector and its trigger. A more
detailed description of the detector, and its particle identification capabilities can be found
in [5,61-

1.1 The DORIS II e+e" Storage Ring

The DORIS II [7] is an e+e~ storage ring consisting of four sections: Two straight paths,
55 meters long, connecting two semicircles with a diameter of 55 meters. It was originally
built in the beginning of the seventies as a double storage ring, Doppel Ring Speicher, with a

i centre of mass energy of 6 GeV. In 1977 the double ring concept was abandoned, and
the ring was modified to a single ring, named DORIS I. When operated in single bunch mode,
centre of mass energies of 10 GeV could be reached, so alter the discovery of the T resonances,
a second upgrade was performed in order to increase the maTinmrn energy to 11 GeV and allow
the investigation of these new states. The storage ring was now called DORIS II. To achieve
the desired luminosity of 1031 cm'2*'1 at these higher energies, the insertion of mini-beta
quadrupoles (see sect. 1.2.1) was required.

The accelerator system which delivers electrons and positrons to DORIS II is shown schemat-
ically in figure 1.1. Electrons are produced from a hot cathode and accelerated by a linear
accelerator, LINAC I, up to an energy of 55 MeV. A second linear accelerator, LINAC O, de-
livers an electron beam of 400 MeV onto a target which produces positrons, that are collected
and accumulated in a small storage ring, Positronenintensitätsakkumulator (PIA). The accel-
eration of the electron and positron bunches to the desired beam energy is then performed by
the DESYII synchrotron, which subsequently injects the beams into DORIS when desired. No
further increase of the beam energy is made by DORIS . The beams have a finite lifetime in
DORIS, not mainly due to bunch collisions, but rather from interactions with the beam pipe,
or with residual gas in the ring. (The vacuum in the ring is of the order of 10~* mbar.) A
new injection i» performed whenever the currents get so low that it is more economic to take
the time of refilling DORIS, than it is to continue data taking. Generally, this means a new
injection approximately once per hour, with peak beam currents after injection of 40 - 45 mA.
The old beams need not then be dumped, since the beams from DESY II already have the same
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ELEKTRONEN le")

POSITRONEN (e*)

PHOTONEN
(SYNCHROTRONSTRAHLUNG)
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LINAC II EMBL

Figure 1.1: The accelerator complex at DESY with DORIS II.

energy as the old ones. DESY II is also used for injections of electrons into PETRA, which
subsequently injects the beams into HERA. Also DESY HI exists, and it is used for protons for
HERA.

DORIS has had two interaction regions for most of its operational time. At one of them, the
ARGUS detector is situated. The other interaction region was the site of the Crystal Ball
detector, until its removal in 1987. During 1990 a bypass was built to improve the facilities for
HASYLAB, which uses the synchrotron radiation for different experiments. This new storage
ring is called DORIS m.

1.2 The Detector
The ARGUS detector was designed to study physics in the energy range of the T system, i.e. at
approximately 10 GeV. At these centre of mass energies a large variety of physics topics can be
studied, including:

• Weak dec lys of B mesons produced in the decay of the T(45) resonance. For such studies
the identification of leptons and hadrons over a large momentum range is important.

• Direct T decays and transitions between the different T states.

• Decays of other particles), mostly charmed hadrons, produced in non resonant e+e~ anni-
hilation. Efficient reconstruction of charmed hadrons is therefore important.
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50 m HASYLAB V

Figure 1.2: DORIS DI with bypass for HASYLAB experiments.

• Weak decays of r leptons, produced in the QED process e+e~ —< T+T~ .

• Two-photon interactions, i.e. interactions in which the electron and positron do not anni-
hilate, but instead interact via two emitted virtual photons.

The possibilty to study all these processes implied several requirements when designing the
ARGUS detector: It must cover a very large solid angle in order to have a high acceptance for
particles produced in decays of B mesons, since the B meson decays have high multiplicities and
are almost isotropic. Good momentum resolution for charged particles over a wide momentum
range is needed, since decay products of B mesons from the T(45) often are fairly slow in the
laboratory frame, while those from continuum production (nonresonant processes) of charmed
mesons may extend to momenta of several GeV. Similarly, for neutral particles good energy
resolution and good space resolution in the calorimeter is important. Furthermore, Li order to
suppress the large combinatorial background in events with high multiplicity, the detector must
provide excellent particle identification, again over a large momentum range.

The ARGUS detector, a universal tool designed to meet all these requirements, is shown in
cross-section in figure 1.3. Moving from the interaction region and outwards, the detectc
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1 Muon Chambers 2 Shower Counters 3 Time-of-Flight Counter»
4 Main Drift Chamber 5 Vertex Drift Chamber 6 Iron Yoke
7 Solenoid Coils 8 Compensation Coils 9 Minibeta-Quadrupole

Figure 1.3: The ARGUS Detector.
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comprises a vertex drift chamber, a main drift chamber, a time-of-flight system, electromagnetic
calorimeters, magnet coils and a return yoke, and layers of muon chambers. The detector was
upgraded in early 1990, when the old vertex drift chamber was replaced by a new high precision
micro vertex detector. In the following sections, the various components of the ARGUS detector
are discussed in more detail.

Throughout this paper, the coordinate system used is a right-handed Cartesian system with its
origin at the interaction point. The i-axis points along the beam line, in the flight direction
of the positrons, and the y-axis points upwards. Sometimes polar coordinates are used instead.
The x-y plane is then referred to as the r-0 plane, and 9 denotes the polar angle with respect
to the z-axis.

1.2.1 T h e M a g n e t s

The magnet system in ARGUS consists of the main solenoid, the mini-beta quadrupoles, and
the inner and outer compensation coils.

The main solenoid is constructed of 13 separate copper coils, each of 3 m diameter. Stable long
term running conditions have been obtained with a current of 4250 A, corresponding to a field of
0.755 T. The magnetic field was measured [8] in April 1982, prior to the insertion of the detector
components. The measured values were parametrized by polynomials for each of the 36 drift
chamber layers. Within the volume occupied by the drift chamber, the field is known with a
precision of 0.1%, allowing the good spatial resolution of the drift chamber to be converted to
a good momentum resolution. Possible variations in the overall scale of the magnetic field are
corrected by requiring that the measured mass of K° candidates agree with the nominal mass
of Particle Tables [66].

The mini-beta quadrupoles are strong focussing quadrupoles which had to b» integrated in
the detector construction in order to increase the luminosity. They are really not part of the
detector but rather a part of the storage ring. This solution unfortunately leaves a small dead
angle at small 0 angles, which can not be equipped with detector elements such as time-of-flight
i ounters and shower counters. To protect the field of the mini-beta quadmpoles from small
transverse components in the main solenoidal field, these are surrounded by outer compensation
coils and by iron plates at the front faces. The beam is protected in a similar way by the inner
compensation coils.

1.2.2 The Main Drift Chamber

The main drift chamber [11] is the central track detector of ARGUS. It is a 2 m long cylindrical
drift chamber, with inner and outer radii of 150 and 860 mm respectively. The chamber contains
5 940 sense wires and 24 588 potential wires, and has a drift cell size of 18.0 mm x 18.8 mm. The
sense wires are arranged in 36 concentric layers, with a stereo angle sequence of 0°, +a, 0°, - a ,
etc. The value of a increases in proportion to y/r, rising from 40 mrad for the innermost layer
to 80 mrad for the outermost. Their values are selected by limiting the maximum displacement
of a sense wire from the centre of a cell to 1 mm. The sense wires are made of 30 /im diameter
gold-plated tungsten, while the potential wires are of 75 nm diameter copper-beryllium.
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Figure 1.4: Cross section of the drift chamber (a) perpendicular to and (b) parallel
to the beam axis.

The mechanical structure of the chamber consists of an inner wall made of a carbon fibre epozy
material 3.3 mm thick, coated on the inside with silver spray, and a 6 mm aluminium outer
wall glued to the 30 nun thick aluminium end plates. The outer wall and the Aluminum end
plates provides the mechanical strength of the chamber. The sense wires are positioned by their
feed-throughs in the endplates with a precision of 100 /un, allowing a good spatial resolution of
the drift chamber. Tracks which hit at least four 0° wires and three stereo wires can be measured
in 96% of the full solid angle. The spatial resolution leads to a transverse momentum resolution
of

2 £ ! / 3 ([pT] = GeV/c)
PT

+ (0.009pT)3 (1.1)

The constant term arises from multiple scattering. Including the information of the vertex
drift chamber in the track fit leads to an improvement in the momentum resolution due to the
extended lever arm, i.e. the second term in the above expression decreases from 0.009 pT to
0.006 pT. The stereo wires allow for a determination of the track coordinates along the beam
direction, and therefore a measurement of the polar angle of the tracks. Thus it is possible
to convert the measurement of pr into a measurement of p. All sense wires in the main drift
chamber are read out by both TDCs and ADCs. TDC information is used to extract track
coordinates and thus used in the track fit, while the ADC values are measurements of the pulse
sizes and thus used in the calculation of specific ionization, dE/dx, which are needed in the
identification of charged particles.

The main drift chamber is operated with a gas mixture of 97% propane and 3% methylal. Since
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1984,0.2% water vapour has been added, in order to decrease the ageing effects due to deposits
on 'lit sense wires [10]. The gas mixture, and the drift cell dimensions, were chosen to optimize
the resolution for specific ionization measurements, in order to get as good charged particle
identification as possible The small cell size is also an advantage in that it minimizes the
possibility of two tracks passing the same cell.

1.2.3 The Vertex Drift Chamber

The ARGUS vertex drift chamber [9], the VDC, is a small, high resolution cylindrical drift
chamber. It was installed in the spring of 1985 in order to improve the accuracy in reconstructing
secondary vertices from short lived particles decaying close to the interaction point. It was
designed to fit into the empty space between the main drift chamber, the compenstion coils and
the beam pipe. The inner and outer radii of the VDC measure 50 and 140 mm respectively, so
with a length of 1 m, the VDC provides a coverage for tracks hitting all layers of 95% of the full
solid angle.

r z Hem

Figure 1.5: Sector of the hexagonal cell pattern of the vertex drift chamber. The
sense wires are located in the centers of the cells, and the field wires in the corners.

The VDC contains 594 sense wires, 20 >*m in diameter, of a gold plated tungsten- rhenium alloy,
and 1412 field wires, 127 pm in diameter, of a copper-beryllium alloy. They are arranged in
a dose-packed hexagonal cell pattern. The inscribed radius of each drift cell is 4.5 mm. The
field wires, positioned in the corners of the hexagons are held at negative potential, while the
sense wires which are centered in the hexagons are fixed at ground. All wires are axial, so no
information is obtained concerning the track coordinate along the beam direction. In order to
reduce the multiple scattering due to the inner and outer walls of the VDC, these are made
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Figure 1.6: Spatial resolution versus drift distance in the vertex drift chamber. The
curve is obtained from Bhabha scattering events.

of a carbon fibre epoxy composite of thicknesses 0.9 and 1.3 mm respectively. 1- . end plates
are 20 mm thick and made of a glass fibre opoxy composite with machine drilled holes for wir»
feed-throughs positioned with a 15 nm accuracy. The feed-throughs are made of brass and the
wires that pass through have been centered to within 5 /tin.

The chamber is operated with pure COj gas at an absolute pressure of 1.5 atmospheres, and
a high voltage of -3500 V. A small component of 0.3% water vapour was added to the CO2

starting in 1985 in order to slow down the degradation of chamber performance which follows
from deposits on the wires [10]. The resolution obtained under these conditions for Bhabha
events is better than 100 /im for over half of the cell, and has a plateau at about 50 (tm. The
resolution is best when the drift distance is between 0.3 - 0.8 cell units, and not as good when
the ionization takes place close to either a sense wire or a field wire. For multihadron events, the
resolution is worse by a factor of about 1.4 due to multiple scattering of low momentum tracks
in the beam pipe and inner VDC wall.

In order to reduce noise pick-up, the VDC preamplifiers are mounted directly on the end plates
of the chamber, where they are cooled by a flow of nitrogen. All sense wires are connected to
Time to Digital Converters, TDCs, wuose output are used together with the bunch crossing
signal from DORIS II for x-y position measurements for charged tracks. A sample of wires are
also connected to Analogue to Digital Converters, ADCs, whose output are used to monitor the
gas gain and chamber performance.

1.2.4 T h e T i m e of Flight S y s t e m

The ARGUS time-of-night system [12], the ToF, consists of 160 scintillation counters, 64 of
which are located in the barrel, and 2x48 in the endcaps. The counters, each made of 20 mm
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thick NEllO', are tightly packed between the main drift chamber and the shower counters. The
scintillation counters are glued to light guides, which direct the light through the magnet coili to
the photomultiplier tubes positioned outside the coils in regions free ",' magnetic fields. Each of
the barrel counters has phototubes and read-out electronics inoun»ed on both of its ends -while,
owing to the geometry, the endcap counters are read out from one end oi-Jy. The barrel cc-wDtevs
cover 75% of the full solid angle, and the end caps another 17%. The time resolution r' the ToF
system for hadrons is 220 ps.

The primary purpose of the ToF systen is to determine the velocities of charged poi-tCdes by
measuring their flight times. Together with the momentum, mcvurad La the main urift chamber,
an estimate of the square of the mass of tite parti :)e can be m»i^ (fig. 2.4) This number is
used for identification of charged particles. The TL f' barrel system is also an integral component
of the fast pretrigger logic, while the endcap counters form part of the luminosity monitoring
system.

Figure 1.7: Shower counter modules used in the barrel region: (a) Wedge and
(b) Parallel.

1.2.5 T h e Shower Counters

The ARGUS electromagnetic calorimeter [13,14] consists of a total of 1760 lead-scintillator
sandwich type shower counters. They provide measurements of the energy and direction of
neutral particles over 96% of the full solid angle. Information concerning the shape of the

'Nuclear Enterprise!, Inc.
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Figure 1.8: Schematic drawing of the muon chambers with an e+e" -»M+M event.

shower is also used for the electron identification. Furthermore, the shower counters form an
integral component of the fast pretrigger logic, and of the luminosity monitoring system.

The barrel section of the calorimeter is divided into 20 rings of 64 counters each, while each
endcaps consist of 5 concentric rings containing 32,40, 48, 56, and 64 counters. Each scintillator
plate is 5 mm thick, and the lead plates are 1 mm (1.5 mm) thick in the barrel (endcaps). The
overall depth of each counter corresponds to 12.5 radiation lengths.

The shower counters are located inside the ARGUS magnet coils, in order to allow the detection
of photons with energies as low as 0.05 GeV. The photomultipliers, though, must be placed
outside the region of the magnet field, and so each counter is read out by a wavelength shifter
which is coupled via an adiabatic light guide to the corresponding photomultiplier tube. The
total amount of material in front of the counters is 0.16 radiation lengths in the barrel region
(cos0 = 0), and 0.52 radiation lengths in the endcap regions (cosO = 0.9). The energy resolution
was determined, for high energies, from the energy distribution of electrons from Bhabha scat-
tering and photons from e+e~-» 77. For low energies, photons from decays of *° and T) mesons
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were used. The energy resolution achieved is

^0.

072* + ° - = ^ in the barrel
(1.2)

0.075* + ° ^ p - in the endcaps

The constant terms arise mainly due to losses in the support structure. The impact point of a
photon and thus its production angle is derived from the centre of gravity of the shower. The
angular resolution at high enc-gies is 13 mrad, corresponding to an average spatial resolution
in the barrel region of 15 mm. For the endcaps the resolution is slightly better; 10 mrad
corresponding to 12 mm, which is due to the smaller dimension of the counters.

1.2.6 The Muon Chambers

The ARGUS muon chambers [15] form the outermost part of the detector. The chambers are
arranged in three layers, one inside the magnet yoke and two outside. The inner layer is separated
from the interaction point by 3.3 absorption lengths of material, and covers 43% of the full solid
angle. The outer layers are separated from the inner layer by an additional 1.8 absorption
lengths, and cover 87% of the full solid angle. The overlap of the two outer layers with crossed
sense wires is 93%. Only muons with a momentum of at least 1.1 GeV/c can penetrate the yoke
and produce a hit in the outer layers. The inner muon chambers, however, can be reached by
0.7 GeV/c muons. There are 218 chambers, each consisting of 8 proportional tubes of cross-
section 56 mm x 56 mm. The lengths of the chambers vary between 1 and 4 m, depending on
their location in the detector. In the centre of each tube there is a 50 paa gold-plated tungsten
sense wire, which is held at a potential of 2.35 kV. The chambers use a gas mixture of 92%
argon and 8% propane.

1.2.7 The Micro Vertex Detector

In early 1990, the vertex drift chamber was replaced by a new micro vertex drift chamber, the
/JVDC [6]. The goal of this device is to provide independent topological information in order
to reduce the combinatorial background by identifying the decay vertices of charmed hadrons.
It provides vertex resolutions of approximately 50 fim, thereby allowing the reconstruction of
a large fraction of the decay vertices of D° and D+ mesons originating from B meson decays.
This is equivalent to an improvement in the signal to noise ratio for B meson reconstruction of a
factor of five or greater. A Monte Carlo study [16] has shown that, in order to efficiently reject
fake vertices, it is necessary to achieve high resolution in both the r-4> and r-z projections.

A schematic drawing of the /iVDC, designed with these goals in mind, is shown in figure 1.9.
It is a cylindrical drift chamber, with 1070 sense wires arranged in 16 layers. Four of the layers
are axial, while the others have stereo angles with respect to the beam axis of, alternately,
+45° and -45° The very large stereo angles are essential in order to satisfy the requirement
of equal resolutions in both the r-<p and r-z projections. The axial layers are necessary in the
complicated task of pattern recognition. A mechanical support structure is needed to guide the
stereo wires around the chamber axis. This is accomplished by feeding the wires through holes in
five longitudinal plates, made of 0.94 mm thick beryllium, extending between two aluminium end
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Figure 1.9: Schematic drawing of the jiVDC.

cones. The material was chosen to minimize multiple scattering, while still providing sufficient
mechanical strength.

1.3 The Trigger System

The DORIS II storage ring has a bunch crossing frequency of 1 MHz, leaving 1 /is between
crossings to decide whether or not to accept the event. The ARGUS trigger system [5,18]
performs this decision in two separate steps. First a fast pretrigger, requiring about 300 ns,
discriminates between clear background events and possible good events. If a candidate for
a good event is is found, the slower second level trigger, the so called Little Track Finder, is
activated. The final decision whether or not to accept the event, is then made by the Little
Track Finder.

1.3.1 The Fast Pretriggers

The ARGUS fast pretriggers process information from only the time of flight system and the
shower counters. Due to the large number of ToF scintillators and shower counters, they are
not treated individually in the pretrigger logic, but are grouped in trigger units. The flexibility
of the trigger is enhanced by the use of different subtriggers, so the ARGUS detector has four
different fast pretriggers and two test triggers:
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ETOT
The Total Energy Trigger is designed to detect events with balanced energy deposition in
the shower counters. Only the shower counters are useJ, and the requirement is that the
sum of the energies deposited in either hemisphere must exceed 0.7 GeV. This is the only
pretrigger for which the endcap shower counters are used. Bhabha events almost always
sets this trigger, whereas fi^/i' pairs rarely do so, since rnuons are minimally ionizing and
unlikely to deposit enough energy.

HESH
The purpose of the High Energy Shower Trigger is to detect events where single particles
carry a large portion of the total energy. Only barrel shower counters are used. The re-
quirement is that the energy deposited in one HESH group, defined as the sum of 5 adjacent
shower counter trigger units, must exceed 1 GeV.

CPPT
The Charged Particle Pre-Trigger is designed to trigger on events with several charged
particles. It requires at least one track in each hemisphere, where a track is denned as
a coincidence between a barrel time of flight CPPT group and the shower CPPT group
which lies behind it. A ToF CPPT group consists of four neighbouring ToF counters,
while a shower CPPT group is formed by three shower counter trigger groups or, in other
words, 6 adjacent rows of counters. Thus, a shower CPPT group overlaps the associated
ToF CPPT group by one row of counters on each side.

CMAT
The Coincidence Matrix Trigger looks for events with tracks opposite in the azimuthal
angle 4>, but not necessarily in opposite hemispheres z. Tracks are defined as in the CPPT,
and the signals from CPPT groups of the same 4> interval are OR-ed together, yielding
16 different channels. These are then fed into a 16 x 16 coincidence matrix which can be
programmed in hardware to search for events fulfilling the desired conditions. Typically,
one requires the presence of two tracks separated in # by at least 90°.

COSMIC
The Cosmic Ray Trigger is the first test trigger. It searches for cosmic muons by requiring
a coincidence between two opposite groups of four barrel ToF counters each. The cosmic
ray trigger is switched off during normal data taking. It is only used to test the various
detector components when the storage ring is not operated.

RANDOM
The Random Trigger is the second test trigger. It gives a random signal to all electronics
at a predefined rate of, normally 0.1 Hz. The random trigger is usually on during data ac-
quisition, but the recorded events are only used to estimate the random noise contribution
to ARGUS events.

In order to be accepted, each pretriggers signal, except for the cosmic trigger, must come in
coincidence with the bunch crossing signal from DORIS. As soon as a pretrigger is accepted,
the pretrigger logic is inhibited in order to prevent further triggers during event processing. The
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logic is reset either by the Little Track Finder, if the event does not pass the second level of the
trigger, or by the online computer after all the processors have been read out and reset. The
total pretrigger rate is typically 100 Hz.

1.3.2 The Little Track Finder

The Little Track Finder, the LTF, forms the second stage of the ARGUS trigger system. It is
activated when a pretrigger signal is received. The LTF is a programmable electronic device
which searches pretriggered events for tracks in the drift chamber. It is capable of finding and
counting tracks passing through the interaction point in the r-<p plane. A track is characterized
by a well-defined sequence of bits in the drift chamber and ToF counters. In the memory of
the LTF a list of all such possible sequences, masks, is stored. The LTF then scans this list,
comparing the approximately 2000 mask against the actual hit patterns of the event, and counts
matches as good tracks. Scanning the list in an efficient manner, the average operation time of
the LTF is only approximately 20 /is.

The number of LTF tracks required for an event to be accepted can be set separately for each
different pretrigger. Hence, CPPT and CMAT require two LTF tracks, HESH requires one, while
there is no LTF requirement for ETOT. The LTF reduces the trigger rate from approximately
100 Hz to about 10 - 20 Hz, while introducing a deadtime of only about 0.2%.

1.4 Online Hardware Configuration

The hardware for the online data acquisition system consists of four major components: A
C AM AC module system, a CAMAC booster', an online computer - a DEC PDP 11/45, and a
VAX 11/780. Data from the various detector components are digitized by a the CAMAC module
system, which is then read out by a fast microprocessor, the CAMAC booster. The CAMAC
booster is responsible for writing the data in their final format, and then transferring them to
the online computer, the DEC PDP 11/45. The CAMAC booster reduces the processing time
for a typical event of 1000 16-bit words to about 3 ms. The PDP stores the data in a ring
buffer, from which they are transferred to a VAX 11/780. The PDP also controls all online
calibration procedures, including ToF and shower counter calibration, drift chamber TDC and
ADC calibration, vertex chamber TDC calibration, and tests of the trigger and track finder
electronics.

In the VAX, data are stored in another ring buffer, from which they are transferred to the
DESY mainframe D3M computer. There the data are written first to disk, and later to tapes for
permanent storage. All reconstruction and further off-line analysis is then performed from these
tapes. In order to determine the behavior of the detector during data taking, the VAX serves
the additional function of providing online monitoring of the various detector components. From
the data, the VAX fills a package of histograms designed to allow a fast identification of detector
malfunctions. These histograms can be accessed by the person on shift through a menu driven
online program.

'Model 4801 CABC using AMD 2901 arithmetic logic unit, LeCtoy, Gtnev», Switieiluid
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1.5 Luminosity Monitoring

The luminosity C is the ratio between the rate of a specific reaction, and the cross section for
this reaction. It is independent of the type of reaction, and only affected by the properties of
the storage ring and the quality of the beam.

%.*•« 0.3»

The luminosity can be determined from the beam parameters through

C = ' * * ' + *<- (1.4)

4x • <rx • ay

where

k is the number of bunches in each beam,
N is the number of particles in each bunch,
/ is the circulation frequency,

<Tx,<Ty are the transverse r.m.s. dimensions of the beam in the interaction region.
Online luminosity monitoring is an important way to measure the quality of the data, while
the off-line luminosity determination is essential in cross-section calculations. For both tasks,
ARGUS uses events from Bhabha scattering, e+e~ —» e+e~, instead of the above formula, since
the beam currents and the beam dimensions cannot be determined continuously with a high
enough precision. The luminosity is then given by

£ = ät ( 1 .5)

where dNakskk>/dt is the observed Bhabha rate and <rBkakt> the visible Bhabha cross-section.
The cross section <7akatt. is well known for this QED process.

The online luminosity monitor uses information from only the endcap time of flight and shower
counters. These are divided into 16 luminosity groups in each endcap. A Bhabha count is
then recorded if there is a coincidence between a ToF luminosity group and the shower counter
group behind it, as well as the ToF and shower groups which lie diagonally opposite in the other
endcap. A further requirement is that the energy deposited in each endcap must exceed 1 GeV.
These requirements lead to a Bhabha rate during normal data taking of approximately 1 - 2 Hz.

The off-line luminosity determination [17] is based on fully reconstructed Bhabha events which
are detected in the barrel region of the detector. Events are selected which have exactly two
charged trades with momenta of more than 1 GeV, and deposit more than 0.6 GeV in the shower
counters. The opening angle between the tracks is required to be larger than 165°.

The luminosity determination algorithm has been improved by decreasing its dependence on the
drift chamber track efficiency which deteriorates slowly with time. The systematic uncertainty
in the luminosity determined by this means has been estimated to be ±1.8%. ( t\\% for the
t (IS) resonance.)



Chapter 2

Offline Analysis and Particle
Identification

The data from the detector, stored on magnetic tapes are analyzed off-line by the ARGUS event
reconstruction program on the IBM*. The ARGUS program is designed as a set of modules,
each of which is responsible for one particular aspect of the analysis. This design allows re-
analysis of individual components without requirng a complete reconstruction. For example,
the vertex drift chamber analysis can be switched on, without requiring a new main drift chamber
analysis. Short descriptions of the analyses of the various detector components are presented in
this section. The ARGUS program also has a built-in feature which allows the interactive display
of reconstructed events. The analysed events are written on Data Summary Tapes, which later
are used for the specific analyses.

2.1 Event Reconstruction

The event reconstruction starU with the track reconstruction. Here a pattern recognition al-
gorithm searches for all charged tracks in the main drift chamber, and a first estimate of the
trade parameters (as definined below) for each track is made. After this, a track fit is made,
in which an iterative fitting prodecure fits each found track to the relevant wire hits, and thus
improve! the track parameters. Next step is the vertex reconstruction where all the found tracks
are extrapolated to the interaction point, in order to find the coordinates for the main vertex.
All the relevant information about the event, such as vertex coordinates, track parameters for
all tracks, and variables like specific ionization, time of flight, etc. associated with each track, is
thereafter written to the Data Summary Tapes.

2.1.1 Track Recons truct ion and Track Parameters

A charged particle moving in a homogenous magnetic field will travel in a helix, which can
be uniquely specified by the values of five track parameters at some reference point. For the
cylindrical geometry of the ARGUS detector, with the magnetic field parallel to the z-axis, a
convenient choice of the reference point is the point on the track which, when projected onto
the z-y plane, lies closest to the origin. The five track parameters used are:

*Piefcntlr u IBM 9000 720 VF. The tntlyui wai however nude on in IBM 3090 30S VF.

21
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K - The curvature of the helix (the inverse of its bending radius) times a sign factor which
depends on the particle's charge.

do - The distance between the origin and the reference point, also multiplied by the same sign
factor.

^o - The azimuthal angle of the tangent to the track at the reference point,

zo - The z-coordinate of the reference point.

cot 9 - Cotangent of the polar angle, i.e. the angle between the track and the z-axi* at the
reference point.

The first three parameters describe a circle; the projection of the helix onto the x-y plane. It
is possible to deduce information about these parameters using paraxial wires only, whereas
information about the latter two parameters can be obtained only by using ihe stereo wires in
combination with the paraxial wires.

ARGUS

T4S - B° B°

15°

Figure 2.1: A fully reconstructed multihadron event containing both mixing of a
neutral B meson and a 6-»u transition.
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The reconstruction of tracks proceeds through several steps: In the first step, a search for
track candidates in the z-y plane is made and estimates of the corresponding first three track
parameters are calculated. Secondly information about the z dimension is added, and the last
two track parameters calculated. After this pattern recognition all wire hits are either uniquely
assigned to tracks, or declared background. In the last step a track fit is made, in order to
improve the values of the track parameters.

In the first step only parazial wires are used. It begins by looking for track candidates in their
projection onto the x-y plane. Here, a track would appear as a circle, which can be defined with
a minimum of three hits. Thus, the program begins by calculating K for a triplet of hits which
lie near each other, and somewhere in the outer layers, where there should be fewer background
hits. Once a triplet has been found, the algorithm is to extend the track candidate by adding
other nearby hits to the triplet. This is done by calculating K for the triplet made of the new
wire, and two wires of the original triplet. If this value of «c agrees with the previous value with
a x2 of less than 25, the new wire is associated with the other hits as a track candidate. If
not, the new wire is rejected. This procedure is then repeated until all possible hits have been
tested. The whole procedure then starts again, with a new initial triplet of hits being chosen. In
this manner, the pattern recognition stage creates a list of track candidates and their associated
hits. Once a track has been fully mapped, the values of the track parameters <t>0 and do are
calculated.

The second step of the pattern recognition is to extend the analysis to three dimensions by
including information from the stereo wires. This is done in a method similar to the one above.
Once complete, it is possible to calculate the remaining track parameters, ZQ and cot $.

The next phase in the track reconstruction is the track fit. Using the track parameters deter-
mined by pattern recognition as input, the track fit performs an iterative simultaneous least-
squares fit to find improved track parameters. For a low momentum particle, the energy loss
inside the drift chamber causes substantial deviations from the ideal circular trajectory, and
therefore energy losses in the chamber gas are taken into account already at this stage, by cor-
recting the predicted trajectory with the theoretical ionization loss for the mass hypothesis from
the dE/dx analysis. Multiple scattering is also corrected for by dividing the track into segments
and permitting a kink between adjacent segments.

After the track reconstruction in the main drift chamber has been completed, information from
the vertex drift chamber may be used if desired. All tracks found in the main drift chamber
are then traced back through the VDC, and all hits on its path are then assigned to the track.
A track fit is then performed using the VDC information only, where the track parameters
determined from the main drift chamber fit are used to constrain the results of the VDC fit.
No attempt is made to search for i racks in the VDC only, since no ^-measurements are possible
without information from the mai • drift chamber.

2.1.2 Specific Ionization

When the track fit has converged, the information recorded by the drift chamber ADCs for all
hits assigned to this track is used to identify particles on the basis of their specific energy loss in
the main drift chamber gas. Geometric information from the track fit, such as the track length
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Figure 2.2: Measured dE/dx values as a function of momentum for a multihadron
sample. The solid curves show the theoretical predictions for the various mass
hypotheses. A small number of deuterons can also be seen.

within any given drift cell, is used to convert the ADC values into measurements of energy loss
per unit length, dE/dx. Since a sample of dE/dx measurements for a given particle at a given
momentum is described by a Landau distribution, a truncated mean is used to estimate the
most probable energy loss. The truncated mean is obtained by discarding, for each track, the
highest 30% and lowest 10% of the measured dE/dx values, and then averageing the remaining
measurements, which are now distributed approximately according to a Gaussian distribution.
The momentum dependence of the mean energy loss of charged particles traversing a medium is
described by the well known Bethe-Bloch equation. In figure 2.2 the measured dE/dx values for
a sample of multihadron events are shown, together with the theoretical curves for the interesting
particle types. The typical ARGUS dE/dx resoluti an is approximately 5%, and with this one
can obtain a three standard deviation separation of pions and kaons up to momenta of 0.8 GeV/c,
of electrons and protons below momenta of 1.0 GeV/c and above 1.7 GeV/c, and of pions and
protons below momenta of 1.3 GeV/c and above 3.0 GeV/c [19].

2.1.3 Vertex Reconstruction

Once the track reconstruction has been completed, the search for the main vertex and possi-
ble secondary vertices from converted photons and long-lived hadrons, such as K°t and A, are
performed. The track parameters and the errors of the fitted tracks are first extrapolated back
close to the beam line. In this procedure, energy losses in the drift chamber are corrected
for using the theoretical ioiuzation loss for the mass hypothesis from the dE/dx measurement.
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Errors due to Coulomb scattering in the beampipe or in the walls of the main or the vertex
drift chambers are included where appropriate. In this context, information from the vertex
drift chamber is particularly important, since it provides measurements which lie closer to the
beam line, reducing the uncertainties involved in the extrapolation. The efficiency for finding
secondary vertices which lie close to the beam line is thereby significantly enhanced, leading
approximately to a 60% increase in reconstructed K? and A hadrons, compared to the situation
where the information from the vertex drift chamber is not used.

478 < m(tr*7T-) < 518 MeV/c*

10.0

decay length [cm]

Figure 2.3: Decay length of K°. The VDC makes it possible to resolve considerably
more secondary vertices.

When the fitted tracks have been extrapolated to a vicinity of the beam line, the main vertex
reconstruction algorithm calculates the most likely vertex coordinates, by using all reconstructed
tracks in a least-squares-fit. The fitted vertex is then accepted, and all track parameters recal-
culated with respect to this vertex, if the x2 value of each individual contributing track is less
than a pre-set limit. If, however, some \2 value exceeds the limit, the corresponding track is
discarded, and the fit is repeated. The whole procedure is repeated until an accepted vertex is
found, or there are less than two tracks left.

Following the successful identification of the main vertex, all remaining unassociated tracks are
considered for possible other vertices by searching for pairs of tracks which pass near the same
point in space. Once found, a new vertex candidate is subject to the same fitting procedure as
just described. Finally, a pass over all pairs of oppositely charged tracks is performed, searching
again for secondary vertices arising from K° and A decays. This step is necessary due to the
relatively high probability that a secondary vertex could otherwise be missed if one of its particles
was associated with the main vertex.
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Figure 2.4: Distribution of mass squared versus momentum as measured by the ToF
system.

2.1.4 Time of Flight Analysis

The next stage in the event reconstruction is the analysis of the time of flight information.
The signal starting the TDCs is a coincidence between a fast pretrigger and the DORIS bunch
crossing signal. The signal stopping it ii a pulse from a discriminator fed with the analogue
signal from the photomultiplier connected to the specific ToF sdntillator. The TDC counts
are converted to particle flight times, using calibration constants which are determined for each
counter using Bhabha events. The ADC information is used to correct the TDC counts for the
effects of different pulse heights on the triggering: The non-zero discriminator level makes a
smaller pulse trigger somewhat later than a bigger pulse would have done, and this has to be
corrected for in order to find the centre of gravity of the pulse. Determination of the mass, and
thereby the identity of a particle by measuring its flight time, is done through

m = 1 _ A M =
[P] =

(2.1)

where ft, the particle's velocity relative the speed of light c, is given by its flight distance
determined from the fitted track and its measured time of flight. The flight distance and the
momentum of the particle p, are determined by the length and radius of the arc described by the
trajectory determined in the drift chamber track fit. For a typical ARGUS ToF time resolution
of 220 ps, one obtains a three standard deviation separation of pions and kaons up to momenta
of 0.7 GeV/c, and of kaons and protons up to 1.2 GeV/c. A scatter plot of m3 versus momentum
obtained in multihadron events taken with the ARGUS detector is shown in figure 2.4. All tracks
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Figure 2.5: Total energy deposited in the shower counters as a function of particle
momentum. To the left electrons, and to the right hadrons.

found in the main drift chamber are extrapolated to the ToF counters, and the relevant ToF hits
are then associated with the track. Using the ToF information, together with the momentum
measurement from the track fit, a value of m2 is then computed.

2.1.5 The Shower Counter Analysis

Data from the shower counter ADCs are converted into measurements of energy deposition,
using calibration constants determined for each counter from Bhabha events. This information
is used for several purposes: Hits which are not associated with any charged tracks in the main
drift chamber are assigned as neutral particles, while those which coincide with extrapolated
tracks give additional information concerning the particle identification, since electrons, muons
and hadrons deposit quite different amounts of energy. Muons deposit, typically, a very small
fraction of their energy in the shower counters, whereas electron identification relies on the fact
that only they tend to deposit all of their energy in the shower counters. Therefore, comparing
the energy deposition measured in the shower counters with the momentum measurement from
the track fit leads to a means of electron identification. Further information can be obtained by
investigating the lateral shape of the shower, since electron showers tend to be less spread out
than hadronic showers. For this, the lateral energy Eiat and the fractional lateral energy ftat

are defined as

(2.2)E*t = ]±>3TZ^'Ei flat =
Elat + E\ +

where

E, is the energy deposition in counter i, with Ei > Ei+\,
?i is the position of the center of counter t,
f is the position of the center of gravity of the shower, and

< Ar > is the average distance between two shower counters.
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Figure 2.6: Relative lateral spread of the cluster in the shower counters for electrons
and hadrons. This information is very useful for the electron identification. Both
distributions are normalized to unity.

The fractional lateral energy is a quantity very useful for particle identification purposes (fig. 2.6).

For hits in shower counters not associated with charged tracks, the energy deposition in a shower,
i.e. in a cluster of counters, serves as the energy measurement of a photon. This together with
the photon impact point extracted from the centre of gravity of the shower yields the photon
momentum vector. For high momentum x° mesons, the two showers of the photons from its
decay are not always geometrically separated by the shower counters, but form one large shower
distributed in a cluster of counters. The lateral shape information can however be used to yield
a partial separation of fast T° mesons from single photons.

2.2 Particle Identification

Using the measured dE/dx value, along with the measured momentum, a comparison is made
with the theoretical expectation for the various mass hypotheses, e+ , (i+, rr+, K+ and p.' For
each hypothesis i, a xl and a probability p± is calculated as follows:

Xi I T =
7th

V dx /
(2.3)

'ReferencM in thi> publication to s ipccific charge »tate aie to be interpreted as implying the charge conjugate
state al»o.
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where dE/dx and dE/dx'*1 are the measured and theoretically expected specific ionization for
hypothesis t, am is the uncertainty in the measured dE/dx, and ath is the uncertainty in the
theoretical dE/dx value arising from the finite momentum resolution of the drift chamber. Anal-
ogously, a x?(ToF) and a p;(ToF) is calculated from the ToF information by comparing the
measured ToF value with the theoretical expectation for the various possible m2 values. Since
the dE/dx and ToF measurements are independent, a total \] f°r e a c n hypothesis i can be
obtained simply by adding the \\k of the different detector subsystems k.

X2i = £ X* P' = U P* (2-4)
k=d£/dx,ToF fc=dE/dx,ToF

This information is then used to calculate a normalized likelihood ratio for the hypothesis i:

w,- n
j We * ' ' f c = d £ / < U , T o F

*=d£/dx,ToF

The weights u;, are relative production rates for the different particles, and p^(X) are the
probabilities for a track with measured parameters X to be identified as particle type i by
device k. For the work described in this thesis, u>, was set to five, and the weights of all other
hypotheses to unity, in rough agreement with the measured particle abundancies. The results
of the analyses are however not very sensitive to this choice. (Using other weights would only
result in a scaling of the particle likelyhoods, and if the likelyhood cuts, e.g. in section 5.3, are
changed accordingly, the results of the analysis would be identical to the results obtained with
the above weights.)

For the leptons, a more sophisticated likelihood ratio is also calculated [5,45], including infor-
mation from the magnitude and shape of the energy deposit in the shower counters, and from
hits in the inner and outer layers of the muon chambers:

w« • n p
. , _ t=dE/d«,ToF.SC«,- n

K,p *=dE/di,ToF,SC

(2.6)n
*=dE/di,ToF,SC,MC

"" £ -i- n
;=n,w,K,p k=dE/d»,ToF,SC,nC

A single cut in this multidimensional space achieves a far better selection efficiency than most
other cuts. For electrons, for instance, a requirement of L't > 0.7 has a high efficiency for all
momenta above 0.5 GeV/c, and a hadron rejection rate of approximately 1:200.

2.3 Monte Carlo Simulations

In order to determine the input parameters needed for the analysis, such as detector acceptance,
detection efficiency, etc. it is necessary to be able to simulate in detail the physical processes
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of interest and the performance of the detector. These so called Monte Carlo simulations are
performed in two steps:

Event Generation
The event generator provides the necessary information of all the needed physical pro-
cesses in connection with e+e~ collisions: Branching ratios of all possible decay channels,
lifetimes, momenta of the decay particles etc. are all included according to the best of
our present knowledge. In the case of this work, B meson pairs from T(4S) decays were
generated and allowed to decay by the MOPEK [20] or the LUND 6.2 [21] event generator
programs. For the weak decays in MOPEK, the formfactor model by Wirbel, Bauer and
Stech [22] was used, and for the strong decays a three-body phase-space model was as-
sumed. The LUND generator assumes that fragmentation occurs from a color string which
is pulled between the quarks in the decaying hadron. Both Monte Carlo simulations were
tuned to experimental results by comparing branching ratios with those of particle tables
[66].

Detector Simulation
Using the generated events as input, the program SIMARG [26] simulates the response of
the ARGUS detector. To do this, all particles in the event record are tracked through the
detector geometry until they decay or until they leave the detector. Multiple scattering,
energy losses from ionization, and other reactions with the detector material, such as pair
production, are all taken into account. The output of the detector, such as drift chamber
TDC and ADC values, is calculated, and written in a format identical to that of real data.
The output of SIMARG is then reconstructed and analyzed using the same software as
the real data. SIMARG is based upon the program GEANT [27], to which the details of
the ARGUS detector geometry and composition was used as input.

2.4 Kinematic Analysis Language

When the data or the Monte Carlo generated events have been reconstructed, and the event
records have been written on Data Summary Tapes, the information can be accessed in order
to calculate quantities of interest, such as invariant masses of multi-body systems, angular
distributions, decay angles, etc. This was done using the program KAL (Kinematic Analysis
Language) [28].

A KAL user program consists of a series of statements and commands which are recognized
by the KAL language interpreter. KAL thereby serves as an interface between the user and
the FORTRAN routines used to perform the operations on the data. Input/output operations,
particle identification, loops over all possible multi-body final states matching a given set of
partic'es and a given set of selection criteria, including the calculation of all the intresting
properties of the system, such as invariant masses and momenta of subsystem, decay angles in
different rest frames, etc, can be made with just a few lines of code in the user KAL program.
In this way, KAL tremendously simplifies the computer programming required to analyse the
data, and allowes the user to study problems of greater complexity and to concentrate on the
physical problem.
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Theory and Background

3.1 A Brief Description of The Standard Model

In physics, there has always been a tendency to try to explain different phenomena with some
kind of general unified principle. In modern physics this is no longer only a tendency. The goal
has rather become to formulate The Ultimate Theory which, at least in principle, is able to
explain all phenomena in nature. The most important theories of today, as briefly described In
the Introduction of this publication, are the so called Standard Model and the General Theory
of Relativity. The influence of the latter on elementary particle physics can be totally neglected,
since gravitational forces are, in comparison to the other forces, very small.

The unification of the two theories has yet to come, and meanwhile we will have to use the
Standard Model as it is. It is based on the symmetry group SU(3)J x SU(2) X U(l), and its
two sub-theories are

• Theory of Electroweak Interactions, which has been very successful in describing all weak
and electromagnetic interactions. This theory has proven itself to, with high precision,
predict experimental results.

• Theory of Quantum Chromo Dynamics, which describes the strong interactions. Unfortu-
nately this theory is such, that analytic solutions to many problems cannot be found, but
instead we have to rely on numerical solutions.

These two theories have many similarities, and ideas of how the two could be unified in a Grand
Unified Theory are already existing, but they predict the existence of a number of new particles
which have not yet been experimentally observed. The same is true for the supersymmetric
theories, which through a quantization of the gravitational field makes it possible to unify the
Standard Model and the General Theory of Relativity.

3.1.1 Electroweak Interactions

The theory of electroweak interactions [3] is a local gauge invariant field theory based on the
symmetry group SU(2)xU(l). It suffers spontaneous breakdown to the group of electromag-
netic interactions U(l)tm. The weakly interacting fundamental fermions, can be grouped in
SU(2) multiplets:

'SU(N) = Special Unitary group in N dimension».

31



32 CHAPTER 3. THEORY AND BACKGROUND

(;). dl
Left handed fermions

SU(2)- doublets ( T = |

* * * I Right handed fermions
u * c * ** f SU(2)- singlets (T = 0)
d* ** fc« J

Note that no right-handed neutrinos are included. The weak SU(2) symmetry generates two
operators, T and T3, weak isospin, in exact analogy to J and J3 generated by the SU(2)L sym-
metry group of angular momentum. The U(l) group generates one more operator, V, the weak
hypercharge. Both the weak isospin and the weak hypercharge is conserved in weak interactions.
The charge Q of the fermion is given by

Q=T3+Y (3.1)

The fermions are also assigned two more quantum numbers, B, baryon number, and 1, Upton
number. Separately, B and L are conserved in strong, weak and electromagnetic interactions,
but not always in the possible new interactions of extensions to the Standard Model. However,
the difference between the two is believed to be absolutely conserved, and there is so far no
experimental indication of the nonconservation of neither B nor L. The electroweak quantum
numbers of the quarks and leptons of the first family are listed in table 3.1.

v't
*c
uc

d.
e*
u*
<*«

T

1/2
1/2
1/2
1/2

0
0
0

T3
1/2
-1/2
-1/2
1/2
0
C
0

y

-1/2
-1/2
1/6
1/6

-1
2/3
-1/3

Q

0
-i
2/3
-1/3
-1
2/3
-1/3

B

0
0
1/3
1/3

0
1/3
1/3

L

1
1
0
0

1
0
0

Table 3.1: Electroweak quantum numbers of the first generation of quarks and
leptons. The same assignments apply also for the second and third generation.

Given these quantum number assignments, the interaction of the fermions with gauge fields is
fixed, and an effective interaction Lagrangian can be written

C = g • + g' (3.2)

where the W?(i - 1,2,3) and Ö** are, respectively, the SU(2) and the U(l) gauge fields, Jtll and
Jy are their respective interaction current, and finally g and g' are their respective associated
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coupling constant. Linear combinations of these fields can, with the help of the weak mixing angle
0W (the Weinberg angle) be identified with the known fields of the weak and the electromagnetic
interactions:

i/y/2

cos 0W - sin 0W

A" / V s in0 w co s0 w } \ B"

The field of the electromagnetic interaction AM couples only to charged particles, and leaves
most quantum numbers unchanged. Nor is it able to change the fermion generation number,
or flavor, of a particle. The charged weak currents, however, can change the flavor of a quark,
i.e. quarks with well defined masses are not eigenstates of the weak interaction. Instead, the
weak eigenstates can be expressed as mixtures of the different mass eigenstates. By convention,
the v, c and t quarks are unmixed, and the weak eigenstates d', »' and 6' are mixtures of the
d, s and 6 quarks. The 3 x 3 unitary matrix connecting the two descriptions is called the
Cabbibo-Kobayashi-Maskawa matrix VCKId [29].

d
" V« Vc. V* I • I » I (3.4)

V« Vt. Vo,) W
where the matrix elements describe the transition probabilities between the different quark
states. The charged weak current can then be written as

( d\ ( e" \
(3.5)

where the 7** are the four 4 x 4 Dirac matrices [30], and the >s is the product of the four. It
becomes obvious that in this formalism only the quarks can change family number when inter-
acting with a W±, and never the leptons, which is also what has been observed in experiments
so fax. The unitarity of the Cabbibo-Kobayashi-Maskawa matrix guarantees that, at least to
the first order, no flavor changing neutral currents exists. This is the so called GIM-mechanism
which already in 1970, when the abscence of strangeness changing neutral currents puzzled the
physisists, was proposed by Glashow, Dliopoulos and Maiani [31]. A fourth quark was necessary
for this mechanism, and four years later the c quark was discovered.

Only four parameters are independent in the Cabbibo-Kobayashi-Maskawa matrix, since it is
unitary. The by the Particle Data Group [66] recommended parametrization is the one by Harari
and Leurer [32]:

^12 ^13 ^12 ^13

^CKU ~ I —*12 C23 ~ C U *33 *13 e ' " '12 C33 — » u J33 *J3 e 1J J33 C13 | ( 3 . 6 )

'12 *23 ~ Cl2 CJ3 »13 C1*" -t\i »J3 - « u C33 »13 C**" C33 C13

with

Cij = COS $ij

sa = sin ft;
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the four independent parameters being three mixing angles 8U 613 $j3 and one phase Si3. The
ranges (90% confidence intervals) of the magnitudes of the elements in the matrix are [66]:

0.9747-0.9759 0.218-0.224 0.001-0.007 \

0.218-0.224 0.9734-0.9752 0.030-0.058 (3.7)

0.003 - 0.019 0.029 - 0.058 0.9983 - 0.9996 /

Several of the matrix elements have never been measured experimentally, but are inferred by
the unitarity of the matrix.

In the standard model the vector bosons of the weak interaction get their masses from a spon-
taneous symmetry breaking called the Higgs mechanism [33]. In the simplest model a complex
doublet of scalar fields, the Higgs doublet i, is needed. This field is assumed to have self in-
teractions, described by a potential V, whose minimum occurs for a value of • which breaks
SU(2)x

V(i) = A ( • • ' - £ ) (3.9)

The Higgs particle has not yet been found, but the search for it continues. Lower limits on its
mass has been set; e.g. by ALEPH collaboration [34], to approximately 45 GeV/c*. It might
even be that it never will be explicitly observed, since it is possible that its width is so large
that it no longer can be described as a "particle".

3.1.2 Strong Interactions

The theory of strong interactions, Quantum Chiomo Dynamics, is just as the electroweak theory
a local gauge invariant field theory. It describes the interactions of particles carrying the strong
charge, color, i.e. quarks and gluons, and is based nn the SU(3)eoiar symmetry group. The
mediator of the strong interaction, the massless gluon, couples to all particles carrying color,
and hence also to itself. No colored free particles have been observed, but there are still a
number of experimental results that indicate the existence of color as a quantum number:

• The ratio between the cross section for hadrons and the cross section for (i+fi~ in e+e"
annihilation is approximately three times larger in experiment than in a theory without
the color quantum numbers.

• The baryons of the decuplet in fig I.I will not have their wavefunctions antisymmeteric
under interchange of fermions, which is necessary according to the Pauli principle, unless
the quarks are also assigned an additional quantum number, and in such a way that the
total wavefunction of the additional quantum number becomes antisymmetric.

• The width of the decay n0-* 77 is found to be much too large for a theory with only
one color. From the experimental width the number of colors can be determined to
2.98 ±0.11 [35].
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With three colors, e.g. r, g and b, and three anticolors it is possible to form combinations
according to:

color ® color:
color ® color ® color :

3®3 = 1©8
3® 3® 3 = 1 0 8 © 8 ©10

(3.10)

The singlets are the only states possible as free particles. They are colorless, or "white", (or, to
be more precise, invariant under rotations in color space) and thus contain equal amount of all
three colors (baryons), or a color-anticolor combination that cancels (mesons). The quarks in a
hadron can continuously change color, but only in such a way that the hadron remains colorless.
The colored gluons can be described by the color-anticolor octet. Thus, the eight vector gluons
have the following colors:

• + gg- 266)

bf

gf

rb

9b

bj (3.11)

•-99)

The potential of the strong interaction appears at small distances to be of the same type as the
potential of the electromagnetic interaction, while at larger distances, the potential increases
indefinitely, thus confining the quarks in the hadron:

V. = -J^ + kr (3.12)

The reason for this is that since the gluons themselves carry the strong charge (color), they not
only interact with the colored quarks but also with other gluons in the color field. This means
that the color field between the two quarks is "pulled together" by gluons as the quarks move
apart. The color field will not spread out, but instead form a color string between the quarks.
The field density and the force between the quarks will then be constant, which means that if
the quarks are moved further apart, the system will sooner or later contain enough energy for
the creation of a new quark pair. Such a creation would of course break the color string into two,
but still without producing any free quarks. In the case of electromagnetism, as a comparison,
the photon has no charge and no self interactions, and thus no confinement term in the potential
exists.

d
u
$
c
b
t

I

1/2
1/2
0
0
0
0

h
- 1 / 2
1/2
0
0
0
0

Jtr»n$tH0$$

0
0

- 1
0
0
0

Ckirm

0
0
0
1
0
0

2>«a*ty

0
0
0
0

- 1
0

TV*U

0
0
0
0
0
1

Table 3.2: Strong quantum numbers of quarks.



36 CHAPTER 3. THEORY AND BACKGROUND

The strong SU(2) symmetry of hadrons containing only u and d quarks generates two quantum
numbers, I and I3. These are referred to as strong isospin. The most obvious example of the
strong isospin symmetry, is the doublet consisting of the proton and the neutron (see fig. I.I).
These two particles share most quantum numbers, and also have approximately the same mass.
The only difference between the two, is that the third component of the isospin, Jj, has different
values. As a consequence, the electrical charge of the two is also different. In terms of quarks,
this is equivalent to the difference between a d and a u quark. For the heavier quarks it is easier
to refer to the heavy quark content itself as a quantum number (table 3.2). These quantum
numbers are all conserved in strong interactions.

Assuming the neutrinos to be massless, the Standard Model in its present form contains 18 free
parameters, and very little about their values is predicted in the theory, so they have to be
determined from experiments:

• Six quark masses mj, m^, m,, mc, mt, and mt

• Three lepton masses mt, m^ and mT

• The strengths of the three coupling constants a, a, and GF

• The weak mixing angle Ow

• Three quark mixing angles and one phase $u, #13, 9JJ and Si3

• The mass of the Higgs boson mg

3.2 The T System

The T resonances were discovered in 1977 at Fermilab [36] as an enhancement at 9 - 10 GeV/c:

in the invariant mass spectrum of dimuons produced in 400 GeV proton-nucleus collisions. A
structure which indicated at least two peaks was observed, one at 9.4 GeV/c2 and one at 10.0
GeV/c2. They were named the T and the T' respectively. The measured widths of the peaks
were consistent with the experimental resolution, possibly indicating very narrow natural widths.
This, and the observed spacing between the two led to the interpretation of the T states as

Resonance
T(1S)
T(2S)
T(3S)
T(4S)
T(5S)
T(6S)

Mass [MeV/c
9460.3 ± 0.

10023.4 ± 0.
10355.5 ± 0.
10580 ± 4
10868 ± 8
11019 ± 9

1
3
3
5

Width [MeV/c3!
0.051 ±
0.037 ±
0.027 ±

20 ±
112 ±
61 ±

0.003
0.010
0.006
4

29
26

Table 3.3: Measured masses and widths of the T resonances [40].
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Figure 3.1: The T and the T' resonances. Open circles: p+ii~ invariant mass
spectrum from the Lederman experiment [36]. Full circles: Visible hadronic cross
section from DORIS II experiments [37]. The superior resolution of the e+e~ collider
experiments can clearly be seen.
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Figure 3.2: The visible hadronic cross sections of the T resonances [39].
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qq pairs of a new heavy type of quark, the 6 quark. This interpretation was verified one year
later by the PLUTO and the DASP II collaborations [37]. These experiments, both at the
DORIS storage ring at DESY, observed two narrow resonances, one at 9.46 GeV/c2 and one
at 10.023 GeV/c2, whose widths were consistent with the resolution from the energy spread of
approximately 8 MeV of the storage ring. Since the T obviously coupled to the virtual photon
from the e+e~ annihilation, it had to have the same quantum numbers as the photon, and thus
the T states were identified as the lowest lying 66 states with [Jpc] = [1—], i.e. T( l 3 Si ) and
T(23Si), respectively. The narrow widths for the IS, 2S and 3S states are due to the dominant
decay of the T into three gluons (fig 3.3). This decay type is the only possible strong decay for
T states below the mass threshold for creation of two B mesons. Since the T resonances above
the T(3S) have widths several orders of magnitude larger, it is obvious that these states are
above this threshold and thus predominantly decays into pairs of B mesons'. Measurements of
the B meson mass from fully reconstructed B mesons show that the mass of the T(4S) is just
barely above threshold for producing BB pairs. This also means that the B mesons produced
in the decay of the T(45) are produced with very low momentum, which is something that will
be used in the forthcoming analysis.

Hadrons

Figure 3.3: Feynman graph of production and decay of T resonances. Since T(1S)
is below threshold for two B mesons, it must decay through three-gluon decay.

A study of the momentum spectrum of charged particles from T(4S) also supports the assump-
tion that practically all T(45) mesons decay to B meson pairs: There is no significant excess of
particles above the kinematically allowed momentum interval for particles coming from B meson
decays [39].

The ratio between number of B+B~ pairs and numl sr of B°B° pairs produced in T(4S) decays
depends to a large extent on the masses of the two types of B mesons. If the masses are
equal, isospin symmetry implies that the production rates also should be equal. A small mass
difference that would slightly favor the production of B+B~ pairs has been measured [38], but
the uncertainties are large and it is questionable whether the mass difference is big enough to
cause any significant change in the production ratio.

'Direct T(4S) decays into non BB states have been reported [41], but the production mechanism is not
understood. These decays, if they exist, seem to constitute only a small fraction of the T(4S) decays, and thus
ought not to significantly alter previous assumptions or conclusions bom experimental results.
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3.3 B Mesons

B mesons are bound states of a 6 quark and a lighter u, d, t or c quark. Only B° and B+ can be
produced from T(4S) as a pair of B, or Bc mesons is likely to be heavier than the T(4S) meson.
Since the B + and the B° are the lightest mesons carrying the bottom or beauty quantum number,
they cannot decay in any other way than through weak interaction. The dominant features of
the B meson decay are then to a first approximation assumed to be reflections of features of the
heavier 6 quark only, and the lighter quark is considered to not significantly effect the decay,
i.e. the so called spectator model is assumed. Diagrams a and b in figure 3.4 are examples of
spectator diagrams. The widths of semileptonic B meson decays T.i and of hadronic B meson
decays F w can be written as [42]

,-.2 5

X , /»/(*-•«)-l*»6l -Ip.4.(—2. —•-iO) (3.13)
q—u,c

--2_s _a ~J _J

•

where the function Ip.t. describes the phase space corrections necessary due to the finite quark
and lepton masses, and the factor / is a correction factor for strong interactions. If the presence
of gluon bremsstrahlung is ignored, / will just be the number of colors, i.e. /,/ = 1, and / w = 3.
Taking the radiative QCD corrections into account, f,i decreases slightly and fh*d increases
slightly. Using the predictions for current quark masses and next-to-leading QCD corrections
one obtains [38]

T., « ^ ! (0.86IVJ3 + 0.48 IKil3) (3.15)

(7.551^1' + 3.92 ll^l3) (3.16)

It is clear that the spectator model is a simplyfied model that excludes some of the decay modes,
e.g. c and d in figure 3.4. The widths of these decays, VV±-exchange and flavor annihilation, is
however expected to be small, so the above expressions are probably still good approximations.
Also, the above expressions do not take b->s transitions, such as e-h in the same figure, flavor
changing neutral currents and loop diagrams, into account. Regular flavor changing neutral
currents are believed to be very small or even nonexistent. Howtver, significant contributions
from "penguins" (fig. 3.4 / and h), cannot be ruled out, even though a large set of experimental
upper limits on exclusive channels exists [51],

The values of the CKM matrix elements (eq. 3.7) indicate that a vast majority of the B mesons
should decay to charmed hadrons, and only a small fraction, maybe 1% - 2%, through b-tu
transitions to noncharmed hadrons. The interesting question is whether any noncharmed decays
exist at all, and what we will do in this analysis, besides measure branching ratios, is to try to
establish whether or not a signature for noncharmed or strange decays can be seen in the kaon
yields.
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Figure 3.4: Feynman graphs of some different decay mechanisms in B meson de-
cays, a and b are believed to be the most common, whereas c-h are believed to be
uncommon or nonexistent.
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Figure 3.5: Momentum distribution for electrons produced through different
sources [47].

3.3.1 Lepton production

Most leptons in B meson decays come from semileptonic decays, either direct from the B mesons
or indirect from its charmed daughters. Small additional contributions from converted photons
and from vector mesons, mainly the J/4>, are also expected. The momentum spectrum of leptons
from semileptonic B meson decays is expected to be fairly hard, at least in comparison to leptons
bom consequtive semileptonic D meson decays [45,47]. This is something that we make use ~f
in our analysis, since we are only interested in leptons from decaying B mesons.

The momentum spectrum of leptons from b~*u decays is believed to be harder than that of 6—»c
decays, since the mass difference between the & and the u quark leaves more phase-space, and
thus more "room" for a high momentum lepton than the mass difference between the b and
the c quark does. Little of its exact shape of the momentum distribution is however known.
Theory predicts quite different spectra depending on model (fig. 3.6), formfactor values, ratio
between number of vector mesons and pseudoscalar mesons produced, and of polarization of
vector mesons [56]. This means that the uncertainty of the relation between number of leptons
from b-*u transitions in the high momentum region and 1^/1^1 is fairly large.
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Figure 3.6: Lepton momentum distribution for 6->u decays as described by some
different models: The model by Wirbel, Bauer and Stech (WBS) [22], the model
by Körner and Schuler (KS) [24] and the model by Grinstein, Isgur, Scora and
Wise (GISW) [25]. As a comparison, the momentum distribution of leptons from
b-*c decays, according to the WBS model, is also plotted. All distributions are
normalized to unity.
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Decay
x' (c-q) W +

( 5 , ) - . (u-q)W+

n) (i+u)
VV+ -. (vd)

(e-i)

(«"f)

(•"•I
m ) (c«)(d?)

(^9)(9ug)
[•»•I

Sum

B R ( B — • )

0.86
O.Ol
0.03

0.08
0.27
0.45
0.15
0.02]
0.01J

0.08
0.04
O.Ol
0.05

0.00

1.00 1.00

0.43

0.04

0.04

0.01

0.04
0.02

0.01

0.59

0.03

0.04

0.04

0.01

0.04

-

0.16

0.22

0.04

0.04

0.01

0.04
0.01

0.36

Table 3.4: Roughly expected kaon multiplicities in B meson decays, separated on
different sources. The numbers are partly deductions from other measurements
[64,65,66], partly estimates or guesses based on very simple assumptions or Monte
Carlo results. The first two sections correspond to graph a in figure 3.4 and the third
section correspond to graph 6, internal ' mversion decays. The dots in the quark
notation symbolize one or several possible other quarks in the decay. The numbers
do not include mixing.

3.3.2 Kaon production

Various mechanisms produce kaons in the decay of B mesons. The most obvious and most
common one is through the production of s quarks in the quark decay chain b->£—3 which
corresponds to the decay B+/B°->K+/K° X (first line under I in table 3.4), but also secondary
production of s and 3 quarks from the vacuum or through the production of virtual W* bosons
contribute to the number of kaons produced (fig. 3.7). The roughly expected number of kaons
per B meson is shown in table 3.4. Note that a considerable amount of "wrong-charged" kaons,
i.e. kaons with a strangeness quantum number opposite to that of the beauty quantum number
of its B meson parent, is expected also before mixing is taken into consideration.

3.3 .3 Principles for lepton-kaon correlation studies

Since the decay products of the two B mesons from T(4S) are spatially competely intermixed,
due to the fact that the B mesons are produced almost at rest, it is only possible to determine
the flavor of the original B meson producing the kaon in events where a full reconstruction of
the B meson is made. This is possible in very few events, so this tagging mechanism yields a
very small statistical sample. However, by studying angular and charge correlations between
kaons and fast leptons, i.e. leptons produced in the fairly common semileptonic B meson decays,
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Figure 3.7: Possible sources of s and i quarks in B meson decays. The numbers in
parenthesis are the numbers of s/s quarks (per B meson) naively expected. Note
that the production of s quarks from the vacuum production and from the decays
of the W* is approximately equal to the production of s quarks.

the production mechanisms can to a certain extent also be untangled: In semileptonic decays of
B mesons, the decay products are likely to be peaked in the opposite direction to the fast Iepton,
i.e. the distribution of the angle between fast leptons and kaons in 1(45) events will consist of
one almost isotropic component, from uncorrelated particles, and a second component where the
particles come from the same B meson. The correlated component is expected to be strongly
peaked at 180°. By studying the shape of the angular distribution, it is possible to estimate the
sizes of the two components, and thus also to measure the kaon yields and inclusive branching
ratios.

Figure 3.8: The B mesons are produced almost at rest, and decay independently
of each other with no preferred direction. This means that the decay products
from different B mesons will be uncorrelated in space. Two particles from the same
B meson will however have the back-to-back region favored, especially if one of the
particles carries a large momentum.
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a.i)
>Hadrons

u.c )

Figure 3.9: The correlated hadronic yields in lepton-hadron correlations and in
D*~-hadron correlations reflect two fundamentally different sources of hadrons i
B meson decays. For kaons, they correspond to section I and II in table 3.4, respec-
tively.

The charge of the lepton tags the flavor of its parent, i.e. the charge of the lepton has the same
sign as the beauty (B) quantum number of the fi meson,' and this way we know the flavor of the
fi meson producing the kaons in the correlated component. If most of the kaons are principal,
i.e. are produced through b—>c—»ä, we should expect considerably more correlated lepton-kaon
pairs with like charges (B+/B0 — (+vK+X), than with opposite charges (B+ /B° -» 1*PK~X)
since normally an s quark is explicitly produced together with a positive primary lepton, in
addition to the secondary 5 and s quarks produced at smaller and roughly equal rates. By the
same reason we should for uncorrelated pairs expect more combinations with opposite charges
(B-»/+«/X and the kaon from the other B meson: B~*K~X) than with like charges {B-+l+vX
and B->K+X). For uncorrelated pairs this effect is partially washed out due to flavor oscillations
in the neutral B meson system. This is not the case for correlated pair,, since we then å priori
know the flavor of the B meson.

Exactly the same principles can of course be used for studying production of any particle pro-
duced in B meson decays, but for composite particles new problems arise: The signals are likely
to be smaller than in the case with pseudoscalar kaons, and the combinatorial background larger.

3.3.4 Tagging the Flavor of the B meson with a D"

It is of course also possible to tag the the B meson with other particles than a primary lepton.
Another particle that is useful for this purpose is the D'+. Here the charge of the tagging
particle usually has the opposite sign from the B quantum number of the parent. Tagging the
B meson with a D'~ is interesting since this is a way to measure the kaon production from the
W+, which of course is impossible if a lepton is used as tag (fig. 3.9).

However, there are several problems in using D*~ for tagging purposes: Firstly, there are consid-
erably fewer reconstructed D" than there are leptons. This is mainly a reconstruction problem
- less than 2% of the decay channels can be reconstructed with sufficiently low combinatorial
background. This of course means that the statistical uncertainties will be larger.

Secondly, the sample of B mesons selected when requiring a D'~ is biased, probably quite
strongly in favor of B° compared to B + , due to the decay B0-*Wtt,D'-, but exactly to what

'The convention of [66] u: B quantum number = +1 <=> B meson = (bq) = B+/B°
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degree, we do not know. This is something which very much depends on the size of the fraction
of higher excited charmed states produced in B meson decays, a number of which little is known.

Thirdly, the tagging mechanism is not very exact in the sense that the flavor of the parent can
not be established with 100% certainty, since D*~ with the wrong charge also can be produced,
through for instance

B° - . D- D;+(2536)

B+ £>;+(2536)

I—• D*+K°

The contributions from these decays, and from other decays also producing wrong-charged D*~,
are not known. Hence, these decays cause uncertainties in the results. In addition, they probably
produce kaons more often than the average B decay, since they all are doubly charmed B decays.
In our present Monte Carlo, containing small fractions of the above mentioned decays, and also
small fractions of other doubly charmed decays, as much as 9% of the D'~ come from B mesons
with the "wrong" flavor. This number can of course be quite different in reality, but Monte
Carlo anyway tells us that the effects of this possibility should not be ignored.

B meson
B°
B+

B°
B"

D««»iy

- l
- l
l
i

Fraction in the sample of D'
87.6%
3.7%
4.3%
4.5%

Table 3.5: Flavor and charge of D*~ parent, according to our present Monte Carlo.
(These numbers need not even be close to the true numbers, since they are nothing
but the result of a man-made simulation. They are nevertheless presented, in order
to show that according to our present knowledge it is not unreasonable with a fairly
large fail rate in the tagging mechanism.)

3.4 What is an Inclusive Branching Ratio?

In this study we shall try to establish a number of inclusive branching ratios in B meson decays.
Thus we have to define what we mean with this, since the concept "Inclusive Branching Ratio"
is not unambigously defined. Usually when talking about inclusive branching ratios, one refers
to the number of daughters of a specific type per decaying particle. This implies that an
inclusive branching ratio can be well above 100% due to multiple production in the decay chain.
Sometimes, however, a different definition is used: One then defines the branching ratio as
the probability of the decay to produce the specific daughter, i.e. multiple production is not
accounted for, and 100% is the highest possible branching ratio. The two different definitions
are equal only when multiple production of the daughter is nonexistent.
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Since the latter definition is more consistent with the literal meaning of "branching ratio", we
shall use this and write it as BR(A-BX). The former definition is perhaps though the more
interesting property to measure. To distinguish the two definitions we choose to call the former
Mean Multiplicity and introduce the notation M(A—>BX).



Chapter 4

Production of Ks in B Meson
Decays

The data sample used for these studies was collected with the ARGUS detector at the DORIS II
storage ring on the T(4S) resonance and in the nearby continuum. It corresponds to an in-
tegrated luminosity of 254.3 pb"1 on the resonance, including scans over the resonance, and
92.1 pb'1 in the nearby continuum. The inclusion of scans in the analysis is no problem since
we estimate the number of B mesons making no use of the cross-section for T(4S).

4.1 Event Selection

The main objective with the event selection criteria is to suppress continuum events, which
otherwise would be a large source of background. The continuum contribution must anyhow be
estimated through studies of events from nearby continuum, i.e. events recorded at c.m.s. energies
slightly below the resonance, and then subtracted from data, but through hard event selection
criteria we can make the continuum contribution smaller, and thus also the subtraction and
the uncertainty of the subtraction smaller. The drawback of this is that we must to a larger
extent rely on Monte Carlo simulations in estimating the efficiency of the selection criteria on
true T(45) events.

We made use of several techniques for rejecting continuum events: First, we used the knowledge
that continuum events have lower total multiplicities than BB events, and required the event to
contain five or more charged tracks, originating in the interaction region.

We also know that many continuum events contain tracks with momenta above the kinematical
limit for decay products from B mesons, and thus we demanded that no track must have a
momentum greater than 3.0 GeV/c. This cut rejects 11% of the continuum events and none of
the BB events.

Very powerful cuts can be made on the basis of the event shape: A continuum event producing
a q$ pair is essentially made of two jets', one from each quark, whereas an T(4S) decaying into
a BB~ pair is essentially spherical, since the B mesons are produced with very low momenta and
then decay isotropically. For these cuts, the topological variables thrust T, sphericity S, and

'Three-jet ereat* u t virtually non-exulent at theie low energin.

49
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0 2 04 0.6 0.8

Sphericity
1.0 0.5 07 0.8
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09 1.0

Figure 4.1: Sphericity and Thrust for T(4S) events (dotted) and for Continuum
events (hatched). The distributions were obtained from Monte Carlo studies, and
normalized to unity. We demanded the Sphericity to be greater than 0.20. The
distributions are normalized to the same number of events. The scales of the y-axes
are arbitrary.
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2nd Fox-Wolfram momentum
-2.0 -1.8 -10

Sphericity / 2 - 2 * Thrust

Figure 4.2: Fox-Wolfram momentum W3 and a linear quantity of the Sphericity and
the Thrust for T(4S) events (dotted) and for Continuum events (hatched). The
distributions were obtained from Monte Carlo studies, and normalized to unity. We
demanded the events to have a Hi of less than 0.32 and 5/2 - 2T greater than -1.45
in order to be accepted. The distributions are normalized to the same number of
events. The scales of the y-axes are arbitrary.
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Figure 4.3: Thrust versus Sphericity for T(4S) and for Continuum events as obtained
from Monte Carlo studies. We demanded the event to have a Sphericity greater than
0.2, and 5/2 - 27 greater than -1.45.

Fox-Wolfram momentum Hi [43] were used:

Hi =
EL

(4.1)

(4.2)

(4.3)

where summations are made over all the charged tracks in the event. Searches are made for the
Thrust Axis Är which maximizes the expression for T, and for the Sphericity Axis As which
minimizes the expression for S.

ii is the angle between p, and A,
Pi is the l:th Legendre polynomial, and

4>ij it the angle between />, and py

The Thrust and the Sphericity Azises thus found provide some sort of measure of the most
probable jet direction, and the topological variables indicate to what extent the event is jet-like.
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We required H2 to be less than 0.32, 5 to be greater than 0.2, and the quantity 5 /2 - 2T to be
greater than -1.45. (See fig. 4.1-4.3)

The above selection criteria cut background from continuum processes significantly. The re-
maining continuum contribution was subtracted using information from the nearby continuum,
scaled with a luminosity factor and corrected for the Ijs dependence of the continuum cross-
section. Due to a slight degradation of the detector performance during a period when much of
the continuum data sample was collected, this continuum factor needed some fine-tuning. This
was done by studying the number of K° in the momentum range above the allowed region for
K° from B meson decays, i.e. the range between 2.8 - 5.3 GeV/c, and demanding that data, after
continuum subtraction, have no entries in this range. The continuum scaling factor was then
estimated to 2.816 ± 0.056. Throughout this publication, all figures and plots refer to numbers
after continuum and misidentifications have been subtracted, unless other is stated.

We found 140100 ± 1000 ± 4300* events from T(4S) decays in the experimental data sample
after these cuts and after subtraction of continuum. Fully reconstructed Monte Carlo generated
events were used to find the efficiency of the event selection criteria for different event types
(table 4.1). By using this number, we found that the number of events passing our event
selection corresponds to an original number of 381600 ± 2700 ± 11700 B mesons.

BB

BB {1

BB

Event type

{b-c/b-,c}

"~*J1 yO&£ fm T f0—*Cj

{B-*K'(892)7/^C}

Continuum -» Hadrons

Efficiency

0.734

0.545

0.351

0.281

Table 4.1: Probability for events of different types to pass the event selection re-
quirements as obtained in Monte Carlo studies. The two b—>s decays are included
for comparisons made later in this chapter.

4.2 Kaon Selection

Neutral kaons were detected through the decay of the K% in the detector volume. The more
long-lived orthogonal neutral kaon state K° passes undetected through the detector. The most
common decay of K° is A'?-nr+*~', and it usually occurs at a resolvable distance from the main
vertex since the K§ is a comparably long-lived particle. The K° were thus selected requiring two
oppositely charged tracks consistent with pion hypotheses, coming from a resolved secondary
vertex. The system was further required to have a momentum greater than 0.2 GeV/c, a \2 of
the fit of the tracks to the secondary vertex less than or equal to 9.0, and the cosine of the angle

'Statistical and systematic uncertainties, respectively. Throughout thii publication, this notation for the two
uncertainty tjrpe» will be used, unleu other is stated.
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Figure 4.4: Estimated efficiency t) for reconstructing K%-*r+ir~ at a secondary
vertex as a function of momentum, obtained through Monte Carlo studies. The
efficiency includes acceptance effects due to the finite solid angle coverage.

between the measured momentum vector of the JfJ candidate and its flight direction (defined
as the vector between the main and the secondary vertices) to be greater than 0.9. We also
demanded the K% candidate not to simultaneously be a A0 candidate within 75 MeV/c3 from
the nominal A0 mass. The A0 would otherwise cause a small background since it also decays at
a secondary vertex into two oppositely charged trades through A°-»px~.

4.3 Invariant Mass Spectra

Monte Carlo generated data were used to find the detector resolution, and thus the width and
shape of the K°, invariant mass spectrum. The shape of the peak is not perfectly Gaussian, since
the detector resolution varies with the polar angle 6, so a sum of two Gaussians with the same
mean but with different widths was used to describe the K% signal. No subdivision into different
ranges of 0 were made in the fitting procedure. The detector efficiency for reconstructing kaons
as a function of momentum was also determined through Monte Carlo studies (fig. 4.4).

Invariant mass spectra for K% candidates in six different momentum intervals were made, and
separately for candidates from events recorded at the T(4S) resonance, and from events recorded
in the nearby continuum. These twelve invariant mass spectra were then fitted with the functions
describing the Kj distribution, as obtained in the Monte Carlo studies. The widths and masses
of the distributions were held fixed during the fit, i.e. the mass from particle data tables, and
the width obtained in the Monte Carlo studies, were used. The continuum contributions to the
numbers of kaons in the T(45) events were estimated by scaling the numbers of kaons in the
continuum events with the luminosity factor described in the end of section 4.1. The continuum
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Figure 4.5: Invariant mass distributions of ir+ir" combinations from secondary ver-
tices for different momentum intervals. The solid lines show the K° signals as
obtained through the fitting procedure described in the text.
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contributions were thereafter subtracted from the T(4S) numbers, and the resulting numbers
were corrected for detector efficiency and for the fact that the branching ratio to two charged
pions BR(Kg-»*•+*•-) is not equal to 100%, but rather (68.61 ± 0.28)% [66]. Finally the yields
were divided by the estimated number of B mesons in the sample. The invariant mass spectra
after continuum subtractions are shown in fig. 4.5, and the resulting mean multiplicities of the
different momentum intervals are tabulated in table 4.2. The sum, equivalent to the mean
multiplicity M(B->K'?X), is used as an input in the analysis in chapter 5.

Systematic uncertainties were included for the uncertainty of the size of the continuum scaling
factor, for the uncertainty in the estimation of the reconstruction efficiency, and for the uncer-
tainty in the extrapolation to the not measured momentum region. The two latter uncertainties
are by far the larger ones.

p[GeV/c]

0.0 - 0.5
0.5 - 1.0
1.0 - 1.5
1.5 - 2.0
2.0 - 2.5
2.5 - 3.0

Sum

M(B->K°SX)

0.1207 ±
0.1466 ±
0.0441 ±
0.0092 ±
0.0017 ±

-0.0002 ±

0.3223 ±

0.0033 ±
0.0032 ±
0.0018 ±
0.0012 ±
0.0008 ±
0.0003 ±

0.0054 ±

0.0127
0.0095
0.0024
0.0006
0.0003
0.0001

0.0164

Table 4.2: Number of K° per B meson in different momentum intervals after effi-
ciency correction.

4.4 Rare Decays

We looked for an excess of fast neutral kaons, which could be an indication of a significant con-
tribution of rare B meson decays, e.g. "penguins", flavor changing neutral currents or other rare
or so far unknown processes that would result in fast kaons. This study was made by comparing
the momentum distribution of neutral kaons in experimental data with that which could be
expected from b—>c transitions, and with those from considerably harder b—>s transitions.

The total kaon yields in data and in Monte Carlo were normalized to unity, and thereafter we
compared the different fractions of the kaon momentum distributions in the range 1.3-2.0GeV/c.
We then tested the hypothesis

ft? (4.4)

where fKo is the momentum distribution of K°, a is the fraction of b-*s decays, 0 is a correction
factor which includes differencies in event cut efficiency and in number of kaons produced per
B meson, and n is a normalization factor (the integrated momentum distribution must equal
one). We then asked for what a it is possible to reject the hypothesis: Starting with a = 0,
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Figure 4.6: Normalized momentum distribution of K0,. The solid and dashed lines
are the Monte Carlo generated momentum distributions for b-*c decays, from the
LUND [21] and from the WBS [22,23] models, respectively. The agreement between
Monte Carlo and data is excellent.

equivalent to the hypothesis "100% b->e", we slowly increased a and thereby, as it turns out,
also put the hypothesis in less agreement with the experimental data, a was increased until
the disagreement was so large that it was possible to reject the hypothesis at a given confidence
level. As a reference for the real b—>c momentum distribution, we chose the average of the tuned
MOPEK and LUND momentum distributions for b->c, and as a measure of the modelling error
we chose the difference between the two. Taking into account the difference in probability of
the event passing the event selection criteria, and the difference in number of K° produced per
B meson, an upper limit of 5% (90%C.L.) was obtained for the decay B - » K * ( 8 9 2 ) T + * - . This
limit will also be true for any decay with a similar kaon momentum distribution, not included
in the b->c decays.

This enables us to set an upper limit on the sum of all rare processes that produce fast kaons.
Also, if 6->i processes generally have momentum distributions as hard as the B-*2f *(892)r+r~,
or harder, this 5% limit will be valid as an upper limit on the fraction of all non b—e processes
producing fast kaons. ("Fast" meaning a momentum spectrum as hard as that of K°, from our
modelled B-K'(892)TX, OT harder.):

(4.5)

For a polarized two-body b->» decay yielding a very hard kaon spectrum, such as B-»tf'(892)7
the upper limit is calculated to 4% (90% C.L.) when studying the range 2.0 - 3.0 GeV/c. The
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p[GeV/c]

0.0 - 0.5
0.5 - 1.0
1.0-1.5
1.3- 1.5
1.5 - 2.0
2.0 - 2.5
2.5 - 3.0

Data

0.3746 ±0.0075 ±0.0266
0.4549 ±0.0075 ±0.0237
0.1370 ± 0.0051 ± 0.0093
0.0351 ± 0.0031 ± 0.0026
0.0286 ± 0.0036 ± 0.0025
0.0054 ± 0.0025 ± 0.0009

-0.0005 ± 0.0008 ± 0.0002

WBS LUND
b->c

multiple decay channels

0.404
0.428
0.131
0.0332
0.0326
0.0040
0.00004

0.397
0.447
0.125
0.0314
0.0286
0.0018
0.00002

B->tf*TT

0.076
0.330
0.323
0.117
0.202
0.067
0.002

B-K*7

0.000
0.249
0.216
0.038
0.047
0.385
0.102

Table 4.3: Relative fraction of efficiency corrected K° mean multiplicity in differ-
ent momentum intervals. The agreement between data and what is expected for
b—>c transitions is excellent, also for high momentum K°. As a comparison, the
Monte Carlo momentum distributions of K° from the decays B—>K'(892)x+x~ and
B-> If* (892)7 are also tabulated.

reason why it is not possible to set a more restricting limit on this very hard momentum distri-
bution is that the probability for events containing these decays to pass the continuum reducing
event selection criteria is estimated to be fairly low (see table 4.1).

These results are however extremely model dependent: If the true 6—>c kaon momentum distribu-
tion is softer tLan the model prediction, the confidence limits will not be as restricting. However,
the endpoint of the b—>c kaon momentum spectrum cannot be very much less populated than
the LUND model predicts: We know from particle tables [66] that a not negligible fraction of
the charmed mesons produce neutral kaons through two-body decays, e.g. D-*K°ir, D-*K°p,
D+-»F°K+ etc, and these decays all produce fairly hard kaon spectra. Approximately one third
of the LUND predicted yield of kaons with momenta above 1.5 GeV/c can be attributed to these
three mentioned decays alone, and the fraction of kaons that can be accounted for is of course
larger if all known decays are included. However, we cannot be certain that the momentum
distribution of kaons from other sources than charmed mesons, such as quark fragmentation or
Cabbibo suppressed production from the VV+, is correctly modelled. Also, we know very little
of the polarization of vector kaons from charmed meson decays, so the momentum distributions
of kaons from known decays may very well still be different from what we expect. A better
knowledge of the kaon momentum distribution for all sources in b—»c decays would certainly
improve our possibility to set an upper limit for strange decays of beauty producing fast kaons.

Secondly, we know essentially nothing about the kaon momentum distribution from the existing
6-»« decays, if there are such. Monte Carlo studies [51] of the decay b->» ghon show that the
average multiplicity of these decays, due to the fragmentation of the gluon, probably is of the
same order as in b-*c decays, which would indicate that the kaon momentum spectrum most
probably is softer than in B-»K'*(892)irir. If the true momentum distribution is considerably
softer than our Monte Carlo, it would mean that it is not possible to measure the strange
B meson decay fraction in this way, since the kaon momentum distribution of kaons from b—>s
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decays then would be very similar to that of b~*c decays. Consequently, the obtained upper
limit is only valid if an å priori assumption is made about the type of 6—»* decay, or rather,
about the momentum distribution of the kaon produced.

0.0 1.0 2.0 3.0 0.0
P(K°) [GeV/c]

1.0 2.0 3.0
P(K°) [GeV/c]

Figure 4.7: Normalized momentum distribution of JfJ. The data points are the
same as in figure 4.6. The dashed lines show the Monte Carlo generated momentum
distribution for 6-»c decays from the LUND [21] model. The solid lines show the
expected shape of the distributions when a small contribution of a b—>s decay is
included. Left 4% B->K'(S92)f and right 8% B-»K*(892)x+*-.
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4.5 Consistency check

As a consistency check, the above analysis was also made with considerably less restricting
event selection criteria. The only criteria were five or more charged tracks, and a topological
cut against beam-wall and beam-gas events:

> 0.315 + (4.6)

where summations are made over both charged and neutral particle candidates. This cut reduces
the number of continuum- and T(45)-events only slightly, and cuts away most beam-wall and
beam-gas events. We found 175900 ± 1500 ± 11400 events in the sample after these cuts and
subtractions, corresponding to an original number of 381600 ± 3200 ± 24200 B mesons. Con-
verting the kaon multiplicities to an upper limit for the decay B-*K*(892)ir+ir~ yields 6% (90%
C.L.), using the range 1.3 - 2.5GeV/c. The obtained results are in good agreement with the
previous analysis.

p[GeV/c]

0.0 - 0.5
0.5 - 1.0
1.0-1.5
1.5 - 2.0
2.0 - 2.5
2.5 - 3.0

Sum

0.1234
0.1450
0.0407
0.0111
0.0010
0.0003

0.3216

M(

±
±
±
±
±
±
±

0.0037
0.0037
0.0021
0.0015
0.0007
0.0003

0.0063

X

±
±
±
±
±
±
±

)

0.0126
0.0097
0.0040
0.0009
0.0006
0.0002

0.0151

Table 4.4: Number of K° per B meson in different momentum intervals after effi-
ciency correction, from the analysis with no continuum reducing event cuts.
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p[GeV/c]

0.0 - 0.5
0.5 - 1.0
1.0 - 1.5
1.3 - 1.5
1.5 - 2.0
2.0 - 2.5
2.5 - 3.0

Data

0.3838 ± 0.0087 ± 0.0257
0.4509 ± 0.0087 ± 0.0222
0.1266 ± 0.0059 ± 0.0152
0.0344 ± 0.0041 ± 0.0023
0.0346 ± 0.0046 ± 0.0035
0.0032 ± 0.0022 ± 0.0020
0.0009 ± 0.0009 ± 0.0006

WBS LUND
b->c

multiple decay channels

0.404
0.428
0.131
0.0332
0.0326
0.0040
0.00004

0.397
0.447
0.125
0.0314
0.0286
0.0018
0.00002

b-*t
B-*K'rr

0.076
0.330
0.323
0.117
0.202
0.067
0.002

B-^K'f

0.000
0.249
0.216
0.038
0.047
0.385
0.102

Table 4.5: Relative fraction of efficiency corrected K? mean multiplicity in different
momentum intervals from the analysis with no continuum reducing event cuts. The
agreement between data and what is expected for b-*c transitions is also in this
analysis good.



Chapter 5

Lepton-Kaon Correlations in
B Meson Decays

Just as in the previous chapter, the data sample used for these studies was collected with
the ARGUS detector at the DORIS II storage ring on the T(4S) resonance and in the nearby
continuum. It corresponds to an integrated luminosity of 254.3 pb"1 on the resonance, including
scans over the resonance, and 92.1 pb"1 in the nearby continuum. We used a fast, primary lepton
to tag the flavor of the semileptonically decaying B meson, in order to separate the kaon yields
into yields coming from differently flavored B mesons. A description of the method can be
found in section 3.3.3. The inclusion of scans in the analysis is no problem since we measure the
kaon yields per lepton, and thus make no use of the luminosity or the cross-section of T(45) for
calculating the number of B mesons.

5.1 Event Selection

Just a* in the previous inclusive analysis, it was also in this analysis necessary with hard event
cuts to lupprest continuum events. As in section 4.1, we required five or more charged tracks
originating in the interaction region and no track with a momentum higher than 3.0 GeV/c.

Instead of the topological cuts defined in section 4.1 we required at least one of the tracks to be
a lepton with a momentum greater than 1.4 GeV/c, passing the below mentioned lepton selection
criteria, and at least one other charged track within 90s from the lepton. We further required
a large fraction of the momentum in the event to be perpendicular to the lepton. For this, we
used a quantity similar to the Sphericity (eq. 4.2) defined as

5 ' = >•«*> (5.1)
L, \Pi\

which we refer to as Leptonie Sphericity and write as 5'. No search for a sphericity axis which
minimizes the expression is made here, but instead the well defined lepton momentum vector
pi,r is used as a reference direction. The value of S' is the ratio of the sum of the transverse
momentum and the total momentum, excluding the lepton momentum. ("Transverse" meaning
transverse to the lepton.) We demanded S' to be greater than 0.6 (fig. 5.1). These selection
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Leptonic Sphericity

Figure 5.1: Leptonk Sphericity, S', as defined in eq. 5.1 for T(4S) (dotted) and for
Continuum (hatched). The distributions are both obtained through Monte Carlo
studies and normalized to unity. We demanded the events to have this quantity
greater than 0.60 to be accepted. The distributions are normalized to the same
number of events. The scale of the y-axis is arbitrary.

criteria cut background from continuum processes significantly. Already the lepton requirement
reduces the continuum background, and with the additional event selection requirements only a
small number of continuum events are accepted.

Further, we also demanded the missing momentum of the event, which in semileptonic events
to a very rough approximation equals the momentum of the undetected neutrino, to be greater
than 0.8 GeV/c and the angle between the missing momentum and the lepton to be greater than
60s, which enhances semileptonic BB events. The remaining estimated continuum contribution
in all plots was subtracted using information from the neauby continuum. The continuum scaling
factor was determined as in section 4.1.

5.2 Lepton Selection

Electrons and muons were selected requiring a momentum greater than 1.4 GeV/c, and a like-
lyhood for the correct hypothesis V (eq. 2.6) greater than 0.7. Muons were further required to
have a cosine of the angle to the beam less than 0.8, and hits in both inner and outer muon
chambers. The requirement in momentum gives a high probability for the lepton to come from
a semileptonic decay of a B meson since leptons from most secondary decays have a softer spec-
trum. In order to somewhat reduce the number of non primary leptons, i.e. leptons from other
sources than semileptonic B meson decays, we rejected all leptons that together with a second
oppositely charged track had an invariant mass within 75 MeV/c3 from the nominal mass of the
J/V>. We also excluded electron pairs with an invariant mass below 40MeV/c3, consistent with
converted photons. Monte Carlo studies tells us that, with the above requirements, 94.6% of
the leptons in the momentum range 1.4 - 1.9 GeV/c, and 97.3% of the leptons in the momentum
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On T(4S) resonance
Continuum contribution
Misidentifkations

T(4S)

Number of e* in data sample
1.4<p(e± ) < 1.9 [ 1.9 <p(e ± ) < 2.8

9236 ± 96
-1526 ± 66 ± 27
-275 ± 1 ± 110

7434 ± 116 ± 113

2986 ± 55
-1087 ± 55 ± 20

-50 ± 1 ± 20

1849 ± 78 ± 28

On T(4S) resonance
Continuum contribution
Misidentifications

T(4S)

Number of /i* in data sample
1.4 < d p * ) < 1.9

9595 ± 98
-2058 ± 76 ± 37

-351 ± 2 ± 117

7186 ± 124 ± 123

1.9 <p(/ i±) <2 .8

3591 ± 60
-1188 ± 58 ± 21

-107 ± 1 ± 36

2296 ± 83 ± 41

Table 5.1: Number of leptons in data sample. The numbers for continuum contribu-
tion and misidentifications are estimates based on the number of lepton candidates
found in data collected in continuum below the T(45) resonance, and the number
of hadron tracks found in T(4S) events, respectively.

range 1.9 - 2.8 GeV/c are leptons from semileptonic B meson decays. The fraction of the leptons
coming from other sources than semileptonic B meson decays was compensated for later in the
analysis. Due to momentum conservation, the requirement in lepton momentum also forces the
distribution of other decay products from the same B meson to be sharply peaked at 180° from
the lepton.

The probability for a hadronic track to be accepted as a lepton candidate was measured using
hadronic T(1S) decays (table 5.2) which are essentially void of leptons in this momentum range.
The main systematic uncertainty of the number of leptons comes from the uncertainty in this
measurement. The number of fake leptons was then estimated by measuring the number of fast
hadrons in events that pass the event selection when the hadron is treated as a lepton. Likewise,
the sizes and shapes of the angular distributions of pairs of fake leptons and kaon candidates were
estimated studying pairs of fast hadrons and kaon candidates in the same events. The estimated
contributions from fake leptons were thereafter subtracted from the number of leptons and from
the angular distributions. Separate subtractions were made for the different lepton and kaon
momentum intervals studied.

We found 9280 ± 140 ± 140 electrons and 9480 ± 150 ± 160 muons from B meson decays in our
data sample (table 5.1) after the above mentioned event and lepton requirements, and after
subtractions of estimated continuum and fake contributions. The efficiencies for identifying an
electron or a muon using the above mentioned selection criteria are plotted in figures 5.2 and
5.3. But since we are only interested in the kaon yields per lepton, we do not need to know the
lepton efficiency. Hence, the numbers of leptons quoted in table 5.1 are not efficiency corrected.
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Figure 5.2: Estimated efficiency 77 for detecting e± with the requirement of V > 0.7
as a function of momentum, obtained through Monte Carlo studies. The efficiency
depends on polar angle, and the numbers shown are the average values in the range
|cos0|<O.92.
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Figure 5.3: Estimated efficiency r; for detecting p* with the requirement of V > 0.7
as a function of momentum, obtained through Monte Carlo studies. The efficiency
depends on polar angle, and the numbers shown are the average values in the range
I cos 01 < 0.8.
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Particle
Misidentified

as

e±

H*

K±

K*

Faking
Particle

Any Hadron

Any Hadron

e±

P

Momentum
Interval
[GeV/c]

1.4 - 2.8

1.4 - 2.8

0.2 - 0.6
0.5 - 0.8
0.8 - 1.0

0.2 - 0.5
0.5 - 0.8
0.8 - 1.0

0.2 - 0.5
0.5 - 0.8
0.8-1.0

Fake Rate

0.005 ± 0.002

0.015 ± 0.005

0.001 ± 0.001
0.045 ±0.011
0.082 ± 0.020

0.000 ± 0.000
0.010 ± 0.001
0.030 ± 0.001

0.008 ± 0.004
0.000 ± 0.000
0.000 ± 0.000

Source of Faking
Particles when deter-
mining the Fake Rate

T(lS)-e vents

T(lS)-events

Radiative Bhabhas

K°,-+x+x-

A°-»pjr-

Table 5.2: Misidentification rates of particles faking e*, /i* and if*, i.e. the prob-
ability that a track from the wrong particle type is identified as an e*, a /J* or a
K±, and further passes the respective selection criteria described in the text.

5.3 Kaon Selection

Charged kaons were selected requiring a momentum greater than 0.2 GeV/c and less than
1.0 GeV/c, and a likelyhood for the K+ hypothesis L^ (eq. 2.5) greater than 0.4. The mo-
mentum requirement was imposed for particle identification purposes only: below 0.2 GeV/c
many kaons decay without leaving detectable tracks, and above 1.0 GeV/c the number of pions
identified as kaons uecomes an increasing problem, due to the band-crossing in specific ionization
(fig. 2.2).

The probability for an electron, pion or proton to be accepted as a kaon candidate was measured
studying electrons from radiative Bhabha events and converted photons, pions from decaying
K° and protons from decaying A0. The fake rates are tabulated in table 5.2. The sizes and
shapes of the angular distributions of pairs of lepton candidates and fake kaons were estimated
by studying pairs of a lepton candidate and a slow electron, pion and proton candidate, re-
spectively, in events that pass the event selection. The estimated contributions from fake kaons
were thereafter subtracted from data. Separate subtractions were made for the different kaon
momentum intervals stu<lied.

Neutral kaons were selected using the same requirements as in section 4.2, and with an additional
requirement of an invariant mass within 8.0 MeV/c2 from the nominal mass. A subtraction of
pairs of lepton candidates and K°-sideband was made to compensate for misidentifications.

The detector efficiency for c.etecting charged and neutral kaons was determined through Monte
Carlo studies (figs. 4.4 and 5.4). For charged kaons the efficiency was further tuned to data
by studying K* from <j> meson decays (fig. 5.5). Hence, we studied K+K~ combinations where
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1.0

0.8

0.6

0.4

0.2

0.0
0.0 1.0 2.0 3.0

P(K+) [GeV/c]

Figure 5.4: Estimated efficiency r\ for detecting K± with the requirement of L > 0.4
as a function of momentum, obtained through Monte Carlo studies. The efficiency
depends on polar angle, and the numbers shown are the average values in the range
| cos $ I < 0.92. The efficiency drop at around 1.3 GeV/c is due to the crossing of
* + - and K+-bands in the specific ionization (fig. 2.2).

one of the kaon candidates had a likelyhood greater than 0.01. We then measured how many 4>
mesons we had in the sample when demanding the second K± candidate to have a likelyhood of
0.0001, and of 0.4, respectively. A cut at a likelyhood of 0.0001 leaves practically all kaons, and
only rejects tracks for which the kaon hypothesis almost unambigously can be exluded. The same
was done for Monte Carlo generated events. The drop in efficiency for reconstructing a 4> meson
should of course be the same in data and in Monte Carlo, but differed slightly (table 5.3). By

p[GeV/c] LK±

0 .2 -0 .5 > ; ; ° 0 1

> 0.4

0.5-0.8 >
n°-°0 0 1

> 0.4

0.8-1.0 >O
nf

01

> 0.4

Number of
<p in data

2134 ±72
2082 ± 71
2705 ± 96
2136 ±71
1092 ±71
526 ± 35

Efficiency
ratio

0.9754

0.7895

0.4820

Number of
0 in MC

1569 ± 56
1516 ±55
1988 ± 67
1623 ± 54
433 ± 40
244 ± 21

Efficiency
ratio

0.9662

0.8165

0.5634

Tuning
factor

1.0095

0.9669

0.8554

Table 5.3: Number of <j> mesons in different kaon momentum intervals, as measured
in the kaon efficiency tuning procedure described in the text and in fig. 5.5.
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Figure 5.5: Tuning of efficiency for K±: The open diagrams show the K+K~ invariant mass
spectra with one of the kaons candidates having a likelyhood greater than 0.01, and the sec-
ond kaon candidate in the given momentum range with a likelyhood greater than 10~4. The
enhancement from the 0 meson can clearly be seen. The dotted diagram shows the same spec-
trum, but now the second '. *on candidate pass the kaon selection criteria. By comparing the
decrease in efficiency for reconstructing <̂ >-mesons in data and in Monte Carlo, when introducing
the particle identification cuts, the Monte Carlo efficiency can be tuned, and thus a more correct
efficiency can be obtained. For the track reconstruction efficiency, however, Monte Carlo must
still be trusted.
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Distribution of
correlated pairs

Distribution of
uncorreiated pairs

-I.D -0.5 0.0 0.5 1.0 -1.0

cos(l«.K)
-0.5 0.0 0.5 1.0

cos(l*.K)

Figure 5.6: Typical correlated and uncorreiated angular distributions as modelled
by Monte Carlo and event mixing, respectively. Events and particles are required
to pass the selection criteria. Note that the uncorreiated angular distribution due
to detector acceptance effects is not perfectly isotropic. The shapes of these distri-
butions depend very much on which lepton and kaon momentum interval is chosen.
The scales of the j/-axes are arbitrary.

calculating the ratio between the efficiency drop in Monte Carlo and in data, the kaon efficiency
previously estimated through Monte Carlo studies could be tuned.

5.4 Modelling the Angular Distributions

We studied the angular distributions separately for electrons and muons, and separately for
charged and neutral kaons. Since the shape of the angular distribution for a correlated pair
of particles very much depends on the momenta of the two particles, we separated the data
in two lepton momentum intervals; 1.4 - 1.9 GeV/c and 1.9 - 2.8 GeV/c, and three kaon mo-
mentum intervals; 0.2 - 0.5 GeV/c, 0.5 - 0.8 GeV/c and 0.8 - 1.0 GeV/c. (For neutral kaons
0.8 - 3.0 GeV/c, since there is no identification problem for fast K°.)

Through Monte Carlo simulations we studied the angular distributions of correlated pairs for
the different iromentum regions and particle combinations. As expected, they showed a strong
enhancement in the back to back region (fig. 5.6), which grows stronger with increasing particle
momenta. Simulations were made with two different generation models, so that the model
dependence could be studied and incorporated in the systematic uncertainty.

The measured uncorreiated component is not isotropic, as one naively might expect (fig. 5.6):
Due to detector acceptance effects, the uncorreiated distributions show an angular dependence,
which naturally also had to be studied and parametrized. However, for the uncorreiated compo-
nent we did not have to rely on simulations. Instead we used event mixing to study the influence
of the detector acceptance on a perfectly isotropic angular distribution: T(4S) events from data
that contain leptons were used. The leptons, their direction and their momenta were exchanged
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Distribution of correlated
1*K~ pairs involving a
nonprimary lepton

-i.O -0.5 0.0 0.5 1.0

Figure 5.7: Angular distribution o( (+K~ pairs from semileptonic D meson decays,
as modelled by Monte Carlo. Events and particles are required to pass the selection
criteria. The contribution from this type of combinations partially counterbalances
the distribution from the correlated pairs (fig. 5.6). The scale of the y-axis is arbi-
trary.

with leptons from other events, and these new synthetic events with tracks, efficiencies and re-
construction from real data, and not from simulations, contain a number of truly uncorrelated
lepton-kaon pairs. The angular distributions of these pairs were then studied, but first these
new synthetic events had to pass the event selection criteria.

Uncorrelated pairs from BB events, however, do not show a perfectly isotropic distribution,
since the B mesons from T(4S) are slightly boosted (/3 ~ 0.06), so the angular distributions
from event mixing had to be corrected to account for this small effect.

The shapes of the modelled angular distributions for all different lepton-kaon combinations and
momentum ranges were parametrized to be used later when studying the data.

5.5 Angular Distributions in the Data

The l+K+, l+K~ and 1+K% combinations' in our T(4S) data sample were then studied. The
cosine of the angle between the two was histogrammed, separately for e+ and fi+, for the
different lepton and kaon momenta, and for the charge of the kaon. All in all, 36 different
angular distributions were made. Contributions from continuum and misidentincations were
subtracted from data in bins of the angular distribution.

The only background still remaining after these subtractions, is the one from lepton-kaon pairs
involving a non primary lepton. This background causes the (+K~ distribution to look flatter
than it really is, since the lepton-kaon pairs with non primary leptons, coming mostly from

'Reference* in thif publication to a specific charge state are to be interpreted a> implying the charge conjugate
itate alto.
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charmed mesons through the decay D—>t+vK~[it], due to the comparatively high momentum
of the D meson, often are produced in small angles (fig. 5.7). This effect also exists in the
t*~K° distributions, though not as pronounced since the signal-to-background ratio is much
higher. (With "signal" we here mean lepton-kaon pairs where the lepton is primary, i.e. comes
from a semileptonic B meson decay.) In the (+K+ distributions this background is hardly
noticeable, since correlated like-charged lepton-kaon combinations from charmed mesons are
very uncommon, or perhaps do not exist at all. The size of this effect was estimated and
corrected for.

The fits to data were made as two-parameter fits, using the shapes of the angular distributions
determined from the Monte Carlo and event mixing studies, in order to determine the absolute
sizes of the correlated and the uncorrelated components (figs. 5.8-5.10). The function used was

F,.,.i = K.,, • /«.„ + N..t. • / . . „ (5.2)

where N, are the free parameters (the number of kaons), and /, are the normalized angular
distributions found through Monte Carlo and event mixing studies. The obtained numbers of
kaons were then divided by the found number of leptons in the momentum interval in order to
find the number of reconstructed kaons per lepton, or equivalently, per B meson.

Before extracting the mean multiplicities we had to correct for the influence of the distortion of
the angular distribution of 1+K~ pairs described above. This was done by slightly increasing
the number for the correlated yield of 1+K~ pairs obtained in the fit, and slightly decreasing
the number for the corresponding uncorrelated yield by the same amount. The size of this
increase/decrease was determined through Monte Carlo studies.

5.6 Extracting Mean Multiplicities

The number of kaons per B+/B° meson, or the mean kaon multiplicity, was found dividing
the raw yields' obtained above with the ratio between raw yield and number of kaons per
B+/B° meson in Monte Carlo generated events. This number is basically the kaon efficiency
corrected for several things such as: The small fractions of lepton-kaon pairs with non pri-
mary leptons, coming mostly from decaying J/v and D mesons, the momentum dependent kaon
efficiency change when introducing the event cuts, the extrapolation to excluded kaon momen-
tum ranges and, for the correlated pairs, correlation effects due to biasing the measurement
when choosing a fast lepton. Due to these correlation effects and the difference in momentum
distributions, this "effective efficiency" is different for correlated and uncorrelated kaons.

The uncorrelated yields, or mean kaon multiplicities, were averaged over the e+ and the n+

measurements, thus assuming symmetry between electrons and muons, over the different kaon
momentum intervals, and finally over the different lepton momentum intervals (tables 5.4, 5.6
and 5.8). When averageing over the different kaon and lepton momentum intervals, the mea-
surements were weighted in according to the estimated relative abundance in the momentum
interval. Other weighting strategies were also tested, e.g. minimizing the estimated statistical

'The expression ram yield it throughout this publication consistently uied u a term for the Don efficiency-
conected yield per tagging particle (usually lepton).
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uncertainty or total uncertainty, and the result was found to be fairly insensitive to the choise
of weights.

To simplify the notation, we always refer to decays as those of B mesons (as opposed to those of
B mesons). This means that we refer to the yield of "right-charged" kaons in the uncorrelated
yield as M(B—>K+X), corresponding to the yield of 1+K~. (For uncorrelated pairs, the lepton
will normally be produced through B—>(+vX and the kaon through B—*K~X.) In other words,
we change the sign of the charge in the notation of charged uncorrelated kaons so that all
multiplicities and branching ratios will be those of B mesons (B+/B°).

The size of the correlated component was found indirectly by subtracting the average uncor-
related component from the total yields, and then averageing over lepton types and kaon and
lepton momentum ranges (tables 5.4, 5.6 and 5.8), thus decreasing the uncertainties by using
the fact that the uncorrelated raw yield is independent of the lepton momentum, whereas the
correlated is not. For neutral kaons, the multiplicity previously found (section 4.3, table 4.2)
was used, since the uncertainties due to a larger statistical sample are smaller than when mea-
suring through lepton-kaon correlations, and this yield is independent of B flavor (neglecting
CP-violation in the K° system).

An error that appears systematically can be seen in the not yet averaged mean multiplicities: The
numbers extracted from the kaon momentum range 0.8 - 1.0 GeV/c are systematically greater
than the numbers obtained in the other kaon momentum ranges. One would of course expect
approximately the same number. The reason for this we can only guess, but a possible and
probable explaination is that our Monte Carlo fails to in detail describe the prccesses studied:
The kaon momentum distribution is perhaps softer in Monte Carlo than in data. Or biasing
effects when choosing a fast lepton are perhaps overestimated in the Monte Carlo. Anyway, the
results from this momentum range is, due to the comparably small number of kaons that are
this fast, not very heavily weighted when calculating the average, so it does not influence the
result very much.

An improvement of the measured multiplicities of charged kaons can however be made by
including information about the total yield of charged kaons, M(B->K±X), which has been
measured to be (0.765 ± 0.015 ± 0.025) [55]. I.e., the two uncorrelated yields of charged kaons,
M(B—>K+X) and M(B—>K~X), were constrained to values more consistent with the value from
the measurement of the total charged kaonic multiplicity. The constraint was made as a least-
square fit of the two multiplicities M(B-»K+X) and M(B—>K~X) to the three measurements
available; M(B->K+X), M(B-.tf ~X) and M ( B - i f ± X ) (table 5.10). This means that the sum
of the two multiplicities does not equal 0.765, but rather only is "pushed" towards this value.

The size of the correlated component was also recalculated, in the same way as it was done
before, but this time with an improved input value of the size of the uncorrelated component
(tables 5.5, 5.7 and 5.9).

This method has the advantage that some of the systematic errors, such as the distortion of the
experimental angular distributions due to pairs with non primary leptons, and the errors of the
modelled angular distributions, has less influence on the result, since the measurement in [55]
does not suffer from the same systematic errors. The results are in good agreement with a previ-
ous measurement, also based on lepton-kaon correlations, made by the CLEO collaboration [46]
(table 5.11).
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Number of Uncorrelated K+ per Lepton (equivalent to M ( B - » J L + X ) )

Pin P(K+)
1.4- 1.9
1 .4- 1.9
1 .4- 1.9
1.9 - 2.8
1.9-2.8
1.9 - 2.8

0.2 - 0.5
0.5 - 0.8
0 . 8 - 1.0
0.2 - 0.5
0.5 - 0.8
0 . 8 - 1.0

0.225
0.198
0.249
0.276
0.296
0.332

±
±
±
±
±
±

e+A+

0.034
0.030
0.044
0.046
0.039
0.072

±
±
4-

±
±

0.032
0.082
0.063
0.039
0.035

± 0.069

0.250 ±
0.098 ±
0.239 ±
0.243 ±
0.210 ±
0.296 ±

0.037
0.031
0.052
0.043
0.032
0.058

±
±

0.050
0.099

± 0.O72

±
±
±

0.047
0.037
0.064

0.236 ± 0.025 ±
0.148 ± 0.022 ±
0.245 ± 0.034 ±
0.258 ±
0.245 ±
0.310 ±

0.040
0.091
0.066

0.031 ± 0.043
0.025 ±
0.045 ±

0.036
0.066

Weighted average: 0.215 ± 0.013 ± 0.037

Number of Correlated K+ per Lepton (equivalent to M(B—t+i>K+X)/BR(B—l+i/X))

pin
1.4- 1.9
1.4- 1.9
1.4- 1.9
1.9-2 .8
1.9-2.8
1.9- 2.8

P(K+)
0.2 - 0.5
0.5 - 0.8
0 . 8 - 1.0
0.2 - 0.5
0.5 - 0.8
0 . 8 - 1.0 j

0.477
0.521
0.714
0.482
0.518
0.621

±
±
±
±
±
±

e+K'+

0.034
0.031
0.064
0.074
0.069
0.149

±

±
±
±
±

0.064
0.053
0.133
0.073
0.060
0.129

0.476 ±
0.497 ±
0.715 ±
0.493 ±
0.498 ±
0.604 ±

HJK+
0.037
0.033
0.066
0.067
0.065
0.128

± 0.064
± 0.055
±0.132
±0.074
± 0.060
±0.127

0.476
0.510
0.714
0.488
0.508
0.612

±
±
±
±
±
±

0.029 ± 0.064
0.025 ± 0.054
0.047 ±
0.052 ±
0.048 ±
0.098 ±

0.133
0.073
0.G60
0.128

Weighted average: 0.525 ± 0.022 ± 0.066

Table 5.4: Number of K+ per lepton; for e+, JI+ and the for the weighted average of the two. The
uncorrelated multiplicities are calculated from the raw yields (yields before efficiency correction)
as measured through the fitting procedure described in the text. The correlated multiplicities are
calculated by subtracting the raw uncorrelated yields, estimated from the average uncorrelated
multiplicity, from the total raw yields in the different momentum intervals. The uncorrelated
multiplicities include the possibility of mixing of the B°.

Number of Correlated K+ per Lepton (equivalent to M(B-»/+i/K+ X)/BR(B-»<+i/X))

Pin P(K+)
1.4- 1.9
1.4- 1.9
1.4- 1.9
1.9-2 .8
1.9-2 .8
1.9-2.8

0.2 - 0.5
0.5 - 0.8
0 . 8 - 1.0
0.2 - 0.5
0.5 - 0.8
0 . 8 - 1.0

0.529
0.559
0.749
0.537
0.558
0.655

±
±
±
±
±
±

e+A'+

0.033
0.030
0.064
0.073
0.069
0.149

±
±
4-

±
±
±

0.057
0.049
0.135
0.067
0.057
0.132

0.529
0.535
0.750

±
±
±

0.549 ±
0.538
0.638

±
±

0.036
0.032
0.066
0.067
0.064
0.128

±
±
±
±
±
±

0.057
0.051
0.134
0.068
0.057
0.129

0.529
0.547
0.750
0.544
0.547
0.645

±
±
±
±
±
±

0.027 ±
0.024 ±
0.047 ±
0.051 ±
0.048 ±
0.097 ±

0.057
0.050
0.134
0.068
0.057
0.130

Weighted average: 0.574 ± 0.020 ± 0.062

Table 5.5: Improved number of K+ per lepton (or semileptonic B meson); for e+, ̂  and the
for the weighted average of the two. These multiplicities are calculated by subtracting the raw
uncorrelated yields, estimated from the constrained average uncorrelated multiplicity, from the
total raw yields in the different momentum intervals.
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Figure 5.9: Angular distributions of l+ K~ pairs after subtraction of continuum and fakes. The
reason why many of these distributions show no correlated signal, is that this contribution is
small and to a large extent counterbalanced by a background of pairs with small opening angles
involving non primary leptons.
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Number of Uncorrelated K~

pin P(K-)
1.4 - 1.9
1.4 - 1.9
1.4 - 1.9
1.9 - 2.8
1.9 - 2.8
1.9 - 2.8

0.2 - 0.5
0.5 - 0.8
0.8 - 1.0
0.2 - 0.5
0.5 - 0.8
0.8-1.0

0.659 ±
0.691
0.981
0.553
0.652
0.603

±
±
±
±
±

)er Lepton (equivalen

e+K-

0.052
0.041
0.065
0.066
0.058
0.097

±
±
±
±
±
±

0.039
0.046
0.163
0.027
0.036
0.104

0.661
0.749

t to M(B-

±
±

0.906 ±
0.559
0.705
0.914

±
±
±

0.058 ±
0.044 ±
0.066 ±
0.068 ±
0.056 ±
0.099 ±

0.041
0.053
0.150
0.041
0.041
0.149

0.660 ± 0.039 ±
0.718 ± 0.030 ±
0.944 ±
0.556 ±
0.679 ±

0.046 ±
0.047 ±
0.040 ±

0.757 ± 0.069 ±

0.039
0.049
0.156
0.033
0.038
0.126

Weighted average: 0.708 ± 0.019 ± 0.053

Number of Correlated K~ per Lepton (equivalent to M{B->t+i>K-X)/BR(B->l+vX))

P(n P(K-)
1.4- 1.9
1.4- 1.9
1.4- 1.9
1.9-2.8
1.9 - 2.8
1.9 - 2.8

0.2 - 0.5
0.5 - 0.8
0.8-1.0
0.2 - 0.5
0.5 - 0.8
0.8 - i.O

e+K-

0.014 ± 0.014
0.014 ±
0.157

-0.031
0.064
0.042

±
±

0.015
0.044
0.045

±
±
±
±

± 0.079 ±

± 0.120 ±

0.027
0.029
0.125
0.037
0.070
0.097

O.007
0.023
0.123
0.021
0.082
0.233

±
±
±
±
±
±

0.016
0.016
0.049
0.037
0.073
0.106

±
±
±
±
±
±

0.027
0.032
0.110
0.036
0.075
0.150

0.011 ±0.012 ±0.027
0.018 ± 0.013 ±
0.142 ±
0.000 ±
0.074 ±
0.149 ±

0.030
0.034 ±0.118
0.030 ±
0.055 ±
0.080 ±

0.037
0.073
0.123

Weighted average: 0.034 ± 0.012 ± 0.040

Table 5.6: Number of K~ per lepton; for e+, /i+ and the for the weighted average of the two. The
uncorrelated multiplicities are calculated from the raw yields (yields before efficiency correction)
as measured through the fitting procedure described in the text. The correlated multiplicities are
calculated by subtracting the raw uncorrelated yields, estimated from the average uncorrelated
multiplicity, from the total raw yields in the different momentum intervals. The uncorrelated
multiplicities include the possibility of mixing of the 8°.

Number of Correlated K~ per Lepton (equivalent to M(B->t+i>K-X)/BR{B—l+vX))

1.4- 1.9
1.4-1.9
1.4- 1.9
1.9-2.8
1.9-2.8
1.9 - 2.8

0.2 - 0.5
0.5 - 0.8
0 .8- 1.0
0.2-0.5
0.5 - 0.8
0.8-1.0

0.048 ± 0.013 ± 0.033
0.047 ±0.014 ±0.031
0.204 ±0.044 ±0.142
0.015 ± 0.044 ± 0.026
0.141 ±0.078 ±0.074
0.097 ±0.120 ±0.096

0.040 ±0.015 ±0.030
0.056 ±0.015 ±0.035
0.170 ±0.048 ±0.124
0.068 ±0.036 ±0.032
0.160 ±0.072 ±0.082
0.287 ±0.106 ±0.166

0.044 ±0.011 ±0.031
0.051 ± 0.011 ± 0.033
0.189 ±0.033 ±0.134
0.047 ± 0.029 ± 0.029
0.151 ± 0.054 ± 0.078
0.204 ±0.080 ±0.132

Weighted average: 0.079 ± 0.011 ± 0.045

Table 5.7: Improved number of K per lepton (or semileptonic B rneson); for e+ , /i+ and the
for the weighted average of the two. These multiplicities are calculated by subtracting the raw
uncorrelated yields, estimated from the constrained average uncorrelated multiplicity, from the
total raw yields in the different momentum intervals.
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Figure 5.10: Angular distributions o! t+ K°s pairs after subtraction of continuum and fakes.
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Number of Uncorrelated K°

pin p(M)
1.4 - 1.9
1.4- 1.9
1.4 - 1.9
1.9 - 2.8
1.9 - 2.8
1.9-2.8

0.2 - 0.5
0.5 - 0.8
0.8-1.0
0.2-0.5
0.5 - 0.8
0.8-1.0

0.317
0.324
0.334
0.429
0.628
0.280

per Lepton (equivalent to M(£

e+R'?
±0.068
±0.046
±0.027
±0.088
± 0.082
±0.043

±

±
±
±
±

0.045
0.035
0.023
0.036
0.045
0.019

0.335 ±
0.293 ±
0.425 ±
0.452 ±
0.179 ±
0.398 ±

M+iv'§
0.060 ±
0.043 ±
0.031
0.087
0.047
0.045

±
±

>K°X))

0.034
0.037
0.028
0.038

± 0.025

± 0.026

0.327 ± 0.045
0.308 ± 0.0J1
0.373 ± 0.020
0.440 ± 0.062
0.289 ± 0.040
0.337 ± 0.031

± 0.038
± 0.036
± 0.025
± 0.037
± 0.027
± 0.023

Weighted average: 0.335 ± 0.020 ± 0.023

Number of Correlated K° per Lepton (equivalent to M(B-»/+t/K'gX)/BR(B—1+uX))

p(/+) p(K°s)

1.4- 1.9
1.4- 1.9
1.4- 1.9
1.9 - 2.8
1.9-2.8
1.9 - 2.8

0.2 - 0.5
0.5-0.8
0.8- 1.0
0.2-0.5
0.5-0.8
0.8- 1.0

0.143
0.174
0.184
0.299
0.358
0.194

e+K°
±0.041
±0.041
± 0.045
±0.145
± 0.077
±0.086

±
±
±
±
±
±

0.036
0.037
0.041
0.088
0.059
0.042

0.139±
0.169 ±
0.317 ±
0.196 ±
0.101 ±
0.244 ±

0.042 ±
0.042 ±
0.050 ±
0.125 ±
0.064 ±
0.079 ±

0.036
0.037
0.047
0.072
0.032
0.047

l+K°
0.142 ±0.032
0.171
0.242

± 0.033
± 0.037

± 0.036
± 0.037
± 0.044

0.239 ± 0.097 ± 0.078
0.204
0.221

± 0.051
± 0.060

± 0.042
± 0.045

Weighted average: 0.172 ± 0.025 ± 0.031

Table 5.8: Number of if? per lepton; for e+ , / i+ and the for the weighted average of the two. The
uncorrelated multiplicities are calculated from the raw yields (yields before efRciency correction)
as measured through the fitting procedure described in the text. The correlated multiplicities are
calculated by subtracting the raw uncorrelated yields, estimated from the average uncorrelated
multiplicity, from the total raw yields in the different momentum intervals. The uncorrelated
multiplicities include the possibility of mixing of the BD, though it does not make any difference
if BR(B-K°X) = BR(B-.K'?X).

Number of Correlated K°s per Lepton (equivalent to M(B-^+t/A'°A')/BR(B-./->-i/.Y))

pin pi*0*)
1.4- 1.9
1.4- 1.9
1.4- 1.9
1.9 - 2.8
1.9-2.8
1.9-2.8

0.2-0.5
0.5-0.8
0.8-1.0
0.2-0.5
0.5-0.8
0.8-1.0

0.155
0.186
0.199
0.319
0.369
0.206

e+K?

±0.037
±0.03'
±
±
±
±

0.040
0.142
0.076
0.083

±
±
±
±
±
±

0.031
0.030
0.033
0.085
0.058
0.038

0.152 ±
0.182 ±
0.332 ±
0.216 ±
0.112±
0.257 ±

0.038
0.038
0.044
0.121
0.062
0.077

±
±
±
±
±
±

0.030
0.031
0.041
0.066
0.028
0.043

0.154
0.184
0.258

±
±
±

0.259 ±
0.215
0.234

±
±

0.027
0.027
0.030
0.093
0.048
0.057

± 0.030
± 0.031
± 0.037
± 0.074
± 0.039
± 0.041

Weighted average: 0.196 ± 0.018 ± 0.023

Table 5.9: Improved number of K° per lepton (or semileptonk B meson); for e + , j i+ and the
for the weighted average of the two. These multiplicities are calculated by subtracting the raw
uncorrelated yields, estimated from the multiplicity measured in chapter 4, from the total raw
yields in the different momentum intervals.
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Original
numbers

Constrained
numbers

This measurement

M(B-K+X)

0.708 ± 0.019 ± 0.053

0.633 ± 0.013 ± 0.038

M(B-K--X)

0.215 ± 0.013 ± 0.037

0.181 ±0.011 ±0.041

[55]

M(B->K±X)

0.765 ±0.015 ±0.025

Table 5.10: Number of K± per B meson, from this measurement, and from an
inclusive not flavor tagged ARGUS measurement. The results are in agreement.
The constrained values are the improved multiplicities as described in the text.

Decay

B+/B° - 1+vK+X
B+/B°-*l+uK-X
BVB0->l+vK%X

Decay

B+/B" — K+X
B+/B° -»K-X
B+/B° -» K°,X

CLEO [46] This measurement

M(B->l+vKxX)

BR(B-r^X)
0.54 ± 0.07 ± 0.06
0.10 ±0.05 ±0.02
0.195 ± 0.03 ± 0.02

0.574 ± 0.020 ± 0.072
0.079 ±0.011 ±0.046
0.196 ± 0.018 ± 0.023

M ( B - i ^ X )

0.66 ± 0.05 ± 0.07
0.19 ± 0.05 ± 0.02

0.315 ± 0.03 ± 0.03

0.633 ± 0.013 ± 0.038
0.181 ± 0.011 ± 0.041
0.322 ± 0.005 ± 0.016

M(B-t+i>KxX)

0.066 ± 0.002 ± 0.009
0.009 ± 0.001 ± 0.005
0.023 ±0.002 ±0.003

Table 5.11: Mean kaon multiplicities in B meson decays, where / + repre-
sents e+ or n+ (not the sum of the two). The non semileptonic numbers in-
ciude production through mixing. When extracting the absolute semileptonic
mean multiplicities, we made use of the average semileptonic branching ratio
BR(B-»/+«/X) = 0.1155 ± 0.0055 from [66]. A comparison between results from
the ARGUS and CLEO measurements is also made here. The results are in good
agreement.

5.7 Disentangeling the Effects of Flavor Oscillations

The obtained uncorrelated multiplicities still include effects of mixing, which means that the
multiplicities of both K+ and K~ are mixtures of right- and wrong-charged kaon multiplicities.
Approximately one out of six neutral B mesons hnve the same flavor as the ether B meson in
the event due to flavor oscillations.

This means that if the flavor of the semileptonically decaying B meson can be tagged with the
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hf'.p of the charge of the lepton l+, i.e. one B meson is either a B + or a B°, then the other
B meson is either a B~ (=s 50%), or a neutral B meson decaying as a fl° ( « 42%) or as a B°
(« 8%). The latter combination occurs in events where the two neutral B mesons due to flavor
oscillations both decay as B°. Hence, the measured uncorrelated yields are linear combinations
of yields from different types of B mesons. More precise, and in charge conjugate states, the
number of kaons per B meson can be expressed as

(5.3)

u t n e ratio of the numbers of neutral and charged B mesons
produced, and
is the mixing parameter.

U(B-K\X) =

where

/o/(l - /o) =

X = >7(1 - r)

The subscript unmixed means that the decaying B° meson has the same B quantum number as
indicated in the notation. The lack of this subscript means that the branching ratio includes
B° mesons that originally had the indicated B quantum number, but due to flavor oscillations
decays with the opposite value of this quantum number. Expressed in matrix form the above
equations becomes

(5.4)M(B-K-X)

where

a, = /o • (1 - X) + (1 - / O K J T *

fo-X

0

fo-X

If one would know the ratios between M(B+-»K«X) and U(B°.mlM,t->KxX), it would be pos-
sible to extract the multiplicities for B + , B° and B°,miMmt separately from this measurement.
We assumed that our Monte Carlo reproduces these ratios correctly within a twenty percent
uncertainty, and calculated the separated mean multiplicities with this uncertainty as part of
the systematic error (table 5.12) through solving eq. 5.4. It might be argued that this procedure
is biased by the input from Monte Carlo, and indeed it is: Even though the values of these ratios
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Decay

B+ -W+i/K+X
B+ -*l+i>K-X
B+ _• <+j/K§X

BfilZir» '+«'K~X

Decay

B+ - K+X
B+ - K-X
B+ - K°,X
Bu - K+X
B° -»K-X
B° -> K%X

B.°.-u.r K+x

B°.miM,r K~X
B.°..u.r- *?X

M{Bx-*t+vKxX)
BR(B-./+i/X)

0.654 ± 0.023 ± 0.100
0.068 ±0.010 ±0.041
0.170 ±0.016 ±0.028
0.495 ±0.017 ±0.084
0.090 ± 0.013 ± 0.053
0.222 ± 0.020 ± 0.032

M(B^KXX)
0.748 ± 0.016 ± 0.050
0.143 ± 0.012 ± 0.048
0.290 ± 0.006 ± 0.035
0.518 ±0.011 ±0.069
0.219 ± 0.010 ± 0.042
0.353 ± 0.007 ± 0.036
0.589 ± 0.013 ± 0.083
0.148 ±0.012 ±0.051
0.353 ± 0.007 ± 0.036

M(BI->/+i'KxX)

0.076 ± 0.003 ± 0.012
0.008 ± 0.001 ± 0.005
0.020 ± 0.002 ± 0.003
0.057 ± 0.002 ± 0.010
0.010 ± 0.002 ± 0.006
0.026 ± 0.002 ± 0.004

Table 5.12: Mean kaon multiplicities in separated B meson decays, where l+

represents e+ or ^ + (not the sum of the two). When extracting the absolute
semileptonic multiplicities, we made use of the average semileptonic branching ratio
BR(B-»£+i/X) = 0.1155 ± 0.0055 from [66].

BR(B->

BR(B-*

B R ( B -

D°X)

D+X)

DtX)

0.522

0.272

0.108

±
±
±

0.089

0.072

0.034

[65]

[65]

[58]

[64]

K-

K°,

BR(DO-

0.609 ±

0.028 ±

0.228 ±

0.061

0.010

0.030

B R ( D -

0.271 ±

0.055 ±

0.306 ±

0.033

0.016

0.039

BRW

0.20

0.13

0.20

+ O.IS
- 0.14

±0.14

±0.14

Estimated
number of kaons

per B meson,
produced through

D meson»
(including mixing)

0.35 ± 0.06

0.10 ± 0.D3

0.22 ± 0.04

Total number
of kaons per

B meson;

measurem<..t

0.63 ± 0.04

0.18 ±0.04

0.32 ± 0.02

Table 5.13: Estimated number of kaons, produced through charmed mesons, per
B meson calculated from results in [65,58,64]. A large fraction of the kaons in our
measurement cannot be accounted for through decays of charmed mesons.
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to a large extent are determined by the spectator model, and by charge and isospin conservation,
one cannot exclude the influence of the shortcomes of the simulation, such as incorrect branching
ratios and a lack of production of higher excited charmed or strange states. Nevertheless, it is the
only reasonable method to reach the separate mean multiplicities from this measurement, and
should be considered acceptable as long as the estimated uncertainty of the method is included
in the systematic uncertainty of the result.

The results agTee well with what we expect from B meson decays. (Compare with table 3.4). One
must, however, realize that only approximately two thirds of the kaon yields can be accounted
for through different D meson decays. Hence, a large fraction of the kaons are produced through
decays that are not yet measured (table 5.13).

5.8 Compensating for Multiple Kaon Production

According to our defintion in section 3.4, the mean kaon multiplicities calculated were thus
transformed into inclusive branching ratios (table 5.14 and table 5.15) by compensating for the
multiple kaon production, which was estimated through the size of multiple Vaon production in
Monte Carlo, multiplied with the ratio between the sizes of the yields of incorrectly charged kaons
in data and Monte Carlo (eq. 5.5). The background for this procedure is the assumption that
the multiple kaon production is proportional to the number of wrong-flavored kaons produced,
which is completely true if we neglect kaons produced in Cabibbosuppressed W± decays. This
assumption will hold approximately true, as long as si production in vacuum and ei production
from W+ decays together is greater than the Cabibbo-suppressed production of «u from W~.
The branching ratios were thus calculated through

a M(B-K,X) -
M(B-K-X)UC

and analoguously for the semileptonic numbers.

- BR(B-KmX)MC) (5.5)

Decay

B+/B°->t+i>K+X
B+/B° - . 1+vK-X
B+/B° - l+uK°sX

Decay

B+/B° - K+X
B+/B° - KX
B+/B° - . K°X

BR(B-/+i/Jf,X)
BR(B-><+fX)

0.536 ± 0.021 ± 0.075
0.077 ±0.011 ±0.045
0.187 ±0.018 ±0.023

BR(B-.KmX)

0.557 ± 0.016 ± 0.050
0.160 ± 0.010 ± 0.038
0.283 ± 0.007 ± 0.020

BR(B-/+«/K1X)

0.062 ± 0.002 ± 0.009
0.009 ± 0.001 ± 0.005
0.022 ± 0.002 ± 0.003

Table 5.14: Branching ratios of B mesons, where / + represents e+ or /*+ (not the
sum of the two). The non semileptonic numbers include production through mixing.
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Decay

B+ -»l+vK+X
B+ - 1+uK-X
B+ - ^ K ? *

Decay
D+ L +̂ VÖ ~~* IV v\
D + IT— V
O —• A A

B + - K?X
DO _. L'+y

B° -> If-X

DO f~" Y

BR(B,-./+i.jr,X)
BR(B^+^X)

0.609 ±0.024 ±0.103
0.066 ± 0.009 ± 0.040
0.160 ±0.016 ±0.028
0.464 ±0.018 ±0.086
0.088 ± 0.013 ± 0.052
0.214 ±0.020 ±0.033

BR(Bx^JfxX)

0.662 ± 0.020 ± 0.098
0.120 ±0.011 ±0.052
0.257 ± 0.006 ± 0.038
0.453 ±0.012 ±0.073
0.200 ± 0.009 ± 0.036
0.309 ± 0.008 ± 0.039
0.512 ±0.015 ±0.092
0.141 ±0.012 ±0.048
0.309 ± 0.008 ± 0.039

BR{Bx-^l+uKxX)

0.070 ± 0.003 ± 0.012
0.008 ± 0.001 ± 0.005
0.018 ± 0.002 ± 0.003
0.054 ± 0.002 ± 0.010
0.010 ± 0.002 ± 0.006
0.025 ± 0.002 ± 0.004

Table 5.15: Branching ratios of separated B mesons, where 1+ represents e+

or fi+ (not the sum of the two). When extracting the absolute semilepto-
nic branching ratios, we made use of the average setnileptonic branching ratio
BR(B-»*+i/X) = 0.1155 ± 0.0055 from [66].

5.9 Charmless Decays

Using the inclusive kaon yields from the lepton-kaon correlation studies, an estimate of the
amount of charmless decays was made. For this study only correlated pairs including a lepton
with momentum greater than 1.9 GeV/c were used. The reason for this is that 6—>u transitions
are expected to produce faster leptons than 6-»c (fig. 3.6), so the sensitivity for measuring b->u
transitions is much higher using only very fast leptons. The exclusion of uncorrelated pairs also
made the uncertainties of the calculations smaller since we did not have to compensate for the
mixing of neutral B mesons.

The number of nonbaryonic principal kaons as defined in section 3.3.3 was approximated to be
equal to the kaonic excess o[ »• over .»-quarks per B+/B0 meson which was calculated through

(5.6)

where fl# means the estimated number of kaons per semileptonk B meson decay. The third
term estimates the excess of K° over K° per B+/B0 meson. Assuming that our Monte Carlo
well describes the size of the baryonic fraction in B meson decays and the size of the fraction in
D meson decays that contain no kaons, the Monte Carlo will also well describe the number of
principal kaons per B meson for b—>c decays. For b—>u decays, the number of principal kaons is
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zero, since »• and a-quarks here are produced at approximately equal rates. Assuming that data
is a linear combination of the b—>c and b—>u decays, thus neglecting b->a decays, the problem
of estimating IY^e/IV-tajf is reduced to finding the ratio between the number of principal kaons
per B meson as defined by equation 5.6 in data and in Monte Carlo based on 100% b—»c. For a
derivation of equations 5.7 and 5.8, see Appendix A.

(5.7)

However, the momentum spectrum of leptons produced in b-»c decays is softer than that of
leptons from 6-»u decays, and our event selection was biased through the requirement of only
fast leptons. Hence, this ratio does not properly describe Tb-,c/Tk—u- It has to be compensated
for the enhancement of pairs from 6-*u decays in the fastest lepton momentum interval before
it becomes a good estimate. This correction was made with eq. 5.8.

(5.8)

+ 1

where F£}1) ( f^+j ) is the relative fraction of the 6-»c (6—m) lepton momentum distribution
above 1.9 GeV/c, or in other words, the probability that a lepton produced in a semileptonic
b—c (b-*u) transition has a momentum greater than 1.9 GeV/c. For this we need to know the
shapes of the momentum distributions of leptons from semileptonic 6—»u and b—>c decays. For
b-tc decays, this distribution is fairly well investigated [45,47,49], but for 6-»u decays it is a little
more problematic: No measurement has been made, and theory predicts quite different shapes
depending on which model is assumed (fig. 3.6), aud other parameters such as formfactors, ratio
between number of vector mesons and pseudoscalar mesons produced, and on the polarization
of the produced vector mesons. For a more thorough study, see [56]. To obtain a number for
F^?y we used the model by Wirbel, Bauer and Stech [22], and assumed equal production of
vector mesons and pseudoscalars. As an estimate of the fairly large uncertainty in this number,
we used the difference in predictions of three different models: The model used, and the models
by Körner and Schuler [24] and by Grinstein, Isgur, Scora and Wise [25].

= - ^ - - 0.974 ± 0.025 ± 0.044 => n | o + 006 + 0.08
- "-I*-0.08 -0.14 (5.9)

Our result (eq. 5.9) is in good agreement with what one could expect if B mesons decay almost
exclusively through the transition b—e. The calculated value for IV^/Vy is in agreement with
earlier measurements [61]. The errors • re however so large, that it is not possible to exclude the
possibility of V^ = 0 from this measurement.
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5.10 Systematic Uncertainties

Uncertainties in the subtraction of continuum, fake leptons and fake kaons contribute to the
systematic uncertainties of all kaon yields. They have all been examined and found to be
small. When fitting the assumed angular distributions to data, other larger uncertainties were
found: The theoretical shapes of the angular distributions of correlated pairs with slow kaons
are very model dependent, whereas the distributions of pairs with faster kaons seem to be easier
to describe. We generated two sets of Monte Carlo data, one through the Lund model by
Sjöstrand [21] and one through the model by Wirbel, Bauer and Stech [22], and compared the
results. The latter of the two, which better described the shapes of the angular distributions
found in the data, was used for the calculations, and the difference between the two was used
as a measure of the modelling uncertainty, included in the systematic uncertainty.

As described in section 5.5, correlated pairs of secondary leptons and kaons with opposite charge
partially wash out the effect we try to measure, since lepton-kaon pairs from semileptonic D me-
son decays are peaked at 0°. This effect naturally adds to the uncertainty of the result of the fit.
To account for this, we included an uncertainty of 100% of the estimated correlated contribution
from non primary leptons in the systematic uncertainty of the fitting procedure. The size of the
correlated non primary contribution was estimated through Monte Carlo studies.

After the fitting procedure, the numbers of kaons per lepton were divided by the effective effi-
ciency as determined from Mcnte Carlo (sec. 5.6). In doing this, the numbers are automatically
corrected for the estimated influence of contributions from pairs with non primary leptons in
the correlated and uncorrelated yields. Because of this, we had to include an uncertainty for not
knowing exactly how large these cor'ributions are. We thus included a systematic uncertainty
of 50% '" the estimated contributions of correlated and uncorrelated pairs with non primary
leptons to the correlated and uncorrelated yields, respectively. The sizes of the non primary
contributions were estimated through Monte Carlo studies.

Uncertainties in the kaon efficiency, in the mixing constant, in the ratio between B + and B°
in T(4S) decays, in the fraction of the momentum spectrum of leptons from charmless decays
in each momentum interval, and in the knowledge about the ratios between M(B+—>K%X) and
M(B°tmiMti->KxX) were also taken into consideration. All uncertainties examined were included
in the presented systematic uncertainties.
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*—D -Kaon Correlations in B Meson
Decays

Just as in the lepton-kaon correlation study, the data sample used for these studies was collected
with the ARGUS detector at the DORIS II storage ring on the T(4S) resonance and in the
nearby continuum. It corresponds to an integrated luminosity of 254.3 pb"1 on the resonance,
including scans over the resonance, and 92.1 pb"1 in the nearby continuum. Instead of using a
fast, primary lepton to tag the flavor of the B meson, we now used a reconstructed D'~ which
also tags the flavor of its parent fairly well. A description of the method can be found in section
3.3.4. The inclusion of scans in the analysis is no problem since we measure the kaon yields per
D meson, and thus make no use of the luminosity or the cross-section of T(4S) for calculating
the number of B mesons.

6.1 Event and Particle Selection Criteria

The event selection was in this analysis fairly simple: We selected events requiring five or more
charged tracks originating in the interaction region. We further rejected events containing trades
with a momentum higher than 3.0 GeV/c.

We (elected kaons in the same way as in section 5.3, and D'~ through the decay chain

D - - D°x-

and demanded the D° candidate to be within 80 MeV/c2 from the nominal mass, and to have a
X2 for B° mass hypothesis less than 16. When calculating the D*~ invariant mass we constrained
the mass of the D° candidate to equal the nominal mass of the D°. We further required the
D" candidate to have a relative momentum xp defined as

lP' where p.M = y/(Em/2)* - M.'.„,.., (6.1)

less than 0.5, which approximately equals the upper kinematical limit for particles from B meson
decays. To prevent multiple counting, we accepted only one candidate in the cases where several
candidates could be formed from the same physical tracks, e.g. cases where the two pions in the
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Figure 6.1: Invariant mass distribution of D' + candidates. The z-axis shows the
difference between the D*+ candidate mass and the D'+ nominal mass.

decay chain are exchanged and a second D'~ candidate is formed, or the K+*~ forming the
5 ° is mistaken for a *+K~ combination and a D° candidate is formed. The candidate with
the highest total probability of correct particle identification was then chosen. These selection
criteria produce a clean signal of 527 ± 52 D*~ (fig. 6.1) on a low background. A low background
is important, if the sample is to be used for tagging puroses, since the sideband subtraction
otherwise would introduce large uncertainties. Other decay channels could in principle also be
used, such as

D- - D° x -

I— K°SK+K-

but they are all problematic to use, since they either suffer from poor statistics, or a large
combinatorial background.

6.2 Angular Distributions

Angular distributions were generated from Monte Carlo and through event mixing, and were
parameterized in the same way as in section 5.4, but with the lepton exchanged with a D".

Angular distributions of D'" If-pairs from T(45) data were made, and fitted with the distribu-
tions obtained from Monte Carlo. Contributions from continuum and combinatorial background
were then subtracted. This subtraction was somewhat problematic since the statistics of contin-
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Figure 6.2: Normalized momentum distribution of reconstructed D*+ in data. The
dotted line is the Monte Carlo prediction. The enhancement in the Monte Carlo
distribution at p as 1.6 GeV/c is due to the two-body decays B°-*D'-D*+ and

°
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Figure 6.3: Angular distributions of D''K pairs.

uum data after the event selection is very poor, and the analysis is sensitive to this subtraction.
(The distribution of pairs from continuum is also peaked at 180°.) Therefore a Monte Carlo
study was made to find the angular distribution of the continuum. A normalized parametriza-
tion of this distribution was made, and then scaled with the number of pairs found in continuum
data and with the luminosity and energy factors. The angular distribution of the sidebands of
the D" was fitted separately. The obtained numbers were thereafter subtracted from those
from the fit of T(4S) data.

6.3 Multiplicities

The numbers obtained after dividing the raw yields by the effective efficiency are tabulated in
table 6.1. The uncorrelated kaon multiplicities are in agreement with the previously measured
inclusive kaon multiplicities from H° (table 5.12), which is natural if one assumes that B', i.e. the
mixture of B meson parents that we have tagged with the D'~ meson, approximately equals
100% B°. To convert these numbers into separated multiplicities is not meaningful since the
errors would become very large due to the uncertainty in the assumptions made about the



6.3. MULTIPLICITIES 89

Correlated yield

Decay

B'ZD-'^X

M ( B ' - D - K X X )
M ( B ' - D - X )

0.09 ± 0.06 ± 0.01
0.12 ± 0.13 ± 0.02
0.00 ± 0.11 ± 0.01

Uncorrelated yield

Decay

B' - f f+X

B'-K?X

M(B'-tfxX)

0.45 ± 0.09 ± 0.02
0.33 ± 0.08 ± 0.03
0.35 ±0.11 ±0.03

Table 6.1: Number of kaons per D'~ or B' meson, where B' is the mixture of
B mesons corresponding to the parents of D'~. Assuming the spectator model, the
correlated yields approximately equal the branching ratios for the virtual W+. If
B' « 100% B°, the uncorrelated numbers should show some similarities with those
of B° in the previous analysis (table 5.12), and indeed they do. However, the errors
are much too large for any further conclusions.

relative proportions of the different possible parent types, B°, B + , B° and B~. The errors will
also increase when trying to disentangle the effects of mixing.

The poor statistics and the lack of knowledge of the fraction of the "wrong-flavored" parents
cause errors in this analysis. We tried to decrease the errors of the correlated yields, by remaking
the fit of the angular distribution, holding the uncorrelated component fixed. For this we
used M(B-»K.X) from table 5.12 and assumed that the Monte Carlo correctly describes the
relative proportions of the parent types (table 3.5). From this information we calculated the
raw uncorrelated yield, and held it fixed in the fitting procedure. This procedure did not
significantly change the values of the correlated multiplicities. The statistical uncertainties
decreased slightly, but since new systematic uncertainties were introduced, the total uncertainty
remained approximately the same, so unfortunately nothing was gained.

The correlated yields involving charged kaons indicate that there possibly is a considerable
production of K* from the virtual W+ boson, which could be explained by a production of
D+ in combination with a D". This is in agreement with other measurements [58,62,66]. The
numbers are also in agreement with, though slightly larger than, the differences between the
total yields from unmixed B mesons and the corresponding semileptonic yields measured in the
previous lepton-kaon correlation study (table 5.12). These differences should be approximately
the same as the correlated yields above, assuming that

where t represents unknown kaon sources and the small number of kaons from the color-supressed
internal conversion decays (*> in fig. 3.4, and group / / / in table 3.4).
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BR(D+ - < f r r + )
BR(D+-

BR(D+-

BR(B-H

-K+X)

-K-X)

•D+X) (2.92 ± 0.50) • 10~3

0.20lg;J| ± 0.04

0.13+°}* ± 0.02

[58]

[64]

[64]

BR(B-D+X)
K

Number of -,_ pet B meson
A

produced through D +

(1.4 ± 0.7 ± 0.4) % [62]

(2.7 ± 0.7 ) % [66]

(6.3 t U ± 1.0) % [64]

(21 ± 13) % [62+58]

(11 ± 3)% [66+58]

(4.6 t I*) % [64+58]

(0.042 t

(0.027 +

(0.022 1

(0.014 +

(0.009 +

(0.006 t

0.046 \
0.038 J
0.034 \
0.030/
0.031 \

0.016\
0.014'
0.010 \
0.008/
O.O0T\
0.007/

[62+58+64]

[66+58+64]

[58+64]

Table 6.2: Estimated number of K± per B meson produced through the decay of
D + . The number of D+ per B meson as measured by [58] is very sensitive to the
value of BR(D+-»^r+) used. Since several opinions exists about the size of this
number, the inclusive production of D + in B meson decays is still not known with
any greater precision. At any rate, the measured large nonstrange width in D +

meson decays [64,63] makes this meson a fairly small source of charged kaons in
B meson decays.

However, the production of D+ is not large enough to explain a production of the order of 0.1
charged kaon of each charge per virtual W+, which is what we perhaps see here: The number of
D + per B meson is estimated to be approximately 0.11, (using the information of Particle Data
Group in table 6.2) and the number of K+ per D+ is measured by the MARK III collaboration
to be as low as 0.20+JJ" ± 0.04 [64]. The number of K" per D+ is by the same collaboration
measured to be even lower: 0.13+°;JJ ± 0.02. (A very large nonstrange width of the D+ is also
supported by a previous ARGUS measurement [63] where the strangeless decay B R ( D + - » T ; ' T + )
wa» measured to be two and a half times that of BR(D+-»<^ir+).) These numbers suggest that
only approximately 0.01 - 0.04 charged kaons, of each charge, are produced per B meson through
the production of D+ (table 6.2).

A possible interpretation of the large correlated kaon production could be that a considerable
amount of kaons are produced direct in the fragmentation of the quark pair created by the
virtual W+ boson. It could however also be an indication that the fraction of D*~ produced by
"wrong-flavored" parents is larger than expected. In any case, the errors are big and a larger
statistical sample is needed for any conclusions.
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Correlations Between Leptons and
Some Vector Mesons

Just as in the chapter 5, the data sample used for these studies was collected with the ARGUS
detector at the DORIS II storage ring on the T(4S) resonance and in the nearby continuum.
It corresponds to an integrated luminosity of 254.3 pb"1 on the resonance, including scans over
the resonance, and 92.1 pb"1 in the nearby continuum. We used a fast, primary lepton to tag
the flavor of the semileptonically decaying B meson, in order to separate the hadronic yields
into yields coming from differently flavored B mesons. A description of the method can be
found in section 3.3.3. The inclusion of scans in the analysis is no problem since we measure
the hadronic yields per lepton, and thus make no use of the luminosity or the cross-section of
T(4S) for calculating the number of B mesons.

In this analysis, however, the lepton-hadron angular distributions cannot directly be studied,
since the study of short-lived particles that decay close to the interaction point, and thus must
be reconstructed from several tracks, suffers from large combinatorial backgrounds. Instead, the
invariant mass spectra of the selected particle systems as a function of the angle between the
lepton and this system was studied. More specifically, the invariant mass spectra of the particle
candidate systems were studied in two angular ranges; parallel (cos[/+, X] > 0) to the lepton, and
antiparallel (cos[/+, X] < 0) to the lepton, respectively. The invariant mass spectra were plotted
and the number of particles in each range was measured through a fitting procedure. These
two numbers were then in very much the same way as in the previous analysis compared to the
expected angular distribution for correlated and uncorrelated lepton-hadron combinations. The
parallel and antiparallel numbers were thus converted into correlated and uncorrelated numbers.

7.1 Event and Particle Selection Criteria

The event- and lepton selection was made in the same way and with the same requirements as
in chapter 5.

Candidates for neutral vector kaoni, X"°(892), were selected as K+x~ combinations, where the
kaon and the pion were required to have likelyhoods (eq. 2.5) greater than 0.05. The kaon was
further required to have a momentum greater than 0.2 GeV/c. To prevent multiple counting,
we accepted only one candidate in the cases where several candidates could be formed from
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the same physical tracks, i.e. cases where the K+r~ forming the A'*0 is mistaken for a x+K~
combination and a K'° candidate is formed. The candidate with the highest total probability
of correct particle identification was then chosen.

Candidates for charged vector kaons. K*+(892), were selected as K?x+ combinations. The pion
was required to have a lik-.-lyhood greater than 0.05. Just as in the previous analyses, the K°
was selected from a well resolved secondary vertex of two oppositely charged pion candidates. It
was required to have a momentum greater than 0.2 GeV/c, an invariant mass within 30 MeV/c3

from the nominal mass, a \2 of the fit of the tracks to the secondary vertex less than or equal to
9.0, and a cosine of the angle between the measured momentum vector of the K° candidate and
its flight direction (defined as the vector between the main and the secondary vertices) to be
greater than 0.9. We also demanded the K° candidate not to simultaneously be a A0 candidate
within 75 MeV/c3 from the nominal A0 mass.

The kaon-pion candidate systems were further required to have a relative energy z, defined as

l where E ^ ^ ( ,1 }

greater than 0.2 (for charged vector kaons 0.225). The motivation for this cut is that the
combinatorial background below this limit is very large. Further, the shape in the invariant
mass spectrum of the background below this limit would also cause problems in the fitting
procedure since it is peaked at approximately the same mass as the K*.

Pairs of oppositely charged kaon candidates were selected as <£(1020) meson candidates. The
kaon candidates were required to have a likelyhood exceeding 0.01.

All particle systems studied were also required to have a relative momentum xp, defined in
equation 6.1, less than 0.5, which approximately equals the upper kinematical limit of daughter
particles from B mesons.

7.2 Background Shapes in the Invariant Mass Spectra

The backgrounds in the invariant mass spectra of kaon-pion candidates needed separate studies
since they are all but simple in the intresting mass range. This was necessairy especially in the
case of the neutral K'° where reflections' from p°, <j> and K° is a large problem. Also feeddowns'
of pairs of oppositely charged pions from the v meson or from the D mesons cause problems.

The invariant mass distributions of kaon-pion candidate pairs where both particles are coming
from one B meson, but not from the same K'°, p°, 4> or K?, were parametrized through Monte
Carlo studies (fig. 7.1). These distributions have their maxima slightly above the mass of the
K'. The enhancement at this invariant mass is not as pronounced as in tne distributions froi .
pairs with an energy too small to pass the previously mentioned cut in relative energy (eq. 7.1),

'Reflection: Enhancement in the invariant malt spectrum, due to the misidentincati »n of one or several
p«rtide». Tbe (elected ayttem u identical to a certain particle, but one or several of the tricks hat the wrong
mat* assigned.

'Feeddown: Also enhancement in the invariant ma» ipectrum. The selected system is identical to a subsys-
tem of the decay products of a certain particle, and due to the momentum distributions of these, the subsystems
are likely to populate a certain region of the invariant mass spectrum.
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Figure 7.2: Backgrounds, of particles originating from different B mesons, in the
Kr candidate invariant mass spectra. These distributions are modelled through the
event mixing procedure described in the text. Top, the K+x~ candidate combina-
tions; bottom, the K^x+ candidate combinations; left, the combinations antiparallel
to the lepton, and right, those that are parallel.
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Figure 7.3: Backgrounds, of particles originating from the same pseudoscalar D me-
son, in the KV candidate invariant mass spectra. With background we mean pairs of
particles that are not identical to the decay products of K'+, K'°, p°, ^ or if?. Left,
the K+r~ candidate combinations; and right, the K°x+ candidate combinations.
Note that the enhancement that can be seen at low invariant masses in the K + r "
spectrum in figure 7.1 cannot be seen when only selecting particles from the same
D meson.

though. Further, the neutral system distributions have an enhancement at lower mass values,
that can be seen in the antiparallel distributions of kaon-pion pairs both from real data and in
Monte Carlo. This enhancement does not exist in Monte Carlo when only selecting pairs coming
from pseudoscalar charmed mesons (fig. 7.3). A possible interpretation is that the enhancement
is caused by oppositely charged particles where one is a slow pion from a decaying D'+, and the
second is an other pion, or a kaon, from the consequtive D meson decay.

The invariant mass distributions of kaon-pion candidate pairs coming from different B mesons
were also parametrized, but not through Monte Carlo studies, but instead through event mixing
(see sec. 5.4) of real events from data. These distributions also have their maxima slightly above
the n u n of the K' (fig. 7.2).

7.3 Reflections in the K+n~ Invariant Mass Spectrum

The reflections were treated as a separate type of background. The shape of each reflection in
the K + T ~ candidate invariant mass spectrum was parametrized through Monte Carlo studies
(fig. 7.4). The sizes of the three reflections were measured in data by looking at the ir+ir~
invariant mass spectrum (for the 4> meson, the K+K~ invariant mass spectrum) for track pairs
that pass the requirements for K'° candidates.

This way it is fairly easy to determine the numbers of reflected <f> and K§, since these particles
are narrow and well defined. The number of reflected p° is, due to its natural width, slightly
harder to determine accurately, unless a more thorough study of reflections and background in
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Figure 7.4: Reflections in the K + T candidate invariant mass spectrum from K$, <j>
and p° respectively, as modelled by Monte Carlo. The integrals of the distributions
are all normalized to unity.

the x + x~ invariant mass spectrum is made. It turns out that such a study is not motivated
since the final systematic uncertainty is dominated by other large uncertainties, such as the
uncertainty of the shape of the background not coming from reflections. So, instead of doing
this, we assumed a large systematic uncertainty, 50%, on the number of p° in the K'° invariant
mass spectrum. In the fitting procedure of the K*° we then used the knowledge about the sizes
and shapes of the reflections.

The amount of self-reflections (candidates were the kaon is identified as a pion, and vice versa)
was also investigated, and found to be negligible.

7.4 Modelling Angular Distributions and Efficiencies

The angular distribution of correlated lepton-K* pairs in Monte Carlo was studied, and the
relative numbers of K* parallel and antiparallel to the lepton were determined. These numbers
were later used in transforming the angular distribution in data to correlated and uncorrelated
numbers. The uncorrelated distributions were assumed to be isotropic. The reconstruction
efficiencies for K'°, K'+, and <j> and the effect of the event and particle selection criteria on
the efficiencies were also estimated through Monte Carlo studies. This was done separately for
particles correlated and uncorrelated with the lepton.

7.5 Angular and Invariant Mass Distributions in the Data

The l+K*°, 1+K*°, l+K'+ and f.+K— candidate combinations in events passing the event
selection requirements of section 5.1 were then studied. The invariant mass spectra for the K'-
candidate in the four particle combination types and two angular ranges were histogrammed and
fitted with a function describing a relativistic Breit-Wigner resonance (/ = 1) [44] on the above
described background (figs. 7.5 and 7.6). The sizes of the reflections were held fixed during the
fit, whereat the other background was allowed to vary. The number of K * found in the different
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plots was found to be very sensitive to the parametrization of the background. Hence, we made
the fits with two different background functions:

fBi = *P...(Aif.m + A2f....) (7.2)

/flj = *p... • {Aif.m + Atf.... + A3) (7.3)

where
if.: — VMK* - Afjf - Mw

is a factor modelling the phase-space. •,,.,. • /,.„ is the parametrization of correlated (from the
same B meson) kaon-pion candidate pairs, not consistent with i K ' , p°, $ or K$, as found
through Monte Carlo studies, and ip.,. • /.»«. is the parametrization of uncorrelated (from dif-
ferent B mesons) kaon-pion candidate pairs as found through event mixing studies. Ai are free
parameters in the fitting procedure. The former background is physically more motivated, and
was the one that was used. The latter, having one more degree of freedom, however gives a nicer
looking fit, and a lower x2 value. The difference between the two methods was used as a measure
of the systematic uncertainty the fitting procedure. Fits were also made to the corresponding
invariant mass spectra from continuum, and from T(45)-events containing a fast hadron.

Estimated contributions from continuum and pairs with misidentified leptons were thereafter
subtracted from T(45) data. The obtained numbers for the parallel and antiparallel yields were
converted into correlated (semileptonic) and uncorrelated yields, with the help of the angular
distributions from the Monte Carlo studies (tables 7.1 and 7.2).

The raw yields of /+K*° were estimated in a slightly different manner: The correlated yield of
such pain is assumed to be small or nonexistent, since the possible production mechanisms all
have very small probabilities. The angular distribution of l+~R*° in data being almost flat also
supports this assumption. Hence, we subtracted the estimated contribution from correlated non
primary pairs, and assumed the rest to be uncorrelated pairs.

The number of vector kaons per B+/B° meson was then found dividing these raw yields with
the effective efficiency, determined as in section 5.6 through Monte Carlo. The multiplicities
thus obtained are also tabulated in tables 7.1 and 7.2. The uncertainties, especially the ones for
IT*1, are fairly large.

The measured multiplicities can be compared to and constrained to an inclusive, non flavor
tagged measurement also made by the ARGUS collaboration [57], see table 7.3. The uncorrelated
multiplicities will just as in section 5.6 be improved by the input of this, but the correlated
multiplicities cannot as easily be improved: In section 5.6 the correlated multiplicities were
improved by using the fact that the sum of the raw correlated yield and the raw uncorrelated
yield had much smaller uncertainties than the two had individually. Hence, the raw uncorrelated
yield from the constraint could be subtracted from the total yield, and an unproved value for
the correlated yield could be obtained. For vector kaons, this is not the case, due to the poor
statistics and the problems when fitting the invnriant mass spectra. Calculating new correlated
multiplicities with the help of the constrained uncorrelated multiplicities will only increase the
uncertainties of of the result.
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Figure 7.5: Invariant mass distribution of K+ir~ candidates with the fitted K'°
signal. Above, l+Jif^-candidate combinations, and below, /+jf*°-candidate combi-
nations. To the left, candidates that are antiparallel to the lepton and to the right
those that are parallel. The estimated contributions from fake leptons (dark bot-
tom layer) and continuum are shown as hatched areas in each plot. The reflections,
mainly from the p° meson, are also shown.
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On T(4S) resonance
Continuum contribution
Fake leptons

T(4S)

Raw yield

Raw yield, total

Raw yield

Multiplicity per B meson

Number of t

763
-39
-67

657

0.0350

0.0301

0.112

+K*° combinations

Antiparallel

± 95
± 65
± 4

± 115

± 0.0061
-H

 
-H

 
-H

±
±

110
4

24

113

0.0060

342
-158
-29

155

0.0083

in

±
±
±
±
±

data sample

Parallel

68
48

3

83

0.0044

0.0454 ± 0.0076 ± 0.0056

Correlated

± 0.0085

± 0.032

±
±

0.0068

0.026

0.0132

0.042

-H
 -H

 
-H

±
±

Uncorrelated

±
±

0.0100

0.032

±
±

18
16
11

26

0.0011

0.0026

0.009

On T(4S) resonance
Continuum contribution
Fake leptons

T(4S)

Raw yield

Raw yield, total
Corr. primary raw yield
Corr. non primary raw yield
Uncorrelated raw yield

Raw yield

Multiplicity per B meson

Number of l+K'° combinations in data sample
Antiparallel

551 ± 81 ± 38
-37 ± 59 ± 4
-68 ± 4 ± 25

446 ± 100 ± 45

0.0238 ± 0.0053 ± 0.0024

Parallel

578 ± 72 ± 48
- 0 ± 20 ± 0

-47 ± 3 ± 17

531 ± 91 ± 51

0.0283 ± 0.0049 ± 0.0027

0.0559 ± 0.0074 ± 0.0026
0.0000 ± 0.0000 ± 0.0028
0.0012 ± 0.0000 ± 0.0006
0.0547 ± 0.0074 ± 0.0039

Correlated

-

-

Uncorrelated

0.0547 ± 0.0074 ± 0.0027

0.163 ± 0.022 ± 0.016

Table 7.1: Number of 1+K'° and l+K'° combinations in the data sample. The
numbers for continuum contribution and fake leptons are estimates based on the
number of I*K' pairs found in data collected in continuum below the T(4S) reso-
nance, and the number of hadron-K* pairs found in T(4S) events, respectively. The
total number per lepton is obtained through a separate fit of the invariant mass
spectrum of combinations from both hemispheres. It is thus not necessarily the sum
of the results from the two other fits.
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1.2 14
-) [G«V/c»)

co»(l*.K*-)>°

20 0

0.0

Figure 7.6: Invariant ma» distribution of K ° T + candidates with the fitted K*+
signal. Above, /+K*+-candidate combinations, and below, /+Ä'*"-candidate combi-
nations. To the left, candidates that are antiparallel to the lepton and to the right
those that are parallel. The estimated contributions from fake leptons (dark bottom
layer) and continuum are shown <u hatched areas in each plot.
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On T(4S) resonance
Continuum contribution
Fake leptons

T(4S)

Raw yield

Raw yield, total

Raw yield

Multiplicity per B meson

Number of 1+K'+ combinations

140
-12
- 2

126

0.0067

0.0067

0.184

Antiparallel

±
±
±
±
±

31
16
2

35

0.0019

±
±
±
±
±

41
3
1

41

0.0022

9
- 1 3

- 0

0

0.0000

in

±
±
±
±
±

data sample
Parallel

20
12

1

23

0.0012

0.0058 ± 0.0023 ± 0.0024

Correlated

±
±

0.0024

0.066

±
±

0.0024

0.070

0.0000

0.000

-H
 -H

 -H

±
±

Uncorrelated

±
±

0.0026

0.057

±
±

11
3
0

11

0.0006

0.0013

0.028

On T(45) resonance
Continuum contribution
Fake leptons

T(4S)

Raw yield

Raw yield, total

Raw yield

Multiplicity per B meson

Number of 1+K'~ combinations

102
-11

- 0

91

0.0048

0.0019

0.039

Antiparallel

41 41 41

±
±

34 ±
17 ±
2 ±

38 ±

0.0020 ±

58
3
0

58

0.0031

67
- 3
- 0

64

0.0034

0.0070 ± 0.0026 ± 0.(

Correlated

±
±

0.0033 ±

0.068 ±

0.0052

0.108

0.0064

0.128

in

41 41 41

±
±

data sample
Parallel

25
15
2

29

0.0016

)036

41 41 41

±
±

Unconelated

±
±

0.0041

0.082

±
±

17
1
0

17

C.0009

0.0031

0.065

Table 7.2: Number of l+K'+ and 1+K*~ combinations in the data sample. The
numbers for continuum contribution and fake leptons are estimates based on the
number of 1XK* pairs found in data collected in continuum below the T(45) reso-
nance, and the number of hadron-K' pairs found in T(4S) events, respectively. The
total number per lepton is obtained through a separate fit of the invariant mass
spectrum of combinations from both hemispheres. It is thus not necessarily the sum
of the results from the two other fits.
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The obtained uncorrelated multiplicities of "wrong-charged" kaons, M(B-»K**°X) and
M(B-»K*"X), are both in very good agreement with

?*°A:) = M(B+-tf*°X) = 0
K-X) = M(B+-K-X) = 0

which, due to flavor oscillations in the neutral B system, is consistent with small, but non-zero
multiplicities M(B—JC'°X) and M(B-*K'~X). The uncertainties are however fairly large, so
there may still be contributions of truly wrong-flavored vector kaons.

Original
numbers

Constrained
numbers

Original
numbers

Constrained
numbers

This measurement

M(B-K*°X)

0.163 ±0.022 ±0.016

0.143 ± 0.019 ± 0.012

M(B-K">+X)

0.128 ± 0.082 ± 0.065

0.169 ± 0.05. ± 0.036

M(B-JC*°X)

0.042 ± 0.032 ± 0.009

0.014 ± 0.021 ± 0.011

M(B-»K-X)

0.000 ± 0.057 ± 0.028

0.015 ±0.049 ±0.027

[57]

M(B-»K*°/K*°X)

0.146 ±0.016 ±0.012

MiB—K^X)

0.197 ±0.052 ±0.031

Table 7.3: Number of K' per B meson, from this measurement, and from an in-
clusive not flavor tagged ARGUS measurement. The results are in agreement. The
constrained values are the improved multiplicities as described in the text.

7.6 Yield of 4(1020)

The <p meson analysis was made in a slightly different way. Instead of looking at the angular
distribution between leptons and 4> candidates, a comparison was made between the number of 4>
mesons per B meson in the entire data sample and the number of # mesons in ev»r.t* containing
a fast lepton, disregarding the charge of the lepton. Essentially, this is what we already have
done with K°. To be able to draw acy conclusion from such a comparison, it is necessairy that
the production rate of the daughter particle is independent of the flavor of the parent, which is
the case for K°, and <fi, but not for K+ , K#+ or K*°.

Hence, the invariant mass spectra of all K+K~ candidate combinations in events passing the
event selection criteria of section 4.1 was plotted. The same was done with candidates from
events containing a fast lepton, and passing the event selection critera of section 5.1 (fig. 7.7).
The two invariant mass spectra were fitted with a function describing a Breit-Wigner resonance
convoluted with a Gaussian describing the influence of the detector resolution, on a background
shaped by phase-space. Fits were also made to the corresponding invariant mass spectra from
continuum, and from T(45)-events containing a fast hadron.
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Figure 7.7: Invariant mass distribution o* K+K~ with the fitted <t> signal. To the left,
the candidates in the entire data sample, and to the right those in events containing
a fast lepton. The estimated contributions from fake leptons (thin bottom layer in
right plot only) and continuum are shown as hatched areas in each plot.

The estimated contributions from continuum and from pairs with misidentified leptons were
thereafter subtracted from T(45) data. The obtained multiplicity from the measurement where
no lepton was demanded corresponds to an "uncorrelated" multilidty. This number was used to
convert the raw yield in the leptonic events into a correlated (semileptonic) multiplicity (table
7.5). The semileptonic multiplicity thus found is slightly larger than, but still consistent with
what is expected from the previously measured [60] decay D°->TC°4>.

Decay

B+/B°-+l+uK*+X
B+/B0^.l+uK-X
B+/B°-./+«/|f*0X
B+/B0-./+«/F'°X
B+/JB°-/+«/0X

Decay

B+/B°-»K*+X
B+/B°-*K-X
ByB°-+K*°X
B+/B°^TC'0X
B+/B°^<t>X

M(B-*Pu--X)
BR(B-»/+i/X)

0.184 ± 0.066 ± 0.070
0.039 ± 0.068 ± 0.107
0.112 ±0.032 ±0.026

0.011 ± 0.006 ± 0.005

M ( B - . - X )

0.169 ± 0.056 ± 0.036
0.015 ± 0.049 ± 0.027
0.143 ± 0.019 ± 0.012
0.014 ± 0.021 ± 0.011
0.033 ± 0.002 ± 0.003

Table 7.4: Multiplicities of investigated vector mesons in B meson decays, where 1+
represents e+ or ft+ (not the sum of the two). The non semileptonic numbers of
vector kaons are constrained and include production through mixing.
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Number of

On T(45) resonance
Continuum contribution
Fake leptons

T(4S)

Raw yield, total

Yield per B meson

Multiplicity per B meson

Uncorrelated raw yield

Raw yield, total
Uncorrelated raw yield
Correlated raw yield

Multiplicity per B meson

l+<j> combinations <t> mesons totally
in data sample in data sample

Correlated + Uncorrelated

235 ± 24 ± 9
-37 ± 13 ± 1
-7 ± 2 ± 2

192 ± 27 ± 9

0.0102 ± 0.0015 ± 0.0005

"Uncorrelated"

3948 ± 86 ± 116
-1679 ± 98 ± 58

2269 ± 131 ± 130

0.0081 ± 0.0005 ± 0.0005

0.033 ± 0.002 ± 0.003

0.0074 ± 0.0004 ± 0.0010

0.0102 i 0.0015 ± 0.0005
0.0074 ± 0.0004 ± 0.0010
0.0028 ± 0.0015 ± 0.0011

Correlated
0.011 ± 0.006 ± 0.005

Uncorrelated
0.033 ± 0.002 ± 0.003

Table 7.5: Number of <t> and t*4> combinations in the data sample. The numbers
for continuum contribution and fake leptons are estimates based on the number of
4> and l+4> pairs found in data collected in continuum below the T(45) resonance,
and the number of hadron-^ pairs found in T(45) events, respectively.

7.7 Systematic Uncertainties

The systematic uncertainties of the analysis in this chapter are dominated by the uncertainties
in the knowledge about the shapes of the backgrounds in the Kr invariant mass spectra. Since
the K' sits on a background that is peaked at approximately the same mass as the X* itself, it
is hard to determine the size of the K*. The reflection from the p° influences the measurement
in the same way. The larger part of the quoted systematic uncertainties in the K* measurement
comes from this problem.

Uncertainties from the continuiun scaling factor, from the estimation of number of fake leptons,
from the estimation of influence of non primary leptons, and from the extrapolation to not
measured particle energy regions were also taken into consideration. All uncertainties examined
were included in the presented systematic uncertainties.
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Summary and Conclusions

We have measured kaon yields separately for B (B+/B0) and B (B~/B°) mesons using the
AEGUS detector at the DORIS II e+e~ storage ring. The data sample corresponds to a total
of approximately 200 000 BB events and of 18 000 events with flavor tagged fi mesons. The
result is a large number of mean multiplicities. From the measured numbers we have extracted
multiplicities and inclusive branching ratios separately for kaons from B + and from B°.

We have compared the number of correctly flavored kaons (produced through B-*K+/K°X)
with the number of incorrectly flavored kaons (produced through B-*K~/K°X), and found that
IV-.c/IY-.oii « 1.0. We have also looked for an excess of fast kaons, which would be an indication
of 6—* J transitions, and found none. All numbers measured are consistent with an overwhelming
majority of the B mesons decaying through the quark transition b-*c, i.e. decays described by

Decay

B+/B°-*+fJC+X
B+/B°->l+vK~X
B+/B°-./+i/tf?X
B+/fl°-.*+i/K'+X
B+/B°-t+i>K—X
B+/B°->t+vK'°X
B+/B°-»/+i/^X

Decay

B+/B°-»JT+X
B+/B0-» JiTX
B+/B°-ff?X
B+/B°-+K*+X
B+/B°->K-X
B+/B°-.K# 0X
B+/B°-»F'°X
B+/B°-.^X

M ( B - » / + K - - - X )

BR(B-»/+i/X)
0.574 ± 0.020 ± 0.072
0.079 ± 0.011 ± 0.046
0.196 ± 0.018 ± 0.023
0.184 ± 0.066 ± 0.070
0.039 ± 0.068 ± 0.107
C.I 12 ± 0.032 ± 0.026
0.011 ± 0.006 ± 0.005

M(B----X)
0.633 ± 0.013 ± 0.038
0.181 ±0.011 ±0.041
0.322 ± 0.005 ± 0.016
0.169 ± 0.056 ± 0.036
0.015 ± 0.049 ± 0.027
0.143 ± 0.019 ± 0.012
0.014 ± 0.021 ± 0.011
0.033 ± 0.002 ± 0.003

Table 8.1: Summary of measured multiplicities in B meson decays, where /+ repre-
sents e+ or /i+ (not the sum of the two).
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models that are well understood.

All results are in very good agreement with the Standard Model predictions.

The method of using a fast lepton as a tag for the flavor of the B meson works satisfactory. The
systematic uncertainties are, however, not negligible. The main uncertainty is the one which is
induced by the uncertainty in the knowledge about the angular distribution of correlated lepton-
hadron pairs. To a certain extent, though, the systematic error caused by this can be corrected
for by, as in section 5.6, using the result of an independent (not flavor tagged) measurement as
an input to constrain data.

A larger statistical data sample would thus not improve the results for pseudoscalar kaons. It
would, however, significantly improve the results for the vector states here investigated. It would
also enable correlation studies of most other particles produced in B meson decays. The method
is thus well suited for further studies of B meson decays at future e+e~ accelerators producing
T(4S).



Appendix A

Extraction of Fraction of Charmless
Decays

Equations 5.7 and 5.8 were introduced without a more thorough derivation. In this appendix
we try to explain the origin of the two. We here refer to Nt+ and 2Vjr,,ilM as the total numbers
of leptons and principal kaons, and to HJC^, . as the specific number of principal kaons (number
of principal kaons per lepton). The specific cumbers are then to a first approximation estimated
to:

„ * _ , MC
~MC

• Data
Data

(A.1)

(A.2)

Assuming that Monte Carlo well describes the b-*c decays, and that the number of principal
kaons in 6-*u decays is zero, we get

Data „ K-., MC

(A.3)

&.. * 0 (A.4)

We also need an equation relating the semileptonic widths with the total widths. Such a relation
can be obtained by comparing the relative sizes of the different terms in equations 3.15 and 3.16.
Hence

n^« ,*-« , * * - ! ^

(A.6)

tot
r

tot
An obvious relation is then also

pfc-.U

It is now easy to show that

-Date

all

*"1*

L(ol
ib—i

ltot
(A.7)
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However, equation A.2 is only true if our lepton selection criteria do not favor 6—»u decays
compared to b-»e decays, or vice versa. But the very purpose of our requirement of a fast lepton
is to enhance 6—»u decays compared to b->c decays. The above relations are still fairly good
approximations, but a clearly better value will be obtained if we take this biasing effect into
consideration.

So, what we really measure with our specific number of principal kaons, is better described by

b—*C \T h *** • *^ k—*IÅ » r ft—tu * '

+
1 / effective efficiency raw yield

where

N is the original numbers of particles. I.e. the numerator in the raw yield is merely the number
of principal kaons found, and the denominator the number of leptons found, after the finite
detection efficiency and in the chosen momentum intervals.

) is the relative fraction of the b->c (6—»u) lepton momentum distribution in the
selected momentum interval.

Fp{i+) is the effect the cut in lepton momentum has on the kaon yield. Its value is probably
approximately the same as i^/+), but since correlation effects when choosing a fast kaon
might occur, we cannot assume that they are equal.

fj is the effective efficienc", not including the influence of the cut in lepton momentum'.

Using the previous assumptions and relations (eq. A.3-A.6), we now get

n°ata = NK-L (Ag)

rf(/+)

(A.10)

•c + z£^-Nl
ir» i +

ltat e

Comparing the second expression of eq. A.10 with the second expression of eq. A.7, if becomes
obvious what we have changed when making a more detailed analysis. The expressions are
similar, but the enhancement of leptons from 6-»u decays is now taken into account.

And finally, solving for the widths gives

tot

'In order not to introduce too ntMy indicct, primei, tilde* and hati, we do not make any difference in the
notation of eitimaled efficiency and (me efficiency, nor for titimated and true F. It ii bad enough u it i*.



109

r*-e 1
f&f * TT«c f - = (A-12)

' *—- _ 1 1 . £ jg i + i
Equation A.12 is the one used in section 5.9.



Appendix B

Parameters Used in the
Calculations

A number of input parameters have been used in this analysis, and in this Appendix we list
some of them and the values used.

Parameter

X

/o

iB-t+vK+X

(B-K+X

IB-K-X

Mixing parameter

_ VMB+-K+X)

- BRIB*->K-X)

value

0.765 ± 0.015 ± 0.025

O.U55± 0.0055

0.191 ± 0.051 ± 0.044

0.160 ±0.047

0.50 ± 0.02

1.32 ± 0.26

0.75 ± 0.15

0.76 ± 0.15

1.27 ± 0.25

0.96 ± 0.19

0.82 ±0.16

from

[55]

[66]

[54]

r

[53]

MC

MC

MC

MC

MC

MC

in section

5.6

5.6

5.7

5.7

5.7

5.7

5.7

5.7

5.7

5.7
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Parameter value from in section

*«"'<•>"» 0.413 ±0.003 MC 5.9
momentum in interval

R - c t i o n o f U p t o n
i 0.111 ± 0.003 MC 5.9

momentum in interval

M c 5 - 9
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