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ABSTRACT

In about 1,500,000 hadronic Z decays recorded with the ALEPH detector in 1991,
1992 and 1993, the yields of A/+ combinations are measured. Semileptonic decays
of b baryons result in a signal of 290 + 35(stat) & 39(syst) A+ combinations

from b baryon decays, which corresponds to a product branching ratio:
Br(b — Ay) - Br(A, — AFATX) - Br(AF — AX)

= (0.61 +0.07(stat) £+ 0.10(syst))%

From a maximum likelihood fit to the impact parameter distribution of leptons in
519 A/* combinations containing a b baryon sample of 290 decays, the measured

b baryon lifetime is:
A, = 1.051011 (stat) + 0.09(syst) ps

Comparing with the current b meson lifetime measurements, the b baryon lifetime

is found to be substantially smaller than b meson lifetimes.
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Chapter 1

Introduction

1.1 Motivation

Since the discovery of the b quark in 1977 [1], much information has been collected
aboutb hadrons. In the early 80’s, measurements of the average b hadron lifetime at
PEP and PETRA [2] provided the first estimate of the magnitude of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [3] element V;, and contradicted with the
phenomenological expectations prevalent at that time. Measurements of individual
b hadron lifetimes are of interest because they test the present understanding of
b hadron decay dynamics. In the simple “Spectator Model" picture [4], the light
quarks in the hadron (called the spectator quarks) are not expected to play a big
role in the decay of the hadron, and hence the lifetimes of the various b hadron
species are equal. As is well known, the Spectator Model does not work well in
the charm system where large differences are seen between the different charm

hadron lifetimes [5]:



7(D%) ~ 2.57(D°) ~ 2.37(DE) ~ 5.37(A¥)

In order to explain the hierarchy in charm hadron lifetimes, many alternative
non-spectator effects such as W-exchange or W-annihilation and improved versions
of the Spectator Model incorporating the corrections due to non-perturbative QCD
corrections have been considered [6]. Non-spectator effects are expected to be
small in the case of b mesons, but could be larger in the b baryon decays due to the
lack of helicity suppression. In contrast to the diversity observed in the lifetimes of
charm hadrons, the differences among various b hadron species are expected to be
not too much larger than 10% [7], due to the larger b quark mass. Measurements at
LEP [8] and the Tevatron [9] have confirmed the expected equality of the b mesons
lifetimes, but the published measurements [10] of b baryon lifetime have not yet
reached the necessary precision for an interesting comparison of b meson and b
baryon lifetimes. This dissertation presents a precise measurement of the b baryon
lifetime using a data sample of about 1,500,000 hadronic Z decays recorded with
the ALEPH detector in 1991, 1992 and 1993.

The remainder of this chapter gives a brief introduction of the concepts relevant
to the b baryon lifetime measurement. Chapter 2 gives a brief description of the
LEP collider, the ALEPH detector, together with the event reconstruction and
particle identification in ALEPH. Chapter 3 and 4 respectively present the isolation
of b baryon signal and the measurement of b baryon lifetime. Chapter 5 gives the

conclusion, a summary of the current b hadron lifetime measurements and a future



Quarks Leptons
Symbol | Charge Mass Symbol | Charge | Mass
up(u) +2/3 2-8 Ve 0 < 0.005
down(d) -1/3 5-15 e -1 0.511
charm(c) | +2/3 | 1000-1600 vy, 0 < 0.27
strange(s) | -1/3 100-300 L -1 105.66
top(t) +2/3 174000 Vs 0 <31
bottom(b) | -1/3 | 4100-4500 T -1 17771

Table 1.1: Fundamental fermions of particle physics. Only the particles are shown,
the corresponding antiparticles are denoted with a bar over the symbol and have
the same mass but the opposite charge as the particle. All masses are given in
MeV/c2.

outlook.

1.2 The Fundamental Particles and Interactions

According to our current understanding, matter is composed of fundamental spin
1/2 particles which are divided into two groups, quarks and leptons. Table 1.1 lists
the charges and masses of the quarks and leptons.

Leptons can exist as free particles, while quarks are bound into hadrons, either
as a quark-antiquark pair forming a meson or as three quarks forming a baryon.
The b, ¢ and t quarks are referred to as “heavy" flavors, while the u, d and s are
called “light" quarks.

There are four fundamental interactions: electromagnetic, strong, weak and
gravitational. The effect of gravitation upon the processes relevant to the work

presented here is extremely small and will not be discussed here.



Force Mediator | Charge | Mass | Spin

Strong gluon(Q) 0 0 1
Electromagnetic | photon(v) 0 0 1

Weak W*, Z +1,0 | 80,91 1

Table 1.2: Fundamental forces and their mediators. Masses are in GeV/c?.

The electromagnetic, strong and weak forces are mediated by the exchange of
gauge bosons whose properties are listed in Table 1.2.

As established in the 60’s and 70’s [11], the electromagnetic and weak forces
can be considered as two aspects of a single, more fundamental electroweak in-
teraction. This interaction is described by a gauge theory incorporating a SU(2)
symmetry of weak isospin and an U(1) symmetry of weak hypercharge. This
symmetry is spontaneously broken by the Higgs mechanism [12], which gener-
ates masses for the quarks and leptons and gives rise to the massive W* and Z
bosons, the massless photon, and a massive scalar boson H°, the Higgs particle.
This theory is referred to as the “Standard Model" of electroweak interactions.
The Standard Model has been remarkably successful in describing the observed
physical phenomena, and in making predictions that have later been verified ex-
perimentally, such as the existence of the charm quark [13], the W* [14] and Z
[15] bosons.

In the Standard Electroweak Model, fermions interact via the exchange of a
W+ or Wt boson (the “charged-current interaction") or by the exchange of a Z
boson or a v (the “neutral-current interaction"). In the limit of massless fermions,

the W* only couple to left-handed fermions (and right-handed antifermions). The



left-handed quarks and leptons can be arranged in weak isospin doublets, while

the right-handed fermions are isospin singlets:

u C t Ve vy, v,

C () ) e O e O s

uR, dR, CR, SR, bR, tR

€R, MR, TR

The weak eigenstates d’, s and b are related to the mass eigenstates d, s and

b by a unitary rotation matrix called the Cabibbo-Kobayashi-Maskawa (CKM)

matrix [3]:

d Vaa Vas Vb d
s | = Via Vi Vi s (1.1)
b’ Via Vs Vi b

The values of the elements of CKM-matrix are determined by experiments as

follows [5]:

Vid Vs Vb 974710 .9759  .218t0.224  .002 to .005

Via Vie Vo | = | 218t0.224 9738109752  .032 to .048

Vie Vie Vb 004 t0.015  .030 to.048 9988 to .9995
(1.2)

The strong interaction is described by a gauge group based on a SUQ3)¢

symmetry of color, called Quantum Chromodynamics (QCD). The mediators of



the strong interaction are eight massless gluons which have spin 1 and carry a
quantum number called color. Quarks are the only fundamental fermions that
carry color. The coupling of the strong force increases with particle separation.
This forces all stable matter to be colorless, preventing the existence of free quarks.

This is referred to as “confinement".

1.3 b Hadron Production in Z Decays and Quark

Fragmentation

1.3.1 b Hadron Production in Z Decays

The production of fermion pairs (ff) in e*et collisions is pictured in Figure 1.1.
The incoming electron and positron annihilate via weak neutral current to form a
fermion-antifermion pair. As LEP operates at or near the peak of the Z resonance,
the relative contribution from the photon-exchange diagram is negligible. All ff,
except tt which is too heavy, can be produced in Z decays. Since in each case
ms < my, the fermions can be assumed to be massless. The partial width for the

decay of a Z to fermions within the Standard Model is then given by:

(i M

(7 — ff) = —

Cl(gv)* + ((94)?) (1.3)

where G is the Fermi coupling constant, M7 is the mass of the Z boson, C' is

the color factor of the fermion (1 for leptons, 3 for quarks) and ¢, and ¢!, are the



Figure 1.1: Feynman diagram depicting the annihilation of an electron with a
positron to form either a Z boson or a photon, which subsequently decays into a
fermion-antifermion pair.

vector and axial-vector couplings of the Z to the fermions. In the Standard Model

these couplings are given by:

g =15 L 2" sin? O (M2) (1.4)

g =1 (1.5)

where ¢! is the fermion’s charge, Oy (M32) is the electroweak mixing angle at

the Z mass, and I} is the third component of the weak isospin of the fermion.



The total width I of any particle is the sum of its partial decay widths, and is

related to its lifetime by I' = 1.

T

The electroweak parameters measured at LEP are [16]:

My = 91.1887 £ 0.0022GeV

sin? Oy = 0.2320 £+ 0.0016
['(Z — all) = 2.4971 £ 0.0031 £ 0.0010GeV

['(Z — hadron) = 1.7460 + 0.0031GeV

I'(Z — bb)
= = 0.2204 4+ 0.0020
Ry ['(Z — hadron)

1.3.2 Quark Fragmentation

The Z — qq decay produces a back-to-back quark-antiquark pair. However, color
confinement requires that only color singlet hadrons can exist in the final state. This
process is known as “hadronization" or “fragmentation” which cannot be calculated
exactly and is only phenomenologically understood. One parameterization of
fragmentation is based on a string-breaking model [17]. As the quark and antiquark
separate, the energy stored in the string rises with the separation between the q and
q. At some point, the stored energy in the string is larger than the energy required
to create a qq from the vacuum, and the string breaks into two pieces. This process
repeats until the energy in the string falls below a cutoff.

A quark q and antiquark q are most likely to combine into a meson when they



have about the same velocity. If the fragmenting parton is a heavy quark Q, it
needs to lose only a small fraction of its energy in order to materialize a number of
light quark pairs with comparable velocity. If Q then combines with one or more
of these light quarks, the resulting heavy-flavored hadron Hq with energy Ep; will
carry a large fraction of the original energy: z = Ey/Eq ~ 1; while for light
quarks, z < 1. We therefore expect qualitatively that the fragmentation of heavy
quarks into heavy hadrons will have a hard distribution, concentrated at large
values of z, and that this property will become more marked as the quark mass
increases. A successful example of such a parameterization is the fragmentation

function derived by Peterson et al. [18]:

1

f(z) = 2[1 L (1/2) Leq/(1 L 2)]2

where ¢q is a constant, different for each quark flavor. For Q = ¢ and b with
¢ = 0.15 and e, = (m./my)*¢.. The high momentum fragmentation particles
distinguish heavy quark fragmentation from light quark fragmentation (Figure
1.2).

It is apparent that in the meson case, only one pair of quarks is needed from
the vacuum, while in the baryon case, two pairs are needed. This makes the
production, and hence the observation of baryons more difficult than mesons. To
find a way of overcoming this difficulty and obtaining a clear and convincing

signature of the b baryon is one of the tasks of this dissertation.
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Figure 1.2: Fragmentation functions for b quark (solid line) and ¢ quark (dashed
line).
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1.4 b Baryon Decay and Lifetime Measurement

The simplest model describing the decay of a hadron containing a heavy quark
is the Spectator Model [4]. In this model, the heavy quark decays via the weak
charged current (i.e. by the emission of a virtual W or W+ boson) to a lighter
quark. The additional quark (in the meson case) or diquark (in the baryon case) in
the hadron acts simply as a spectator (Figure 1.3(a)).

The semileptonic widths of the D and the D* have been measured to be
approximately equal, so the Spectator Model can be taken as a reasonable approx-
imation for semileptonic decays. If the light quark has no influence on the decay
of the hadron as described by the Spectator Model, the decay widths and therefore
the lifetimes of all hadrons containing a given heavy quark would be identical in

this model. It has been shown experimentally [5] that in the system of ¢ hadrons:

7(D°) = 4.15 £ 0.04 x 105

7(D*) =10.57 £ 0.15 x 10+"%

T(DE¥) = 4.67 £ 0.17 x 1035

7(AF) =2.00 £ 0.11 x 10+%%

11



The differences in the lifetimes of the ¢ hadron system indicate that there
may be other processes that contribute to the decays of hadrons containing heavy
quark. To explain the scale of these differences, several possible processes have

been suggested that go beyond the simple Spectator Model:
e W annihilation (Figure 1.3 (b)).
e Internal W conversion (Figure 1.3 (¢)).
e W exchange (Figure 1.3 (d)).

Hence it is important to consider whether these non-spectator amplitudes can also
result in significant lifetime differences in the b system.

The “W annihilation” (Figure 1.3 (b)) affects the decays of charged b mesons
only, and it is negligible in B decays because of the smallness of the CKM matrix
element V;;,. In the “Internal W conversion”, shown in Figure 1.3 (c), the quarks
from the virtual W are shared between the daughter quark and the spectator. This
can only happen when the colors of the initial heavy quark and the quarks from the
W are the same. Thus, this process is called a “color suppressed” process. Naively,
the color matching probability is 1/3 in the amplitude, so color suppressed decays
should occur about 1/9 of the time. The size of this effect has been estimated
to be less than 1% [19], or as much as a few percent [20]. The “W exchange”
(Figure 1.3 (d)) affects only the decays of neutral b hadrons. The effect is small in
b meson decays due to helicity suppression, but could be larger in b baryon decay
case due to the lack of helicity suppression. In contrast to the diversity observed

in the lifetimes of charm hadrons, the differences among various b hadron species

12
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b b u
_ q
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g R 9
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Figure 1.3: Spectator and Non-Spectator decay diagrams for B mesons. (a) is the
spectator decay diagram, (b) is the W annihilation diagram, (c) is the internal W
conversiona diagram and (d) is the W exchange diagram.
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Figure 1.4: Diagram of semileptonic b baryon decay.

are expected to be not much larger than 10% [7]. However, it is difficult to make
a specific prediction for the contribution of these non-spectator effects in the b
baryon case. More precise measurements of b hadron lifetimes, especially the b
baryon lifetime are needed to understand the dynamics of b hadron decay.
Semileptonic decays (Figure 1.4) play a prominent role in heavy quark physics.
There are several reasons for this. First, these decays are the simplest to understand
theoretically. They proceed via the spectator diagram. Models must account for
strong interaction effects only among less quarks (b, diquark and ¢ or u) than in
the more complicated case of hadronic decay. Second, the charge of the lepton
indicates the flavor of the b-hadron at the time of its decay. A negative charge
shows that the hadron contained a b-quark while a positive charge indicates a
b quark. Third, the branching ratios are large in b hadron decays, allowing for

thorough experimental study.

14



Figure 1.5: Definition of the transverse momentum of a track in a jet.

The semileptonic b-hadron decays are studied using the fact that the b-quarks
are the heaviest quarks produced at /s = My. The large mass of the b-quark leads
to decay products with, on average, higher transverse momentum with respect to
the jet axis than the particles in jets from lighter quarks. Let P, denote the
momentum of a lepton perpendicular to the jet with which the lepton is associated
(Figure 1.5). The leptons from semileptonic b hadron decays will have higher
transverse momenta P, than the leptons from the decay of lighter flavored hadrons.

Also, as mentioned in the discussion of fragmentation, the b-hadron decays

15



have the hardest fragmentation. Consequently their leptonic decay products will
have, on average, higher lab-frame momenta than the leptons associated with the
hadrons formed from lighter quarks.

Figure 1.6 compares the P, distribution for the leptons from b decays and
from the other quark decays. From the plot, we can easily see that the requirement
of higher lepton P, is good tagging method to sort out b decays.

Evidence for b baryons in Z decays via correlation between a A and a high
transverse momentum prompt lepton has been reported previously by the ALEPH
[21], OPAL [22] and DELPHI [23] collaborations. The signal results from the
decay' A, — AF(*v followed by the decay A} — AX, with the A decaying
to prt. The correlation A/*, as opposed to AlT, is a distinctive signature of
semileptonic b baryon decay, with weak decays of the A}, expected to dominate
the b baryon sample [24, 25]. Ay, is a generic name for b baryons throughout this
dissertation. Evidence for semileptonic b baryon decays and lifetime measurement
of A, with the exclusive reconstruction of the AY ie. A, — AT/*T where
AF — pK*x™*, have also been reported by ALEPH [26, 27], though with poor
precision.

In general, in the decay A, — AT/ followed by AT — AX, not all the
decay products of the ¢ baryon can be reconstructed. Furthermore, as the A
decays far away from the primary vertex, it provides little information about the
¢ baryon decay vertex. Nevertheless the decay A7 — A X has a large branching

ratio and yields a much larger b baryon sample than in the the case of exclusive

! Charge conjugate decays are implied throughout this dissertation.
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Figure 1.6: Transverse momentum spectra (in arbitrary unit) of leptons from
different sources.
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reconstruction of the ¢ baryon.

The relative larger error on b baryon lifetime is mainly due to the poor statistics
of the b baryon sample. The b baryon sample is selected using A¢*correlation in
this dissertation and the lifetime is extracted from a maximum likelihood fit to the

impact parameter distribution of the lepton tracks in the A/+sample.



Chapter 2

The ALEPH Experiment at LEP

2.1 The LEP Storage Ring

The Large Electron Positron (LEP) accelerator at CERN has been described in
detail elsewhere [28]. Only a brief description is given here. The LEP Collider is
a 27 kilometer circumference circular electron-positron storage ring designed and
constructed to accelerate, store, and collide electrons and positrons at up to 110
GeV (55 GeV per beam) center-of-mass (c.m.s.) energy at its first stage (LEP-I),
and at up to about 180 GeV c.m.s. energy with a future upgrade. An overall view
of LEP, with its injector chain, the storage ring, and the interaction sites, is shown
in Figure 2.1.

Before entering the main LEP ring, the electrons and positrons are produced,
accumulated, and accelerated to about 22 GeV in the injector complex consist-
ing of LIL (LEP Injector Linac), EPA (Electron Positron Accumulator), and two

synchrotrons PS and SPS. The beams are then further accelerated by the supercon-
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Figure 2.1: An overall view of LEP, its injector chain, the storage ring, and the
interaction sites.



ducting RF cavities in the main LEP ring. After reaching the desired energy, the
beams are squeezed and focused into collisions. Four bunches of counterrotating
electron and positron beams are provided simultaneously by the machine for the
collisions.

The LEP Collider at CERN has been producing ¢*et collisions in the energy
vicinity of the Z boson mass peak since 1989 and is a copious source of heavy
quarks from Z decays. Collisions at LEP can take place at up to eight interaction
points spaced at equal intervals around the circular collider. Currently four of
these interaction points contain large detectors to study the decays of the Z bosons
produced by the e*et collisions; ALEPH (Apparatus for LEP PHysics) is one of

these four detectors.

2.2 The ALEPH Detector

The ALEPH detector (Figure 2.2) is designed to perform a wide range of physics
analyses. This goal requires high granularity, to ensure adequately detailed data
about each event, and good hermeticity around the interaction region. These
requirements are met with a variety of detector subsystems. The detector is
composed of three major subsystems: the tracking detectors, the superconducting
magnet which provides a homogeneous high magnetic field of 15000 Gauss for the
tracking, and the calorimeters. They work together to produce a complete picture
of each event.

The section below describes some of the main components related to this anal-

ysis. More detailed information, including the descriptions of the magnet, the

21
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Figure 2.2: The ALEPH detector. 1) Luminosity monitor 2) Inner tracking cham-
ber 3) Time projection chamber 4) Electromagnetic calorimeter 5) Superconduct-
ing coil 6) Hadronic calorimeter 7) Muon chamber 8) Low-beta superconducting
quadrupoles.



electronics, the triggering system, the luminosity measurements and the perfor-

mance of the detectors can be found in [29].

2.2.1 The Vertex Detector

The innermost of the ALEPH tracking detector is the silicon microvertex detector
(VDET) (Figure 2.3). It consists of two concentric barrels of double-sided silicon
microstrip detectors. The VDET was built and installed early in 1991. For this
reason only data taken since 1991 was used in the analysis presented in this
dissertation.

The basic structural unit of the VDET is the wafer, a 5 x 5 cm silicon crystal,
300 pm thick. Aluminized strips are implanted on both sides of the wafer with a
pitch of 25 ym and a readout pitch of 100 pm. During operation, the strips on the
two sides of the wafer are maintained at the voltage difference required to deplete
the silicon of mobile charge carriers, varying by module between 16 and 80 V.
A particle passing through the wafer liberates a set of electron-hole pairs, which
drift to the two sides of the detector, giving a pulse on both sets of strips. A true
three-dimensional point thus can be obtained.

The inner layer is composed of 9 elementary detector units (“faces") at an
average distance of 6.3 c¢m, providing polar angle coverage to £58° from the
vertical. The outer layer is composed of 15 faces at an average radial distance of
10.8 c¢m, providing polar angle coverage to £44° from the vertical. The spatial
resolution is 12 ym in r¢ and 12 pm in z for perpendicularly incident tracks.

The impact parameter resolution and the momentum resolution have been studied
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Figure 2.3: Schematic diagram indicating arrangement of the active area of the
faces in the VDET geometry.
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Figure 2.4: the resolution of impact parameter of tracks measured by the tracking
detectors (include VDET) as a function of the track momentum.

with Z— ptput events [30]. With tracks measured only by the Inner Tracking
Chamber and the Time Projection Chamber, the impact parameter resolutions are
107 pm in r¢ and 820 pm in rz, and the transverse momentum resolution is
given by AP, /P? =0.8 x10+3(GeV/c)*'. When the VDET is added, the impact
parameter resolutions are 25 pym in r¢ and 29 pgm in rz, and the momentum
resolution is AP, / P? = 0.6 x10+3(GeV/c)*!. Figure 2.4 shows the resolution of

impact parameter of tracks as a function of the track momentum.



2.2.2 The Inner Tracking Chamber

The Inner Tracking Chamber (ITC) is a conventional wire drift chamber consisting
of 8 concentric layers of sense wires located at radii between 12.8 and 28.8 cm
and gives an average point resolution of 150 pm; the active length in z is 2 m, thus
tracks with |cosf| <0.97 will travel through all layers.

The z coordinate can be obtained by measuring the difference in the arrival
times of pulses at the two ends of each sense wire, giving a precision of about 3
cm. There are a total of 960 sense wires which are operated at a positive potential
in the range 2.0 L 2.5 kV. Each sense wire is surrounded by six field wires which
are held at ground potential. The maximum drift distance is 6.5 mm which means
that all 960 sense wires can be read out in 500 ns, allowing the ITC to be used in

the first-level trigger.

2.2.3 The Time Projection Chamber

Surrounding the ITC is the main tracking device, a large cylindrical time pro-
jection chamber (TPC). Measuring 4.4 meters in length and 3.6 meters in diameter,
the TPC records up to 21 three-dimensional coordinates for each charged particle.
This yields precise measurements of the momenta of the tracks, and also provides
very good two track separation capability. With the magnetic field provided, a
track momentum measurement accuracy of AP, /P? = 1.2 x10-3(GeV/c)*!. is
made possible by the TPC alone. A schematic picture of the TPC is shown in
Figure 2.5.

The TPC also records energy loss (dE/dz) information of the tracks through its
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measurements of up to 340 samples of the ionization for each track. This provides
a powerful technique for particle identification, especially in separating electrons
from pions. Figure 2.6 shows the dE/dx of tracks from Z decays plotted against the
momentum P in GeV/c. The lines are those expected for electrons, pions, kaons,
and protons. In the low energy region (< 10 GeV/c) the pions and the electrons

are well separated. The TPC dE/dx resolution is about 4.5% for Bhabha electrons.

2.2.4 The Electromagnetic Calorimeter

Outside the TPC, but inside the magnet coil, is the electromagnetic calorimeter
(ECAL). The thirty six ECAL modules, mounted both in the barrel and endcap
regions surrounding the TPC and covering 3.97 of solid angle, are each made up
of 45 alternating layers of lead and wire proportional chambers. In depth, this
represents 22 radiation lengths (Xy), large enough to absorb all the electromagnetic
energy carried by photons and electrons.

To measure the energy and the position of electromagnetic showers, small
cathode readout pads are placed throughout each layer of wire chambers. In
readout, the pads are internally connected to form so-called “towers” pointing
towards the interaction point. Each tower is about 1° x 1° in angular size and
produces three readouts for the first 10 layers (the first “stack”, corresponding to
4Xy), the next 23 layers (the second stack, 9.X,), and the last 12 layers (the third
stack, 9Xy). This arrangement, yielding 18% /+/E (GeV) for the energy resolution,
also provides a highly granular means to determine the shower positions and to do

the pattern recognition. In addition, each wire chamber is read out separately in
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every module. These wire signals have very high sensitivities and are used as part

of trigger signals.

2.2.5 The Hadron Calorimeter and the Muon Detector

Another calorimeter, the hadron calorimeter (HCAL) measures hadronic showers
Like the ECAL, the HCAL has a layered sandwich structure, in which iron sheets
and limited streamer tubes are placed in each of the twenty three layers. The whole
structure has more than seven interaction lengths and is located just outside the
magnet. It also serves as the return yoke of the magnetic coil. As an extension
to the HCAL, a structure of two additional double layers of streamer tubes are
separately mounted outside it to measure the muons penetrating the HCAL. These
layers are called the muon detector.

Just like the ECAL, the HCAL is divided into modules. Each module has
readouts from the wires and the localized pads, which are also connected in
towers. In addition, aluminum strips are placed parallel to the wires on one side
of each streamer tube. These strips couple capacitively to the wires to provide a

third source of signals.

2.2.6 The ALEPH Trigger

The ALEPH trigger system has three levels. The Level 1 trigger is based on the
ITC, ECAL and HCAL, and makes its decision within 5 s (compared to 22 us
between two beam crossings). Level 1 reduces the trigger rate to a few Hz. If

Level 1 triggered, the TPC is read out. The Level 2 trigger decision is identical to
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the Level 1 trigger, except that the ITC tracks are replaced by TPC tracks. If Level
2 is triggered, the entire detector is read out and a partial event reconstruction is
performed. The Level 3 trigger is based on this partial event reconstruction, and
uses correlations between the subdetectors to screen out false triggers and cosmic
ray events. The ALEPH trigger system is virtually 100% efficient for hadronic Z

decays.

2.3 Event Reconstruction in ALEPH

The raw data collected by the ALEPH detector is converted to a format suitable
for offline analysis by the reconstruction program JULIA (Job to Unveil LEP

Interactions in ALEPH). The main tasks of JULIA are as follows:

e Converting pulses recorded by the VDET, ITC and TPC into spatial track

coordinates, and associating these coordinates to form tracks;

e Obtaining dE/dz information for the tracks by associating the tracks with

wire data recorded by the TPC;
e Grouping together energy deposits in the calorimeters into clusters;

e Extrapolating of tracks through the calorimeters and associating of the

calorimeter clusters with the tracks;

¢ Analyzing the shape and structure of ECAL clusters and calculating of

variables to be used for electron and photon identification;
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¢ Analyzing the hits in the HCAL and Muon Chambers for muon identifica-
tion;

o Identificating pairs of oppositely charged tracks from the conversion of

L

photons into eTet and other neutral particle decays like KY — 7tr+,

A — prt.

e Reconstructing small-angle Bhabha events in the Luminosity (LCAL) and

the Small-Angle Tracker (SICAL);

e Calculating of the primary interaction point using the charged tracks;

Only a very brief introduction to the relevant topics of dissertation are described

in this chapter.

2.3.1 Track Reconstruction and Performance of the Tracking

System

The reconstruction of tracks in ALEPH is composed of pattern recognition and
the global track fit. The pattern recognition begins at the outer layers of the TPC
where the tracks are best separated. The algorithm finds sets of three hits in the
rows of TPC pads which are consistent with lying along a helix, and extrapolates
the helix inward towards the center of the detector by adding additional hits within
the road and updating the estimated helix parameters along the way. The track
extrapolation using the TPC and ITC has an uncertainty of approximately 200

pm in r¢ which is much larger than the approximately 12 gm resolution of the
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VDET hits. This will result in some ambiguities in the association of the tracks
to VDET hits. There is also ambiguity due to the fact that the VDET module
consists of two perpendicular strip detectors rather than a pixel device. However,
the incident angles of the tracks are well measured by the TPC+ITC system to
the order of 1 mrad, and this helps to remove the ambiguities in interpreting the
VDET information.

The helix parameters are determined for each track using a Kalman filter
algorithm [31]. It finds the best estimate of the track parameters and then updates
them each time a new reading of the trajectory is available.

High momentum z* i+ pairs which have an energy equal to that of the beam
are used to measure the momentum resolution and spatial resolution of the tracking
system. For tracks measured only by the ITC and the TPC, the impact parameter
resolutions are 107 ym in r¢ and 820 ym in rz, and the momentum resolution
is given by AP, /P? =0.8 x10+3(GeV/c)*!. When the VDET is included, the
impact parameter resolutions are 25 pm in r¢ and 29 ym in rz, and the momentum

resolution is AP, /P? = 0.6 x10+3(GeV/c)*L.

2.3.2 Interaction Point Reconstruction

The interaction point reconstruction algorithm operates on an event-by-event basis.
The method [32] is designed to remove the effect of tracks which result from the
decay of particles with measurable lifetimes, particularly cc and bb hadrons. Jets
are created out of tracks and calorimeter clusters. For each jet, the tracks in the

jet are projected into the plane perpendicular to the jet direction. To first order
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the effect of the lifetime of the hadron is removed in this plane. An estimate of
the point of origin of the tracks in this two-dimensional projection is made by
? minimization. In addition to the tracks in the event, a strong constraint on the
location of the interaction point comes from the beam centroid and its error ellipse.
In order to reduce the bias introduced when the jet direction does not approximate
well the direction of the parent b or ¢ hadron, only jets with a momentum of more
than 10 GeV/c, and lying within | cos(f)| < 0.95 are used. This algorithm has
a resolution of 50um x 10pum x 60um for Z — bb events, and a resolution of

40pm x 10pm x 50um for events with Z decays into uti, dd or ss.

2.3.3 A Reconstruction

A (M) candidates are identified by their decay A — prt (A — prt). As A has a
very long lifetime (¢ = 7.89cm [5]), most A decays to pr+ appear in the middle
of the detector as topologically displaced vertices. Displaced vertices are found
using an algorithm [33] which tries to make a vertex from each pair of oppositely-
charged tracks, both of which have at least 4 hits in the TPC. This algorithm first
calculates an approximate vertex position from the intersection of the two helices
projected onto the r¢ plane and then perform a vertex fit using this approximate
position as a starting point of the fit. To be considered as a displaced vertex, the

resulting vertex must satisfy the following criteria:
o the fitted vertex must lie inside the fiducial volume of the tracking system;

e the \? of the fit when both tracks are constrained to pass through the primary

interaction point must be greater than 30; (i.e. they are not consistent with
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coming from the primary interaction point.)

e the distance between the helices at their point of closest approach must be

less then 2.0 cm in r¢;

¢ the difference between the tangents of the polar angles of the points on the
tracks corresponding to the point of the closest approach in the r¢ plane

must be less than 0.06;
e the \? of the vertex fit must be less than 13;

¢ the angle between the vector from the primary interaction point to the vertex
and the vector sum of the momenta of the two oppositely-charged tracks

coming from the vertex must be less than 23°.

The decay lengths of the neutral particles represented by these displaced ver-
tices are calculated with respect to the primary interaction point. To reduce
combinatorial background arising from tracks near the primary interaction point,
only those A candidates with a decay length greater than 5 cm are considered.
To reject the background from similar displaced vertices of other neutral particles
(KY — 7F7t and v — eTet), vertices which are consistent with K? — 77t
mass hypothesis within 10 MeV or ¥ — el mass hypothesis within 15 MeV
are rejected. In cases where TPC dE/dx information is available, the measured
ionization of the track is required to be consistent (within three standard deviations
for the pion and two standard deviations for the proton) with the corresponding
particle hypothesis to reduce the combinatorial background due to vertices in

which one or both tracks are clearly identified as something other than a proton or
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pion. Figure 2.7 shows the efficiency for finding A — pr' as a function of the A
momentum, and Figure 2.8 shows the A mass peak found by the algorithm in the
data. The A reconstruction efficiency is low for very low momenta A’s, this is due
to the low track reconstruction efficiency for the very soft 71’s from A — prt
decays. When the A is energetic, the boost is large and the A tends to travel longer
in the TPC before it decays into prt, therefore the p and 7+ from A decay will
have fewer TPC hits, which will also result in a low A reconstruction efficiency

(Figure 2.7).

2.3.4 Electron Identification

Electrons are identified [34] by combining the dE/dx and momentum information
measured by the TPC with the shower energy, shape and depth measured by
the ECAL. Electrons produce electromagnetic showers in the ECAL which have
a distinctive transverse and longitudinal profile. dE/dx measurements are most
effective in separating electrons from other particles at low momenta (Figure 2.6)
while the ECAL information is most effective at high momenta. As the electrons
of interest in this dissertation come from semileptonic b decay, electrons from
photon conversions or from Dalitz decays of the 7° are considered as background
and are removed by finding pairs of oppositely charged electron candidates that
are consistent with coming from photon conversions.

Electrons with momenta greater than 2 GeV/c deposit most of their energy
in the ECAL towers. Several quantities (called “estimators”) are extracted from

the ECAL signals to help the electron identification. One of them is called Fr, a
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Figure 2.7: A reconstruction efficiency as a function of the A momentum.
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shower compactness estimator defined by:

Xmeasured 1 Xexpected
Rr = ,
o(X)

where X = F/P and P is the momentum of the particle measured by the tracking
devices. [y is the sum of the shower energy deposited in the three stacks of the
four towers immediately surrounding the extrapolated trajectory of the track in the
ECAL. If F; is the shower energy deposited in the ith stack of these four towers,
Ey = Z?Zl E;. The X ;pecteq 1S determined from test beam to be 0.83, independent
of the angle and the momentum, for electrons with P > 2 GeV/c. The variance
of X, o*(X), is also obtained from the test-beam measurements and parametrized
with respect to the momentum. For electrons, Ry is close to zero with a unit
variance. For pions, [ tends to be less than zero.

Another estimator called £, is based on the longitudinal information of the
shower associated to the track. Let 5; be the mean longitudinal position of the

shower in stack i. A variable A is then defined as:

Eo

A= 54—
iy BiSy

where 7y and F; are the same as defined before.

Ry is defined with respect to A just as [ is to X:

Ameasured 1 Aeacpected

i = o(A)

Likewise, A.ypectea and a*( A) are obtained and parametrized from the test beam
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measurements.

The R7 and Rj prove to be very powerful in separating electrons and pions.
Electron candidates are required to have 1 1.8 < Ry < 3.0 and Ry > 1 1.6.
Electrons can radiate photons in the inner tracking system, the ECAL may not
have adequate spacial resolution to separate the photon’s energy deposit from the
electron’s, resulting in large values of F7. That is why there is no upper limit for
Rr.

As mentioned before, the dE/dx method is very effective in separating the
low momentum electrons and pions. The ionization measurements of the electron

candidates are required to satisfy the loose requirement :

(observed ionization L expected ionization)

- > 12.5.
resolution

The overall electron identification efficiency is about 54%, based on a simula-
tion of the ALEPH detector, with a hadron misidentification probability of about

0.07%. This yields a final electron purity of about 96%.

2.3.5 Muon Identification

Muons penetrate the detector material much more effectively than any other
charged particles. Detailed information about muon identification can be found
in reference [34]. Only a brief introduction is given here. The HCAL and muon
chambers are used to separate narrow and penetrating ionization trails from the
wide digital readout patterns of showering particles. Pions deposit their energy in

broad showers that do not, in general, penetrate to the last layers of the HCAL, a
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distance of 7.5 interaction lengths. Muons penetrate the entire HCAL and leave
hits in each layer.

Several quantities that distinguish between muons and hadrons are:

e Nexp, the number of planes expected to fire.

e Nfir, the number of planes which actually did fire.

e Ny, the number of firing planes among the last ten expected planes.

e Xmult, the average hit multiplicity per firing plane for the last 11 planes.
The muon candidates are required to satisfy:

e Nexp > 10, to remove tracks passing through dead regions of the HCAL.
e Nfir/Nexp > 0.4, to remove tracks which shower early.

e Njy > 5, to remove tracks which do not penetrate the outer part of the

HCAL.
e Xmult < 1.5, to remove tracks which shower late in the HCAL.

The muon candidates are also required to have at least 1 hit in the muon
chamber. This cut is very powerful for background rejection. To ensure the muon
penetrates the HCAL, only tracks with momentum greater than 3.0 GeV/c are
considered for muon identification. The overall muon identification efficiency
is about 76%, based on a simulation of the ALEPH detector, with a hadron
misidentification probability of about 0.14%. This yields a final muon purity of
about 87%.
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Chapter 3

b Baryon Sample from Z Decays

Due to the low b baryon production and reconstruction rate, it is not practical to
fully reconstruct the b baryons at LEP and measure the lifetime using the exclusive
b baryon sample, with the present data sample. ALEPH published the first evidence
for the semileptonic decay of b baryons, using A/* correlation identified in the
data collected in the 1990 running period of LEP [21]. The result was confirmed
later by other collaborations [22, 23]. In this chapter we first describe the method

of A+ correlation and then the isolation of the b baryon sample.

3.1 A/t Correlation from b Baryon Decay

This method [21, 35] of using A¢* correlation to identify a b baryon sample in Z
decays takes advantage of the large semileptonic b decay rate (Br(b — c/17) ~
21%) and the large branching ratio of AT — AX (Br(Af — AX) = (35+11)%)
[5]. The A can decay to pr* with a branching ratio of (64.1 & 0.5)% [5]. In
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the decay of A — pm, the proton carries away most of the energy of the A.
Therefore, A — pm is easily distinguished from the decay A — prt;i.e. if the
higher momentum track from the two-track vertex is positive, the vertex is a A
candidate; if the higher momentum track is negative, the vertex is a A candidate.
b baryon decay gives A/* correlation as indicated in Figure 3.1, which shows
the decay A, — AF/tw, AT — AX. As can be seen in the figure, Aj, decays
produce only A/t correlation. Charge conjugate decays are implied throughout
this dissertation. In addition to Ay, other b baryons =y, and €, can also yield A/+
correlation. However, as =, and ()}, contain one or more s quarks, their production
rate in Z decays is expected to be suppressed with respect to Aj,. As mentioned in

Chapter 1, Ay, is used as a generic name for b baryons throughout this dissertation.

Figure 3.1: Quark constituents in the decay Ay, — AF(*7 followedby AT — AX.



3.2 Sources of A/ Combinations in Z Decays

Not all A/+ combinations are from b baryon decays. There are six possible sources

of A¢ combinations:

Ay = AT, AT - AX (3.1

B — AYXIto, AF = AX (3.2)

b— AYDEX, A = AX, DF — X('T (3.3)
b— AYX, AF = ACTX (34)

c— AFX, AY - AFX (3.5)

Accidental Combinations (3.6)

Processes (3.1) to (3.3) give A{*+ correlation, while processes (3.4) and (3.5) give
AT correlation. Process (3.6), representing the accidental combinations of real
A’s from fragmentation in association with real or fake leptons, contributes to both
the A/t and A/ samples.

Leptons from processes (3.2) to (3.5) are expected to have low momentum and
low transverse momentum comparing with leptons from our signal process (3.1),
either due to the more than 3 body decay (processes (3.2) and (3.3)), or due to the
fact that the lepton comes from ¢ decay (process (3.3), (3.4) and (3.5)).

Figure 3.2 shows the lepton transverse momentum spectra of different pro-
cesses that give A/ combinations from simulation. By requiring the lepton candi-
date to have at least 1 GeV/c of P, and 3 GeV/c of momentum, about 90% of the

A/ correlation from process (3.2) and more than 95% of those from processes (3.3)
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to (3.5) are removed, while keeping over half of the A/* correlation from b baryon
decay. However, the accidental combinations cannot be completely removed with
these lepton momentum and transverse momentum requirements, as the leptons
in this process can really come from b decays (see Figure 1.6). To make sure the
impact parameter of the lepton is well measured, the lepton candidates are further
required to have at least one associated r¢ coordinate in the VDET, five hits in the
TPC and two hits in the ITC and a x?/d.o.f. for the track fit of less than 4. Lepton
and A candidates are required to be within 45 degrees of each other.

To get rid of fake A’s, fragmentation A’s and other neutral particles like photon
conversions and K?’s, the A candidate is required to have a momentum of at least
3.0 GeV/c, and to be identified by the A finding algorithm (Chapter 2). Figure 3.3
shows the momentum spectra of A’s from b baryon decay and from fragmentation.

The remaining A/t combinations originate mostly from either b baryon
semileptonic decays (3.1) or accidental combinations (3.6), while the A/T com-
binations are mostly accidental combinations (3.6) where the leptons are mainly
from b decays plus real A from fragmentation.

Since the accidental A/* combinations cannot be removed, an estimate must
be made of how many remain after all the selection criteria have been applied. As
the production rate and momentum spectrum of the fragmentation A’s in the Monte
Carlo may not be very accurate, we can use the A/™ combinations in the data to
estimate the accidental A/t combinations, assuming that there is no significant
correlation between the charge of the lepton and the fragmentation A. The validity
of this assumption will be discussed later. The excess of A/ combinations over

AL is then taken to be due to semileptonic decay of b baryons.
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3.3 Analysis of the Data Sample

This analysis is based on data taken from 1991 to 1993, consisting of about
1,500,000 hadronic Z decays. The yields of A/t and A/t combinations, after
application of the A and lepton selection criteria described above, are shown in
Figure 3.4, where the pr* invariant mass is plotted.

The two mass distributions are fitted using a Gaussian to represent the signal
and a second order polynomial to represent the shape of the combinatoric back-
ground. The fit is performed to both distributions simultaneously, holding the
means and widths of the two Gaussians equal. The resulting mass and width of the
Gaussians are found to be 1115.6 0.1 and 2.5 &= 0.1 MeV/c? respectively, consis-
tent with the known A mass and expectations based on Monte Carlo simulation of
the decay. The areas of the fitted Gaussians yield 441 4+ 29 A/ combinations and
217 + 24 Al combinations. From this difference, a raw excess of 224 + 38 A/+
combinations is obtained. The A/* combinations with a pr* invariant mass within
two standard deviations of the nominal A mass are selected for the measurement

of the b baryon lifetime.

3.4 Results and Discussion

To estimate the b baryon fraction in the A/* sample, the residual contributions of
the background processes are evaluated. Based on a simulation of process (3.2),
the 90% confidence level upper limit of Br(B — petX) < 0.16% set by the
ARGUS collaboration [36] and the measured rate Br(AT — pX) = (50 £+ 16)%
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[5], less than 13 A/* combinations from this process are expected. This possible
contribution is included in the systematic error on the measurement of the b baryon
production rate and lifetime.

From a study of approximately 1.6 x 10° Z— qq events generated with the
JETSET 7.3 Monte Carlo, the contribution to the A¢{* sample from processes (3.4)
and (3.5) is estimated to be 28 4+ 5 combinations, which is subtracted from the
wrong sign peak as a correction to the accidental combinations in the wrong sign
peak. The contribution from process (3.3) is negligible.

Concerning the assumption that there is no significant correlation between the
charge of the lepton and the fragmentation A, this is true if the accidental combi-
nation is the pairing of a fragmentation A with a fake lepton, i.e. such accidental
combinations produce A/* and A/T combinations in equal numbers. However, if
the accidental combinations is due to the pairing of a A from fragmentation with

a genuine lepton from b quark decay, the value of the ratio in question, i.e.

#AL™ .
#ACF |fragmentatzonA,b—>Z

will depend on Br(b — baryons) in the Lund model. Figure 3.5(a) shows the
fragmentation associated with the formation of a b meson in the Lund Model. To
form a meson, the b quark must join with an antiquark from a quark-antiquark
pair in the sea. The leftover quark from the pair, if it is to hadronize as a baryon,
must join with the diquark of a diquark-antidiquark pair, leaving the antidiquark
free to hadronize as an antibaryon to conserve the baryon number. If the baryon
and antibaryon are A’s, when they are combined with the negative lepton from the

semileptonic decay of the initial b quark, will produce one A/* and one A/ (i.e.
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Figure 3.5: The formation of accidental A/ combinations during the fragmentation
in associated with the formation of b hadrons in the Lund model: (a) the b quark
hadronizes as a meson; accidental A/t and A/t combinations are formed, then
the A/t combinations are more easily detectable; (b) the b quark hadronizes as a
baryon; accidental AT combinations are formed.



Alt). However, the A in the A/t combination has higher momentum than the
A in the A/* (i.e. A(T) combination and is therefore more likely to be detected.

Therefore,

#ALT
#ACT |fragmentationA,b—>Z > 1.0

Figure 3.5(b) shows the fragmentation associated with the formation of a b baryon
in the Lund Model. To form a baryon, the b quark must join with the diquark from
a diquark-antidiquark pair from the sea. The leftover antidiquark from the pair
then hadronizes as an antibaryon, perhaps a A to conserve the baryon number. In
this case, if the A is detected along with the negative lepton from the semileptonic

decay of the initial b baryon, a A/t combination is formed. This will result in:

#AL
#ACT |fragmentationA,b—>Z < 1.0

From a study of approximately 1.6 x 10° Z— qq events generated with the
JETSET 7.3 Monte Carlo, the ratio of A/*+ to A/t accidental combinations is
taken to be 0.8 4= 0.2. The error reflects an uncertainty in the knowledge of the
momentum spectra of the A baryons produced in the process of b or b quark
fragmentation and covers 5% < BR(b — b baryon) < 15% [37].

All the above considerations together imply a b baryon signal of 290 +
35 (stat) £ 39 (syst) events.

In order to calculate the product branching ratio, the efficiency of selecting
these A+ combinations from b baryon decays needs to be estimated. The JETSET
7.3 prescription is used to model semileptonic b baryon decay as well as the decay

A} — AX. Itis assumed that three-body decays such as A;, — A} /17 dominate
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the semileptonic decay of b baryons. The b quarks produced in the decay of
the Z are polarized, and some or all of this polarization could be retained in the
subsequent hadronization of the b quark into a b baryon. A polarized b baryon has
harder lepton momentum and p, spectrum, and consequently the overall signal
detection efficiency is larger. A polarization of (30735)% [38] gives a detection
efficiency of (7.5+0.6)%, where the error includes uncertainty due to polarization.

Assuming the Standard Model value for the partial width of Z— bb applying

the above corrections yields a product branching ratio:

Br(b — Ap) - Br(Ap, = AFATX) - Br(A} — AX)

= (0.61 +0.07(stat) £+ 0.10(syst))%

This is consistent with and supersedes ALEPH’s previously published values

[10, 21].
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Chapter 4

b Baryon Lifetime Measurement

The lifetime of b baryon is extracted from a maximum likelihood fit to the impact
parameter distribution of the lepton candidates belonging to the Al sample. The
fitting procedure is similar to that used in the previous measurement of b baryon
lifetime [10]. The expected impact parameter distribution used to perform the
maximum likelihood fit to the lepton candidates is obtained by convoluting a
resolution function, which characterizes the detector effects, with the so-called
“physics functions" which describe the expected underlying impact parameter
distributions of various lepton sources.

In this chapter, we discuss the lifetime estimator (i.e. the impact parameter
of the lepton), the fractions and the expected impact parameter distributions of
leptons from different sources (i.e. the “physics functions"), the impact parameter
resolution function, the fit for b baryon lifetime, systematic checks and finally

systematic errors of the b baryon lifetime measurement.
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4.1 Lepton Impact Parameter

A sample containing b baryon is obtained as described in the previous chapter.
The A and lepton identification requirements described in the previous subsection,
together with a cut of 6 MeV/c? window around the A mass to select the pr+t
combinations, yield a final sample (including the combinatorial (fake) background
under the A mass peak) of 519 A/* candidates. The b baryon fraction in this
sample is about 58%.

To extract the lifetime of b baryon from this sample, a lifetime estimator must
be chosen. A typical A}, decay resulting in a A/* combination is shown in Figure
4.1. The only tracks reconstructed from the decay are the lepton and the prt
coming from the A decay. The A travels on average approximately 50 cm before
decaying into pr in the detector, while the decay length of A}, is about 2.5 mm for
a Ay, lifetime of 1.3 ps. Furthermore, the A comes from A} decay vertex instead
of Ay, decay vertex. Due to the above reasons, the pr® from A decay can provide
little information about the A, decay vertex. Since the lepton comes directly from
the Ay, decay vertex, a logical choice for the lifetime estimator is then the impact
parameter of the lepton in the A/* combinations.

The “lifetime-signed" impact parameter ¢ is defined as shown in Figure 4.2,
where the reconstructed jet axis is taken to represent the A}, flight direction, and
the interaction point is used to approximate the production point. The jet axis is
calculated using the JADE scale-invariant-mass clustering algorithm [39], and is
assumed to originate from the interaction point. The crossing point of the lepton

track and the jet axis is then compared with the lepton’s point of closest approach to
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Figure 4.1: Topology diagram of the decay A, — AT (17 followed by A} — AX
with A — prt
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the interaction point. Defining “upstream" to be along the direction of the lepton’s
momentum, if the track-jet crossing point is upstream from the point of closest
approach to the origin, the impact parameter is signed positive. This corresponds
to a track geometry consistent with the lepton coming from a long-lived particle,
as for the solid track in Figure 4.2. The converse situation is assigned a negative
impact parameter, as for the dashed track. If the true Ay, direction and the actual
production point were known, the impact parameter of the lepton from the Ay,

decay would always be positive.

4.2 Impact Parameter Distributions from Different
Lepton Sources (Physics Functions)

The lepton impact parameter distribution in A/* combinations is described in the

fit as a sum of different contributions from the possible sources of lepton:
e semileptonic decay of b baryon (A}, — 1)
e semileptonic decay of generic b hadron (b — [)
e cascade decays (b — ¢ (7) — 1)
e c hadron decay in cc events (¢ — ()
e hadron misidentification (misid)

e 7, K decay in flight or v conversion (decay)
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Figure 4.2: The definition of the “lifetime-signed" impact parameter. The impact
parameter is the distance of closest approach to the interaction point, and its
sign is chosen based on whether it crosses the jet axis upstream (solid track) or
downstream (dashed track) of its point of closest approach to interaction point.



Muons % Electrons %
Ay = p 58 + 4% Ay — e 57 + 4%
b— pu 34 + 3% b —e 38 + 3%
b—(¢/T) = 3.3 +0.3% b—(¢/T) =€ 3.3+ 0.3%
c— [ 1.8 £0.2% c—e 1.7+ 0.2%
Misidentified hadrons | 1.6 4= 0.2% | Misidentified hadrons | 0.4 4+ 0.1%
7 and K decays 1.5 +£0.2% ~ conversions 0.1£0.1%

Table 4.1: Monte Carlo lepton sample composition.

The first component is the signal while the remainder are background. Let f Ay T
foes fes frniss and fy.. represent the fractions of the above sources of lepton. The
fraction of the signal relative to the background is taken from the ratio of A/*+and
Al*correlations, corrected for the production asymmetry for the accidental Al
pairs. The relative background fractions are taken from Monte Carlo events and
a possible disagreement with the data is considered in evaluating the systematic
error. The sample composition is shown in Table 4.1.

The impact parameter distribution for prompt lepton sources (first four compo-
nents) is obtained by convoluting a resolution function with the so-called “physics
functions" which describe the expected impact parameter distributions. Recon-
structed tracks in the data are used to model the shape of the resolution function,
while the physics function is obtained separately for each lepton source from a

Monte Carlo simulation of the decay process. Monte Carlo studies have revealed
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a correlation between the lepton impact parameter and the momentum of the as-
sociated A candidate, due to kinematic constraints in the event. The requirement
of a A candidate in the event together with a lepton modifies the lepton impact
parameter distribution (Figure 4.3).

Therefore, in contrast to the previous paper [10], the physics functions for the
Ay, — [ and for the b — [ component are obtained from A/* combinations selected
in Monte Carlo Z— qq events. The physics function for A, — [ (i.e. P Ab) is
shown in Figure 4.4.

Moreover, two different physics functions (Figure 4.5) are used for the under-
lying of the b — [ (i.e. P,,) background, according to the source of the associated

A candidate:

e b — [ with an accidental A, i.e. a A coming from fragmentation;

e b — [ with a fake pr' combination.

The difference of the physics functions is due to the different momentum spectra
of the A candidates in the two cases.

Two separate physics functions are used for these two sources of backgrounds
because the shapes of the physics functions are significantly different, largely due
to kinematic reasons. When a fragmentation A is present in the event, the b hadron
spectrum is pushed towards lower values in order to conserve the total momentum.
A lower b momentum means a smaller impact parameter. On the other hand, as
the two tracks which give the fake A mainly come from the b decay, the resulting
lepton spectrum is softer, as the A must take at least 3 GeV/c in order to be selected.

For the P and P, cuts applied to the lepton, a softer spectrum results in a larger
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Figure 4.3: Average value of the expected impact parameter, divided by c7, for
leptons from semileptonic decay of Ay, (a) and for leptons from generic b decays
which are associated with fragmentation or combinatorial (fake) A (b).
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Figure 4.4: Physics function for leptons coming directly from A}, semileptonic
decay. The negative tail is due to the error in the reconstruction of the jet direction
which is used to sign the impact parameter.
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decay angle and consequently a larger impact parameter. As can be seen in Figure
4.5, the functions are clearly different and this difference increases as the cut in the
A momentum is raised because of the two kinematic effects described. In Figure
4.3 the average values of the impact parameter as a function of the associated A
momentum for the signal and the two different b — [ background sources are
shown. The relative fraction of the two b — [ components is measured from the
ratio obtained in the simulated events. However, it is in agreement with the result
of the A invariant mass fit in the data for the A/*+ and Al* samples.

The expected impact parameter distribution for b — ¢ — [ and ¢ — [ are
obtained similarly from Monte Carlo simulation and the physics functions for
these two processes (i.e. Py and P.) are shown in Figure 4.6.

The expected impact parameter distribution for the hadron misidentification
(i.e. Pniss) 1s obtained directly from the impact parameter distribution of hadrons
selected in the data with the same kinematic cuts as the leptons. In addition the
presence of an identified A is required in the event. The distribution for the leptons
coming from decay in flight of K and 7 (i.e. Pg..) is taken directly from the
simulated events. Physics functions for these two processes are shown in Figure

4.7.

4.3 Impact Parameter Resolution Function

Errors in the measurement of the impact parameter of a given track come from
sources like intrinsic resolution of tracking detectors, multiple scattering in detector

material and interaction point estimation etc.
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Figure 4.8: a) Resolution function for leptons selected in Monte Carlo events. b)
Impact parameter distribution of hadron tracks selected in uds events in data (solid
line) and Monte Carlo (dashed line). Only the tracks which have a negative impact
parameter are displayed with a random sign in order to help the fit.



The resolution function is obtained using Monte Carlo events by plotting the
difference between the reconstructed and the true impact parameter over the mea-
sured error for the selected lepton tracks, as shown in Figure 4.8. In addition, a
correction factor is applied to the resolution function in order to take into account
the difference in the tracking resolution between data and Monte Carlo. This cor-
rection is obtained by comparing the negatively signed part of the impact parameter
distribution of hadron tracks in data and Monte Carlo samples of enriched light
quark events. The hadron tracks are selected with the same quality and kinematic
cuts as for the lepton candidates except for the lepton identification requirement.
All the tracks in Z— uT, dd, s§ events come from the primary vertex and they have
arandom signed impact parameter, while tracks coming from a secondary vertex or
from long-lived particles usually have a positive impact parameter. Therefore the
measured impact parameter with a negative sign contains only resolution effects.
The Z— u, dd, s5 events are isolated using a Z— bb event tagging technique on

the hemisphere opposite to the hadron track [40].

4.4 b Baryon Lifetime Fit

The likelihood function £ to be maximised is built up as the product of the total

probability density functions for all the N lepton candidates:

N
L =TI(FAPA,(TA, 00 00) + fiPolTh,6:,03) + foeProc( 7, 61, 04)

+ fcpc(Tca 5i7 Ui) + fmisspmiss((si) + fdecpdec((si))

1=
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where 4, is the impact parameter of the i-th lepton candidate and o is the related
error. f Ap> fo> Joes for frniss and fye. are the fractions of the possible sources of
lepton in the Al* sample as shown in Table 4.1. Py, Pr, Prc, Pes Praisss Pee
are the normalized physics functions for those lepton sources as described in the
previous section, convoluted with the resolution function. The b baryon lifetime
TA, is the only free parameter of the fit.

The signal physics function depends on the unknown A; lifetime, while the
b — [ and b —+ ¢ — [ background physics functions depend on the inclusive b
hadron lifetime. The value used in the fit is a world average of all the b lifetime
measurements, 7, = 1.537 £ 0.021 ps [5].

The maximum likelihood fit to the impact parameter distribution of the lepton
candidates in the 519 A/t candidates yields a b baryon lifetime:

0.12

A, = 1051577 ps

where the above error is the statistical one coming from the fit. Figure 4.9 shows
the result of fit together with the observed impact parameter distribution of the

lepton candidates in the A/*sample.

4.5 Systematic Checks

Several checks have been performed in order to look for possible systematic effects

which could affect the fitted b baryon lifetime value. First, in order to check the
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fitting procedure, the analysis has been applied to a Monte Carlo sample of about
3,000,000 equivalent qq events generated with an input Ay, lifetime of 1.5 ps. From
987 Alt and 569 Al* selected events, the fit yields a result of TA, = 1.48 £ 0.13
which is consistent with the input value of 1.50 ps.

A further check is performed repeating the fit on various samples of data
selected with different cuts. The lepton kinematic cuts on P and P, and the A
momentum are varied. A deviation from the standard value is observed only when
increasing the minimum A momentum from 3 GeV/c up to 7 GeV/c. The fitted
lifetime values obtained with different lepton P, P, and A momentum cuts are
shown in Figure 4.10 and 4.11. The errors shown are the uncorrelated statistic and
systematic error with respect to the standard value. However it is not possible,
from the observed deviation, to conclude whether a systematic effect is present.
Moreover the same check applied to the Al* sample of Monte Carlo events which
is approximately a factor of two larger, gives a very stable result (Figure 4.12).

The background physics functions are checked by fitting the events in the side
bands of the pm* invariant mass for a measurement of the inclusive b lifetime. The
relative fractions of the different sources of the inclusive leptons which are taken
from the inclusive b lifetime analysis are checked together with the background
physics functions. For the b — [ part, only the component associated with a fake
A is used in the fit. The fit yields a result of 7,(side bands) = 1.52 + 0.07 ps which

is in good agreement with the inclusive b hadron lifetime value [5].
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Figure 4.11: (a) Lifetime of the b baryon as function of the A momentum cut
for the data. The error at the solid dot is statistical while the increases of error
with respect to this solid dot are shown at open points. (b) Difference between
two consecutive lifetime values obtained for various A momentum cuts with the
difference of the errors. The points have a spread with respect to zero (dashed line)
of a y? probability of 17%, indicating that this variation is not very significant.
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Source of systematic error Uncertainty (ps)
b baryon fraction (f5, = 58 + 10%) HEve:
Background lepton fractions +0.03
Effective background lifetime (7, = 1.537T0951 ps) Tool
Ay, — ( physics function +0.03
Background physics functions +0.03
Ay, polarisation (Py, = 130157%) +0.03
Ay, decay model (4-body decay 20 + 20%) +0.02
Fragmentation ((x,) = 0.714 £ 0.012) +0.02
Fragmentation A spectrum (+=10%) +0.02
Decay background and Misid function +0.02
Resolution function £0.02
Level of combinatorial A (£15%) £0.01
Total +0.09

Table 4.2: Contributions to the systematic uncertainty in the b baryon lifetime
measurement using A/* sample.

4.6 Systematic Errors

In Table 4.2, the various contributions to the systematic uncertainty in the b baryon
lifetime measurement are listed in order of importance. The major contribution
to the systematic error is from the uncertainty in the b baryon fraction (58 +
10%). This uncertainty is dominated by the error in the estimate of the number
of accidental combinations of A/+ with respect to A/*. The value for the ratio of
accidental A+ over the A/t combinations used, 0.8 4+ (0.2 , contributes an error

of T0-9% ps to the b baryon lifetime.
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The relative fractions of the various background sources are obtained from a
Monte Carlo simulation and their uncertainty leads to a systematic contribution of
£0.03 ps to the b baryon lifetime.

The physics functions depend on the average lifetimes of the b and ¢ hadrons
which populate the right-sign (A/+) peak. The assumption that these have the
same b hadron composition in b — ¢ sample as that used in measurements of the
average b hadron lifetime [5] is also considered as a source of systematic error.
Simulation studies based on JETSET 7.3 program have shown that the b baryon
production is suppressed in events where a lepton is associated with a right-sign
accidental A. This is the same effect which creates the asymmetry in the A/t L
AT accidental combinations. A variation in the effective background lifetime of

15051 ps which includes the full suppression of b baryon yields a systematic error

of T00% ps on the b baryon lifetime. The error on the average c lifetime has a
negligible effect, due to the low charm background.

Another source of systematic uncertainty arises from the limited sample of
simulated events used to parametrise the physics functions. The statistical uncer-
tainties in the parameters of each physics function leads to an estimated error on b
baryon lifetime of +0.03 ps for the A, — ¢ function and +0.03 ps forthe b — 7,
b — ¢/ — { and ¢ — ¢ combined.

An important systematic uncertainty arises from the lack of knowledge of the
Ay, polarisation. The Ay, — ¢ physics function is sensitive to the polarisation of the
Ay, because the impact parameter of the lepton is correlated with its decay angle.

In Z— bb decays, the b quark is produced with a longitudinal polarisation of

194% [41, 35]. b baryons can retain some fraction of this primordial polarisation.
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If the Ay, is longitudinally polarised, the resulting lepton is produced preferentially
along the Ay, direction and oppositely to the polarisation vector. Therefore, due to
the A}, boost, a left-hand polarisation of the A}, results, for the same lifetime, in
a harder lepton spectrum and a smaller lepton impact parameter than if A}, were
unpolarised. Figure 4.13 shows the expected spectrum as functionof z = F;/E A
for polarized and unpolarized semileptonic decays of b quarks.

The uncertainty in the knowledge of the Ay, polarisation (P A = 130132%)
[38], used in this analysis, leads to a systematic error of +0.03 ps.

A variation in the 4-body semileptonic b hadron decay rate (relative to the total
b hadron semileptonic decay rate) of £20% leads to a change of +0.02 ps in the
b baryon lifetime. Uncertainties in the rate of different exclusive decay modes
which make up the inclusive AT — AX rate gives a negligible contribution.

A further source of systematic erroris due to the b fragmentation. A variation of
Peterson fragmentation function which covers the uncertainty in the measurement
of b hadron momentum ({z},) = 0.714 £ 0.012) [42] leads to a £0.02 ps variation
in the b baryon lifetime.

The shape of the b — ¢ physics function is different for true A’s produced
during fragmentation and the combinatorial pr+ combinations. In particular, a
change in the A momentum spectrum would affect the shape of the physics func-
tion. Therefore a further uncertainty arises in the simulation of the hadronization
process which produces fragmentation A’s. The momentum spectrum of A’s pro-
duced in hadronic events simulated with the JETSET 7.3 has been compared with
the data [43] and shows a good agreement. However, an uncertainty of 10% in

the shape of the fragmentation A momentum spectrum is assumed, leading to an
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error of 0.02 ps in the lifetime measurement.

The statistical error in the parametrisation of the misidentification and decay
background probability function is negligible. Nevertheless an error of 0.02
ps is assigned to include possible uncertainties in the simulation of the decay
background events used to derive the expected shape of the function.

The statistical error on the parametrisation of the resolution function gives a
negligible uncertainty to the b baryon lifetime measurement. An error of 0.02
ps is estimated from the variation in b baryon lifetime when the uncorrected
resolution function estimated using simulated events is replaced by the functional
form corrected using data.

The number of combinatorial A is obtained by interpolating the polynomial fit
of the pmr* invariant mass from the side bands to the region under the peak. A fit
uncertainty of 15% results in a systematic contribution of +0.01 ps.

Summing all the systematic contributions in quadrature yields a total systematic

error on the b baryon lifetime of £0.09 ps.
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Chapter 5

Conclusion and Outlook

5.1 Conclusion

From a total of about 1,500,000 hadronic Z decays collected with the ALEPH
detector during the 1991, 1992 and 1993 data taking periods, when the silicon
vertex detector was fully operational, the yields of A/ and A/t combinations are
measured. Semileptonic decays of b baryons result in a signal of 290 4 35(stat ) +
39(syst) A/t combinations from b baryon decays, which corresponds to a product

branching ratio:
Br(b — Ay) - Br(A, — AFADX) - Br(AF — AX)

= (0.61 +0.07(stat) £+ 0.10(syst))%

The lifetime of b baryons is extracted from a maximum likelihood fit to the impact

parameter distribution of the candidate lepton tracks of the A/* sample. The result



is:

Tp, = 1057011 (stat) £ 0.09 (syst) ps

This value can be compared with the LEP average of the B? lifetime of 1.56 &
0.07 ps [44]. Figure 5.1 shows the comparison of A}, lifetime with B® lifetime. It
can be seen that they are considerably different with each other. The ratio of the
lifetimes of Ay, and B® hadrons is 0.67 4= 0.09, which is substantially smaller than
the theoretical estimate of 0.9 [7].

This difference between the experimental measurement and the theoretical pre-
diction remains to be understood. More work, both theoretical and experimental,

is needed to understand the decay of b hadrons, especially the decay of b baryons.

5.2 b Baryon Lifetime Measurement Using A/ Cor-

relation in ALEPH

Besides the b baryon lifetime measurement using A/ correlation described in
this dissertation, b baryon lifetime was also measured using AjEL correlation
with the exclusive reconstruction of A} in ALEPH. The AT /+ combinations allow
measurement of the A}, decay vertex and hence its decay length on an event-by-
event basis. Although statistically less powerful for Ay, identification compared

with the A/* method, this decay channel gives an independent A, sample and has
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Figure 5.1: Comparison of Ay, lifetime with B lifetime.
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the advantage of being insensitive to other b baryons .

Candidates for the decay A, — AjﬁL? are identified in hadronic Z events
where a A} is associated with a lepton in the same hemisphere with respect to the
thrust axis. The A} candidates are reconstructed in three decay modes, namely,
AF — pKtat, AT — Artatal and AF — pKO. Measurement of Ay, lifetime
using AF/+ where AT — pK*nt was done by Vivek Sharma, Min Zheng of
Wisconsin group together with Mossadek Talby, Delphine Nicod of Marseille
group while measurement using the two other AT — Artrt7rt and A} — pKO
decay modes was done by Paolo Spagnolo of Pisa group.

Figure 5.2 shows the individual contributions of the three A decay chan-
nels to the right-sign AT¢* combinations and their sum after all cuts. A clear
enhancement is observed at the nominal A} mass value in the right-sign A} (*
combinations (Figure 5.2(d)) while for wrong-sign AT/* events (Figure 5.2(e))
no such enhancement is observed. Table 5.1 summarises the number of A} /(*
candidates selected in the three A} decay channels.

The Ay lifetime is extracted from a simultaneous unbinned maximum likeli-
hood fit to the proper time distribution of the three A} (* event samples. The event
samples used to extract the Ay, lifetime are shown in Table 5.1. The total sample
consists of N,cqx A}F (L events, in which a fraction fy,., is attributed to combina-
torial background events. To determine the background parametrisation for each
AF(+ event sample, right-sign events from side bands more than 4o outside the

nominal AT mass and wrong-sign events (Ny,.;) are included in the fit. Figure

! Semileptonic decays of other b baryons (for example, =}, ) involve, besides the lepton, mainly
strange-charmed baryons in the final state.
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Figure 5.2: The pK'7™ (a), the AxtrTxL (b), and the pK° (c) invariant mass
distributions for right-sign A}/* combinations and their sum (d). The sum of
wrong-sign AT /T combinations is displayed in (e).



85

| Decay Channel | Nyear | foaer (%) | Mass Resolution (MeV/c?) |

AF — pKtrt 31 23£3 6.9+04
AY = Artatot | 13 24+£5 5.3+04
AF — pK° 14 | 25+4 8.440.3

| Total | 58 | L | L |

Table 5.1: The number of AjEL candidates N,.,; and the fraction f;,.; of com-
binatorial background within £2¢ of the nominal A mass in the three A} decay
modes after all requirements. The invariant mass resolution for each decay mode
is also indicated.

5.3 shows the result of the simultaneous fit of the A, signal and combinatorial

background events. The fitted Ay, lifetime is

A, = L027Ig75ps
where the quoted error is statistical.
Various sources of systematic uncertainties in T\, Measurement and their
contributions are summarised in Table 5.2.
In summary, A} /1 combinations from semileptonic decay of the A}, are iden-
tified via fully reconstructed A} — pK*7F, AT — Antatat, and AT — pKO

decays. The average product branching ratio is:

Br(b — Ay,) - Br(Ay, — AFADX) = (1.51 4+ 0.29(stat) £ 0.23(syst)) %

The Ay, lifetime measured from a maximum likelihood fit of the proper decay
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Figure 5.3: The proper-time distribution of the A}, candidates in the A}/ sample.
The shaded area corresponds to the proper-time distribution of the combinatorial

background. The solid line is the result of the maximum likelihood fit described
in the text.
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| Source | Uncertainty (ps) |
Combinatorial background fraction +0.01
Combinatorial background shape (1/2 exponentials) +0.04
Physics background (1.5 4 1.5 events) +0.03
Resolution function +0.01
Ay, decay model (20% +20% four-body) +0.02
b fragmentation +0.01
Ay, polarization (Py, = L30157%) <0.01
E, calibration < 0.01
Ay, mass (5.6 £+ 0.1) GeV/c? +0.02

| total | 0.06 |

Table 5.2: Sources of systematic uncertainty in the Ay, lifetime

time distribution of 58 A} /*+ combinations is:

A, = 102107 5(stat) +0.06(syst) ps

5.3 b Hadron Lifetime Measurements from all LEP
Experiments

Figure 5.4 shows the current measurements of b baryon lifetime from the LEP
experiments [44]. It can be seen that they are consistent with each other and the
averaged b baryon lifetime is significantly smaller than the b meson lifetimes.

A summary of current b hadron lifetime measurements [44] is given in Figure
5.5. The b hadron lifetime ratios, in comparison with B lifetime is shown in

Figure 5.6 [44].
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Figure 5.4: LEP measurements of b baryon lifetime.
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B Hadron Lifetime Summary
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Figure 5.5: Summary of b hadron lifetime at LEP experiments.
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b Lifetime ratios (World Avg.)
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Figure 5.6: b hadron lifetime ratios (comparing with B).



5.4 Future Outlook

Approximately 3.0 million hadronic Z decays have been recorded with the ALEPH
detector, with the end of 1994 data taking period. This means the b baryon sample
identified using A/t correlation will be doubled. This will reduce the relative
statistical uncertainty from the present 11% to about 8%.

Improvements to the method described in this dissertation can also be made.
b baryon lifetime was measured using the 2-dimensional impact parameter of the
lepton in the b baryon sample. Using 3-dimensional impact parameter will give
a slightly better (about 10%) lifetime measurement with the same data sample.
However, to make sure the impact parameter of lepton tracks are well measured
in 3 dimensions, the lepton tracks are required to have hits in both VDET layers.
Due to the geometry of the silicon microvertex detector, this requirement will
reduce the lepton sample by about 15% comparing with the requirement of lepton
having 1 VDET hit in the 2-dimensional impact parameter measurement. The sys-
tematic studies of 3-dimensional impact parameter measurement is similar to the
2-dimensional measurement, while obtaining the 3-dimensional impact parameter
resolution from data is a bit more complicated than the 2-dimensional case. In
summary, measuring b baryon lifetime using 3-dimensional impact parameter of
the lepton in A/t sample will give a negligibly better measurement measurement
with 1991 to 1993 ALEPH data, but 3-dimensional impact parameter method is
more favored when the data sample is larger, for instance, when 1994 and 1995
data is available.

The largest systematic error in the present measurement described in this
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dissertation is from the uncertainty in the b baryon fraction ((58 + 10)%) and
background lepton fractions (see Table 4.2). These uncertainties are dominated
by the error in the estimate of the number of accidental combinations of A/* with
respect to A/t and the lack of the knowledge of the momentum spectra of the
A baryons produced in the process of b or b quark fragmentation. The ratio of
A/t to AT accidental combinations is estimated from the JETSET 7.3 simulation
program as 0.8 £ 0.2. The error reflects an uncertainty in the knowledge of the
momentum spectra of the A baryons produced in the process of b or b quark
fragmentation. Measuring this ratio more accurately from data is a challenge.
From about 1.5 million hadronic Z decays collected with ALEPH detector between
1991 to 1993, we obtain 217 + 24 A/t combinations where the leptons are mainly
from b meson decays while the A’s are from fragmentation. Using the b hadron
semileptonic branching ratio and lepton identification efficiency, the total number
of “wrong-sign" fragmentation A’s (momentum greater than 3 GeV/c and can be
reconstructed in the ALEPH detector) associated with b mesons (Bt or B? in
the case of A, and B or B in the case of A) in all 1991 to 1994 ALEPH data
is about 5000. Similar number is expected for “right-sign" fragmentation A’s
associated with b mesons (B* or BY in the case of A, and B+ or B? in the case
of A). Considering the large number of A’s coming from b baryon decays (about
10000 A’s from b baryon decays, after considering all the branching ratios and
reconstruction efficiency, to be compared with the 5000 “right-sign" or “wrong-
sign" fragmentation A’s associated with b hadron), it is not an easy job to get
rid of the A’s from b baryon decays while keeping enough both “right-sign" and

“wrong-sign" fragmentation A’s, and measure its ratio accurately. This can be
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done by identifying b meson or suppressing the presence of b baryon on one side
of the event while requiring a A presents on the same side of the event and measure
the momentum spectrum of the A. This will almost guarantee the A found on the
same side of the event to be coming from fragmentation. With all the 1991 to
1994 ALEPH data, obtaining a better understanding of fragmentation A (both
“right-sign" and “wrong-sign'") momentum spectra and measuring the A/* to A/t
ratio to a precision of better than the value of 25% used in this dissertation are
feasible.

With all the 1991 to 1994 ALEPH data, the b baryon sample identified using
AF(+ correlation will also be doubled. The relative statistical uncertainty of
the current b baryon lifetime measurement in ALEPH using AT/+ correlation is
expected to be reduced to about 15% when 1994 data is included. In this method,
the AT candidates are reconstructed in three decay modes: A} — pK*tat, AF —
Artrtrdt and AF — pKO. With 1994 data, more decay modes (AT — Ant, for
example) can be reconstructed. However, we do not expect a large increase in the
AF(+ sample when adding these extra AT decay modes, due to the smallness of

the branching ratio.
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