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We apply Webber’s QCD branching Monte Carlo model to study the properties of jets produced
in upsilon decay and the nearby continuum e *e ~ annihilations. In general, agreement between the
Monte Carlo simulation and data is obtained. More baryons are produced in upsilon decay than in
the continuum annihilation because there are more heavy colorless clusters in the configuration of
upsilon decay. We then investigate the various decay mechanisms of z-quarkonium. The heavy-
particle spectra are found to be quite different for various decay modes of t-quarkonium.

I. INTRODUCTION

In recent years, much effort has been put into under-
standing the formation of jets in high-energy processes in
the framework of quantum chromodynamics, especially in
e e~ collisions, deep-inelastic scattering, and the Drell-
Yan process. In order to account for the bulk properties
of the particles coming out in the jets, a realistic descrip-
tion of jet evolution is necessary. Therefore, various
Monte Carlo schemes have been proposed to simulate the
evolution of jets in high-energy processes.'"?

As we all know, QCD has the properties of asymptotic
freedom and confinement, and therefore it is convenient
to divide high-energy processes into two different scales.
At the high-energy scale, the processes can be well
described by the QCD-improved parton model. The
development of jets at the parton level is determined by
perturbative QCD through the Altarelli-Parisi equations.
At the low-energy scale, the strong coupling constant
a,(Q?) increases and perturbative calculations become un-
reliable. In the real world, what we observe are hadrons,
not the quarks or partons described by perturbation
theory. Thus, some mechanism(s) should be implemented
to transform the unobserved partons into the observed
hadrons. These two energy scales are separated by a cut-
off at Q, below which the partons are forced to convert
into hadrons by some phenomenological model.

At the parton level, the jet evolution is described by
parton branching. The probability of decay at each
branching is based on summing all the ladder graphs in
the leading-logarithmic approximation, neglecting the
contribution from the interference of soft gluons. The ef-
fect of this approximation is that the mass squared of the
partons in the jet cascade is strongly ordered.® The con-
ventional Monte Carlo QCD branching is based on this
fact. However, as the gluons become softer and softer, the
contribution of crossed gluon graphs cannot be neglected
as compared with the ladder diagrams. The soft-gluon
branching out from a quark cannot see the color charge of
the quark outside a certain cone along the original direc-
tion of the quark. With the inclusion of soft-gluon in-
terference, the partons in the jet evolution are not only or-
dered in the mass squared, but also ordered in opening an-
gles at successive branches.* The effect of soft-gluon in-

33

terference has been implemented in a new Monte Carlo
scherzne by Marchesini and Webber to describe jet evolu-
tion.

In the nonperturbative phase of the jet evolution, there
are various models for converting the partons into had-
rons: for example, the independent-fragmentation model,
the string model, and the cluster phase-space model.” In
the following analysis, we will employ Webber’s Monte
Carlo scheme and his version of the cluster phase-space
model is used in hadronization. Since hadronization is
still the least understood problem, we do not believe the
cluster phase-space model is the ultimate answer. But be-
cause of its simplicity and its lack of some conceptual dif-
ficulties which appear in some other models (e.g., in
Field-Feynman model, energy, color, and flavor are not
conserved), it probably is a good method to explain many
of the complexities in the hadronic final states.

The aim of our work is to investigate processes involved
at and near heavy-quarkonium resonances. In fact, the
study of two-jet events for e te ™ annihilation has been
carried out for several years and good agreement between
experimental data and theoretical prediction is obtained.!?
Recently, more data at the on- and off-resonance region of
upsilon decay have been accumulated.® It is possible to
describe quarkonium decay by Monte Carlo QCD branch-
ing and in turn this will provide a more extensive test of
the Monte Carlo scheme. Furthermore, it is very likely
that the top quark and z-quarkonium will be discovered in
the next generation of accelerators. Monte Carlo methods
can also be applied to study some properties of
t-quarkonium decay. The Monte Carlo model employed
in our analysis is Webber’s method, which includes as
many QCD perturbative effects as possible and uses the
cluster phase-space model as the hadronization scheme.

With all these in mind, the rest of the paper is organ-
ized as follows. In Sec. II the Monte Carlo cascade
scheme with the inclusion of soft-gluon interference ef-
fects is reviewed briefly. In Sec. III we implement
Webber’s Monte Carlo scheme to describe jet formation
both in decays of the upsilon and in nearby continuum
states. In particular, we state some of the necessary modi-
fications in Webber’s original model in order to give a
better agreement with data. Then, in Sec. IV, we extend
the energy to the t-quarkonium region to look at some
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interesting properties of the various decay modes of
t-quarkonium. Finally, a short summary of our work is
given in Sec. V.

II. MONTE CARLO METHOD

The Monte Carlo simulation of jets with soft-gluon in-
terference effects is discussed fully in Ref. 2. The pictori-
al scheme of jet development is shown in Fig. 1. Basical-
ly, it consists of three phases: parton branching, cluster
formation, and hadronization.

At the perturbative stage, the partons with large mass
squared will decay into partons (always with smaller mass
squared) with certain probability until they reach a cutoff
value Qy. The no-decay probability of an off-shell parton
at g2, when taking into account angle ordering, is given
by the branching form factor:

2y _ _re dk?
A(g*)=exp 0 K2
1-Q, 7k
X Jour d2P@
ag[2z%(1—2)%k?]
X ,
2
where (1)
PZ(z) for a quark leg,
P(z)=

P$8(z)+N;P§(z) for a gluon leg,

and P{(z), P§¥(2), P&(z) are the Altarelli-Parisi splitting
functions.” In this equation, we have used k2 as the evo-
lution variable; it is defined by k?=w?£, where » and
£=gq,-q, /00, are the energy and angular variable of the
parton, respectively. With this definition of the evolution
variable, the angle ordering of the cascade has been taken
into account. One peculiarity of the Webber-Marchesini
model is to boost the system to a Lorentz frame such that
the initial angular variable is smaller than 1. Then the
light-cone momentum in restricted to the forward hemi-
sphere and we can simply choose the parameter variable

Qo
| Clusters| Hadrons

Partons

(P)
k-QCD branching = Cluster+- Hadronization—>
formation

FIG. 1. Schematic picture of jet evolution.
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in the Altarelli-Parisi splitting functions to be the energy
of the partons. After the perturbative branching is ter-
minated (i.e., all the partons reach the cutoff Q,), the
four-momenta of all the partons can be reconstructed.

In the preconfinement picture,® colorless clusters are
viewed as the initial stage of hadron formation. In the
original treatment, the colorless cluster is formed by a
quark and an antiquark pair with all the gluons between
them in the planar tree graph. However, this gives rise to
phenomenological difficulties as the number of colorless
clusters formed in this way is very small.’ In the spirit of
1/N expansion, we recall that a gluon consists of two
color lines while a quark or an antiquark consists of one
color line. Thus, the gluons in the final stage of perturba-
tive cascade can be forced to split into quark and anti-
quark pairs. The resultant quark and antiquark pairs in
the overall final stage are grouped together to form color-
less clusters as shown in Fig. 1. It should be noted that
the colorless clusters prepared in this way are not the
products of perturbation theory, but rather arise from an
artificial way to make the concept of preconfinement use-
ful phenomenologically.

In the process of hadron formation, the colorless clus-
ters with known mass and quantum numbers are first al-
lowed to decay into known resonances isotropically via a
quasi-two-body decay mode. The resonances are prepared
from the Particle Data Group tables.!® The resonances
used consist of the 0~,1% 2% mesons and the %+,%
baryons. The cluster decay is determined by the phase
space available and the spin degeneracy of the chosen res-
onances. Because some of the colorless clusters have large
mass, they are first split into smaller colorless clusters for
isotropic decay to be reasonable.

In Webber’s original model, there are three main pa-
rameters: the QCD scale A, the gluon-mass cutoff Q,,
and the maximum cluster mass M;. The values for these
three parameters are chosen to be

A=0.25 GeV, Q(=0.6 GeV, M;=3.5 GeV. (2)

To deal with different masses associated with quark fla-
vors, different fission thresholds should be adopted for
their associated clusters:

My(q)=[M7*+(mg+mz)*]' "%, (3)

where m, and my are the relevant constituent quark and
antiquark masses. With these parameters, the Monte Car-
lo model gives satisfactory agreement with the data in
e *e ™ annihilation over a wide range of energy.’

III. COMPARISON OF MONTE CARLO
SIMULATION AND EXPERIMENTS
AT THE UPSILON REGION

In recent years, much data have been obtained for upsi-
lon decay and the continuum annihilation near the reso-
nance.® It is thus interesting to use the QCD Monte Carlo
model to simulate the processes at the upsilon region. For
continuum annihilation, we just have the annihilation of
ete™ into two quark jets. At the resonance, we expect
the main decay mode is into three gluons. To implement
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TABLE 1. Multiplicities of various hadrons at 34 GeV (data taken from Ref. 11).

Hadron ° nt K* K°+K?° p+P A+A
type

Monte Carlo 6.4 11.4 1.7 1.6 0.64 0.29
simulation

Experiments 6.1+£2.0 10.3+£0.4 2.0+0.2 1.610.1 0.8£0.1 0.28+0.04

this in the Monte Carlo model, the energies of the gluons
are generated according to the matrix element

i dzg _ 1 (1—x1)2 (I—XZ)Z

o dx1dX2 - 17'2—-9 (X2X3)2 (x3x1)2
(1—x3)?
—=1, @)
(xlxz)

where x;+x,+x3=2 and x;=2E;/Q are the energy
fractions of the gluons. Then the evolution of these initial
gluons is just the same as that in the two-jet case.

In Webber’s model, the final gluons at the perturbative
level are forced to split into up or down quarks and anti-
quarks for cluster formation. Strange quarks and anti-
quarks are not produced at this stage. This will mean that
upsilon decay events have fewer kaons, because only a
very small amount of strange quarks is generated by the
perturbative branching of the three gluons. (In fact, there
is about 0.1 primary strange quark produced per event in
the two-jet case but no primary quarks in the three-gluon
initial state.) Hence, if gluons are allowed to split only
into up or down quarks and antiquarks in the nonpertur-
bative prehadronization splitting, fewer strange particles
are produced.

However, more kaons are observed experimentally in
upsilon decay than in continuum annihilation. Therefore,
we also allow the final gluons at the perturbative level to
split into strange quarks and antiquarks. Thus there are
two sources of strange-quark production at the nonpertur-
bative stage. The first one is from final gluons splitting
into quarks and antiquarks and the second is from cluster
decay in which a quark-antiquark pair or a diquark-
antiquark pair is generated to form two resonances.

As a consequence of the gluons splitting into strange
quarks and antiquarks, a few modifications have to be
made in Webber’s program. First of all, the QCD cutoff

Qo has to be increased so that the final gluons after QCD
branching can split into strange quarks and antiquarks
which produce clusters heavy enough to decay into two
lightest strange hadrons. Second, allowing the final
gluons to split into strange quarks and antiquarks inevit-
ably produces more strange particles. Hence we simul-
taneously suppress the strange-quark production during
cluster decay in order to maintain the successful aspects
of the previous analysis.> In Webber’s original model, the
strange-quark weight and diquark weight during cluster
decay are taken to be the same as the light-quark weight,
but this must be changed.

In view of all these considerations, we choose the fol-
lowing parameters:

A=0.25 GeV, Qo=1GeV, M;=3.5GeV,

strange-quark weight=0.6, (5)

diquark weight=0.8 .

With this set of parameters, satisfactory results are ob-
tained in the hadron multiplicities at 10 and 34 GeV
(Tables I and II). It should be noted that more kaons are
also generated at 34 GeV as compared with Ref. 2 and
this gives better agreement with experimental results. The
data used in our following comparison at the upsilon re-
gion are taken from Refs. 6 and 12.

In Fig. 2(a), we show the mass distribution of the light-
quark colorless clusters for upsilon decay and nearby con-
tinuum annihilation. Note that in the case of upsilon de-
cay, there are more high-mass clusters than in the case of
continuum annihilation. This gives rise to the greater
baryon production in upsilon decay than in continuum an-
nihilation, as previously pointed out in Ref. 13. In fact,
the high-mass clusters are mainly due to central clusters,
which are defined as those clusters having each parton
originating from different initial partons. In the configu-

TABLE II. Multiplicities of various hadrons at the upsilon region (data taken from Ref. 6).

Hadron 0 + + 0 —_
T T K= K°+K° A+A

type + p+p +
Continuum  Monte 39 7.0 1.11 1.05 0.36 0.15
annihilation Carlo

simulation

Experiments 3.0+0.7 8.3+0.4 1.330.2 0.92+0.12 0.40+0.06 0.066+0.010
Upsilon Monte 4.0 7.2 1.22 1.18 0.54 0.29
decay Carlo

simulation

Experiments 5.2+1.8 8.7+0.4 1.4+0.2 1.05+0.13 0.60+0.09 0.19+0.02
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FIG. 2. Distributions of light-quark colorless cluster mass at
upsilon region: (a) all clusters; (b) central clusters.

ration of upsilon decay into three gluons, there are more
central clusters than in the continuum annihilation, as can
be seen in Fig. 2(b).

Figures 3—5 show the single-particle inclusive spectra
for charged pions, kaons, and protons as function of c.m.
energy fraction z =2E/Q. In the literature, the data are
always plotted as (s /B)do /dz to reduce the energy depen-
dence of the differential cross section. Since the cross sec-
tion for upsilon spectra is not directly measurable because
the beam energy resolution is wider than the resonance, it
is more convenient to plot (1/N)dn/dz instead of
(s/B)do/dz, where N is the total number of events. In
fact, the two plots are related by

s do

do |__ (1 dn
B dz

BN dz |- (6)

=0s

The agreement between Monte Carlo simulation and data
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FIG. 3. Inclusive z spectra for #%. Data from Refs. 6 and

14.
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FIG. 4. Inclusive z spectra for K*. Data from Ref. 6.

is generally satisfactory except in the case of the 7* spec-
trum in the continuum annihilation measured by the
CLEO group. CLEO detects more charged-pion multipli-
city (8.3) than that from other experiments (e.g., compare
a total charged multiplicity of about 7 detected by
DASP). In Fig. 3, we also plot the 7* data from Ref. 14.
The Monte Carlo results are somewhat between the two
sets of data.!”> Comparing upsilon decay with continuum
annihilation, the particle spectra fall off more quickly
with increasing energy in upsilon decay. This is anticipat-
ed since there are more particles in the final stage of upsi-
lon decay and an individual hadron just carries less ener-
gy-
Figures 6—9 show the particle distribution for pions,
charged kaons, and protons as functions of particle
momentum fraction x =2p/Q. Again, there is a
discrepancy between the Monte Carlo simulation and data
in the 7% spectra, especially at the small momentum re-
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FIG. 5. Inclusive z spectra for p +p. Data from Ref. 6.
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FIG. 6. Inclusive x spectra for 7*. Data from Ref. 6. (a) FIG. 8. Inclusive x spectra for p +p. Data from Ref. 6.

Continuum annihilation; (b) upsilon decay.

gion. This is a reflection of the fact that the Monte Carlo
method is unable to produce the large number of pions
detected by CLEO. Of course, some of the parameters in
the model can be adjusted to give better agreement. But
then, many more pions will be generated at large energy
(e.g., 34 GeV), which will cause a large discrepancy be-
tween data and Monte Carlo results at that energy. Fur-
ther fine-tuning of the model has so far failed to com-
pletely reproduce the CLEO 7% spectrum, and this is an
area of further study. In Fig. 9 we also show the 7° spec-
tra. The agreement is good.

Figure 10 shows the charged-multiplicity fractions of
pions, kaons, and protons as functions of particle momen-
tum fraction. The agreement between Monte Carlo simu-
lation and data is generally good. We clearly see that the
proton multiplicity fraction is higher in upsilon decay
than in continuum annihilation.

Figures 11—14 show the single-particle inclusive spec-
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FIG. 7. Inclusive x spectra for K*. Data from Ref. 6.

tra for various kinds of heavier hadrons as functions of
particle energy fraction. The agreement between Monte
Carlo simulation and data is generally satisfactory except
in the A spectrum in the continuum annihilation, in
which the Monte Carlo simulation predicts more A parti-
cles than those observed experimentally. It should be not-
ed that there is a larger discrepancy at high-energy frac-
tion at the decay of upsilon; the Monte Carlo simulation
gives many less particles at high-energy fraction of the
particles. At 10 GeV, in order to maintain a fair amount
of hadron multiplicity, the chance of a single particle to
have high energy is very rare.

Figure 15 shows the rapidity distribution of all the
charged hadrons. The Monte Carlo results are arbitrarily
normalized since the data given in Ref. 6 are not corrected
for acceptance and backgrounds, which cause the ob-
served mean multiplicity to be about one to two units less
than the true mean multiplicity. The Monte Carlo simu-
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FIG. 9. Inclusive x spectra for
Continuum annihilation; (b) upsilon decay.
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FIG. 10. Charged hadron fraction vs x. Data from Ref. 6.
(a) Continuum annihilation; (b) upsilon decay.
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FIG. 11. Inclusive z spectra for K+ K °. Data from Ref. 6.
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FIG. 12. Inclusive z spectra for A+ A. Data from Ref. 6.

lation gives similar shapes of the spectra in both upsilon
decay and continuum annihilation. Again, the Monte
Carlo simulation yields fewer particles at large rapidity.
Finally, Fig. 16 shows the transverse-momentum-squared
distribution of charged hadrons. The agreement between
Monte Carlo results and data is satisfactory except the
Monte Carlo simulation produces more hadrons with
smaller transverse momentum squared in the spectra.

In conclusion, the Monte Carlo simulation generates
satisfactory and consistent results for both upsilon decay
and continuum annihilation near the resonance at 10 GeV.
Of course, the most effective application of Monte Carlo
QCD branching should be at high c.m. energy so that
there is a large amount of phase space available for QCD
branching before the partons reach the cutoff mass and
nonperturbative effects can thus be reduced. Obviously,
at 10 GeV, the phase space available for QCD branching
is relatively small. In fact, in about 25% of the two-jet
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[
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IO—' e
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FIG. 13. Inclusive z spectra for K**. Data from Ref. 6.
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FIG. 14. Inclusive z spectra for K*°+ K *°. Data from Ref.
6.

events the quark or antiquark does not emit a gluon via
bremsstrahlung.'® This means that the model converting
the partons into hadrons has a large effect on the outcome
of jet evolution. Perhaps this is the reason why we need
more fine-tuning of the parameters. On the other hand,
since jets are actually observed at this relatively small en-
ergy, it is instructive to apply the Monte Carlo simulation
to investigate the situation. CLEO will obtain more data
in the coming years. This will certainly provide us more
information about the extent of applicability of the model.

IV. t-QUARKONIUM DECAYS

t-quarkonium has been an active area of research in the
past few years. The experimental bound for the top quark
is between 30 and 50 GeV.!” If we take the top-quark

3.2

Continuum (a) | Upsilon (b)
28l * CLEO |+ CLEO

— MC —MC °
2.4f L

C|>
ol
—|z

Rapidity, y

FIG. 15. Rapidity distribution of hadrons. Note that the
Monte Carlo results are arbitrarily normalized to the data (see
text). Data from Ref. 6. (a) Continuum annihilation; (b) upsilon
decay.
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FIG. 16. Transverse-momentum-squared spectra for had-
rons. Data from Ref. 12. (a) Continuum annihilation; (b) upsi-
lon decay.

mass to be 40 GeV, then the mass of ¢-quarkonium should
be around 80 GeV. At this energy, the effect of the weak
interaction cannot be neglected as compared with
the strong interaction. The main decay modes of
t-quarkonium are mainly (i) the annihilation decay into a
fermion pair, (ii) annihilation into three gluons as in the
case of upsilon decay, and (iii) single-quark decay.'®
These decay mechanisms are shown in Fig. 17. The rela-
tive importance of the various decay modes can be found
in Ref. 18; we note that single-quark decay becomes more
important when the mass of z-quarkonium increases. In
fact, the decay rate of single quark decay exceeds that of
annihilation decay into three gluons when the mass of
quarkonium exceeds 50 GeV. Thus, this is an important
decay mechanism at high energy. In the following, we use
the Monte Carlo method to investigate the evolution of
jets for z-quarkonium decays.

To implement the Monte Carlo method for the annihi-
lation decays of t-quarkonium presents no difficulties. It
is similar to upsilon decay and the continuum annihilation
near this resonance as discussed in the last section. For
single quark decay, either the top quark or antiquark de-
cays weakly into a bottom quark and one quark-antiquark
pair. (The decay into lepton pairs is neglected in our
analysis since the quark pair gives richer structure in the
final hadronic state.) The energy of the three quarks or
antiquarks are generated according to the weak matrix
element

F g 7
F q >
b
(a) (b) (c)
FIG. 17. Decay mechanisms of t-quarkonium: (a) annihila-

tion into fermion pair; (b) annihilation into three gluons; (c)
single-quark decay.
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| My | X< (pypi)Dyp)) @)

where p;, py, pi,» and p; are the four-momenta of the top
quark, bottom quark, and the other quark pair, respective-
ly, and where we have neglected the effect of the
charged-weak-boson propagator. These initial partons are
then allowed to evolve as usual.

At the t-quarkonium energy, there should be an appre-
ciable amount of bottom and charm hadrons produced in
the jets. Since we currently lack much experimental infor-
mation about the rich spectrum of these heavy hadrons, in
order to investigate the various properties of these parti-
cles, the masses of the bottom hadrons are guessed. As in
the light-quark hadron case, the bottom resonances used
consist of the 0=,1%,2+ mesons and the + 7,2 baryons.
The masses of the bottom mesons are taken from Ref. 19
while the masses of the bottom hadrons are evaluated
from the following formula quoted from Ref. 20:

1

Am;
M;,=A +2Am,~+BE—;l‘L+C2
i i i

i ij mim;
1 .cs.
+pY |+ 18 8)
L |[mi- mj 3 mm;

with
Ami =m;—m;,

where m; is the light-quark mass, m; and s; are the mass
and spin of the quarks inside the hadron, and 4,B,C,D
are parameters. This choice of bottom resonances gives us
a way to study the energy distribution of bottom mesons
and baryons in the various decay modes of t-quarkonium.
To investigate the lighter-hadron distributions, e.g.,
charm-hadron distribution, we need all the decay modes
of the bottom resonances. However this is not known for
most of the bottom resonances at present. Therefore, in
investigating the charm-hadron spectra, the bottom
quarks or antiquarks are forced to decay weakly into

(a) —all clusters (b) —all clusters
6 —=- Central clusters | --=-Central clusters
5..
4 -
CIE’
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—1Z 3t
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| -
00 4 5
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FIG. 18. Distributions of light-quark colorless cluster mass
at t-quarkonium region: (a) annihilation into fermion pair; (b)
annihilation into three gluons.
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charm quarks or antiquarks at the end of the perturbative
cascade.

Figure 18 shows the mass distribution of colorless clus-
ters of light quarks of the two annihilation decay modes
of t-quarkonium because they are similar to the decay
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FIG. 19. Strange-, charm-, and bottom-quark distributions as
functions of z: (a) annihilation into fermion pair; (b) annihila-
tion into three gluons; (c) single-quark decay.
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FIG. 20. Bottom-meson distributions as functions of z.

mechanisms studied in the preceding section. Here at
high energy, the importance of central clusters becomes
less because the initial partons can always decay into some
other partons by QCD branching. The light baryon con-
tents of the two decay modes should be more similar in
t-quarkonium decay than in the decays at 10 GeV. Of
course, at this high energy, the effect of how the heavier
hadrons (i.e., charm and bottom hadrons) decay into the
lighter particles also influences the light-particle spectra.
But still, the importance of the configuration of various
decay mechanisms will be less than the situation in low
c.m. energy.

Figure 19 shows the bottom-, charm-, and strange-
quark distributions as functions of energy fraction of the
quarks after the perturbative QCD branching stage. In
the annihilation decay of z-quarkonium into two jets [Fig.
19(a)], the distributions of bottom and charm quarks peak
more towards high energy while the strange quarks distri-
bute more at small energy. This is because the heavy
quarks are produced as primary partons and the cutoff
mass for them is large so that the chances for them
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FIG. 21. Bottom-baryon distributions as functions of z.
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branching into other partons are relatively small. For
strange quarks, apart from primary quark production,
they can also be produced through gluons splitting pertur-
batively into quark and antiquark pairs.

In the annihilation decay of t-quarkonium into three
gluons [Fig. 19(b)], there are no primary quarks. All the
quarks and antiquarks come from gluon splitting. Of
course it is more favorable for gluons to split into lighter
quarks and antiquarks. Therefore we get more strange
quarks than bottom and charm quarks. Furthermore,
there is no enhancement in the distribution at high-energy
fraction for the heavy quarks as this is a manifestation of
primary quarks.

In single-quark decay [Fig. 19(c)], the situation is dif-
ferent. The top quark and antiquark in ¢-quarkonium can
decay into a bottom quark and antiquark. Therefore we
have a rich spectrum of bottom quarks at the perturbative
stage. As shown in Fig. 19(c), these bottom quarks are
concentrated at z <0.5.

Figures 20—23 show the charm and bottom hadron dis-
tributions as functions of energy fraction of the hadrons.
The spectra are plotted as (1/N)dn/dz for each of the
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FIG. 23. Charm-baryon distributions as functions of z.
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three decay modes of t-quarkonium. They actually
represent the average multiplicity distributions of the
various hadrons as functions of energy fractions. The
spectra are reflections of the quark spectra discussed
above. Again, it is noted that in single-quark decay, a
large number of bottom hadrons are produced at relatively
small energy fractions, while for the annihilation decays
the amount of bottom hadrons is much smaller and they
spread over a wider energy range. In the annihilation de-
cay into three gluons, it is even more difficult to produce
bottom hadrons because of the small amount of bottom
quarks and antiquarks generated. We also note that be-
cause bottom baryons are usually about 0.5 to 1.0 GeV
heavier than bottom mesons in our hadron mass spec-
trum, it is more favorable to form relatively lighter bot-
tom mesons than bottom baryons from bottom clusters.
If a greater amount of bottom baryons should be observed
experimentally than predicted here, it must be due to non-
perturbative effects, monitored by the stage determined by
the cluster phase-space model.

V. CONCLUSION

We have applied Webber’s model to investigate the evo-
lution of jets for upsilon decay and continuum annihila-
tion near this resonance in e *e ~ annihilation at around
10 GeV. Extensive comparison of various hadron spectra

between Monte Carlo simulation and experiments has
been carried out and satisfactory agreement is obtained.
This is true in spite of the expectation that at this relative-
ly low energy, nonperturbative effects will be more impor-
tant and might limit the implementation of the QCD
branching scheme.

We have also set the c.m. energy to 80 GeV (the postu-
lated t-quarkonium mass) and investigated the various de-
cay mechanisms of r-quarkonium. It turns out the
heavy-quark and heavy-hadron spectra are quite different
for the various decay modes. This might be of
phenomenological interest in the future.
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