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1 Introduction

Quantum Chromodynamics (QCD) is believed to be the fundamental theory
of the strong interaction.’?3 In the framework of QCD, hadron production in
ete” annihilation is described in the following steps:

1. Aanihilation of the electron and positron into a virtual photon or Z°.
2. Production of a quark pair with virtuality of O(/s).

3. Radiation of partons from virtual partons.

4. Hadronization of partons with low virtuality.

5. Decay of unstable particles.

In the region of large Q?, perturbative expansion is known to work well for
QCD. The steps 1) to 3) can be calculated by QCD and the Weinberg-Salam
model* of the electro-weak interaction. In the region of small @2, however,
QCD perturbation fails. Therefore, the hadronization of partons, step 4), is
not calculable. It is not clear where the perturbative expansion breaks down,
i.e., at what Q? value step 3) phases into step 4).

Many types of analyses have been done in e*e™ annihilation to hadrons
on each step listed above.®® In the real world, the perturbative and non-
perturbative phases are connected smoothly. For analysis, however, an abrupt
transition between the two phases is assumed.

Perturbative calculations can only be used for partons with a virtuality
above a cutoff value. Two methods exist to calculate QCD perturbatively.

A) Perturbative expansion in powers of as, the strong coupling constant:
The cross sections for parton production in e*e™ have been calculated up
to a%.” The results depend on the scheme used to regularize perturbative

singularities. Calculations of exact matrix elements to higher orders are
very difficult.

B) The Leading-collinear Logarithmic Approximation (LLA), which supple-
ments the above exact expansion in as®: The LLA method permits emis-
sions of as many partons as are kinematically allowed. The LLA cross
sections are only approximate, however, and some cross sections are not
given correctly, e.g., the 3 jet cross section with small thrust.

At the termination of the perturbative phase, the parton system must be
converted to a hadronic system. At this level, the virtuality of each parton is
small, the size being dependent on the cutoff. A parton at this level is not a



bare parton, but a dressed parton, i.e., a superposition of partons whose invari-
ant mass is smaller than the Q? cutoff (e.g., a bare quark with acompanying
collinear gluons). Several models have been proposed to describe the hadroniza-

tion process based on the general arguments of QCD.® The most popular models
are:

a) Independent Fragmentation Model (IF) (Fig.1 (a)). 101112
b) String Fragmentation Model (SF) (Fig.1 (b)).}?

c) Cluster Fragmentation Model (CF) (Fig.1 (c)). *:1°1¢

g

Fig. 1. Schematic representations of the 3 jet event in {(a) Independent Fragmen-

tation Model, (b) String Fragmentaticn Model and (c) Cluster Fragmentation
Model.



The basic assumptions of these models are as follows:

a. In the IF model, each parton is assumed to fragment independently based
on the Field-Feynman mechanism!®. The hadrons produced from a parton
are distributed cylindrically around the parent parton direction. A serious
problem with this model is that the 4 momentum and flavor conservation
is imposed in an ad-hoc manner.

b. In the SF model, it is assumed that strings are stretched between partons
along the direction of color flow. This assumption is based on the string
picture of confinement. Each string is assumed to hadronize with cylin-
drical symmetry in its rest frame. Hadrons are boosted to the ete™ CM
frame if the CM frame and the string rest frame differ. An important
consequence of this Lorentz boost is that in 3 jet events, interpreted as
ggqg, more hadrons are produced in the regions between ¢ — g and g — ¢
than that between ¢ — §. In this model, the 4 momentum and flavor
are naturally conserved. Recent studies have shown that the hadron state
produced from two partons with a small invariant mass is almost the same
as the hadron state produced from a single parton with the same momen-
tum in this model.'” This is an attractive feature because it reduces the
dependence of model predictions on the perturbative cutoff scheme.

c. The CF model is used with the LLA method. The invariant mass of two
neighboring partons after the parton shower evolution by LLA is rather
small, O(1GeV), of the scale of hadronic masses. Based on the scheme of
preconfinement, it is assumed that color singlet clusters are formed from
neighboring partons. Each cluster is viewed as a heavy resonance with a
large decay width. Each cluster is assumed to decay into two body states,
while the flavors of the decay products are determined by their phase
space and spin freedom.!®

The IF and SF models are the two extreme cases. In the former, the
interaction between partons is assumed to be negligible until the end of the
hadronization process. It is clear, however, that this assumption is inapplica-
ble for systems with small invariant mass. In the latter, maximal interaction
between partons through strings is assumed. For production of hadrons with
high momenta, the Ywo models give almost the same prediction and are hardly
distinguishable. The CF model where a parton shower is generated by LLA lies
between IF and SF. For hadron producticn in the central region, it is similar
to the SF model, but in the high momentum region, it predicts hadronization
to proceed independently.

Questions to be addressed in the study of hadron preduction in e*e™ anni-
hilation are summarized:



1. Is the second order QCD matrix element accurate enough to describe par-
ton production in the energy range of PEP and PETRA ? Is multi-parton
production mechanism predicted by LLA necessary to explain experimen-
tal distributions ?

2. Is there a clear cutoff value of @* which separates the perturbative and
non-perturbative phases 7 If so, what is the value ?

3. What is the difference between the quark jet and the gluon jet ?

4. Which one of IF, SF and CF is most adequate ( if any ) to explain parton
confinement 7

In the following. experimental data are compared with several Monte Carlo
predictions to test these assumptions. The principal Monte Carlo programs are:

1. The Hoyer Monte Carlo!? and the Ali Monte Carlo!!, which uses QCD
matrix element up to O(a%) and IF.

2. The LUND Monte Carlo'®, which uses QCD matrix element up to O(c?)
and SF.

3. The Webber Monte Carlo!® and the Gottschalk Monte Carlo!®, which use
the LLA and CF. The Webber Monte Carlo, in addition, includes a part of
the next leading order corrections, i.e. the soft gluon interference effect.!®

In the following sections, recent experimental data from CESR, DORIS,
PEP and PETRA are used to answer questions raised above. In Section 2, single
particle production data are briefly summarized. In Section 3, light quark jets
(u,d,s) and heavy quark jets (c,b) are compared to study the flavor dependence
in the hadronization. Correlations between a proton and an antiproton are used
to test various baryon production models in Section 4. In Section 5, gluen jets
are compared with quark jets. The difference between the particle spectrum
in gluon jets and that in quark jets are used to study the higher order effects
neglected in the 2nd order QCD. The 3 jets events are used to evaluate the
SF model and the IF model in Section 6. The effect of the soft gluon is also
discussed in this section. In Section 7, the measurement of ag is summarized.
The forward-backward asymmetries of quarks and leptons are summarized in
Section 8. In the last section, the summary of the talk is given.

2 Inclusive Hadron Production

The topics included in this section are: 1) multiplicities of hadrons, 2} pro-
duction cross sections of charged particles with high z (2 = Exad/Ebearm), 3)
charm meson production, and 4) charm baryon production.



2.1 Multiplicities of ordinary hadrons

Most low lying ordinary hadrons, which contain only u, d and s quarks,
have been observed in ete~ experiments. These include members of the pseudo
scalar and vector meson octets and of the baryon octet and decuplet. Figure
2 shows the multiplicities of ordinary hadrons measured by PEP and PETRA
experiments.?® Only those data taken in the full or nearly full momentum range
are included in the figure. Recently, ARGUS has observed hyperon production
at 10 GeV of £*, E* and Q~.2! Still remaining unobserved are 7', w, & and
A. Figure 3 shows production cross sections of K * and A measured by many
groups.?? As can be seen from Fig.2 and Fig.3, data from different groups are
quite consistent with few minor exceptions.

= T 0 MIKET 2 g0 T pf K+ T [ A = atig#E -

10! | AR R A LY EATER
. TEYE R | R

10° F ‘ S Rl e 0" 20 [ P | I R
AlnTagso [¥1 1 TR RR L

0" HxJADE | | | 1| e | P
2Hicgrro |1 fmkmmd | 8% | [1¢

10 L|= CELLO R Webber l | kR
+MARK O} | | ——— | | ! N ! I

Fig. 2. Ordinary hadron multiplicities measured by PEP and PETRA experi-
ments with Monte Carlo predictions.
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Fig. 3. Inclusive cross sections of K* and A at PEP and PETRA.



In Fig.2, the predictions of the Lund SF and Webber CF models are also
shown. The two models are in reasonable agreemnent with cbserved multiplicities
and single particle cross sections, despite the very different manners in which
the relative abundance and the spectrum shape are determined.

In the Lund model, the production rate of a hadron with a given flavor
is mainly determined by the rates of quark-antiquark and diquark-antidiquark
pair produced in the string-like color field. The physical motivation comes from
2-dimensional field theory, but several phenomenological parameters have been
introduced, which are to be determined by experimental data. For example, the
s/u ratio (ratio of s5 to u% pair production rates) is determined from the ratio
of multiplicities for kaons and pions. The momentum spectrum is determined
by the fragmentation function of quarks.?®

In the Webber model, the differential cross section is determined in two
steps. First, parton configurations are generated in momentum space in LLA,
and the mass and momentum of color singlet clusters are determined. Next,
these clusters decay to hadrons governed only by kinematical factors, i.e., phase
space and spin factors.

2.2 Charged Particle Cross Section at high z

The charged particle cross section in the high z region ( 2 = Eped/Ebeam )
has been measured by HRS at PEP.?* (Fig.4) The cross section in this region is
very interesting because 1) the contribution of the decay products from resonant
particles is small, and 2) the behavior of the cross section is strongly model
dependent at around z = 1. Such a measurement is only possible with their
good momentum resolution, Ap/p = 0.25%p(GeV/c) at praga = Epeam- The
number of background events above z = 0.9 is estimated to be less than 0.1.
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In Fig.4, the predictions of the LUND MC and the Webber MC are also
shown. As can be seen, the LUND MC gives a good description of the data,
but the Webber MC predicts too soft a momentum spectrum above z = 0.6.
In order to trace back the origin of this problem in the Webber MC, another
combination of assumptions was tested in which the perturbative phase is based
on LLA (as before) but the hadronization phase is based on SF. This model
gives almost the same result as the LUND MC. Failure of the Webber MC in
the high z region is now explained by the fact that the cluster is forced to decay
into two hadrons. It is then difficult to produce a high z hadron, even if the
energy of the cluster is approximately equal to the beam energy. This difficulty
is common to hadronization scheme based on cluster decay. If a cluster with
small invariant mass is replaced by a hadron with a mass close to the cluster
mass, the predicted spectrum becomes harder.?®

2.3 Charm meson production

The D** provides a unique tool for measuring the fragmentation function of
¢ quark. The D** cross sections measured by DELCO, HRS, TPC, JADE and
TASSO at around Egps = 30 GeV are shown in Fig.5(a).2® The D* cross sections
measured at different Ecps are compared in Fig.5(b), DELCO at 29 GeV, CLEO
and ARGUS at 10 GeV and MARK I at 7 GeV. Here the data by MARK 1 is
the D cross section. The cross section s - do/dz is almost independent of E¢y,.
The absolute value of the production cross section depends on the branching
fractions of the D meson. In this regard, the fact that the latest MARK III
data?” significantly differs from the values in the Particle Data Table?® has
effects on the production cross section. The cross section given here will become
smaller if the new branching fractions are used. The spectrum is harder for D*
than that for ordinary hadrons.
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Fig. 5. Cross sections of D* measured at PEP, PETRA, CESR, DORIS and
SPEAR.



The cbserved hadron spectrum deviates from the fragmentation function at
the parton level due to radiative corrections, multi-jet emissions and kinematics.
These effects have been analized by Bethke. Comparison of the observed < z >
and the corrected < z > after unfolding these eflects is shown in Fig.6.2° As
can be seen from this figure, < z > is almost independent of Ecps in the range
of 10 — 34 GeV'. The average value of z was found to be 0.71 + 0.014 &+ 0.03.
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In Fig.5(a) and (b), predictions of the Webber MC are also shown. In the
Webber model, the fragmentation function is not given externally but is deter-
mined by dynamics ( LLA ) and kinematics ( masses of quarks and hadrons ).
The flavor depencence of the inclusive spectrum comes mainly from differences
in quark mass. The Webber MC predicts too soft a spectrum in the high =
region, but the spectrum around z = 1 depends strongly on the assumption
made for the production of heavier resonances, e.g., D**.

2.4 Charm baryon production

New observations of A, production in e*e™ annihilation have been reported
by CLEO®* ( A. — Annm ) and ARGUS (preliminary)?* ( A, — pK7 ). The
CLEO data were taken on, just below, and above the T(4) mass. The contribu-
tion from B meson decay are found to be negligible in this region. The ARGUS
data were taken on and off the 4 T resonances. No significant difference was
observed between the A, signals on and off resonances in the ARGUS data,
and the A, production rate in the T decay is smaller than the A. production
rate in charm jets. The invariant mass distributions are shown in Fig.7(a) and
(b). The observed A, masses are 2.287 &+ 0.011 £ 0.005 GeV ( CLEO ) and
2.284 £ 0.0035 + 0.0021 GeV ( ARGUS).



The cross sections are shown in Fig.8 as a function of scaled momentun..
The solid line in this figure is the Peterson function3? with ¢ = 0.14, fitted to
the D* spectrum obtained by CLEO. The best fit of ¢ for A. by CLEO and by
ARGUS are 0.21+0.08 and 0.172 *0323, respectively. No significant difference is
observed between the charm meson spectrum and the charm baryon spectrum.
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Fig. 7. Invariant mass distributions of Ar7n and pK 7 measured by CLEO and
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CLEO obtained the expected number per event for ete™ — As + X followed
by Ac — Annm to be 0.0044 + 0.0011 + 0.0015. According to MARK II3!,
0.2 Ac’s are produced per ¢ quark. Using this, CLEO found the branching
fraction for Ac — Anwn to be 2.8 £ 0.7+ 1.1%. ARGUS found the total cross
section to be 859+164*1.5 pb from o- BR = 18.9+ 2.3+ 2.7 pb. Using this cross
section, they found the ratio of A¢ to D** production rates to be 0.98 £0.317535.

All Monte Carlo programs predict the charm baryon spectrum to be similar
to the charm meson spectrum in shape, and this prediction is consistent with
data. The comparison of the absolute production rate between the model pre-
diction and the data is difficult because branching fractions are not well known
for most decay modes.

3 Flavor dependence of Jets — u,d,s vs ¢,b jets

The flavor dependence of the hadronization process has been tested using
events tagged by large p, leptons or D*. In this section, the following topics are

covered: 1) hadron multiplicities, 2) p and p; distributions and 3) as in heavy
quark jets.

3.1 The multiplicities in heavy quark jets

The total multiplicity in @ — Q jets ( Q = c or b quark ) is the sum of two
components; 1) the decay products of the heavy hadron which contains @ or
Q (leading part) and 2) the hadrons which are produced from the non-leading
part of jets. The multiplicity of non-leading part is denoted Ny ;. The question
raised here is whether the non-leading part depends on the flavor of the leading
quark Q.

MARK II used leptons to enrich ¢ and b jets by requiring p > 2GeV/c
and p; < 1 GeV/c ( for charm ), and, p > 2 GeVc and p; > 1 GeVje ( for
bottom ).3% The average total charged multiplicities in Q — @ jets obtained in
this analysis are 16.1+0.5+1.0 for bottom events and 13.21+0.54 0.9 for charm
events. The non-leading hadron multiplicity Ny has been estimated by sub-
tracting the average multiplicity of the leading part from the total multiplicity;
Ny p(bottom) = 5.2+ 0.5+0.9 and Nyr(charm) = 8.1+0.5£0.9. The average
invariant mass of the non-leading part, Wy, and the mean energy fraction of
the heavy hadron < z >g are related by the following equation:

WNL=ECM'(1_2' < z >q).

In Fig.9, the average charged multiplicity over a wide range of Ecas are
shown. Assuming that the relation between Ny and Wy is the same as
that between the average charged multiplicity and Ecps, they found the mean
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energy fraction of heavy hadrons < z >g to be < z >;= 0.79737° and <
z >.= 0.60137;. These values are consistent with measurements based on lepton
inclusive spectra and D* fragmentation.?®:333% Turning the argument around,
one can conclude that the hadronization of the non-leading part is independent

of the leading flavor.

3.2 Inclusive momentum distribution

Several groups have studied particle distributions in the side of the event
opposite to side of the particle used to tag the specific quark type. In this
subsection, the results reported by HRS (preliminary) for light quark jets vs
charm jets3®, and by DELCO for average jets vs bottom jets®®, are presented.

HRS has used large momentum charged particles to tag light quark jets.
They required the existence of charged particles with z larger than 0.7. The
charm events are tagged by observing a peak in the D*-D mass difference, with
an assumed D decay mode of D — K7 and D — Knnn. For the 1st decay
mode, the minimum z is required to be 0.4, for the 2nd it is required to be 0.5.
The purity of the light quark jet sample is estimated to be 89%, and that of the
charm quark jet sample to be 85 %. The absolute momentum and transverse
momentum distributions are shown in Fig.10(a) and (b). The average values
are summarized in Table 1.

DELCO has used electrons with p = 0.5 — 5.5GeV and p, > 1GeV to tag
bottom quark jets, and has compared those jets with jets in the their entire event
sample. The estimated purity of the bottom jet sample is 83 %. The rapid'ty
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( (c) and (d) ). The LUND MC predictions are given in (c) for total and for
primary hadrons.

HRS DELCO
parameters charm light bottom average
< Npzx > 6.61+0.2 5.84+0.1 7.6110.46 6.161+0.01
<p> 1.38+0.06 1.521+0.04 1.061+0.04 1.293+0.002
<y> 1.201+0.03 1.400+0.002
< pt > 0.39+0.01 0.40+0.01
<p?> 0.31+0.03 | 0.274+0.001
<8 > 0.094+0.010 | 0.087+0.007 0.2610.02 0.14110.001
1- < T > 1} 0.082+0.005 | 0.092+0.004 || 0.149+0.009 | 0.1060+0.0003

Table 1. Average values of event parameters. Errors are statistical only.
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and p; distributions are shown in Fig.10(c) and (d). The average values are
summarized in Table 1.

No significant difference is observed between charm quark jets and light
quark jets, except that the average momentum in charm jets is slightly softer
than that in light quark jets. This result can be reproduced by models where
same hadronization scheme is used for light quark jets and charm quark jets.
The observed rapidity distribution in the bottom quark jet is slightly softer
than that in the average jets, and shows a dip at y = 0. In Fig.10(c), the
LUND Monte Carlo predictions are shown, in which the hadronization process
is the same for all types of quark jets. The solid line shows that of all particles
and the broken line shows the rapidity distribution of the leading hadrons. The
leading hadron distribution gives a clear dip at y = 0 due to kinematics, the
large < z > of bottom hadrons and subsequent decays with high multiplicity.
The solid line is consistent with data and the difference between the bottom jet
and the average jet can be explained by the difference in the leading hadrons.

3.3 as measured in heavy quark jets

In QCD, as is assumed to be flavor independent. The test is made in ete~
experiments by using charm events tagged by D*. Discussions on ays in average
events will be given in Sec.7.

TASSO obtained as using the distribution of p, of charged particles in the
event plane.3” They found eg(c) = 0.153 + 0.031 =+ 0.030 in charm quark jets
using IF models for hadronization with 2nd order QCD calculation for the
parton cross section. They also obtained the ratio of as in charm quark jets
and in average jets: as(c)/as(average) = 1.00 % 0.20 + 0.20.

JADE used eigenvalues Q; (i=1,2,3 and Q; < @2 < Qs) of the normalized
sphericity tensor to obtain as(c).®® They found the fraction of planar events
(@s < 0.9, Q; < 0.06) to be 13 +-4 % for the charm events and 10 + 1 % for
all events with at least one charged particle with z > 0.4. The requirement
of a large momentum charged track is to make the kinematical coniditions of
average events similar to that of tagged events. From these fractions, they
obtained as(c) = 0.13 & 0.08 using the LUND MC.

HRS tagged light quark jets by requiring large momentum charged particles
as mentioned in Sec.3.2. They selected 3 jet and 2 jet events using the invariant
mass of jets. From the ratio of the number of 3 jet events to the number of 2
jet events in tagged light quark events and in tagged charm quark events, they
obtained the ratio as(c)/as(u,d,s) = 1.03+0.27 (preliminary).3 It is assumed
that the ratio of 3 jet to 2 jet events is proportional to as. The quoted errors
are statistical only.

The ag measured for charm quark is equal to as measured for average
quarks (see Sec.7) within statistics and no flavor dependence is observe.
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4 p-—7 correlations and the baryon production
mechanism

The study of ccrrelations between hadrons provides information which is
unattainable from single particle inclusive analysis. For example, the correlation
between charged particles with the same sign provides information about the
spatial extent of hadron sources (GGLP effect).*® Presented in this section is the
analysis of p— P correlations performed by TPC to study the baryon production
mechanism.*! TPC examined two distributions:

1. The angular distribution of baryon production relative to the jet axis.

2. The strength of the transverse momentum correlation between the two
members of a baryon-antibaryon pair.

The first distribution was used to test the cluster decay model and the string
model diquark mechanism. The second distribution was used to study diquark
model and the so-called "popcorn” model.

4.1 Models for baryon production

Several mechanisms for baryon production in e*e~ annihilations have been
proposed. The major models are 1) the diquark model*? (Fig.11(a)), 2) the
popcorn model*® (Fig.11(b)), and 3) the cluster decay model** (Fig.11(c)). In
the diquark model, the diquark is considered to be a (effectively) fundamental
“particle”. The diquark-antidiquark pair is produced from the color field like an
ordinary quark-antiquark pair. A baryon is produced by combining a diquark
and a quark. The popcorn model was introduced in order to explain baryon
production in QCD. In this model, only quark pairs are produced from the color
field. It was shown that three quarks can combine themselves to form a color
singlet system with a reasonable rate. In the cluster decay model, a baryon
pair is produced through the decay of clusters in the same way as a meson pair.
In the Webber model, gluons split into quark-anitquark pairs and only mesonic
clusters (cluster which contain a quark and an antiquark) appear. A cluster is
assumed to decay isotropically into two hadrons in the rest frame of the cluster.

4.2 Cluster decay vs String Model

TPC obtained 110 pp and 21 pp, PP pairs in the proton momentum range
of 0.5 to 1.5 GeV, with estimated background of 7 and 3, respectively. In
order to see how the cluster decay model differs from other two models, the
angular distribution of pp pairs with respect to the jet axis was studied. The
angle 0* is defined as the angle between the proton momentum and the jet
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Fig. 11. Schematic rep-
resentation of baryon pro-
duction mechanisms in (a)
diquark model, (b) "pop-
corn” model and (c) cluster
decay model.

axis in the CM frame of the pP pair. In the cluster decay model, the cluster
decays spherically symmetric and the cos §* distribution is flat. In the diquark
model, the proton and antiproton are more likely to be produced along the jet
direction because the diquarks are pulled along the direction of the string. The
popcorn model gives almost the same prediction as the diquark model in this
distribution. The 6" distribution in the diquark mc del shows an enhancement
around |cos8*| = 1. In order to remove the contributions of pp pairs in which
the p and 7 are produced independently, the 8* distribution is defined as follows;

dn/d|cos 8"

= dn/d|cos0"|(p + p) — dn/d|cos 0"|(p+ p,P + ) ,

where dn/d|cos 8*|(p + P) is the distribution of the pp pairs and dn/d|cos |(p +
p,P + P) is that of the pp and pp pairs.

The | cos 6*| distribution measured by TPC is shown in Fig.12 together with
the predictions of the diquark model and the cluster decay model. The shape of
the distributions suffer from the limited momentum range of p and P, but the
relative difference between the two models is retained. As can be seen from the
figure, the data shows an enhancement around | cos 6*| = 1. The diquark model
reproduces this shape. The cluster decay model, however, shows a decrease at
|cos8*| = 1 and is excluded at 95% CL.

The above result means that baryon pairs are oriented primarily along the
jet axis a la diquark model prediction and that the the baryon pairs are not
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produced isotropically in the CM frame of the pair. The implication for the
Webber model is that either baryonic clusters, i.e. clusters which contain three
quarks, must be introduced or that clusters must decay anisotropically. An
updated version of Webber MC (V3.2), which includes baryonic clusters by al-

lowing the splitting of virtual gluons into diquarks, reproduces the enhancement
at |cosf"| = 1.

4.3 Diquark model vs Popcorn model

In the diquark model, the baryon and antibaryon are always adjacent, while
mesons can be produced between the baryon and antibaryon in the popcorn
model. Because of this difference, the correlation between the p and # momen-
tum transverse to the jet axis is stronger in the diquark modei than that in
the popcorn model. To measure the strength of this correlation, the following
quantity « is defined using the transverse momenta of the proton p;(p) and the
antiproton p; (p);

a=<p/(p)-p(p) >/ < P(p)* >.

The diquark model predicts « = —1/2 at the generator level. In the real
analysis, several effects smear this prediction. The largest effect is hard gluon
emission. Because of hard gluon emission, the jet axis (sphericity axis) is not
the direction of the quark or gluon. To make the analysis less dependent on the
gluon emission, a,,; is defined from the same equation by using the transverse
momentum component out of the event plane.

In order to simulate the popcorn model, a simple mechanism has been incor-
porated into the LUND MC, whereby baryon pairs are produced with or without
a meson between the baryon and the antibaryon.*® The ratio BM{B/(BMB +
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a function of the fraction

BMB/(BB + BMB).

. 7/ Fig. 13. Correlation coef-
01 // / ficiant a,, with the pop-
. Z corn model prediction as

3
-0.1 -
0 90% CL
0.2+ Jlower limit
L7 1
0 0.5 i.0
BMB/(BMB+BR}

BB) is defined as the fraction of baryon pairs with such an intermediate me-
son. The prediction with BMB/(BMB + BB) = 0 corresponds to the diquark
model.

The measured a,,; is shown in Fig.13. The data shows a very weak corre-
lation between the transverse momentum of the proton and that of antiproton.
In the same figure, tu prediction of the popcorn model is shown as a function
of BMB/(BMB + BE\. This prediction is insensitive t the perturbative part,
i.e., the result is almost the same for 2nd order QCD and for the LLA. From

this data, the lower limit on the fraction BMB/(BMB + BB) was calculated
to be 45% at 90% CL.

5 Gluon vs Quark Jet

In this section, gluon jets are compared with quark jets. The topics covered

are: 1) baryon multiplicities in gluon jets and 2) the momentum spectra of
particles in gluon jets vs quark jets.

5.1 Baryon multiplicities

Since the discovery of gluon jets at PETRA, comparisons between gluon
and quark jets have been made extensively.® One interesting difference is the
observation of more baryons in gluon jets than in quark jets. Several groups
have reported recently on this issue. Figure 14 shows some of the results, by
(a) TASSO, (b) MARK II and (c) HRS.

TASSO reported the observed multiplicity of A in 2 and 3 jet events as a
function of the jet energy.*® They compared data with MC predictions assuming
several different ratios for the baryon multiplicities in gluon jets and in quark
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jets. This study indicates that the baryon multiplicity is larger in gluon than
that in quark jets. MARK II compared thrust distribution for events which
contain 2 A with that for all events.*®* HRS gave the ratio of the baryon and
meson production rates as a function of sphericity.4?

All these results are consistent with the assumption of higher baryon mul-
tiplicity in gluon jets relative to quark jets. Further study is required, possibly
by comparing the data for hadron production on and off the T resonance.®

5.2 Hadron spectrum in gluon jets and quark jets

The particle momentum spectra in gluon iets and in quark jets have been
compared by MARK I1.*° The analysis uses charged particles and photons in
90000 events and proceeds as follows:

¢ 3 jet events are selected by using a cluster algorithm.

¢ The momentum of each jet is calculated by summing the momentum vec-
tor of particles which belong to the jet. The energy of the jet is calculated

18



from opening angles between jets assuming massless parton kinematics.

e Events with a nearly 3-fold symmetry are selected by requiring the opening
angles between any two jets to lie between 100° and 140°. Total of 560
events are selected to be used in the following analysis.

e The scaled momentum of each particle is defined to be z; = p;/ E;, where

pi is the momentum of particle i and E; is the energy of the jet to which
it is assigned.

¢ The distribution in z is corrected for the detector acceptance and initial
state radiation. This momentum distribution is viewed as the sum of the

distributions in one gluon jet and two quark jets with energy of 1/3F ;¢
each.

¢ The momentum distribution in events with two quark jets of energy
1/3Ecar each is calculated by interpolation of existing data at several
different energies. Most events in these samples are 2 jet events and can
be used to approximate the particle distribution for 2 jet events. The
broken line in Fig.15(a) is the distribution obtained by this interpolation.

¢ The scaled momentum distribution in gluon jets is calculated by the fol-
lowing equation.

d .
0:1: dI(gluon Jet) = 1 U(3 Jet events, Ecp = 29GeV)

tot dI

- (2 Jet events, Ecp = 19.3GeV)

Utot

e The ratio r(z), which approximates the ratio of (gluon jet+2-quark jet) /3(2-
Juark jet), is defined as follows

1
30!0! dI

201‘ “dz Z(all events, Ecpr = 19.3GeV)

£2(3 jet events, Ecpr = 29GeV)
r(z) =

Figures 15(a) and (b) show the results for 1/, - do/dz(gluon jet) and r(z),
respectively, along with the predictions of several Monte Carlo programs. In
Fig.15(a), black circles denote the distribution of particles in 3 jet events, while
the white circles correspond to the distribution in gluon jets defined above. By
comparing the broken line and the distribution in gluon jets, it is observed that
the spectrum is softer in gluon jets than that in quark jets. The same conclusion
can be reached in Fig.15(b).

The LUND and Ali MC’s give too hard a specu.um in gluon jets, while that
the Webber MC gives fairly good de ‘ption of the data, as seen in Fig.15(b).
Further study has been made on th - oject by using different kinds of MC's.
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Fig. 15. (a) The charge particle distribution in 3-fold symmetric 3 jet events in
comparison with that in hadronic events at 9.7 GeV. The distribution in gluon
jets at 9 GeV mentioned in the text is shown by open circles. (b) The ratio r(z)
defined in the text as a function of x, with several Monte Carlo predictions.

1) 2nd order QCD + SF with m fixed, where m is the minimum invariant
mass of two partons.

2) 2nd order QCD + SF with y fixed, where y = m?/E%,,.
3) LLA + CF.
4) LLA + SF.

5) LLA + SF with Gy, = Gggy, where G,y and G, are the coupling con-
stants.

Model 1) gives a distribution of r(z) slightly decreasing as z increases, while
model 2) ( which is the LUND MC ) gives a flat distribution. The difference is
due to the fact that the energy dependence of the fraction of multi-parton events
is stronger in model 1) than that in model 2). When partons are produced with
fixed y, the fraction of events with a given number of partons is almost energy
independent, while, when produced with m fixed, the fraction of events with
multiple partons increases as Ecps increases. Model 3) ( which is the Webber
MC ) and model 4) give almost the same result, and are consistent with data.
The comparison between model 3) and model 4) shows that the ratio r(z) is
insensitive to the models of the hadronization, despite the fact that the spectrum
itself depends on the hadronization model (see Sec.2.2). Model 5), in which less
gluons are emitted than model 4), gives a slightly decreasing distribution, but
the decrease is weaker than that of Model 4). The conclusion from these studies
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is that more partons are required than is provided by a model based on 2nd
order QCD.

6

Analysis of 3 jet events

In this section, 1) the string effect in 3 jet everts and 2) the dependence of
this effect on particle momentum are discussed. IF and SF models are tested
to see whether they can explain the measured effect. Data are also compared
with LLA based CF models and the soft gluon interference effect is discussed.

6.1

String effect in 3 jet events

The string effect was first observed by JADE.®® TPC®! and TASSO%? have
confirmed this effect. The analysis was done as follows (Fig.16):

Particles were projected into the event plane.

3 Jet events were selected by Sphericity cuts (except for TASSO), and by
the clustering algorithm or by the generalized sphericity method.

The momentum of each jet was calculated by summing vector momenta

of particles in the jet, while the energy of each jet was calculated by the
opening angles between jets.

The largest energy jet and the smallest energy jet are called jet 1 and 3,
respectively. The probability that jet 3 is the gluon jet was estimated to
be around 50% based on a Monte Carlo study.

Using these 3 jet samples, the following quantitics were studied;

Fig. 16. Definitions of variables in the analysis of 3 jet events.
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1. The particle and energy flow in the event plane.

2. The mass and P, dependence of Nys/Ny;. Here N;; is the number
of particles between jet i axis and jet j axis with A©@ = 0.3-0.6 x O,;
(0.25 — 0.75 for TASSO) and A© is the angle between jet i axis and
particle and ©;; is the angle between jet i axis and jet j axis.

3. The dependence of N;3/N;, on the probability of jet 3 being the
gluon jet.

Figure 17(a) and (b) show the heavy particle flow by TPC and the energy
flow by JADE in the event plane as a function of ©. Here © is the angle of
particles in the event plane measured from the direction of jetl through jet2 to
jet3. In Fig.18, N;3/Nj; reported by TPC, JADE and TASSO are plotted for
particles with different masses and with different P,,:, the momentum compo-
nent out of the event plane. It is clear from Fig.18 that the ratio is larger than
unity and more hadrons are produced between jet 1 - jet 3 (quark-gluon) than
between jet 1 - jet 2(quark-antiquark). The ratio N;3/N); is larger for heavier
particles and for particles with larger P,,,.

In Fig.17 and 18, the predictions by the LUND, Hoyer, Webber and Gottschalk
models are also given. The Hoyer and Gottschalk models predict the ratio
Ni3/Ni2 to be unity, independently of hadron mass and P,y. This prediction
is common for all IF based models.5%! The LUND and Webber models predict
Ni3/N12 to be larger than one and to become even larger for heavier particles
or larger FP,,:. These predictions are consistent with experiment data.

In order to confirm that this effect is due to the gluon emission, the ratio
Nj3/Nj2 is plotted as a function of the probability that the jet3 is the gluon jet
by TPC® (Fig.19). In this analysis, the probability was calculated as follows.
The cross section for ¢gg in 1st order QCD is proportional to Cgz,, where

Cog = (I: + 3:2-)/(1 - xq)(l — ),

and z; and z; are the energy fractions of the quark and antiquark. The proba-
bility Giag(jet3) is defined as

Gga,(jetfi) = 100 x C3/(Cl + Cz 4+ C3),

where C; is the value of Cg, when jet i is the gluon jet, using the experimentally
determined jet energies. It is clear from this figure that the string effect is
enhanced for those events with a higher probability Gis,(jet3). The difference
between the IF model prediction and the LUND and Webber model predictions
are enhanced for those events.

Two different models, LUND and Webber, reproduce the string effect, in-
cluding the mass and P,,; dependences of the effect. The common characteristic
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of these two models is that hadrons are produced from sources moving towards
between ¢ — g or between § — g in the ete~ CM frame. The invariant mass of
the source of hadrons depends on the cutoff value of the perturbative phase.
The average string mass in the LUND model in the 3 jet sample is around
6 GeV, while the average cluster mass in the Webber model is about 2 GeV;
nevertheless both models provide similar predictions for Nys/Ny2.

The soft gluon interference effect, a part of the next to leading order cor-
rection, becomes important in the perturbative phase of QCD.!° Interference
terms due to multi-soft gluon emissions cancel a part of the LLA cross section.
This effect can be approximately incorporated in Monte Carlo programs by re-
quiring the angles between partons to be ordered, i.e., 8, > 6, where 8, is the
angle between partons preceeding the partons with openirg angle of 6,.1°

In the Webber model, the angr'ar ordering between partons ensures that
partons are more likely to be prouuced along the direction of the parent parton.
This causes depletion of partons between the quark and antiquark jets and de-
pletion of clusters between the quark and antiquark jets. To confirm this point,
the ratio Ny3/N;2 was calculated using the Gottschalk model, in which soft
gluon interference is not included. The Gettschalk model predicts Ny3/Nyz =
1.03 4 0.03. If one uses, however, only those events in which the angles between
partons are accidentally ordered, the ratio becomes Ny3 /Nyz = 1.22 £0.04 (See
Gottschalk MC predictions in TPC analysis in Fig.18).

6.2 SF vs IF for large momentum particles

The analysis presented above is sensitive to the distribution of hadrons in the
central region, which primarally contains small momentum hadrons. TASSO
has observed a reversal of the string effect for high momentum particles in
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the regions between jets, however, i.e., the IF model seems to be favored over
SF.52 Other groups, JADE®® and TPC®, have also examined high momentum
particles. Neither of themn confirmed the above TASSO result.

TASSO has analyzed the data with two methods:

i. The z;, dependence of the N;3/Nj; ratio.
ii. The power dependence of the Ny3/Nj; ratio.

In the first analysis, the Nj3/Ny; ratio was plotted as a function of z;,,
where z;, = pin/Epeam and p;, is the particle momentum projected onto the
event plane. The data is shown in Fig.20(a) and (b). TASSO has observed
that the data points deviate from the prediction of the SF model in the region
of z;, > 0.4, but are consistent with the IF model. The deviation is enhanced
when low planarity events are selected, where planarity P is defined to be
P = Q2 — Q and Q. and @; are medium and smallest eigenvalues of the
sphericity tensor. The TPC and JADE data analyzed in an analogous fashion
are shown in Fig.20(c) to (e). As can be seen from these figures, the TPC and
JADE data are consistent with the SF model predictions at both large and
small z;, values.

The second analysis by TASSO was done using charged particles as:

e Three jet events are selected by the generalized sphericity technique and

by requiring that the opening angle between any two jets be larger than
55°.

e The jet axis is then defined by calculating momentum weighted vector

sum
kj(n) &< 3 [pinl™ 7 P ins
where the sum runs over the tracks associated with jet j. The jet axis is

determined mainly by small momentum particles for small power of n and
by large momentum particles for large power of n.

o For each power of n, the scaled energy of each jet is calculated by the

opening angle between jets, and the jets are labeled 1, 2 and 3 in decreasing
order of energy.

o The transverse momentum of jet 3 with respect to jet 1 direction is defined

to be z7(n). The difference Azz(n) = z7(2) — zr(n) is used to study the
momentum dependence of zr(n).

Figure 21(a) shows the average value of zr(n) as a function of n. JADE
analyzed data in an analogous fashion using charged particles and photons as
shown in Fig.21(b). While TASSO did not impose the planarity cut, JADE
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Fig. 21. The difference Azz(n) as a function of the power n measured by
TASSO (a) and by JADE (b).

required planarity cut (P > 0.07) and aplanality cut(@, < 0.06). In order to
reduce the difference between TASSO and JADE analyses, events containing
more than 3 jets are removed from TASSO data using the clustering algorithm
for this plot. The distribution of Azy(n) is strongly dependent on the analysis,
and therefore the n dependence is different from analysis to analysis. In the low
n region, the two analyses are in agreement that SF is better than IF. But in
the higher n region, the two analyses give different results. The TASSO data
points come closer to the prediction of IF for high n region, while the JADE
data still favor SF.

The high momentum region is very sensitive to the heavy quark production
and the parton production cross sections. More data and further analyses would

helpf to settle the discrepancy between TASSO on the one hand and JADE and
TPC on the other.

7 Strong Coupling Constant ag

The measurement of ag have been done by comparing various measured
distributions with predictions of Monte Carlo based on 2nd order QCD and SF
or IF hadronization models. These measurements on as at PEP and PETRA
are summarized in Fig.22.5® The results on ag are grouped into three, those
determined by the SF model, those by the IF model and those which were
found to be insensitive to the hadronization model.
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Four types of methods are used to extract s from data:

1) R ratio: the ratio of the total hadronic cross section to the ete™ — ptpu~
cross section.

2) Event Shape : quantities based on particle distributions, e.g., p; and
sphericity distributions.

3) Cluster Distribution : quantities based on cluster distributions, e.g., spheric-
ity calculated using reconstructed cluster momentum.

4) Energy-Energy correlation : correlations between the energy flow of par-
ticles defined as

1 d¥ N E;
o dcos€ Z ZE 6(cos §ij — cos §),

event i§,j vis

where E; is the energy of particle i and &;; is the spatial angle between
particle 1 and j.

Duke and Roberts® calculated a world average of as to find as = 0.19 £ 0.06

at < Ecy >= 34.2 GeV and Aprz = 88011350 MeV.

There exits two types of analysis dependence among mensured values of ag.
One comes from the fact that the value of as extracted from data depends
heavily on the hadronization model used in the analysis. From same data,
one gets larger as by using the SF model than by using the IF model. It

28



has been proven that the smaller value of as obtained with IF is not due to
the momentum conservation scheme nor due to the treatment of the gluon
fragmentation.’® The second discrepancy is that the value of as reported by
MARK J using the SF model is smaller than the values by other groups. This
difference originates from the different treatment of the regularization of the
parton cross section. The R ratio is least sensitive to the hadronization model,
but the value of ag is extracted from the small correction term, R « 1 + a5/,
and the measurement is very difficult.

Many suggestions have been made to resolve these discrepancies, but no
definitive scenario has yet been given.35:5% In the following, listed are some key
points which might help to settle these discrepancies:

1. Dependence on the hadronization model : the analysis of 3 jet events
(Section 6.1) has shown that the IF model cannot describe the hadron
distribution in the central rapidity region. The determination of as using
the IF model must be done in such a way that the result is insensitive to
the hadron distribution in this region.

2. Definition of dressed parton : it has been pointed out that the definition
of dressed partons in the calculation of the 2nd order QCD cross sec-
tions may affect the determination of ag at the level of 10 %.5¢ Therefore
quantitative studies are required to see how a5 is really affected.

3. Effects of higher order corrections : it has been proven that the 2nd
order cross sections currently used by the SF and IF models may not be
adequate 1) from the study of the fraction of 4 jet events®” and 2) by the
analysis of 3 jet events by MARK II (Section 5.2)*°. The determination
of s must be done in such a way that the effects due to higher order is
small. In the determination of as(Q?) or Az including the higher order
terms, Monte Carlo programs based on LLA are not useful. In order
to obtain Az;z using MC’s based on the renormalization group, next to
leading order must be fully taken into account.

8 Forward-Backward asymmetry of Quarks and
Leptons

The test of the Weinberg-Salam model has been done by studying the
forward-backward asymmetry in ete” — ¢g,£f. In the following, the mea-
sured values of the weak axial coupling constant gy are summaried, where f
represents u,7,c or b. In the derivation of these results, the theoretical value of
g. = —1/2 is used, which is consistent with the measured results.?8:
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Table 2 gives a summary of the recent measurements on the weak axial
coupling constants from the F-B asymmetry of leptons. Old data are included
for completeness.?! In the same table, the world average for g, and g, are also
shown. The data are consistent with the prediction of the W-S model g, = —1/2.

The F-B asymmetry of quarks was measured using 1) prompt muons, 2)
prompt electrons and 3) D and D*.°2 New results since the Leipzig Conference
have been reported by HRS and TPC. Their data and the world average pre-
sented at the Cornell and Leipzig conferences are shown in Table 2. The value of
gg is quite consistent with the theoretical prediction g. = +1/2 and g, = —1/2
for both the bottom and charm quarks.

n T
Iu Collaboration ds Collaboration
-0.55+0.18 CELLO -0.46+0.16 CELLO
-0.65+0.085 JADE -0.37+0.11 JADE
-0.69+0.10 | MARK J (34.6GeV) || -0.48+0.27 MARK I
-0.52+0.13 | MARK J (44.6GeV)

-0.705+0.165 PLUTO -0.31+0.38 PLUTO
-0.5210.12 TASSO (34.5GeV) -0.2610.34 TASSO
-0.604+0.16 | TASSO (43.69GeV)

-0.416+0.135 HRS -0.56+0.23 HRS
-0.5040.06 MAC -0.441+0.10 MAC
-0.6410.14 MARK II -0.38+0.18 MARK II
-0.57+0.03 World Ave -0.4210.06 World Ave

charm quark bottom quark
ge Collaboration gb Collaboration

0.61+0.2 Av(PETRA) 83 || -0.50+0.15 | Av(PETRA) 83
0.5040.20 Av(PETRA) 84 || -0.4740.11 | Av(PETRA) 84

1.2+0.8 Av(PEP) 83 -0.55+0.25 | Av(PEP) 83
0.60+0.15 Av(PEP) 84 -0.5740.12 | Av(FEP) 84
0.6+0.4 HRS(D**)
0.74+0.27 HRS(D**,D)

1.1540.86 TPC(e) -1.04+0.98 TPC(e)
0.75+0.79 TPC(p) -0.45+0.57 TPC(n)
0.89+0.92 TPC(D*%)
0.61+0.15 World Ave -0.491+0.10 World Ave

Table 2.

Weak axial coupling constant for fermions.

In the table,

Av(PETRA,PEP) 83 and 84 means the average of values for PETRA and PEP
experiments presented in Cornell®® and Leipzig® conferences, respectively. The
world average are calculated from the values listed in this table.
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9 Summary

In this presentation recent results on hadron production in e*e™ annihila-
tions have been summarized with an emphasis on the hadron production mech-
anism.

In order to understand the hadronization process in the framework of QCD,
the questions which need to be answered are 1) how the perturbative phase
merges with the non-perturbative phase and 2) how partons in the non-perturbative
phase transform into hadrons. The data have been compared with predictions
of models based on different assumptions and calculations. For the perturba-
tive phase, parton cross sections are calculated based either on 2nd order QCD
or on LLA, possibly with a part of the corrections from the next to leading
log. For the non-perturbative phase, hadronization models tested are the inde-
pendent fragmentation model(IF), the string fragmentation model(SF) or the
cluster fragmentation model (CF).

The measurement of the strong coupling constant as in the jet production
process still contains ambiguities, and specific points where further study is
required are pointed out. _

The gluon jet study by MARK IT has shown that the particle spectrum in
gluon jets is softer than that in quark jets. By comparing the data with the
predictions of several Monte Carlo programs, multigluon emission is found to
make the spectrum soft. In this case, LLA is a better approximation than the
2nd order QCD.

The flavor dependence of the hadronization process is studied by using charm
and bottom enriched events tagged by prompt leptons and D*. Available data
are consistent with the QCD prediction that hadronization is independent of
the quark flavor. Apparent differences in data between heavy quark jets and
light quark jets are explained by differences in the momentum spectrum and
decay of the first rank hadron.

Cross sections for many kinds of hadrons are fairly well reproduced by a
model based on LLA and CF hadronization with only a few fundamental pa-
rameters to be adjusted. The SF model, which is very successful in describing
hadronization, cannot predict the multiplicities without adjusting several phe-
nomenological parameters. HRS measured the inclusive particle cross section
up to 2 = 1. The data are inconsistent with the prediction of the CF model in
the region above z = 0.6. Another problem with the CF model is its isotropic
cluster decay mechanism as has been pointed out by TPC in p — 7 correlation
studies. These problems originate from a simplified treatment of the cluster
fragmentation model.

The 3 jet event analysis has proven that the IF model cannot explain the
depletion of soft hadrons in the region between the quark and antiquark direc-
tions. The SF model explains this signal by the absence of a string between the

31



quark and antiquark. The model with LLA and CF also explains this “string
effect” mainly by the soft gluon interference effect. TASSO has reported that
the IF model is favored for high momentum hadrons in the region between g—7§.
JADE and TPC do not observe this effect, however. Further study is required
to determine whether the SF model can reproduce particle distributions in the
entire momentum range.

The p—7 correlation studied by TPC has given the following two results. The
observed p — P correlation in the polar angle is consistent with the diquark and
popcorn mechanisms in the SF model but not consistent with the spherically
symmetric decays of clusters incorporated in the CF model. The p—5 correlation
in azimuthal angle is relatively weak, suggesting that a meson pops up between
a baryon antibaryon pair at least a half of time.

The couplings of fermions and Z° measured by the forward-backward asym-

metries of leptons and quarks are consistent with the predictions of the Weinberg-
Salam model.
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