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Abstract 

1. Introduction 

Investigations on e + e " physics below Z° have 

been actively pursued at PEP, PETRA, and TRIS

TAN. Their activities cover the electroweak cou

plings, new particle search, and the QCD effects. 

After SLC and LEP became operational in 1989, the 

effort was confined to a detailed study of the elec

troweak interference effects and the various QCD ef

fects. A wide energy range covered by the three ac

celerators have been extremely valuable since both 

the electroweak effects and the QCD effects depend 

on the center- of-mass energy. TRISTAN, after ac

cumulated about 33 pb"1 between 50 and 64 GeV 

during its energy scan , switched to a high luminosity 

mode of running at 58 GeV in 1989 and accumulated 

additional 30 pb"1 so far. The PETRA experiments 

have been finalizing their high statistics studies on 

several subjects using Sèpb"1 data at 35 GeV, even 

though they stopped running in 1986. Results of 

detailed studies from 300 pb"1 at 29 GeV of PEP 

machine have also been coming out. TPC/27 group 

continues to accumulate data at PEP. 

In this talk, I will review the results from PEP, 

PETRA, and TRISTAN with strong emphasis on 

new results since the 1989 SLAC lepton photon con

ference. 

taken from Ref. 2 and 3. Published values from 

these experiments were adjusted to the values which 

would have been obtained if the same radiative cor

rection program of BJK[4] including Z° exchange, 

but excluding the effects of final state radiation, is 

used. The TRISTAN data, both published results[5] 

and preliminary results from their most recent run 

at 58 GeV were obtained by using the FS radiative 

correction program[6] that includes full electroweak 

diagrams up to 0 ( a 3 ) . This calculation requires 

Z° mass,top mass, and Higgs mass as the input. 

Unfortunately all three groups used different values 

and, thus, combined data from three groups were 

obtained by adjusting these results to the values at 

mt =150 GeV/c 2 , mz = 91.1 GeV/c 2 , and mH = 

100 GeV/c 2 . The solid line curve in Fig.2.1 is the 

standard model prediction that was calculated by us

ing m2=91.lGeV/c 2 , sin29w=0.2Z, and A ^ = 3 0 0 

MeV. Agreement between the measurements and the 

prediction is excellent. 

3. Tests of Electroweak Parameters 

3.1 Forward-backward Asymmetry and R 

in and r + r ~ 

2. R measurements 

All available results of R measurements above 
9 GeV are shown in Figure 2.1 in terms of energy-
combined values. Data of CESR and DORIS are 

The pure leptonic processes e + e~ - » and 

E + E ~ _4 r+r"* are the cleanest reactions for examin
ing the electroweak couplings. The production cross 
section and the forward-backward asymmetry are de
scribed by 
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Recent results on e+e~ physics from PEP, PETRA, and TRISTAN are reviewed. Electroweak 
couplings in e + e~ going to n+ti~, r + r~ , cc, 66, and qq are in good agreement with the standard 
model. Multihadron event shapes are well described by a Monte Carlo model consisting of the parton 
shower generation and the string fragmentation. This type of model can reproduce even detailed 
aspects of the hadronization such as the soft gluon emission, the intermittency, and the strange baryon 
correlations. Different methods of measuring Aj^ give consistent values with each other. The strong 
coupling constants measured in the c- and b-quarks are consistent with the flavor-independence of 
the QCD coupling. The analysis of four-jet events confirms non-Abelian nature of QCD. Difference 
of the gluon fragmentation from that of the quark is observed. 

taken from Ref.l. Data from PEP and PETRA are 



Flg.2.lThe result of R measurements at CESR, 

DORIS, PEP, PETRA, and TRISTAN. The standard model 

prediction that is obtained by using 77i£=91 . lGeV/c 2 , 

sin20w=0-23, and A^F^=300MeV is also shown. 

Fig.3.lThe result of forward-backward asymmetry and 

Rjl measurements in e~*"e~" —> fJ.^~fi~~ and e~*~e~~ —-> T * * * T ~ . 

The solid line curves are the standard model predictions. 

is the Z° contribution. The coupling constants deter
mined at which were measured very precisely at 
recent LEP experiments, should reproduce Ru and 
An in the region of PEP,PETRA, and TRISTAN 
completely if the standard model is correct. Fig
ure 3.1 show all available data [7]together with the 
standard model predictions. 

Validity of the standard model can be tested 
in different ways. Here we fix the Z° contribution 
X by fixing the values of m#, Tz} and sin20w a s 

91.1GeV/c 2, 2.5 GeV, and 0.23 respectively, but as
sume that the vector- and axial-vector coupling con
stants for e, /i, and r are not known. We try a simul
taneous fit to An and Ru using all available data with 
6 parameters, vevi, aea/, and a cross term vjaf+alvf 
(/=^,r). The result of the fit is shown in Figure 3.2, 
where projections of 68% CL and 95% CL contours 
to the aeai vs vevi plane at the best fit value for the 
cross term are plotted. 

An = [6aeaiRex + 4:8veviaeaix2]/Rn (3.2) 

where v and a are for the vector and axial vector 
couplings and 
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Fig.3.2Results of the fit in ata\ vs vev\ pleine where 

/ = ^ , r . The 68% confidence level conturs are drawn. 

While the result for the tau coupling agrees well 
with the standard model expectation, that for the 
muon deviates considerably. If we allow the projec
tion to be drawn from the widest part in the contour 
as the cross term is varied, the discrepancy becomes 
less significant. It is estimated that the discrepancy 
has the statistical significance of 2a or larger. 

As can be seen in Figure 3.3, this is mainly due 
to a tendency that the measured in PETRA 
and TRISTAN are lower than expected. Whether 
it is just a statistical fluctuation or a real effect re
mains to be seen. However, if it is a real effect, it 
must come from some phenomenum other than the 
electroweak coupling, because the best fitted param
eters give which is two times larger than the 
precisely measured value at the ZQ peak. The corre
sponding becomes +30% which is also rejected 
by the recent measurements. The fit was repeated 
by assuming e — JJL~~T universality. The result of two 
parameter fit is shown in Figure 3.4. Even though 
the value of the axial coupling constant is tightly 
constrained to a region expected from the standard 
model, that of the vector coupling constant has a 
large umbiguity. 

Testing the validity of the radiative correction 
is an important test of the standard model. JADE 
group used their high statistics data sample of 

ST (GeV) 

Fig.3.3JîM^ and together with the standard 

model prediction( solid lines) and with the best fit( dotted 

lines.) 

Fig.3.4Results of the fit assuming e — fj, — T univer

sality. Contours of 68%CL and 95%CL are drawn. 

e + e ~ —• fjL"^fji~ at y^=35 GeV to study an effect 
of acollinearity cut on the Figure 3.5(a) shows 
the acollinearity distribution between the outgoing 
/x + and pT together with a calculation including the 
radiative correction. The agreement is good. In 
Figure 3.5(b), calculated at three different re
gion of acollinearity are shown. Events with small 
acollinearity do not contain hard photon radiation 
and an interference between the tree diagram and 
the box diagram is positive and this effect tends to 
reduce the electroweak asymmetry. This tendency 
is clearly seen in the data and it has good agree-
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ment with the Monte Carlo prediction. In the larger 
acollinearity region in which events contain the hard 
photon emission, an interference between the initial 
and final state radiation is negative and tends to in
crease the A^. As acollinearity increases further, 
the definition of 6 angle becomes inaccurate and ef
fectively reduces A^. These effects are clearly seen 
in the data. 

Fig.3.6The forward-backward asymmetry in e~*"e~ —> 

cc. Data are combined in E c m . The standard model predic

tion is given by the solid line curve. 

Table 3 . 1 Results on the forward-backward asymme

try in e*e~ —» cc. y/s is in GeV and Ac is in %, 

3 . 3 Forward-backward Asymmetry in bb 

All available results on the forward-backward 
asymmetry in e + e~ —> bb were obtained from anal
ysis using the inclusive lepton events.[9] They are 
summarized in Table 3.2 and shown in Figure 3.7 
after being combined in the center-of-mass energy. 
Here the deviation from the standard model predic
tion which is drawn in a solid line is visible, especially 
for high statistics points at PEP and PETRA, The 
observed asymmetry by lepton tagging is reduced 
from the standard model by the B°B° mixing. The 
mixing is described by 
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3 . 2 Forward-backward Asymmetry in cc 

Measurements of the forward-backward asymme
try in e+e~" —• cc requires tagging of the c-quark. 
This can be achieved either by directly reconstruct
ing D + i meson or by observing a soft pion from the 
decay of —• D 0 7 r ^ . It can also be extracted 
from the combined analysis of cc and bb in the inclu
sive lepton event sample. Results so far reported[8] 
are summarized in Table 3.1 and plotted in Figure 
3.6 after being combined in the center-of-mass en
ergy. Agreement with the standard model prediction 
which is drawn in a solid line is good especially for 
the high statistics data at PEP and PETRA. 

Fig.3.5Acollinearity distribution in e~*~e~~ —> ji^\i~ 
measured by JADE group (a). A^ in different region of the 

acollinearity(b). 



The dotted curve in Figure 3.7 is obtained by fitting 

all available Ai data to the equation (3.5). The result 

of the fit gives x/=-131±.054. Table 3.3 summarizes 

the measurements of xi by various methods.[10] 

Fractions fd and fs can be estimated by making 

two reasonable assumptions; i) probabilities for bb 

quark pair picks uû, ddy ss are 1:1:0.3, ii) semilep-

tonic branching fractions are same for Bd and Bs 

mesons. These assumptions give /d=0.375 and 

/ s =0.15 . The region of r<f-r5 plane which is al

lowed by x/=-139±.032 is shown in Figure 3.8(a). 

Here r = T(B° -> l+)/T(B° f ) and X are re-

lated by r = 1/(1 - x). The allowed region from 

r<j=.169±.038, which is obtained by averaging CLEO 

and ARGUS result, is also shown. From a combined 

fit of these two constraints, an allowed region in r<j-

rs plane with lor and 90%CL are given as shown in 

Figure 3.8(b). From this analysis, r 5 = 0 is excluded 

with 95%CL and a prefered value of rs is 1.0 as is 

predicted by the standard model. 

where /,• are proportions with which quark flavours 

are produced, and A{ are their asymmetries. Neg

ative signs in front of the up-type quark terms are 

due to the fact that experimentally only charge of the 

jet, not quark or anti-quark, can be determined and 

thus 9 is defined as the angle of outgoing positively 

charged jet with respect to the incoming positron. 

This fact causes a near cancellation of the combined 

asymmetry, resulting + 1 % to +10% in the energy 

region of PEP, PETRA, and TRISTAN. 

Fig.3.7The forward-backward asymmetry in e+e~~ —* 

bb. Data are combined in ECm- The standard model pre

diction is given by the solid line curve. Result of a fit to 

all available data by allowing the B°-B° mixing as a free 

parameter is shown by dotted line curve. 

Table 3 . 3 Measurements of Xl-

Figure 3.9 shows all available results[11] as a 

function of y/s. These results are the corrected val-
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here d and s are for Bd and Bs mesons and fd and fs 

are the fractions of Bd and B3 mesons in the neutral 

B mesons. The observed asymmetry is related to the 

standard model prediction by 

Table 3 . 2 Results on the forward-backward asymme

try in e+e~" —• bb. 

3 . 4 Quark Charge Asymmetry 

The quark charge asymmetry, summed over 

flavours, serves as a good consistency check for 

electroweak-couplings, quark-universality among up-

types and down-types, and the hadronization mech

anisms. The observed asymmetry can be interpreted 

as a sum of contributions from all flavours 



Fig.3.8(a)Allowed region in r<j — r s plane determined 

by averaged \l a n < l by the Bd^d mixing which was measured 

by both CLEO and ARGUS, (b)lcr and 90%CL contours from 

simultaneous fit of average XI ^d^d mixing. 

Fig.3.9Measurements of quark charge asymmetry vs 

y/s. The solid line curve represents the standard model pre

diction that is calculated without including an effect of 

mixing. 

ues for the probabilities of charge identification and 
misidentification and for selection efficiencies for each 
flavour. Thus they can be compared directly with the 
standard model prediction. Overall agreement be
tween the observation and the prediction is a good 
evidence that the electroweak properties of each of 
five flavours and an assumed hadronization scheme 
are correct. 

3.5 Quark Bremsstrahlung 

TASSO and JADE[12] obtained clear evidence 
for the presence of bremsstrahlung photons emitted 
by the primary quarks. A high statistics study by 
JADE at vÇ=35GeV attributes 128±41 events out 
of 723 hadronic events with an isolated photon in the 
range o f 0 . 2 < x < 0 . 8 t o the quark bremsstrahlung. 
Here x is the photon energy divided by the beam 
energy. Small x and large x region were removed 
from the analysis in order to reduce contaminations 
from 7T° and 77 and from the initial state radiation. 
The x distribution is shown in Figure 3.10 together 
with the Monte Carlo simulation with and without 
the quark bremsstrahlung. It can be seen that the 
observed distribution prefers the prediction including 
the quark bremsstrahlung. 

The quark charge asymmetry for hadronic events 
containing hard photon emission is expected to be
come negative due to an interference between the 
contribution from the initial state radiation (charge 
conjugation of the hadron state, C=- l ) and the con
tribution from the quark bremsstrahlung ( C = + l ) . 
Figure 3.11 shows cosdjet distribution obtained from 
the JADE data together with the Monte Carlo ex
pectation. An asymmetry of A=-0.141±0.041 is ob
served, which agrees well with the expected value of 
A=-0.122±0.014. 

Fig.3.10The spectrum of isolated photon in multi-

hadron events measured by JADE group. Data are plotted 

together with the predictions including initial state radiation 

only and both initial and final state radiation. 
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Fig.3.llcosOjet distribution of multi-hadron events 

containing an isolated photon. 0jet is defined as an angle of a 

positively charged jet with respect to the positron direction. 

4. Multihadron Event Properties 

4.1 Monte Carlo Models 

It has been well established that in the PEP 
and PETRA energy region, the Lund parton-shower 
model(PS), which is based on the leading-logarithm-
approximation (LL A) of the QCD cascade approach 
and the string fragmentation, reproduces wide vari
ety of event shape distributions. This tendency re
mains to hold even at the TRISTAN energies. In fact 
it is not necessary to re-tune the model parameters 
determined at PETRA in order to reproduce most 
of the event shape distributions observed at TRIS
TAN. [13] Recently, significant amount of effort was 
made to explore the hadron formation mechanism 
even further, both at the parton level and at the 
hadronization level. It is remarkable to see that the 
Lund PS model can reproduce some detailed aspects 
of the data as are described in this chapter. 

4.2 Soft Collinear Gluon-emission 

TPC/27 group observed a significant dip in the 
rapidity distributions of charged pions at y « 0 for 
events with low sphericity.[14] The rapidity distribu
tions for different regions of sphericity are shown in 
Figure 4.1. For this measurement, it is important to 
positively identify pions because misidentified kaons 
and protons give large y and therefore generate arti
ficial dips at y « 0. Pure qq tends to give a flat rapid
ity distributions near y = 0 and in order to generate 
a dip, it is necessary to have 3 to 4 soft gluons which 
are correctly angular-ordered. Their study indicated 
that only Lund parton-shower model in which par-
tons are evolved down to Q « 1 GeV can reproduce 

Fig.4.1 Rapidity distributions of charged pions in pla

nar events for different sphericity bins measured by TPC/27 

group. 

the observed dips correctly. 

4.3 Intermittency 

After unusually large density fluctuations of the 
rapidity were observed in cosmic ray events, in 
hadron-hadron, and nucleus-nucleus collisions[15], 
Bialas and Pechanski[16] suggested that by studying 
the factorial moments at different bin-sizes( resolu
tion scale) one can distinguish an effect of dynamical 
origin from pure statistical fluctuation. Since this 
effect was likely related to the hadronization mecha
nism, it was immediately realized an importance of 
studying it in multihadron events in e + e~ annihila
tion where most of the hadronization properties are 
well described by the existing Monte Carlo calcula
tion. The first direct evidence of intermittency in 
e + e ~ interaction was reported by TASSO group[17]. 
Figure 4.2 shows the factorial moments of rank 2-4 
calculated from the rapidity distribution with respect 
to the sphericity axis, y, as a function of the number 
of bins. The factorial moment of i-th rank is defined 
by 
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where M is the number of bins, N is the number of 
tracks in the event, nm is the entry in m-th bin, and 
( ) means averaging over all events. Only charged 
particles in the region -2< y < 2 were used in the 
calculation. The detector resolution for determining 
the rapidity ay is 0.04. 

Fig.4.2Factorial moments of rank 2, 3, and 4 vs number 

of bins in rapidity measured by TASSO group. Only charged 

tracks are used and the rapidity is calculated with respect 

to sphericity axis. Rapidity range used in this analysis is -2 

<y < 2 . 

These factorial moments should be F% « 1 if the 
fluctuation is purely statistical and Fi > 1 if there 
are additional fluctuations of dynamical origin. In 
the random cascade hadronization, these moments 
should have a power law behaviour, 

where slopes of different ranks should be related by 

As M becomes larger, thus bin size becomes smaller, 
than the experimental resolution, Fi starts to become 
flat and eventually becomes constant. 

TASSO's observation that JP, is significantly 
larger than 1 and F4 > JF3 > F2 is consistent with 
the random cascade hadronization. They also cal
culated the factorial moments in two-dimensional 
distribution (y, <£), <j> being the azimuthal angle of 
the track, and found that they show a same ten
dency as the one-dimensional case except the effect 
is much larger. Their observation indicated that 
,even though the factorial moments calculated from 
all available hadronization models give some resem
blance to the data, none reproduces their data well. 

Fig.4.3Factorial moments of rank 2 measured by 

CELLO group both for charged tracks only and for charged 

and neutral tracks. Predictions from parton-shower plus 

string fragmentation is shown by dashed line. Also shown 

in the figure are predictions in the case of perfect acceptance 

and perfect detector resolution for Lund PS and Lund ME. 

Sy is the rapidity interval spanned by one bin. 

CELLO has reported results from a silimar anal
ys i s^ ] which is shown in Figure 4.3. A main differ
ence is that CELLO analysis include both charged 
and neutral tracks. Behaviour of the factorial mo
ments from CELLO's y distribution is consistent 
with the random cascade hadronization model. Also 
they are well reproduced by the LUND7.2( parton 
shower plus string fragmentation). 

In order to explore the origin of inter-
mittency further, they studied behaviour of 
the factorial moments for the three-dimensional( 
dp%l\fË, dpy/\fÉ4Pz/\/Ê) charge multiplicity dis
tribution^!)]. Figure 4.4 shows F%-F$ as function of 
SLIPS = ALIPS/M\ where ALIPS is the origi
nal total phase space volume and M 3 is the number 
of cubes in the phase space. The predictions of the 
LUND7.2, prior to and after detector simulation are 
also shown. The agreement is nearly perfect. 

They calculated the fractal dimension Df from 
the slopes a% by using a relation 

here DQ is the phase space dimension and is 3 in this 
case. It is shown in Figure 4.5. The Df can be in
terpreted as a number in which degree of correlation 
is subtracted from the phase space dimension. It is 
near zero when the cube size is large and all tracks 
belong to one cube( perfect correlation). As the cube 
size becomes smaller, Df increases to nearly 3: re
flection of tracks being populated according a phase 
space distribution over many cubes. If only geometri
cal property of fragmentation exist, Df should stay 
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near 3. The observed Df begins to decrease and 
comes down to near 2, indicating an existence of a 
short-range correlation. The LUND7.2 reproduces 
this effect as can be seen in the figure. The Dalitz 
decay of 7T° was found to be responsible for this ef
fect. 

Fig.4.4Factorial moments obtained from CELLO data 

using three dimensional variables, px/^y/Ê) Py/^y/Ê, 

Solid line and dotted line curves are for predictions 

from LUND 7.2 PS after and prior to the detector simulation 

respectively. 

4.5 Heavy Baryon Productions 

Heavy baryons such as strange and charm 

baryons are likely to have originated from the pri

mary quarks in the e + e " annihilation. Therefore 

they provide a straightforward test of the fragmen

tation models. Their flavour correlations provide the 

detailed colour confinement mechanism in the baryon 

formation process. TPC/27 group made a new mea

surement of the heavy baryon production rates using 

70pb~l data collected in 1984-1986 at 29 GeV.[20] 

Their new measurement and the previous world 

averages[21] at yfs~ ~29 GeV are summarized in 

Table 4.1. Also included in this Table are the pre

dictions from three different models. The Webber 

model is based on the cluster fragmentation, wheras 

the Lund PS and the UCLA model are based on the 

string fragmentation. The UCLA model[22] intro

duces two additional concepts besides following the 

string fragmentation; hadronic phase space and a lin

ear confining quark potential This model does not 

contain many of quark-level parameters such as s/u 

or vector J all, which are needed in other models. 

The two models based on the string fragmenta

tion have better agreement compared with the clus

ter model in general. Only significant discrepancy 

between the observation and the prediction is in the 

A c production. The new TPC/27 result is based 

on reconstructing the A c —> pKn, wheras, the previ

ous result comes from A c —• Ae^X measurement by 

MARK11. The result at vG=~10 GeV from ARGUS 

using A c —• pK-K gives 0.19±0.08.[21] Because of dif

ferent y/s, it may not be valid to compare the AR

GUS result with the other two. Nevertheless these 

Table 4.1 Results on heavy baryon production rate at i / s = ~ 2 9 GeV as expressed in average number 

of baryons per one hadronic event. 

41 

Fig.4.5Fractal dimension inferred from F%. 



three results are compatible with each other and sig
nificantly larger than expected. Further study is 
needed to resolve the discrepancy. 

Table 4.2 summarizes the strange baryon corre
lation data. [21] They are given in terms of the ratio 
defined as in the Table in order to reduce the possible 
dependence on the center-of-mass energy. They are a 
measure of how often baryon strangeness is compen
sated in an antibaryon. Models of the baryon pair 
formation use a parameter( popcorn) describing the 
average number of intermediate mesons between the 
baryon and antibaryon. They are indicated in the 
Table. The agreement between the measurements 
and the prediction is satisfactory at the moment and 
further study with higher statistics is important for 
understanding the baryon formation mechanism. 

Table 4.2 Results on strange baryon correlations. 

5. Tests of basic QCD 

5.1 Arjjg measurements 

Three different methods of extracting the QCD 
cutoff parameter, A - ^ , were applied on the data be
low Z° . First method uses all available R values 
in the energy range covered by CESR, DORIS,PEP, 
PETRA, and TRISTAN. Contributions to the R 
from quark partons, electroweak effects, and QCD 
effects are described by 

where the strong interaction coupling constant, aSy is 
related to the fundamental QCD cut-off parameter, 
A ^ , through a relation 

While the electroweak effect has a strong yjs depen
dence and becomes as large as 25% at TRISTAN 
energies, the QCD corrections are in the order of 
5%, 0.4%, 1% for 1st, 2nd, and 3rd order terms re
spectively and has very slow >/s dependence. This 
method has an advantage of not depending on the 
Monte Carlo hadronization model, even though it 
lacks a good sensitivity due to the small energy de
pendence of the QCD terms. Here iV/=5 (iV/=4 
below >/s=llGeV) and Q2 = s were used. 

In an analysis which fixes the electroweak part 
of ^ the 
R expression with m^=91. lGeV/c 2 , sm20w=O.23, 
m t =150GeV/c 2 , and m#=100GeV/c 2 , the best fit 
is obtaind with A ^ j = 380^90 Me V". [23] An alter
native approach, which is tried by TOPAZ, fixes only 
m z =91 . lGeV/c 2 and m#=100GeV/c 2 and the rest 
of the electroweak effect is parameterized as a func
tion of rat. The result is A ^ = 354Ji^MeV.[24] 

The second method extracts A-jj^ from the 
asymmetry in the energy-energy correlation. This 
method has a good sensitivity but a result tends 
to depend on which hadronization model is used. 
TOPAZ used the matrix element method by 
Gottschalk and Shatz and the Lund string fragmen
tation and obtained A ^ = 209Î7g4MeV.[25] 

The third method is based on a multi-jet anal
ysis. Since a main source of three-jets events is the 
qqg production, the three-jet fraction is sensitive to 
the value of A^GR. VENUS performed an analy
sis using the NLL model. [26] Experimentally deter
mined three-jet fractions vs ycut are compared with 
the Monte Carlo simulation for different A-gj . The 
result is A m = 254Îg ± 56MeV at Vs=58.5GeV. 
Here the first and second error are statistical and sys
tematic respectively. Data and the fits for the multi-
jet fractions at A ^ = 2 5 4 M e V is shown in Figure 
5.1. 
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5 . 3 Gluon self-coupling 

Fig .5 . lThe multi-jet fractions vs yCUf. Solid lines and 

dashed lines are the NLL predictions at A M g = 2 5 4 M e V with 

and without hadronization. 

5.2 Flavour Independence of a8 

The QCD predicts the strong coupling constant 
a3 to be independent of the flavour. This hy
pothesis can be tested by comparing the a3 deter
mined from the qqg coupling for cc or bb events 
,for which several separation techniques are avail
able, to the flavour averaged a3. TÀSSO group mea-
sued the ratio a3(c)/a3(all) and a3(b)/a3(all).[27] 
They tagged cc events by identifying D** from a 
cut on A M = M ( D ° 7 r ± ) - M(D°) and reconc-
truction of D° -+ K~7T+ and D° i r ~7T + 7 r " 7 r + . 

Their bb events enrichment method utilizes a fact 
that bb events should have a secondary vertex asso
ciated with B meson decay in addition to the primary 
event vertex. Their present resolution does not allow 
event-by-event tagging, instead they can only obtain 
bb enriched event sample. 

The result from these analysis gives 

According to QCD, the four-jet production cross 
section should be dominated by a process in which 
the hard gluon emitted by a quark couples to g g 
pair. ( See Figure 5.2) This is because the gluons 
themselves carry color charge due to non-Abelian na
ture of QCD, and thus couple to themselves. It is, 
however, possible to construct an Abelian model of 
QCD in which the color factor of the quarks is re
tained but the color of the gluons is turned off. In 
this model, the diagram of gluon self-coupling is not 
allowed and only the coupling of the hard gluon to 
qq pair is allowed. In both non-Abelian and Abelian 
versions, the double Bremsstrahlung contributions( 
Figure 5.2(c)) are allowed. 

Fig.5.2Feynmann diagrams contributing to four-jet 

event production. 

Bremsstrahlung gluons are polarized along the 
direction perpendicular to the qqg plane. When 
these gluons couple to a qq pair, as in Figure 5.2(b), 
the plane spanned by qq pair tends to be perpendicu
lar to the direction of this polarization. On the other 
hand, when the coupling is to a gg pair as in Figure 
5.2(a), the plane spanned by gg pair tends to line up 
with the direction of the polarization. Experimental 
analysis is done by ordering the observed four jets 
according to their visible energies. The two highest 
energy jets, jet 1 and jet 2, are likely to originate 
from the primary qq pair. The least energetic two, 
jet 3 and jet 4, are from the gluon conversion and 
from double Bremsstrahlung processes. The angular 
correlation can then be observed from the Bengtsson-
Zerwas angle, x> which is defined as an angle be
tween the planes spanned by jet 1 and jet 2, and 
jet 3 and jet 4, or from the Nachtmann-Reiter angle, 
0*NRl which is defined as an angle between P i — P 2 
and P 3 - P 4 
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where the first and second errors are statistical and 
systematic errors respectively. These results are 
consistent with the strong coupling constant being 
flavour independent. 



AMY and VENUS performed this analy-
sis[28].The x and 6^R distributions for each separate 
process determined by VENUS group are shown in 
Figure 5.3. The partial cross sections for each process 
are listed in Table 5.1 for QCD and Abelian model. 
Figures 5.3(c) and (d) compare the VENUS data 
with the predictions of QCD and Abelian model. 
Clearly the QCD is preferred. 

TASSO group studied this effect by comparing 
energy-symmetric three-jet events at y/s=S5 GeV 
and two-jet events at >/s=22 GeV.[29] While one jet 
in the three-jet sample is likely to be a gluon jet, 
both jets in the two-jet sample are likely to be quark 
jets. Thus, from these two data, they can extract 
behavior of the gluon jets. In both samples, the en
ergy which one jet carries is about 11 GeV. Thus this 
method tends to remove any energy dependent dif
ference between quarks and gluons. Figure 5.4 shows 
a momentum spectrum of charged tracks within a jet 
observed by TASSO group. Spectrum from the two-
jet, three-jet samples, and the gluon jet sample are 
shown separately. No difference between quarks and 
gluons are observed. 

Flg.5.4Momentum spectrum of charged tracks within 

the jet observed by TASSO 

AMY used all 336 three jet events which were 
selected from 3230 multi-hadron events between 50 
and 60.8 GeV.[30] The two highest energy jets( jet-
1 and jet-2) in each events are likely to come from 
the quark fragmentation and the least energetic one( 
jet-3) from that of the gluons. Thus jets-1 and 2 
form a quark-enriched sample and jet-3 forms a gluon 
enriched sample. They obtained another quark en
riched sample from clean two jet events. In this anal
ysis, the energy of gluon jets is lower than that of 
quarks. In order to avoid any energy dependence 
of the fragmentation process, they picked variables 
which are less dependent on the jet energy. Also 
consideration was given to reduce contribution from 
soft particles on the studying variables in order to 
avoid the string effect. 

They used the core-energy fraction, £, the ra
pidity of the leading particle, 77, and the integrated 
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In the infinite energy limit, QCD predicts the 
multiplicity of gluon fragmentation is 9/4 times 
larger than that of the quark. Various corrections 
tend to dilute this effect and reduce this factor to 
~1.3 in TRISTAN energies. This effect should re
sult as a softer particle spectrum and a wider energy 
flow in the gluon fragmentation. 

5.4 Different Fragmentation of quarks and 
gluons 

Fig.5.3The x and COS9^R distributions: (a) and (b) 

are for each process separately with equal normalization; (c) 

and (d) are comparisons between data and the predictions of 

QCD model and Abelian model. 

Table 5.1 The partial cross sections for QCD and 

Abelian models. 



energy-energy correlation, S30, as defined 

(5.5) 

(5.6) 

(5.7) 

where 

Figure 5.5 show average rj and average S30 distri
butions, both versus E^. Results of three sam
ples, two jet, jet-1,2, jet-3, are plotted. The expec
tations from two different Monte Carlo calculations 
are also shown. The q=g model is the Lund 6.2 Ma
trix Element model with the independent fragmen
tation scheme of Hoyer et al, and the PS model is 
the Lund 6.3 Parton Shower model with the string 
fragmentation. In the q=g model, quarks and glu-
ons are treated in a same way for their hadronization. 
Thus only difference between quarks and gluons in 
this model come from the detector effect. 

The data shows some difference between the jet-
1,2 and the jet-3 in the region of their overlapped 
^cah w h ^ e the two-jet is in good agreement with 
the jet-1,2. The q=g model shows very little dif
ference for all samples as expected and agrees well 
with the jet-1,2 and the two-jet samples. The differ
ences between the jet-1,2 and the jet-3 are reason
ably well reproduced by the PS model, even though 
the observed differences tend to be greater than the 
prediction. The difference is most clearly observed 
in the core energy fraction variable. Figure 5.6(a) 
shows the average £ vs E^ and figure 5.6(b) shows 
the distribution of £. 

6. Conclusion 

The electroweak couplings in the processes of 
e + e~ going to r+r"~, cc, 66, and qq are in 
good agreement with the standard model. One possi
ble deviation which has the statistical significance of 
about 2<7 is the larger observed Rpp. The hadroniza
tion Monte Carlo model based on the parton-shower 
cascade and the string fragmentation reproduces de
tailed aspects on the experimental data such as 
the soft gluon emission, the intermittency, and the 
strange baryon correlations. Experimental results on 
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Fig.5.6Average £ vs E^fa) and £ distribution 

Fig.5.5Average rj and average £30 distributions versus 

•^cal t w o Jefc> jet-1,2, and jet-3 samples. 



the extraction of A ] ^ - , the flavour dependence of a 5 , 
the gluon self-coupling, the fragmentation of quarks 
and gluons, are all consistent with the QCD. 

Data taking of e + e~ annihilation below Z° will 
continue at TRISTAN and PEP for detailed study 
of the electroweak interference effects and for the 
hadron formation mechanisms. 
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