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Abstract. We present the general properties of jets 
produced by e§ - annihilation. Their production 
and fragmentation characteristics have been studied 
with charged particles for c.m. energies between 12 
and 43 GeV. In this energy range e + e- annihilation 
into hadrons is dominated by pair production of the 
five quarks u, d, s, c and b. In addition, hard gluon 
bremsstrahlung effects which are invisible at low en- 
ergies become prominent at the high energies. The 
observed multiplicity distributions deviate from a 
Poisson distribution. The multiplicity distributions 
for the overall event as well as for each event hemi- 
sphere satisfy KNO sealing to within ~20%. The 
distributions of Xp= 2p/Ware presented; scale break- 
ing is observed at the level of 25 ~o. The quantity 
xp da/dxp is compared with multigluon emission cal- 
culations which predict a Gaussian distribution in 
terms of ln(1/x). The observed energy dependence of 
the maximum of the distributions is in qualitative 
agreement with the calculations. Particle production 
is analysed with respect to the jet axis and longitu- 
dinal and transverse momentum spectra are present- 
ed. The angular distribution of the jet axis strongly 
supports the idea of predominant spin 1/2 quark 
pair production. The particle distributions with re- 
spect to the event plane show clearly the growing 
importance of planar events with increasing c.m. en- 
ergies. They also exclude the presence of heavy 
quark production, e § e---,Q(~, for quark masses up 
to 5<ma<20.3 GeV (lea]=2/3) and 7<mQ<19 GeV 
(leal=l/3). The comparison of 1/~rto t da/dpT mea- 
sured at 14, 22 and 34 GeV suggests that hard gluon 
bremsstrahlung contributes mainly to transverse 
momenta larger than 0.5 GeV/c. The rapidity distri- 
bution for W>22 GeV shows an enhancement away 
from y = 0 which corresponds to an increase in yield 
of 10-15% compared to the centre region (y=0). 
The enhancement probably results from heavy quark 
production and gluon bremsstrahlung. The particle 
flux around the jet axis shows with increasing c.m. 
energy a rapidly growing number of particles col- 
limated around the jet axis, while at large angles to 
the jet axis almost no W dependence is observed. 
For fixed longitudinal momentum P ll approximate 
"fan invariance" is seen: The shape of the angular 
distribution around the jet axis is almost indepen- 
dent of W. The collimation depends strongly on Plb" 
For small P I[, P Jl <0.2 GeV/c, isotropy is observed. 
With increasing PH the particles tend to be emitted 
closer and closer to the jet axis. 

1. Introduction 

All available data support the hypothesis that high 
energy e § e- annihilation into hadrons proceeds pre- 

dominantly through the production of a pair of quarks, 
e + e-~qcT, followed by their fragmentation into 
hadrons. This and the fact that, unlike hadron-had- 
ron collisions, no spectators are around which might 
disturb the hadronization process, makes e + e- anni- 
hilation an ideal place to study quark fragmentation 
into hadrons. Apart from the two-jet events pro- 
duced by q~ fragmentation, a small fraction of the 
events at high c.m. energies has a three-jet structure 
[1, 2]. They can be understood as the result of hard 
gluon bremsstrahlung, e+e - --+q~g. The data to be 
discussed below include the contributions from the 
these events. 

In this paper we present the general properties of 
hadronic final states produced by e § e- annihilation 
at c.m. energies W between 12 and 43 GeV. The 
results are based on the information from charged 
particles summed over all particle species. Particle 
separated cross sections from this experiment have 
been given elsewhere [3, 4]. No attempt has been 
made to separate the contributions from different 
quark flavours. The results, therefore, represent sums 
over all possible quark flavours, which contribute to 
the total cross section approximately in the ratio of 
thequark chargessquared, uff :dd:sg: cg:bb=4 :1:1: 4 :1. 

As a reference, some of the data are compared 
with the predictions from QCD using for the frag- 
mentation into hadrons an independent jet fragmen- 
tation model [5, 6] and a string model [7]. 

2. Particle and Event Selection 

The data were obtained at the PETRA storage ring 
with the TASSO detector for the c.m. energies 
shown in Table 1. Details of the detector can be 
found elsewhere [8]. The data taking and analysis 
procedure was identical to that used for the de- 
termination of the total hadronic annihilation cross 
section [9]. The multihadron events were detected in 
the central detector using the information on 
charged particles. For the events used in this analy- 
sis the trigger required a minimum number of 
charged particles with polar angles 0 measured with 
respect to the beam direction (z direction) satisfying 
Icos01<0.82 and with a minimum momentum Pxy 
perpendicular to the beam. The minimum number of 
tracks demanded was between 2 and 5; it was 2 for 
most of the data. The nominal minimum p~y was set 
to 0.22 GeV/c at 141= 14 and 22 GeV and for a large 
part of the data at 35 GeV, and 0.32 GeV/c for all 
other energies. After event reconstruction charged 
tracks were accepted if they satisfied the following 
requirements: 

(a) do<5 cm where d o is the distance of closest 
approach to the nominal beam position in the (x, y) 
plane, 
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(b) p~y>0.1 GeV/c, 
(c) Icos 01 <0.87, 
(d) ]z-zv[<20 cm, where z is the track coordinate 

at the point of closest approach to the beam and z v is 
the z coordinate of the event vertex averaged over 
the tracks. 

The r.m.s, momentum resolution including multiple 
scattering was ap/p=O.016 ( 1 + p 2 )  1/2, p in GeV/c. 
The angular resolution was typically ~%=4 mrad 
azimuth and a o = 6 mrad in the polar angle. 

The events were required to obey the following 
criteria: 

1. at least 4 (5) accepted tracks for W = 1 2 - 2 5  GeV 
(W > 27 GeV), 

2. to suppress the contribution from z pair pro- 
duction at W<15 GeV (W>15 GeV) events with 3 
charged tracks in one hemisphere with respect to the 
sphericity axis and 3 (1 or 3) in the other hemisphere 
were discarded if the effective mass of both particle 
systems was less than the z mass (assuming pion 
masses for the observed particles), 

3. for W< 14 GeV, tracks were required in both 
hemispheres defined with respect to the beam axis, 
and the sum of the charges of the accepted tracks 
was not to exceed 3, 

4. the z coordinate of the event vertex had to be 
Izvl < 6 cm, 

5. the momentum sum Zp-ZIp~t of the particle 
momenta had to be Zp > 0.265 W. 

These cuts discriminated against beam gas scattering 
(3-5), z pair production (1, 2), Bhabha scattering and 
# pair production (1) and 77 scattering (1, 5). All 
events surviving these cuts were inspected visually. 
Approximately 3 % were rejected, most of them be- 
ing Bhabha scattering events producing electromag- 
netic showers in the material before the tracking 
chambers. 

A total of 28721 events from an integrated lumi- 
nosity of 90 pb-1 passed the selection criteria. The 
contamination of the accepted events by other pro- 
cesses was found to be small [9]" from beam gas 
scattering 0.5 +0.5 % at W< 15 GeV and a negligible 
amount at higher energies; from z pair production 
1.5_+1.5% (1.2+_1.2%) at W<15 GeV (W>15 GeV); 
from ~ scattering 1.6_+0.8%. The systematic un- 
certainty in the corrected number of events is 1.8 % 
at W=14 GeV, 1.5% at W - 3 4  GeV and 1.3% at W 
= 41.5 GeV. 

3. Corrections 

The distributions presented below were corrected for 
acceptance and other detector effects and radiative 
effects. The corrected cross sections da(x) as a func- 
tion of a variable x were obtained from the mea- 

sured distribution dn . . . .  (X) with the help of a cor- 
rection function C(x), 

d~(x) = C(x) dn . . . .  (x) (1) 

which was determined by a Monte Carlo technique 
[5], generating qc7 and q~lg events in first order 
QCD and using Field-Feynman type fragmentation 
functions [10]. 

Firstly, Ngen Monte Carlo events were generated 
at a fixed c.m. energy W without QED radiative 
effects. These events yielded the distribution ngen(x) 
of charged particles. For ngen(X) all primary pro- 
duced particles or those produced in the decay of 
particles with lifetimes less than 3 . 1 0 - l ~  were con- 
sidered. For example the charged particles from K ~ 
and A decays were included, irrespective of how far 
away from the interaction point the decay occurred, 
while the charged particles from K ~ decay were not 
included. Secondly, events were generated including 
QED radiative effects [11]. The generated events 
were followed through the detector generating hits 
in the track chambers. Energy loss, multiple scatter- 
ing, photon conversion and nuclear interactions in 
the material of the detector as well as decays were 
taken into account. The events were then passed 
through the track reconstruction and acceptance 
programs used for the real data, yielding Nde t ac- 
cepted events and producing the particle distribution 
ndot(x). 

Using the total cross section values, atot, mea- 
sured in this experiment, and the number of accept- 
ed events in the real data, N . . . . .  the correction 
factor C(x) was calculated as 

~r~o, ng~n(x ) (nd~t(x)~ C , ,  

The systematic error on the correction factor was 
estimated by comparing the C(x) values obtained 
with the independent jet and the string model, by 
varying the fragmentation parameters and by study- 
ing uncertainties for instance in the correction for 
secondary interactions and for the finite momentum 
resolution. As an example of the size of the system- 
atic uncertainty we consider the scaled cross section 
1/O'to t dcy/dxp, xp=2p/W. At W=34 GeV the system- 
atic error was typically 5% for Xp<0.05, 4% for 
0.05<xp<0.5 and 11% for 0.5<xp<0.8. If not stat- 
ed otherwise, the error bars given in the distri- 
butions below show only the statistical error; the 
systematic errors in general are of the order of the 
statistical errors. 

4. QCD Models 

This section describes briefly the QCD models used 
for the correction of the data and for comparison 
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with the data. The QCD prediction for e+e - ~qcT, 
qgg at the parton level was calculated in first order 
of es according to [5-7]. 

For the fragmentation of quarks and gluons into 
hadrons two different models, an independent jet 
model and a string model, were considered. In the 
independent jet model based on the work of Hoyer 
et al [5] and Ali et al. [6] quarks and gluons are 
assumed to fragment independently into hadrons. In 
the model of the Lund group [7] hadronization 
occurs along the colour field lines (strings) between 
quarks and gluons. In both models the fragmen- 
tation functions [7, 10] depend on a set of parame- 
ters whose values have to be found by comparison 
with experiment . We have fitted these parameters 
together with e~ in the course of a QCD analysis 
[12] by adjusting the model predictions to our high 
energy data. Different % values have been found in 
this analysis, %=0.19_+0.02 for independent jet frag- 
mentation and %=0.27+0.03 for string fragmen- 
tation. These % values were used for the present 
comparison. The QCD predictions were computed 
with both models. In general, both gave similar re- 
sults. For this reason in most cases only the pre- 
dictions of the independent jet model are shown. 

5. The Total Cross Section 

Table 1 lists the number of accepted events. The 
bulk of the data were obtained at W= 14, 22, 30-36.7 
and 38.7-43.1 GeV. The latter energy intervals will 

Table 1. Number of events and values for R = O'tot/0".~ t as a func- 
tion of the c.m. energy. The errors quoted include the statistical 
as well as the point to point systematic error. An overall system- 
atic error of +4.5 % has to be added 

W-range W(GeV) L (rib -x) n o  of evts R 

t2 
14 
22 
25 

27.4-27,7 
29.9-30.5 
30.5-31.5 
22,5-33.5 
33.5-34.5 
34.5-35,5 
35.5-36. '7 
38.7-43.1 

12 
14 
22 
25 
27.5 
30.1 
31.1 
83.2 
34.0 
34.7 
36,1 
4114 

96 
1631 
2785 
454 
337 

1309 
1317 
~681 

12650 
59581 

2213 
6485 

186 
2704 
1889 
231 
141 
460 
407 
484 

3706 
16746 

548 
1219 

3.80~0.28 
4. t4~0,30 
3.89~0,17 
3.72~0.38 
3.91~0.32 
3.94~0.18 
3.6650.18 
4.0~• 
4.12~0.11 
4.08~0.09 
3.93e0.19 
4,06~0,29 

be referred to as W=34 GeV and W=41.5 GeV. 
Fig. 1 (see also Table 1) shows the total cross section 
for e + e- annihilation into hadrons, atot, in terms of 
the ratio 

R = % d % ,  (3) 

4rcc~ z 86.9 
- nb, s = W  2 in GeV z. The where au,= 3s s 

cross section data up to 33.5 GeV have already been 
presented in [9]. The data measured in this experi- 
ment are shown together with those from other ex- 
periments [13]. Our data between 14 and 43.1 GeV 
are consistent with a constant value of R, the aver- 
age being R = 4.04 _+ 0.02 (stat.) __ 0.19 (syst.). 

0 0 

R = Ohad/O!xll 
I I I [ ] I J [ I I I I I { 

)w~ JAb ~' Y'Y" 

~ 1 7 6  

r 

I I I I I I I I I 

5 

, l ,  I , ~ ' I ~ ' ~ ~ I ' i i i I ' ~ ~ ~ I ~ i i i 

�9 LENA �9 ORSAY a CELLO 

DASP If �9 FRASCATI X JADE 

CLEO O NOVOSIBIRSK + MARK J 

DHHM x SLAC-LBL v PLUTO 

o DASP " TASSO 

10 
I I I I 

15 
t I I I t I i r . I  I i I I I l I i i I ~ i ~ i I 

20 25 30 35 40 

W (OeV)  

Fig. 1. The ratio R =  a(e+e ~hadrons) /~uu where cr.=4rtc~2/3s. The data from other experiments were taken from [13] 

I l t l  

45 
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6. Charged Particle Multiplicities o25 

The corrected multiplicity distribution was deter- 020 
mined by unfolding the observed multiplicity distri- + 

o.15 bution. Let N,,(i) be the number of accepted events 
with i accepted charged tracks and N(j) be the cor- ~ 0~0 
rected number of events with j( j=even) produced 00~ 
charged particles. The two distributions were related 
by a matrix M: 0 

N(j) = M ji Nm(i ) (4) 

The coefficients Mji were determined from events 
generated by the Monte Carlo programs mentioned 
above. In this case N(j) gives the multiplicity distri- 
bution of events generated at a fixed c.m. energy (i.e. 
without the emission of radiative photons). Nm(i ) is 
the multiplicity distribution of the Monte Carlo 
events obtained by including radiative and detector 
effects and imposing acceptance criteria. Equation 
(4) was used to determine the multiplicity distribu- 
tion for j>_nmi n where n,ni,=4 (5) is the minimum 
number of accepted tracks at W<15 (>15)  GeV. 
For the multiplicities j = 0 ,  2 ( /=0 ,  2, 4) at W<15 
(>15)  GeV the corrected numbers of events were 
taken from the Monte Carlo calculation. The un- 
certainty of these numbers were estimated by com- 
paring the prediction of the independent jet and the 
string models and was found to be of the order of a 
factor of two. Due to the fact that the fraction of 
events with j < n ~ i  n is only a few percent the N(]) 
value for j<nm~ ~ has little effect on the average 
charge multiplicity {ncu ) and on the dispersion D, 
defined as 

D = (<nc~.> - <nr ~/~ ( 5 )  

For completeness we mention that the correction for 
radiative effects alone raised {ncH ) typically by 5 % 
and reduced D by 4 %. 

Fig. 2 and Table 2 show the charged particle 
multiplicity distribution at W--14, 22 and 34 GeV. 
The nonaccepted multiplicities riCH<4 (5) at W__<15 
(>15) GeV were taken from Monte Carlo predic- 
tions (see above). The error bars shown are statis- 
tical except for the nonaccepted multiplicities where 
they are of purely systematic origin. As mentioned 
before, the ~-- from the decay 
Ks ~ ~-  are included" they contribute 0.75, 0.85, 
1.0, ~ 1.05 units to the multiplicity at 14, 22, 34, 41.5 
GeV, respectively. The average multiplicity is shown 
in Fig. 3 as a function of Wand listed in Table 3. It 
is corrected for the nonaccepted multiplicities. The 
error bars bars shown in Fig. 3 are purely statistical. 
The systematic uncertainty for <nc~ > is 4-0.25 at W 
=14 GeV increasing to 4-0.45 at W=41.5 GeV. 

0.20 z 

,5 0.15 
g \ 
z 0.10 

0.05 

0 

020 / \ W=34GeV -- 
; \, 

5 015 ' . , . ~  

o.lo 

0.05 

0 
10 20 30 40 

Charged multiplicity ncH 

Fig. 2. The unfolded distribution of the charged multiplicity riCH at 
W=14, 22 and 34GeV. The curves show two kinds of Poisson 
distribution (see text) computed for the measured average charge 
multipl ici ty 

Table  2. Cha rged  part icle mult ipl ici ty distr ibutions,  1/N dN/dncH 

Nultiplicity 

0 
2 
4 
6 
8 

i0 
12 
14 
i6 
18 
20 
22 
24 
26 
28 

W=I4 CeV 

0.001• 
0.017• 
0.076• 
0.172• 
0.248~0.013 
0.226• 
0.148• 
0.072• 
0.027• 
0.009• 
0.003• 
0.001• 

W=22 CeV 

0.000~0.000 
0,005• 
0.028• 
0.085• 
0.173• 
0.208~0.014 
0.204i0,017 
0.140• 
0.086~0.015 
0.041• 
0.018• 
0.007• 
0.002• 
0.001• 

W=34 GeV 

O.O00eO,O00 
0.003• 
0.015• 
0.043• 
0.088• 
0.146~0,003 
0185• 
0.180~0,005 
0.142~0.005 
0.092• 
0.052• 
0.028• 
0.015• 
0,006~0.00~ 
0.002• 

Figure 3 shows also measurements for (ncH) 
from other experiments and from lower energies [14, 
15]. As noted earlier [16-18], the average multiplici- 
ty rises faster than In W. Most of this rise can be 
understood as a result of the increase in phase space 
and the corresponding reduced dependence on par- 
ticle masses [19]. In Fig. 4 (non) is compared with 
the QCD model prediction and with the prediction 
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TaBle 3. Average values for track and event parameters. The sphericity axis was used as the jet axis; only 

statistical errors are given 

W=I2 GeV W=I4 CeV W=22 CeV W=25 GeV w=aO.bGeu W=34.5Ceg W=41.5GeV 

<nCH> 

<fCH > 

D 

<S> 

<T> 

<p> (GeV/c) 

<PI~ (GeV/c) 

<pT > (GeV/c) 

<p~> (GeV/c 2 

<p~in > (GeV/c) 2 

<P~out > (GeV/c) 2 

8.48• 

0.59• 

0,255~0.017 

0.840• 

0.841• 

0.683• 

0.340• 

0 .171•  

0 .128•  

0 .044•  

9.08• 

0.58• 

3,24• 

0.213•  

0.855• 

0.895• 

0.756• 

0.334• 

0.168• 

0.131• 

0.044• 

11.22~0.07 

0.58•  

3 .81•  

0 .145•  

0 .884•  

1.163• 

1.019• 

0.377• 

0.232• 

0.184• 

0.059• 

11.69• 

0.58• 

0 . 1 2 7 i 0 . 0 0 9  

0.898• 

1.233• 

1.075• 

0.368• 

0.213• 

0.161• 

0.055• 

t2.79• 

0.60•  

0 .112•  

0 .900•  

1.424• 

1.281• 

0 .404•  

0.281• 

0.223• 

0.06ie0.002 

13,48• 

0 .59•  

4 .46•  

0 .108•  

0.902• 

1512•  

1.350• 

0.422• 

0,311• 

0 .251•  

0.068• 

14.41• 

0.58• 

0 . 1 0 8 i 0 . 0 0 5  

0.905• 

1,671• 

1.523• 

0 .448•  

0,350•163 

0.280• 

0.075• 

e- 
v 

15 

'5 :.= 10 13. :.,= 

E 

i i 

ADONE 

x MARK If 

�9 DASP 

'~ LENA 

�9 CLEO 

�9 PLUTO 
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I I I I I I J 

eo 

~ J '  t 

I I I I I I I I ] I I I l I I I 

5 10 50 100 

W(GeV) 

Fig. 3. Average charged particle multiplicity as a function of the 
c.m. energy W from this experiment ( 0 )  and other e+e experi- 
ments [14, 15] 

c 
v 

o. 

E 

o r 
o 

15 

10 

e+e" ~ hadrons 
I I l I I I I I ~ I i I I 1 i I 

ADONE - -  qC?+q~g 

x MARK fl . . . . .  q~ / 

�9 DASP * . ~  / 
v LENA .~.// 
�9 CLEO 1 ~ . - /  
�9 PLUTO ~//" 
o JADE Z"" 

0 I I I I , , , l J  , I I i i i 

5 10 5O 100 

W(GeV) 

Fig. 4. Average charged particle multiplicity in e + e -  annihilation 
as a function of the c.m. energy. Also shown are the QCD model 
prediction for e + e---*  qq, q g g  (solid curve) and the prediction for 
e+e  - ~ q g  (dashed curve) summed over  all possible quark fla- 

YOURS 

for qq production alone. Gluon emission is seen to 
increase <ncn ) by only a small amount: 0.6 units for 
W=14  GeV and 1.4 units for W=41.5 GeV. The 
QCD prediction agrees well with the data. Figure 5 
compares the <riCH) measurements in e+e - annihi- 
lation with those for pp and pig interactions [20-24].  
The latter two processes produce 20-30% less 
charged particles than e+e - annihilation at the 

same c.m. energy. If, on the other hand, for 
pp--*ppX the two leading protons are removed from 
the multiplicity sum and the remaining multiplicity 
is measured as a function of the c.m. energy of the 
system X, closer agreement with the e+e multiplic- 
ity is observed [25]. 

We analysed the e+e multiplicity results shown 
in Fig. 2 in terms of several models. We discuss first 
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Fig. 5. Average charged particle multiplicity as a function of the 
c.m. energy W from this and other e+e - experiments [13, 15]. 
Also shown are the data for pp and pig collisions [23, 24]. The 
curves show fits to the e + e- and pp, pig data (see text) 

a=2.56_+0.02 b =0.089-+0.024 Q0=0.85 
_+ 0.34 GeV 

with Z2= 72 for 79 d.o.f. 
We turn now to a discussion of the shape of the 

multiplicity distributions. The dispersion D is shown 
in Fig. 6 as a function of W. The error bars do not 
include the systematic uncertainties which are close 
to ___7 ~o of the D values. Also shown are measure- 
ments by the LENA group [14] at lower energy and 
by the PLUTO group [14]. The energy dependence 
of the dispersion can be described by the form D 
= c t + c  2 l n s + c  3 ln2s. As shown in Fig. 7 rather 
similar values are measured for D in e+e - annihi- 
lation and in pp, pp interactions. 

The multiplicity distributions shown in Fig. 2 
were compared with two types of Poisson distri- 
butions. The first type (dashed curves in Fig. 2) 
ignores the fact that the number of positive and 

fits to the W dependence of (ncn).  The (ncH) values 
were fitted to various functional forms. In perfor- 
ming the fits a systematic error of 5 % was assumed o 

3 
for each measurement. 4 

(a) ( n c n ) = a + b l n s + c  ln2s as suggested by the ~ 2 
analysis of pp data [-21]. The fit yielded ~5 

a=3.33_+0.11 b=  -0.40_+0.08 c =0.26-+0.01 1 

with Z2=85 for 79 d.o.f. The solid curve in Fig. 5 
shows the result of this fit. 

(b) Phase space like production predicts [26] 

( n o . )  = a s 1/4 

The fit yielded a=2.18_+0.01 with Zz=146 for 81 
d.o.f. 

(c) riCH = a + b exp {c(ln s/Q~) in} 
This form has been advocated by QCD calculations 

1 4  

for the evolution of partons in the leading log ap- 
proximation [27-30]. Using the data over the full W 12 
range and assuming Qo = 1 GeV, the fit gave 

c~  1 0  

ol  a=2.71 _+0.08 b =0.058_+0.010 c =  1.97+0.06 ~ a 
t~ 
i5 fi 

with Zz=81 for 79 d.o.f. The fit result is shown by 
the dashed-dotted curve in Fig. 5. 
In [29] a prediction has been given for the coef- 2 

ficient c, c=1/72/(33-2Ns), where N s is the number 
0 

of flavours. Using Ny=3 for 1.8<141<3.7 GeV, Nf 
= 4  for 3 .7<W<10.5 GeV and N I = 5  for W>10.5 
GeV and treating Qo as a free parameter the fit gave 
the following result: 

{+. 

o 

TASSO 
PLUTO 
LENA 

0 J i I t r l  I I i I J I J 

5 1 0 50 100 

w (Gev) 

Fig. 6. The dispersion 2 2 1/2 D=((nen)--(ncH ) ) of the charged par- 
ticle multiplicity distribution as a function of the c.m. energy W 
as measured by this ( 0 )  and other e + e -  experiments [14, 15] 
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Fig. 7. The dispersion D =((ngH ) --(riCH)2) 1/2 of the charged par- 
ticle multiplicity distribution as a function of the c.m. energy W 
as measured in e+e -, pp and pig experiments [14, 15, 21, 23, 24] 
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negative charged particles have to be equal, To a 
good  approximat ion,  

2i 
N(i) = 2 ~ e -  x. (6) 

Here  N(i) is the number  of events with i charged 
particles ( /=even)  and Z=-(ncH ). The  second type 
(solid curves in Fig. 2) acknowledges the fact that  
there are equal numbers  of positive and negative 
particles: 

N(i) = ! 2 /2 ) i / 2  e -  ,~/2 
(i/2)! (7) 

The two types of  distr ibutions are seen to bracket  
the data, the first one predicting a nar rower  distribu- 

1 0  

1.0 

<. 

0.1 

a 0.01 
0 2.5 

"- I I I 1 

c, 5GeV PLUTO ~ 14 GeV TASS0 
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Fig. 8. a The charged particle multiplicity distribution P(ncn ) 
multiplied by the average charged particle multiplicity (nc~) as a 
function of the ratio nc~(nc~ ) from this experiment at 14, 22 and 
34 GeV and other e+e - experiments [14]. h Same as a as 
measured in this experiment at W=34 GeV and data from p/7 
annihilation (curve) [23] and p/5 scattering at a c.m. energy of 540 
GeV [24] 

tion, the second one predicting a wider distribution 
than observed. 

In Fig. 8a we present the multiplicity distri- 
but ions at 14, 22 and 34 GeV together with data  
measured by other  experiments between 5 and 30.6 
GeV in a way suitable to test for K N O  scaling [31], 
namely P(ncH)(nctt) versus nc./(nca ) where P ( n c .  ) 
is the measured probabil i ty for events with multi- 
plicity nc . .  Only the statistical errors are shown. 
The data  of  the J A D E  group [15] (not shown) agree 
with our  da ta  shown in Fig. 8a. K N O  scaling holds 
to within ,,~20 %. The shape of  the distributions for 
e§  - is close to that  observed in p/7 annihilation 
[22, 23] but differs markedly  from that  for pp, p~ 
collisions [20, 21, 24] (Fig. 8b). The  ratio <ncn)/D, 
shown in Fig. 9, is a lmost  independent  of the c.m. 
energy for both  e + e -  annihilat ion and pp, PP in- 
teractions. The latter have a ~ 30 ~o smaller <ncH)/D 
ratio. 

Most  of  the e+e  - events result f rom the pro-  
duct ion of  two back- to-back  jets (see below). In or- 
der to see whether the multiplicity distr ibution in 
each jet separately obeys K N O  scaling, we analysed 
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a 0 I t J I i I 1 
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Fig. 9. a The ratio {ncn)/D as a function of the c.m. energy as 
measured in this and other e+e - experiments [14, 15]. b Same as 
in a for e+e - [14, 15], pp [23] and pp [24] data. The straight 
tines are drawn to guide the eye 
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Fig. 11. The charged particle momentum spectrum l /6to t dG/dp at 
W= 14, 22 and 34 GeV 

all events as two-jet events and assigned the accept- 
ed particles to one of the two jets using the sphe- 
ricity axis. Fig. 10 shows the multiplicity distri- 
butions for a single jet for W--14, 22 and 34 GeV. 
KNO scaling is also found to hold to within ~20  %. 
The ratio (ncH)/D per jet is approximately energy 
independent: 2.23_+0.04_+0.10 (W=14 GeV), 2.27 
_+0.05_+0.15 (W--22 GeV) and 2.34_+0.02___0.20 (W 

=34 GeV). These values are lower by ~1 /2  than 
those obtained for the complete event: 2.80_+0.10 
_+0.15, 2.95_+0.10_+0.25 and 3.02_+0.03+_0.35, re- 
spectively. This means that the spread of the single 
jet multiplicity distribution is narrower by a factor 

of ,-,1/2 than for the whole event. This is to be 
expected for two-jet events if the two jets are un- 
correlated. 

7. Par t i c l e  M o m e n t u m  Spec tra  

The differential cross sections 1/O'to t da/dp for in- 
clusive charged particle production are given in Fig. 
11 and Table4a  for p>0.2GeV/c .  The cross sections 
decrease steeply with momentum. The distribution 
becomes broader as the c.m. energy increases. The 
energy dependence of the average momentum p (cor- 
rected for momenta below p=0.2  GeV/c), is shown 
in Fig. 12 and listed in Table 3. It rises linearly with 
Win our energy range. The momentum spectra were 
used to determine the fraction of the c.m. energy 
carried by charged particles (neglecting particle mass- 
es), f C H = ~  Pi/W. Extrapolation to zero momen- 

CH 

tum yielded the fcu values given in Table 3. Within 
errors fCH=0.58 independent of the c.m. energy. 

For completeness, Fig. 13 and Table 4 give the 
normalized cross section 1/atot da/dxp, (x, fractional 
particle momentum, xp= 2p/Vv) for W= 14, 22 and 34 
GeV which have already been presented in [34]. For 
xp>0.2 the cross sections fall steeply with xp. At 
small xp, xp<0.1, a rapid rise with Wis seen which 
corresponds to the observed growth of the multiplic- 

Table 4a. Normalized momentum distributions, 1/o-to t da/dp 
(GeV/c)- 1 

p W=I4 CeV W=22 CeV W=34 CeV 
(GeV/c) 

O. 10-0.20 
O. 20-0.30 
0.8O-0.40 
O. 40-0.50 
0 .50-0 .80  
0 .60-0 ,70  
O. 70-0.80 
0 .80-1 .00  
1 .(X3-1.20 
1.20-1.40 
1.40--1.60 
1 . 6 0 - 1 . 8 0  
1.80-2.00 
2.00-2.20 
2 . 2 0 - 2 . 4 0  
2 . 4 0 - 2 . 6 0  
E . 6 0 - 2 : 8 0  
2 . 8 0 - 3 .  O0 
3 . 0 0 - 3 . 5 0  
3.50-4.00 
4.00-6.  O0 
6 . 0 0 - 8 .  O0 
8.00-10.00 
10 .00 -12 .  O0 

6.224• 
10.340~0.230 
9.898• 
8:592• 
7.251• 
5.840• 
4.957• 
3.934• 
2.893• 
2.204• 
1.778• 
1.315• 
1.077~0.052 
O.835• 
0.751• 
0.523• 
0 . 3 8 4 •  
0 . 3 4 2 •  
0 . 2 0 9 •  
0 .134 •  
0 . 0 3 6 •  

6.248• 
10.270• 
10.110• 
9.045• 
7.885• 
7 . 2 8 6 •  
6.207• 
5.028• 
3.836• 
2.888• 
2.264• 
1.951• 
1.422• 
1.852• 
1.097• 
0.816• 
0.811• 
0.631• 
0.484• 
0.307• 
0.144• 
0.038• 

6.298• 
10.670• 
10.510~0.098 
9.628• 
8.546• 
7.737• 
6.638• 
5.495• 
4.294• 
3.534• 
2 . 7 7 8 •  
2.485• 

2.088~0.031 
1.710• 
1.510• 
1.238• 
1.124• 
0.960~0.021 
0.802~0.012 
0.586• 
0.895• 
0.117• 
0.046• 
0.008• 0.001 
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Table 4b. Normalized scaled momentum distributions, 1/o'to t 
da/dxp, where xp=2p/W 

xp W=I4 GeV W=22 CeV W=34 CeV 

O. 02-0.03 
O. 03-0~ 04 
O. 04-0.05 
O. 05-0.06 
0.06-0.08 
0.08-0.10 
O, 10-0, 12 
O. 12-0.14 
0, 14-0 .16 
0 , 1 6 - 0 . 1 8  
0 , 1 8 - 0 . 2 0  
O, 20-0.25 
O. 25-0.30 
O. 30-0.35 
O, 35-0.40 
0 40-0 .50  
0 50 -0 ,60  
O. 60 -0 .70  
O. 70-0,80 

54.98•  3 . 4 6  
66.40• 4.12 
68.14• 4,20 
61.42~ 3.84  
56.72~ 3 .40  
42.79• 2 , 6 0  
34,70•  2 .16  
2 8 . 1 i •  1 .77 
2 i . 5 6 •  1.41 
19.JOe 1 .24 
15.04• 1.02 
11.58~ 0 .72  
7 . 4 i •  0 .50  
5.25•  0 .36  
332•  0.25 
1.83• 0 .14  
0.93• 0.09 
0~40• 0.05 
0.21•  0 .04  

116.80~7.700 
110.50• 
93,30• 
85.80~4,500 
64.90~8.200 
49.50• 
34.20• 
27.00~1.400 
2 i . 2 0 •  
16.72• 
i4 .23•  
10 . i3 •  
6.71• 0 .40  
4.22• 0 .29  
2 .95e  0 .23  
1,55• 0.11 
0.78~ 0.08 
0.38• 0.05 
0.21• 0.04 

162.60• 
135.80• 
106.80• 9.50 
85.80~ 5 .70 
62.70e 3 . fO 
45. i0~ 1.1;0 
34.00• 0.~0 
25.72• 0.68 
19.50• 0 53 
16.36• 0 .48 
13.34• 0 .39  
9 . 2 3 i  0 .25  
5.69• 0 .17  
3.66• 0.11 
2.56• 0.10 
1.41• 0.10 
0.66• 0.04 
0.36• 0.03 
0.19• 0 .04 

Table 4c. Normalized longitudinal momentum distributions, 1/O'to t 

da/dPll (GeV/c)- 1 

$} W=14 GeV W=22 CeV W=34 CeV 
(Gel c) 

0 . 0 0 - 0 . 0 5  
0 , 0 5 - 0 . 1 0  
0 . 1 0 - 0 . 1 5  
0, 15-0 .20  
0 . 2 0 - 0 . 2 5  
o. 25 -0 .30  
O. 30-0.35 
o. 35-0.40 
O. 40-0 .45  
o. 45-0.50 
O. 50-0,60 
O, 60-0.70 
O, 70-0.80 
o. 80 -0 .90  
0 . 9 0 - 1 . 0 0  
I, 00 -1 .20  
1 ,20 - t  .40 
1 .40 -1 .60  
1 .60 -1 .80  
1 .80-2 .  O0 
2.00-3  O0 
3.00-4, O0 
4 . 0 0 - 5 . 0 0  
5 00-6. O0 
6 00-8  O0 
8 .00-10 .  oo 
10 .00-12.  O0 
12.00-14.00 

8.732• 
9 .431•  

11.710•  
11.050•  
10.820•  
8 .868•  
8 .621~0 .292  
7 .690•  
6 .574•  
6 ,161•  
51250• 
4 . 4 4 8 •  
3 .875•  
3 .348•  
2 .850•  
2 .517•  
1 .950•  
i . 8 3 8 •  
i . 1 9 9 •  
0.958• 
0.483• 
0 .145•  
0 .046•  

7.881i0.328 
9.595•  

11.060•  
11,970•  
10.545•  
9 ,804•  
9 .139•  
8 .342•  
7 .526•  
7 .348•  
6 .703•  
5 , 3 9 3 •  
4 ,909•  
4 .630•  
3 .838•  
3 .269•  
2 .591•  
2 .111•  
1 .66I•  
1.358• 
0.822• 
0 .356•  
0 . 1 7 4 •  
0.080• 
0.032• 

8.454~0.120 
9 .394~0.127 

12,450• 
12,450~0,147 
11.630• 
10 .520•  
9 ,640•  
8 .849•  
8 4 2 3 •  
7.639• 
7037• 
6. I53i0.076 
5.454• 
4.882• 
4.392• 
3.675• 
3.068• 
2.558• 
2.222• 
1.847• 
1.181• 
0 .642•  
0 .337•  
0.206~ 0 .004  
0 107~ 0 .002  
0.041• 0 .002  
0 .019•  0 ,001 
0.007• 0.001 

ity. For x p > 0 . 2  the data show a s low but significant 
decrease with W. This is more  clearly seen in Fig. 14 
where  1/(rto t dff/dxp is plotted versus s =  W 2. Go ing  
from W =  14 to 41.5 G e V  1/o-to t d(r/dxp on the aver- 
age is reduced by ~ 2 5 % .  This scale breaking was 
discussed in detail in [323. The a m o u n t  of scale 
breaking was quantified by fitting the data to the 
fo l lowing form suggested by  Q C D :  

1/a,o t da/dxp = ct(1 + c 2 In(s/so)) (8) 

Table 4d. Normalized transverse momentum distributions l/0"to t 
da/dpT (GeV/c) 1 

pT(GeV/c) W=14 GeV W=22 CeV W=34 CeV 

0 . 0 0 - 0 . 0 5  
0 . 0 5 - 0 . 1 0  
0. i 0 - 0 . 1 5  
0 . 1 5 - 0 . 2 0  
0 . 2 0 - 0 . 2 5  
0,25-0.30 
O. 30-0.35 
0 . 3 5 - 0 . 4 0  
O. 40-0.45 
O, 45-0.50 
O. 50-0.60 
O, 60-0.70 
O. 70-0.80 
o. 60-0.90 
O. 90-1.  O0 
1 . 0 0 - 1 . 2 0  
I 20 -1 .40  
i .  40-1 60 
1 6 0 - 1 . 8 0  
1.80-2, OO 
2 00-2.50 
2.50-3. O0 
3 00-4 ,  O0 
4 O0-6 00 
6 .00-8  O0 

5.609• 
12.960• 
18.990• 
20.750•  
19 .890•  
18.790• 
16,150• 
13.510• 
10.780• 
8.586~0.309 
5.926• 
3.841• 
2.052• 
1.399• 
0.675• 
0.565• 
0.176• 
0.088• 
0.031•  
0 .027•  
0.005• 

6.432• 
15.710• 
20.350•  
23.300• 
22.280• 
21.860• 
18.460• 
16.160• 
13.160• 
11.200-2--0.433 
8.022• 
5.819•  
3 .718•  
2 .387•  
1.692• 119 
0 .961•  
0 .448•  
0 .242•  
0 .177•  
0 .105•  
0 .047•  
0 .015~0.007 

8 .030•  
17.192• 
2 3 . 2 7 0 •  
25.420• 
24.630• i98 
22.620• 
20.670• 
17.900• 
t5.430• 
13020• 
10230• 
7326• 
5.222• 
3.712• 
2.667• 
1.712• 
0 .970•  
0572• 0.015 
0.368• 0012 
0232• 0009 
0 1 1 4 .  0 004 
0.043• 0 0 0 3  
0.012• 0,001 
0,0014• O,OOC 
00004• 0 00(, 

Table 4e. Normalized distributions of the transverse momentum 
squared 1/ato t da/dp 2 (GeV/c)- 2 

p~ (GeV/c)2 W=14 CeV W=Z2 CeV W=34 CeV 

0.00-0.01 
O. 01-0.02 
O. 02-0.04 
O. 04-0.06 
0.06-0.08 
O. 08-0. lO 
0.10-0.12 
O. 12-0.14 
0 . 1 4 - 0 . 1 6  
0 . 1 6 - 0 . 1 8  
O. 18-0.20 
0.20--0.25 
0.2-,5--0.30 
0.30-0.35 
0.35--0 .40  
0.40-0.60 
O. 60-0.80 
0 . 8 0 - i  .20 
1.20--1.60 
I. 60-2~ O0 
2.00-3.00 
3.00-4 O0 
4.00-6.00 
6.00-8. O0 
8 . 0 0 - I 0 . 0 0  

1 0 . 0 0 - 1 2 . 0 0  
12.00-14.00 
1 4 . 0 0 - 1 6 . 0 0  
16.00-18.00 
18. O0-20. O0 
20, OO-30 O0 
30.00--40. O0 

92.820e2.275 
75.870• 
61.390• 
45.260• 
36.370• 
29.040• 
23.830• 
19.600• 
17.030• 
13.630~0.617 
12.160• 
9.055• 

110.702• 
82.320• 
67.950• 
49.950• 
41 .160•  
3 5 . 7 2 0 •  
26 .550•  
22 .530•  
20.980• 
i6.880• 
i4.530• 
11.8i0• 

i25.600• 
94,650• 
73.780• 
55.280i0,465 
44.160•  
36.420• 
30.820~:0,347 
25.880• 
22.510e0.297 
20.340~0.282 
I6.430• 
13.810• 

6.468• 
4 .661•  
3 .546i<) .199 
2.024• 
0.884• 
0.314~0.021 
0.123• 
0.088• 
0 ,019•  

0 ,0077•  
0.0018• 

8.224• 
6.466• 
5.578• 
3.204• 
1.541•  
0 .714•  
0 .287•  
0 . 1 3 0 •  
0~069• 
0,030• 
0.012• 

10.860e0 .130  
8 .282•  
6 .826•  
4 .402•  
2.320• 
1.184• 
0 .576•  
0.322• 
0.157•  
0.066• 
0.026• 

0.003• 0.0098• 
0.0049• 
0.0023• 
0.0013• 
0.0011•  

0.00065• 
0.00029• 
0.00020• 
0.00003• 

where So=  1 G e V <  The fit results for ca and c 2 are 
given in Table 5. The scale breaking effects seen in 
this exper iment  are in agreement  with the data from 
the M A R K I I  [33]  and J A D E  [15]  experiments .  
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Table 4f. Distributions of the scaled parallel momentum, 1/O-to t 

da/dXll, where  Xll = 2 P I / W  

Xll W=14 CeV W=22 CeV W=34 CeV 

0 02-0.03 
0.03-0.04 
0.04-0.05 
0.05-0.06 
O. 06-0,08 
0 . 0 8 - 0 ,  1 0  
o. 10-0,12 
o. 12-0.14 
o. 14-0.16 
0.16-0.18 
O. 18-0.20 
0,20-0.25 
0.25-0.30 
0.30-0.35 
0.35-0.40 
O. 40-0.50 
o. 50-0.6O 
0.60-0.80 

77.40• 3.46 

70.50• 4.12 

60.64• 3.20 
51.00• 3.14 

41.30• 2.90 
31.40• 2.00 

25.20• 1.60 
2i.70• 1.53 
17.90• 1.21 
15.50• 1.12 
12.50~ 0.95 
9.40• 0.72 

6.35• 0.45 

4.35• 0.36 

2.75• 0.25 

1.58• 0.09 
0.88• 0.07 
0.26• 0.04 

114.50• 

91.60i6.500 
79,50• 

62.84• 000 
49.50• 
37.30• 
29,10• 
21.10• 
16,60• 
13.40• 
12.20• 800 
8.72• 
5,80• 0.39 
3.76• 0.28 
2.80• 023  
1.48~ 011 
0.70• 0.07 
0,28• 0.05 

143.90• 

112.30114.50 

89.40• 9.00 
72.901 5.10 

54.901 2.70 

39.80• 1.40 

30.90• 0.80 
23.42• 0.60 
18.30• 0.53 
14.70• 0.40 
12.40• 0.35 
8,63~ 0.25 
5.26• 0.17 
3.49• 0.11 
2.37• 0.10 
1.27• 0.08 
0.63• 0.02 

0.24• 0.02 

Table 4g. Distributions of the scaled transverse momentum, 1/O-to t 

&r/dxr, where xr=2pr/W 

XT 

o.00-0.01 
0.01-0.02 
0,02-0.03 
0,03-0.04 
0.04-0.05 
0.05-0.06 
0,06-0,07 
o. 07-0 08 
o. 08-0.09 
0.09-0.10 
o. i0-0.12 
0.12-0.14 
0.14-0.16 
O, 16-0.18 
0. t8-O. 20 
0,20-0.25 
0.25-0.30 
0.30-0.40 

g=14 CeY 

52.52• 
115.70• 
143.80• 
132.80• 
112.20• 
86.41• 
65.99• 
46,15• 
33,84~1.39 
26,78• 
15,26• 
7.49i0.50 
4.89• 
2.66• 
1.02• 

0.48• 
0.20• 
0.01• 

W=22 CeV 

126.10• 
241.70• 
232.70• 
169.40• 
113.30• 
74.85• 

46,91• 
29.78• 

20.61• 

12.34• 

6.67• 

356• 
191• 
1.31• 
1.06• 
0.18• 
0.08• 05 

W=34 GeV 

301.00• 
400.60• 
261.0011.43 

148.30• 

82.40• 
46.61• 
27.82• 
17.13• 
1072~0.29 
7.35• 
425• 
1,98• 
1.05• 
0.54~0.05 
0.27• 

0,12• 

O.03• 

0.008• 

The observed x dependence of inclusive particle 
product ion  was compared  with several theoretical 
conjectures. The behaviour  for e+e  - - - * h + a n y t h i n g  
near xp--1 has been related to the s dependence of 
the ?hh formfactor  Fh(s ) in the reaction e+e---*hh 
[35]. If  Fh(s)ocs " for s--,oo a Drel l -Yan-West  re- 
lation predicts da/dxpoc(1-xy  with n=2m-1 .  For  
instance, for h = p i o n  or kaon  m = l  is expected 
which leads to n = l  while for protons  m = 2  and 
hence n = 3 should be observed. 

In order to determine the large xp behaviour  we 
multiplied 1/O-to t da/dxp by a factor of  f =  x p ( 1 -  xp) " 
for n = 1, 2 a n d  3 (the factor xp ensures a reasonable 
description of  the data near xp=0) .  The result is 
shown in Fig. 15. In the high xp region ( 0 . 4 < x < 0 . 8 )  
the data  suggest f .  1/a,o t da/dxp to be constant  for a 
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T a b l e  5a .  F i t  r e su l t s  to  t he  s - d e p e n d e n c e  o f  t he  s c a l e d  c ross  

s e c t i on  1/ato t da/dxp = c 1" (1 + c a . In (s/so)) w h e r e  s o = 1 G e V  2 

Xp Cc 02 

O, 02-0 .05 
O. 05-0 .10 
O. 10-0.20 
O. 20-0 .30  
O. 30-0 .40 
O. 40-0.50 
0 .50 -0 .70  

0.50+.0.05 

1.97• 

26.80• 

14.99• 

7.~• 

3.29•  
1.09• 

25,30 • 
0.318 •  

.0 .022•  
-0 .071•  
-0.081• 
-0.084• 

-0.075• 

T a b l e  5b .  F i t  r e su l t s  to  t he  s - d e p e n d e n c e  o f  t h e  s c a l e d  c ro s s  

s e c t i on  1/ato ~ d~/dxll = ct. (1 + c~. In(s/so) ) w h e r e  s o = 1 G e V  2 

x l l  

0 .02 .0 .05  
0 . 0 5 - 0 . 1 0  

0 .10 -0 .20  
0 .20-0 .30  
0 .30-0 .40  
0 .40-0 .50  
0 50-0.70 

C l  

0.54:50.01 
2.95• 

15.86+.1.00 
11.55• 
5.72• 
2.56• 
0 .94e0.30 

C8 

27.7  +.0,33 
2.36 • 
0'. 032• 012 

.0,059+.0.006 
-0.  069• 007 
.0 .071 • 
-0 .  069• 025 

value of the power n between 1 and 2. Taking into 
account the fact that in the high xp region roughly 
2 0 - 3 0 ~  of all charged particles are protons (anti- 
protons) [3] the Drell-Yan-West relation seems to 
be in reasonable agreement with the data. 

Studies of multigluon emission [30, 35, 36] have 
led to qualitative predictions for the behaviour at 
small and medium x values. They suggest that the 
energy weighted gluon spectrum 

xda /dx = - da /d(ln(1/x)) 

12 I , E , I , 

10 W=34GeV 

# a 
x p  

f= 
6 ~j~, lS-x-xp? 

teh***,, / ~" & �9 * 

_'7 z, I " ' * A . %  * , * * 

2 f= �9 " �9 

0 t I , I 
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Xp=2p/W 

Fig.  15. T h e  n o r m a l i z e d  s c a l e d  c ross  s e c t i o n  1/o-to t d~r/dxp m u l t i -  

p l i ed  b y  t h e  f u n c t i o n  f = x / ( 1 - x y  for  n = 1, 2 a n d  3 as a f u n c t i o n  

o f  Xp for  W =  34 G e V  

4 
f=  Xp 

(1-Xp) 2 

�9 , /  + 

i I I I r 

0.6 0.8 

(x is the fractional gluon energy) follows a Gaussian 
distribution with respect to ln(1/x). The distribution 
should be centered around ln(1/x)=l/4 ln(s//z 2) 
where /~ is the virtual gluon mass. The assumption 
that the gluon x distribution represents the xp distri- 
bution of the final state particles and ignoring the 
fact that the observed particles result mostly from 
the decay of heavier particles, lead to the prediction 

~c[ln(1/xfl- 1/4 in(s/#2)] 2"~1 [ 
da/dxp ~ exp [ - [ ~ _ ~  j j  (9 a) Xp 

where A is the QCD scale parameter and c is a 
constant. Equation (9a) predicts for the energy de- 
pendence of the maximum, 

(ln(1/xp)) max = 1/4 ln(s/p 2) (9 b) 

Figure 16a shows the data for all charged particles 
in terms of Fxp do-/dxp as a function of ln(1/xfl. F is 
a normalization constant such that F~(xp do-/dxp) 
dxp= 1. The data exhibit a maximum whose position 
shifts to higher in (1/xp) values as W increases. As 
mentioned before, (9a) does not take into account 
the fact that most of the detected particles result 
from the decays of heavier particles. The influence of 
decays was studied (Fig. 16b) using the QCD model 
to compute the spectrum of the prompt (i.e. before 
decay) charged particles (dashed curve) and of the 
particles after decay (solid curve). The position of 
the maximum is considerably lower for the prompt 
particles. The high ln(1/Xp) (=low xfl region is dom- 
inated by decays. 

It has been suggested that the effect of decays is 
less important for heavier particles [-36]. We show in 
Fig. 17a the quantity x, 1/0-to t da/dxp for ~+ + z  =, 
K + + K -  and P+P production as measured in this 
experiment [:3]. The curves are drawn to guide the 
eye. Qualitatively, a behaviour similar to that found 
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for all charged particles is observed. We used the 
data shown in Figs. 16a, t7a to determine the po- 
sition of the maximum. The resulting values are 
shown in Fig. 17b. The data are compared with lines 
whose logarithmic slope is given by (gb). These lines 
are seen to agree well with the re• K + and p,/7 data. 
The slope observed for all charged particles is some- 
what steeper than predicted by (9b). The value of # 
deduced from Fig. 17b is different for n +-, K + and 
p, /7: # = 0.05 + 0.02 GeV 0z+-), n lo +~176 GeV (K • 

- -  v ' ~ / -  0 0 7  

and has  +~ GeV (p,/7). We note that the QCD . . . .  - 0  t2 
model predictions for e+e - ~ q q ,  qqg (not shown) 
agree with the data given Fig. 17b. 

8. Jet Properties 

8.1 Jet Variables 

In the following analysis all events were treated as 
two-jet events. The event shape was characterized in 
terms of the sphericity tensor [37] and of thrust 
[38]. The sphericity tensor is defined as 

N 

l=1 

cq f i=x ,y , z ;  j = l ,  . . . ,N particles (10) 

with eigenvectors if1, if2, ff3 and corresponding nor- 
malized eigenvalues 

Q K  - ~r(#;/~k) 2 

( it)  

Fig. 16, a The normalized quanti ty xv. 1/ato t da/dxp as a function 
of ln(1/xp) for W= 14, 22 and 34 GeV. b The normalized quantity 
x v 1/ato ~ da /dxp  for the prompt  charged particles (dashed curve) 
and for the final particles (solid curve) as calculated with the 
QCD model 

which satisfy Q1 +Q2 + Q3 = 1 and which are ordered 
such that O<Q1 < Q z < Q 3 .  In terms of these QK, the 
sphericity S, the aplanarity A and the variable Y are 
given by 
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Fig. 17.a The quantity x v 1/(rtotdd/dx versus ln(1/xp) for rc + +r~-,  K + + K - ,  p + p  at W=14, 22 and 34 OeV. The curves are drawn to 
guide the eye. b The position of the maximum,  (In(1/x~)) . . . .  of xp da /dx  v as a function of s for all charged particles, and for ~+-, K +- and 
p,/7. The straight lines are proportional to 1/4 Ins  
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S = ~ ( Q 1  + 0 2 )  

A=3QI 

Y= ~ (Q~ - g~) 
Z 

(12) 

The plane defined by d 2 and n3 is called the event 
plane; ff 3 gives the sphericity axis (= je t  axis de- 
termined by sphericity). Sphericity 

S=~(Qt +Q2)= 3 ZP2 0_<S_<I (13) 
2 Sp 2' 

is a measure of how well particles are collimated 
into two jets. Here Pr is the particle transverse mo- 
mentum with respect to the jet axis. Extreme two-jet 
events have S = 0  while for spherical events S ~  1. 
Aplanarity A, 0 < A < 0 . 5 ,  measures the flatness of 
events; extreme flat events have A = 0. 

The average squared transverse momenta in and 
out of the event plane are defined as 

(P~in> =Q2Z# ~' (14) 

<p~ou,> = g~ Zp~. (15) N 
Another measure of the jet structure is thrust T 
defined as [38] 

Table 6. Monte Carlo calculation of the angle between the jet axis 
determined by thrust or sphericity and the direction of the most 
energetic parton. QED radiative effects were turned off. 
a for an ideal detector and using charged and neutrals 

w (e~v) q~ 

2 . 8  ~ 

1 .6  ~ 

i .3 ~ 

14 

22 

34 

41.5 

I 
spheri city 

q~+q~g 

8 . 2  ~ 

5 . 7  ~ 

5 . 4  ̀ = 

5 . 2  ~ 

I 
t h r u s t  

qq qq+qqg 

6 . 8  ~ 9 . 2 *  

3 . 7  ~ 5 , 9  ~ 

2,3 ~ 4.6 ~ 

1.8 ~ 4.4 ~ 

b for the TASSO detector and using only charged particles 

w (c~v) q~ 

12,2 ~ 

6,2 ~ 

3,5 ~ 

3.0 ~ 

14 

22 

34 

41.5 

s p h e r i c i t y  

qq+qcig 

14.0 ~ 

10.3 ~ 

8 . 2  ~ 

7.4 ~ 

1 
t h r u s t  

qq  qq§ 

13 ,1"  14.7 ~ 

7 . 4  ~ t 0 . 5  o 

4 . 1  ~ 8 . 1  ~ 

3 . 6  ~ 6 . 8  ~ 

T = M a x  2]plU[ �89 (16) 
Z l p j l  

where Plly is the longitudinal particle momentum 
relative to the jet axis, which is chosen such as to 
maximize ZlPtuI. Extreme two-jet events have T =  1. 

8.2 Choice of the Jet Axis 

The appropriate choice for the overall jet axis of an 
event is a theoretical as well as an experimental 
question. The theoretical choice depends on the 
underlying parton final state. For  events produced 
by a two-parton state (e.g. e+e----,qq) the thrust 
axis, representing the direction of the vector sum of 
all particles in a hemisphere defined by a plane 
perpendicular to the pat ton direction, should be 
close to the original parton direction. For  events 
produced by a three-parton state (e.g. e+e - ~ q # g )  
the direction of the most energetic parton in general 
is the preferred axis. Again, the thrust axis should be 
the best choice. For  four or more parton states it is 
not clear which is the preferred direction. The axis 
determined by the sphericity method which minim- 
izes the sum of the squares of the transverse momen- 

ta should be close to the thrust axis for events 
produced by two partons but may differ considera- 
bly for three-parton configurations. 

To study how well the jet axis reproduces the 
primary parton direction we generated events of the 
types e+e-~q7:l and e+e - - - ,q~g in the two QCD 
models without radiative and detector effects. We 
determined the average angle <6) between the thrust 
and sphericity axes (reconstructed from the final 
state charged and neutral particles) and the original 
parton-parton direction (qO or the direction of the 
most energetic parton (qcTg). The result is shown in 
Table 6a for different c.m. energies. Table 6a shows 
that for the thrust and sphericity axes <3) is ,~6 ~ at 
W=14 GeV and ~ 1 ~  ~ at W=41.5 GeV for q# 
states. If gluon emission is included, ( 3 )  is larger. At 
41.5 GeV the average value is < 3 ) = 4 - 5  ~ Averaged 
over all events the thrust and sphericity methods 
reproduce the parton direction with similar ac- 
curacy. Sizeable differences are found for hard wide 
angle gluon emission. For  instance, for events at W 
=34  GeV with a charged particle of p r>2 .6  GeV/c: 
( 3 ) = 7  ~ for the thrust axis but <3)=11  ~ for the 
sphericity axis. This has a noticeable effect on the 
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sphericity or thrust axis and the beam direction. 
Approximately, 80 % of the accepted events satisfied 
this condition. 

The jet axis was determined with the charged 
particles. Table 6b lists the average angle <5) be- 
tween the measured jet axis and the primary parton 
direction as found from Monte Carlo generated 
events; <5) ~15 ~ at W - 1 4  GeV and decreases to 
~ 7  ~ at 14/=41.5 GeV. 

The correction factors needed to determine the 
distributions corrected for acceptance, detector and 
radiative effects were calculated according to Sect. 3. 
The " t rue"  sphericity and thrust axes as well as the 
S, T and A distributions were calculated using all 
(charged and neutral) particles which were either 
prompt or produced by the decay of particles with 
lifetimes less than 3.10 -1~ s. 

8.3 Sphericity and Thrust Distribution 

The sphericity S and thrust T distributions which 
were derived from the charged particles were cor- 
rected so as to represent the S and T distributions 
for charged and neutral particles. The inclusion of 
neutrals in the corrected distributions does not sig- 
nificantly affect the T distributions but changes the 

1 0  

transverse momentum (Pr) spectra at high transverse 
momenta. Figure 18 compares the measured 1/O-to t ~i 
d~/dp 2 determined with the thrust axis (~)  and with 
the sphericity axis (e ) .  The sphericity axis leads to 4 
significantly smaller ( , ,~10-20%) p~ values once 2 
p~->5 GeV 2. Qualitatively, this is to be expected 
since the sphericity method will pull the axis 
towards the particle with the highest transverse 
momentum. 

We turn now to the experimental side of the 
question. Hard photon radiation in the initial state 
can render genuine q~ events highly acollinear and 
produce large fluctuations in the transverse momen- t0 
turn distribution. In the determination of jet axis 

8 

related quantities such as the Pr and p~ distri- 
butions, these events were suppressed by requiring .~ 61 
]cos O,1>0.2 where O, is the angle between the nor- ~ ' 
mal to the event plane and the beam direction. The ~ 4 
fraction of events which survived the O, cut were 88, 

2 

87, 81 and 80 % at 14, 22, 34 and 41.5 GeV, respec- 
tively. To ensure a large acceptance for the particles 
in the jets, all quantities which depend on the jet 
axis were determined by using only events with 
IcosOj~d<0.7 where O j e t  is the angle between the 
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Table 7a .  N o r m a l i z e d  sphe r i c i ty  d i s t r ibu t ions ,  1/N dN/dS 

Sphericity W=I4 GeV ~=P,~ GeV W=34 GeV 

0.000-0.025 
0.025-0,050 
0.050L0.075 
0.075-0. I00 
0.100-0.150 
0.150-0.200 
0.200-0,250 
0 . 2 5 0 - 0 . 3 0 0  

O. 300 -0 .  350 

O. 350 -0 .  400 

O. 400-0,450 
O. 450-0. 500 

0. 500-0 .  550 

0. 550-0. 600 

O. 600-0 .  650 

0 . 6 5 0 - 0 . ? 0 0  

1.14• 
2.72• 
3.87• 
4.21• 

3 . 6 8 •  
2 . 6 3 •  

, j . 8 7 •  
1 .44•  
1.03• 
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S distributions: e.g. the average value of S at 34 
GeV is reduced by ~ 15 %. The normalized S and T 
distributions at 14, 22 and 34 GeV are presented in 
Figs. 19, 20 and Table 7. The S (T) distributions 
vary rapidly at S<0.1 (T>0.95), a region where the 
accuracy of the jet axis determination is particularly 
important. In this region of S (T) a_+ 10~o systemati- 
cal uncertainty has to be added to the statistical 
errors shown in Figs. 19, 20. For the bulk of the 
data the trend to ever stronger collimation as the 
c.m. energy increases is clearly visible. The energy 
dependence of the average sphericity and thrust val- 
ues, <S) and ~T), are shown in Figs. 21, 22 and 
Table 3. The rapid decrease of <S) with increasing 
W slows down or even comes to a halt above W,,~25 
GeV with <S)~0.11. This behaviour is not com- 
pletely reproduced by the QCD models (solid curves 
in Figs. 21, 22). Preliminary calculations show, how- 
ever, that the inclusion of the second order (O(c~)) 
terms provides a good description of the data [12]. 
Pure q~ production (dashed curves) would predict a 
decreasing <S), reaching <S)~0.05 at W=3 0 Ge V 

0.3 

.u 

8, 0.2 
o 

0.4 . . . .  I , , , , I . . . .  I . . . .  I ' 
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Fig .  21. T h e  ave rage  spher ic i ty  as a f u n c t i o n  of  the  c.m. ene rgy  W. 

T h e  sol id  curve  shows  the  p r e d i c t i o n  o f  the  Q C D  i n d e p e n d e n t  j e t  

m o d e l  for  e + e -  --, qg,  qgg .  The  d a s h e d  cu rve  s h o w s  the  p r e d i c t i o n  

for  e + e  - ~ q ~  
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Fig.  22. T h e  a v e r a g e  va lue  o f  1- thrus t ,  < l - T>, as a f u n c t i o n  of  the  

c.m. ene rgy  W. T h e  sol id  cu rve  shows  the  p r e d i c t i o n  of  the  Q C D  

i n d e p e n d e n t  j e t  m o d e l  for  e+e-~qq, qqg. The  d a s h e d  curve  
s h o w s  the  p r e d i c t i o n  for  e+e -*qq 

and (S)-,-0.03 at W=41.5 GeV. Similar conclusions 
can be drawn for ( 1 -  T)  (Fig. 22). 

In Fig. 23a, the angular distributions of the sphe- 
ricity axis with respect to the beam axis are displayed 
for W=14, 22 and 34 GeV. The distributions are 
well described by the form 

1 
dN/dcos OsOC 1 + cos 2 0  S (17) 

This result gives strong suport for the hypothesis 
that the dominant process is e + e---* qq with mass- 
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Fig. 23. a The angular distribution of the 
jet axis determined by sphericity at W= 14, 
22 and 34 GeV. The curves are 
proportional to 1 + cos 2 0 s. b The angular 
distribution of the jet axis determined by 
thrust at W= 14, 22 and 34 GeV. The 
curves are proportional to 1 +cos 2 O r. 

less quarks and quark spin 1/2. Within errors, the 
angular distribution of the thrust axis (Fig. 23b) is 
the same as of the sphericity axis. Fits of the form 

1 
dN/dcos Os, r ~ (1 + as, r c~ T) 

shown by the curves in Fig. 23 yielded: 

W-- 14 GeV as=  1.09_0.16 ar  = 1.22_+0.10 

=22 GeV =1.42+_0.22 =1.22+_0.12 

=34 GeV =1.03_+0.07 =1.01_+0.06. 

8.4 Event Topology 

Fig. 24 shows plots of the observed sphericity versus 
aplanarity. As illustrated in Fig. 24a collinear two- 
jet events lie in the left-hand corner (A, S small), 
uniform disk shaped events in the upper corner (A 
small, S large), spherical events in the lower right- 
hand corner while coplanar events will populate a 
band with A being small. The data from W= 14, 34 
and 41.5 GeV (Figs. 24d-f) show that collinear 
events dominate at all energies. The occurrence of 
planar events can be seen from Fig. 25 which dis- 
plays the distributions of the average squared trans- 
verse momenta in and out of the event plane, (p2rin) 

and (P~-out). As Wincreases the (p2in) distribution 
develops a long tail to high values of (P~'in). Such a 
tail is not seen for (P~out). 

The averages over all events, ((p2in)) and ((p2out)) 
are given in Fig. 26 and Table 3 as a function of W; 
both quantities rise with W. The rise is however, 
much more pronounced in ((p2rin)) which is again 
related to the production of planar events. The data 
are well described by the QCD string model (solid 
curves); for the QCD independent jet model the 
agreement is not as good. The Prout distribution to a 
first approximation reflects the Pr distribution of 
hadrons produced in quark fragmentation. It may 
therefore be surprising to find that ((P~'out)) increases 
with W. A study of Monte Carlo events produced 
according to a) e + e - - , q q  alone (dashed curve), b) 
including gluon bremsstrahlung in first order (solid 
curve) showed that the growth of ((P~out)) results 
mainly from the larger spread of the jet axis in 
gluon bremsstrahlung events. 

8.5 Search for Heavy Quarks 

The aplanarity distributions (Fig. 27) can be used to 
set limits on the production of heavy quarks Q 
which near threshold would decay isotropically and 
therefore would give rise to events with large apla- 
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Fig. 24. The distribution of sphericity versus aplanarity, a schematic diagram; 5 distribution predicted for W= 34 GeV by the QCD string 
model for 1100 accepted events; e distribution predicted for pair production of top quarks with a mass of 16 GeV at IV-34 GeV for 650 
accepted events; d-f measured distributions at W= 14 (2704 accepted events), 34 (20452) and 41.5 GeV (1219) 

narity A and sphericity S (Fig. 24c). To demonstrate 
that A is sensitive to heavy quarks we determine the 
b-quark threshold using the data at W =  14 GeV. In 
Fig. 28 the fraction of events observed at A>0.18 
( +  1 s.d. given by the shaded band) with the pre- 
dictions for u, d, s, c + g l u o n  production (dashed- 

dotted curve), and for u, d, s, c - g l u o n  plus b quark 
production (solid curves a, b). The bb  contribution 
was assumed to be given a) by the asymptotic value 
Rb~= 1/3 (case a); b) by the value modified for quark 
mass effects Rb~=l/3  fl(3--fi2)/2, where fi is the b 
quark velocity (case b). It is not clear which of these 
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served fraction of events with A>0.18 is 3.5_+0.7% 
which is significantly larger than the 1.3 % predicted 
for the case without b quarks. Agreement with the 
data is found if bb  production with asymptotic 
strength is assumed to be present and 9.2< Wthr~h 
< 14 GeV. The latter is in accord with the thresh- 
old for open bot tom production near W= 10.5 GeV. 
The same method was applied in Fig. 29 to search 
at W=34  GeV and 41.5 GeV for heavier quarks 
with charge I%1 =2/3 (top quark) and leel--1/3. The 
data agree well with the predictions for u, d, s, c, b 
+ gluon alone. The additional fraction of highly apla- 
nar events predicted for either quark charge is 
much too large as long as Wth~h is 1-2 GeV below 
the c.m. energy at which the data were taken. Using 
data at all W we can exclude the presence of addi- 
tional heavy quark pair production for 5 <MQ<20.3  
GeV (1e~1=2/3) and 7 < M e < 1 9  GeV (leQl=l/3) at 
95 % C.L.** A summary of results on heavy quark 
production from this and other experiments has 
been given in [39]. 
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<p.~ > (GeV/c) 2 

Fig. 25. Distribution of the transverse momentum squared out of 
the event plane (P~o~t), and in the event plane, (P~i~), averaged 
over the event, at W= 14, 22, 34 and 41.5 GeV 
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Fig. 26. The average momentum squared in and out of the event 
plane, ((P~i,)) and ((P~o,t)), averaged over all events, as a function 
of the c.m. energy W. The curves show the prediction of the QCD 
string model; for e + e--~ qq, qqg (solid) and e + e--*q~ (dashed) 

is the appropriate description. The predictions are 
given in Fig. 28 as a function of the threshold c.m. 
energy, Wthresh , for open bot tom production. We de- 
fine the b quark mass* as rob= Wthresh/2.  The ob- 

* Note that the mass found for the b quark from potential model 
analyses of the Tsystem is somewhat lower than WthreJ2 

9. Charged Particle Production with Respect to the 
Jet Axis 

9.1 Longitudinal and Transverse Momentum Spectra 

We studied the longitudinal and transverse momen-  
tum distributions of charged particles with respect to 
the jet axis. If not specified otherwise the sphericity 
axis was used. In Figs. 30-32 and Table 4 the longi- 
tudinal and transverse momentum distributions 

1/O'to t d~/dP!l, 1/0-to t da/dpr and 1/0"to t d~r/dp2r are 
shown for 14, 22 and 34 GeV. The Pll distribution 
resembles closely the p distribution shown in Fig. 11. 
As expected from phase space, the PT distribution 
approaches zero as pr--*0. The p~ distribution near 
p~=O is of the form d a / d p ~ e x p  ( - a  p~). The PT 
and p~ distributions broaden with increasing c.m. 
energy. 

For small Pr, Pr <0.4 GeV/c (see insert of Fig. 
31) no energy dependence of the shape of the Pr 
distributions is observed. In order to study this in 
more detail, Fig. 33 shows the ratio of the Pr distri- 
bution at 34 GeV with respect to those observed at 
14 and 22 GeV, e.g. 

1/Oto t d a/dp T(W= 34 GeV) 
F(34 GeV, 14 GeV) -- 1/atot da/dPr(W = 14 GeV) 

The ratio F is above unity which reflects the growth 
in multiplicity as W increases. F is almost constant 

** In deriving the upper values the contribution from the five 
k~own quarks was ignored. Hence, they represent conservative 
limits 
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Fig. 27. The normalized aplanarity 
distributions at W= 14, 22 and 34 GeV 

Fig. 28. The fraction of events with A>0.18 at W=14 GeV. The 
dashed band shows the 4-1 s.d. band for the observed event 
fraction. The dashed-dotted line shows the QCD model prediction 
for u, d, s, c+gluon.  The solid curves show the QCD prediction 
including an asymptotic b-quark contribution (Rbb= 1/3) and a b- 
quark contribution with the threshold factor (Rbb=l/3" fl(3 
--fl2)/2). W~hr~h is the assumed threshold for open b production, 
Wth~h=2m b where m b is the b-quark mass 

Fig. 29a and b. The fraction of events with A>0.18 GeV at W 
= 34 a and 41.5 GeV b. The dashed bands show the 4-1 s.d. band 
for the observed fraction. The dashed-dotted lines show the QCD 
prediction for five quarks. The solid curves show the QCD pre- 
diction including a sixth quark of charge 2/3 or 1/3 with either an 
asymptotic contribution or including the threshold factor. Wth~r 
is the assumed Q(~ threshold, Wt~,o~h=2mQ, where me is the quark 
mass �9 
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for Pr up to 0.4 GeV/c and then starts to rise. The 
growth of the number of particles at pr>0.5 GeV/c 
with increasing W can be understood as a result of 
hard gluon bremsstrahlung (solid curves). The 
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dashed and dashed-dotted curves show the predic- 
tions for the case where gluon bremsstrahlung is 
turned off and only the process e + e- --* qq is consid- 
ered. In this case the value of F at PT < 0.4 GeV/c is 
well accounted for and only a small rise is predicted 
for 0.5 <Pr <2 GeV/c. The comparison suggests that 
hard gluon bremsstrahlung affects mostly the par- 
ticle flux at Pr>0.5 GeV/c. 

In Fig. 12 we compare the energy dependence of 
the average values <p), <PlI), (Pr)  and <p~) (see 
also Table 3). The sphericity axis was used as the jet 
axis; @) and @11) rise rapidly with W, while @r)  
shows only a weak increase; (p~) is also seen to rise 
rapidly with W. The data were fitted to following 
form: 

@2)=a+bW (18) 

with the result a=0.072+_0.008GeV 2, b=0.0070 
+0.0003 GeV.* The (Pr)  and @2) data agree with 
those by the PLUTO group [40]. 

The dependence of (Pr)  and @2) on 
Xll-2pII/W is given in Figs. 34, 35. Since using the 

* The errors include systematic uncertainties 
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a F - 1/crt~ 34 OeV) 

1/o'to ~ da/dpr(W= 14 GeV) 

b F = 1/a t~ da/dpT(W= 34 GeV) 

1/a,o t da/dpr(W= 22 GeV) 

as a function of Pr. The solid curves show the prediction of the 
Q C D  independent jet model for e+e---+qq, qqg. The dashed 
curves show the predictions for e + e - - ~  qc~ 

thrust and sphericity axes led to noticeable differ- 
ences, the data are shown for both axes. Note  that at 
W= 34 GeV a difference of 0.3 GeV/c in (Pr) at xll 
=0.8 corresponds to an angle of 1.3 ~ between the 
two axes. Due to the kinematical constraint the 
transverse momentum has to go to zero as xll ap- 
proaches unity. There is, however, no kinematical 
constraint which would limit (PT) at x l t=0.  (Pr )  
exhibits a distinct minimum near x ll=0, a broad 
maximum around x l l~0 .2  followed by a slow de- 
crease towards high x values. 

Figs. 34, 35 demonstrate that for fixed xll the 
average values of Pr and p2 r change rapidly with W. 
Less Wdependence is observed when (Pr) and (par) 
are analysed for fixed Pll (see Fig. 36). In particular 
for p I/< 1 GeV/c little variation with W is found. 
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predictions of the QCD independent jet model 

Guided by QCD which for small values of e~ 
predicts Pr broadening by gluon bremsstrahlung 
predominantly for one of the two jets, we divided 
each event into two halves by a plane perpendicular 
to the axis and determined p~ separately for the 
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narrow and the wide jets defined by 2 (ZPT) . . . . . .  jet  
2 >(Npr)wia~j~t. Figs. 37, 38 show @r )  and (p~) as a 

function of xll for the narrow and the wide jet. The 
typical "sea-gull" shape is observed, namely small 
average transverse momenta for Xll=0  and x l l = l .  
The wide jet exhibits a rapid increase of <p~) with W 
(see also Fig. 39) which is reproduced by the QCD- 
models (see curves). The narrow jet also shows some 
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increase of (p2),  which is reproduced by the QCD 
models; the increase of @2)  for the narrow jet 
results mainly from a deterioration of the accuracy 
of the jet axis determination for events with hard 
gluon bremsstrahlung. 

In Figs. 40-42 and Table 3 we display the nor- 
malized cross sections 1/O'to t &r/dx II and 1/O'to t da/dx T 
where Xr=2Pr/W.. The same remarks given for 
1/O-to t da/dxp apply also to 1/ato t da/dxl[. The cross 
section falls steeply with xll. At small xlt, xLi <0.1, a 
strong increase with Wis observed. For  xll  >0.2 the 
data show a slow but significant decrease with W. 
This is seen m o r e  clearly in Fig. 41 where 1/O'to t 
d(r/dxl[ is plotted for fixed xll intervals as a function 
of s. Fits of the form 
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1/O'to t d ~ / d x  II = c 1 (1 + c z In ( s / so) )  

w i t h  so--1  G e V  2 y i e l ded  t h e  c 1 a n d  c 2 v a l u e s  given 
in Table 5b. The normalized cross section 1/ato t d a / d x  r 
does not scale (Fig. 42): the 14 GeV data are 
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tum, p2 r 

above those from 22 and 34 GeV for x r > 0 . 1 ;  how- 
ever, the difference between t4 and 22 GeV is larger 
than between 22 and 34 GeV and it is conceivable 
that for x r > 0 . 1  scaling in x r is approached at large 
W values. Single noncollinear gluon emission, 
e + e -  --, qqg, at the parton level predicts scaling in x r 
up to logarithmic terms. 
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9.2 Particle Spectra in Terms of Rapidity 

The charged particle production along the jet axis 
was also analysed in terms of the rapidity y, 

y__l In E-t-PII. 
2 E - p l l  

To compute the particle energies E all particles were 
assumed to be pions.* The y distributions were de- 
termined using the thrust axis as the jet axis. The 
region of very small y values, y<__0.1, is particularly 
sensitive to the corrections and to the choice of the 
jet axis. The difference in yield obtained at larger y 
values (0.1<y<2) with the thrust and sphericity 
axes is less than 10%.** The intrinsic resolution at 
large y is approximately A y=0.3 due to the ac- 
curacy in determining the jet direction. 

Fig. 43 and Table 8 show the rapidity distribu- 
tion normalized to the total cross section 1/0"to t 
&tidy at 14, 22 and 34 GeV. Note that the data 
were folded around y = 0. The y yield changes com- 
paratively little over the y region starting at y=0,  
called the plateau region, and then drops off rapidly 
at higher y values. In the plateau region, starting 
from y=0,  the y yield goes through a maximum 
which is 20 % higher than the yield at y=0.  This 
maximum will be discussed in more detail below. 
The plateau is found to broaden with increasing 
energy. The height of the plateau is shown in Fig. 44 
for small y values (0.1 ~ y =< 0.2) and for 0.2 < y < t. It 
is found to rise with the c.m. energy in a manner 
similar to the pp, PP data [41-43]. 

In the leading particle region (y close to 
y max.~ln(W/m), m particle mass) the particle yield is 
a steeply decreasing function of y. In order to see 
whether the shape of the y distribution in the lead- 
ing particle region changes with energy, Fig. 45 
shows the rapidity distributions plotted as a function 
of Y--Ym~x" The high energy data in the leading 
particle region again lie systematically below the low 
energy data. This is qualitatively to be expected from 
QCD effects. Note, however, that this y region is 
particularly affected by the jet axis determination 
and by the fact that all particles were assumed to be 
pions which will move true kaons and protons to 
apparent y values which are larger compared to the 
true ones. The importance of both effects may 
change with W. 

* The rapidity distributions like all other distributions were cor- 
rected by Monte Carlo. For the " t r u e "  y distribution, y was 
calculated from the momenta of the final state particles assuming 
pion masses 
** Monte Carlo studies show, however, that the y distribution 
determined with the thrust axis is closer to the original distribu- 
tion measured with respect to the parton direction, than if the 
sphericity axis was used 

101 

x W =14GeV 

• • x " ; " " W = 2 2 G e V  

x �9 �9 �9 �9 �9 W : 3 4 G e V  
x x �9 

10 o x �9 �9 

73 
Z * * " 

10 -1 * 

10 -2 , i I i I t l J J I I I ' i I I q I i I I I I 

1 2 3 4 

Fig. 43. The normalized differential cross section for the rapidity 
y = 1 / 2  In (E+P~I)/(E-PjI) folded around y = 0  for W = 1 4 ,  22 and 
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Table 8. Normalized rapidity distributions, 1/o-to t d~/dy (folded 
around y = 0) 

Rapidity W=I4 CeV W=22 GeV W=34 GeV 

0.-0.2 
0.2-0.4 
0.4-0.6 
0.6-0.8 
0.8-1.0 
1.0-1.2 
1.2-1.4 
1 , 4 - 1 . 6  

1 . 6 - 1 , 8  

1.8-2.0 
2 . 0 - 2 . 2  

2 . 2 - 2 . 4  

2 . 4 - 2 , 6  

2 . 6 - 2 8  

2 . 8 - 3 . 0  

3 . 0 - 3 . 2  

3 . 2 - 3 . 4  

3 . 4 - 3 . 6  

3 . 6 - 3 . 8  

3 . 8 - 4 . 0  

4.0-4.2 
4.2-4.4 
4.4-4.6 
4.6-4.8 

3.74• 
4.05• 
3.98• 
4.2210.i0 
3.97~0.09 
3.89~0.09 
3.71• 
3.30• 
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2.60• 
2.11• 
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O . 9 9 •  

0 6 2 •  

0 . 4 3 •  
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0 . 0 5 ~ 0 . 0 1  

0.03• 
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4.00e013 
4.31~0,15 
4.57• 
4.50• 
4.64• 
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0.67• 
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9.2.1 The Maximum in the Rapidity Distribution Out- 
side y=O. We turn now to the maximum in the 
plateau region outside y=0.  The presence of this 
maximum is clearly seen in Fig. 46 where 1/O'to t 

&r/dy divided by its value at 0.1 <y<0 .2*  is shown 
as a function of y for W-- 14, 22 and 34 GeV. As the 
c.m. energy increases the position of the maximum 
moves to higher y values. At W= 34 GeV the maxi- 
mum is near y =  1 and the yield in the maximum is 
16_+2% higher than at 0.1 <y<0.2 .*  

We investigated whether the maximum is a result 
of the manner in which y is determined, namely by 
assigning the pion mass to all charged particles. 
Monte Carlo events were generated according to 
e + e - ~ q ~  (i.e. no gluon emission) folded by frag- 
mentation. Using the proper mass to compute y, the 
zc -+, K -+ and p,/7 distributions are flat near y = 0  and 
do not exhibit a maximum outside y=0 .  Assigning 
all particles the pion mass, the resulting y yield 
summed over all charged particles was again found 
to be flat. It appears therefore unlikely that if all 
particles are assigned the pion mass a y spectrum 
which was originally flat would have a dip near y 
=0. In order to see whether heavy quark production 
is responsible for the effect, cg and bb events were 
generated. Some enhancement was found near y 
= 1 .5 -2  although smaller than shown by the data 

* The value of the points at y > 0.2 is affected by the statistical 
uncertainty of 1/o-to t d~z/dy at 0.1 <y<0.2  which is 5% at 14 and 
22 GeV, and t % at 34 GeV. Systematic uncertainties in the 
corrections for 1/cqo t d~/dy at 0.1 <y<0.2  are of the order of 5 % 
and significantly smaller for larger y values. If instead of the 
thrust axis the sphericity axis were used, the yield in the maxi- 
mum would be only ~10% larger than at y = 0  
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QCD string model predictions; b W - 3 4  GeV. The dashed curve 
shows the prediction for e+e--q~t  . The solid curve shows the 
prediction of the QCD string model 

(dashed curve in Fig. 46b). Using the string model 
good agreement with the data is obtained when 
gluon emission is added to the pair production of 
the five quarks (solid curve in Fig. 46b and curves in 
Fig. 46a). This suggests that gluon emission and, to 
a lesser extent, heavy quark production build up the 
enhancement. We note, however, that the QCD in- 
dependent jet model does not reproduce the en- 
hancement. 

9.3 The Transverse Momentum 
as a Function of Rapidity 

The average values of Pr and p2 are shown in 
Fig. 47 as a function of y for W=14, 22 and 34 
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GeV. The average Pr and p2 r were calculated with 
respect to the thrust axis. The sphericity axis led to 
similar results. Compared  to the corresponding dis- 
tributions as a function of x IL the significance of any 
dip near zero is greatly reduced. The average Pr and 
p~ values near y = 0 increase with W. They are found 
to decrease steadily with increasing y. 

0.4 

0.3 

e~ 
-P, 

0.2 

1 I , ] I 

x W=14 GeV 
�9 W=22GeV 
�9 W=34GeV 

x 
• 

x ,  4 ,  

i 

~ + ! ; ~ | : s :  t 

0 ] p i I ~ I i I 
20 L0 60 80 

a 

Fig. 48. The distribution of the angle c~ between the charged 
particle direction and the jet axis (= thrus t  axis) at W= 14, 22 and 
34 GeV 

100 

75 
i:1 
e~ 
8 

~o 

25 

x W = 1 4 G e V  

�9 W= 22 GeV 

�9 W = 3 4  OeV 

! 
< 

s . s u  u e l , l l l l ! l  | I |  
0.2 0.4 0 6 0.8 

COS 

Fig. 49. Same as Fig. 48 for cos c< 

1.0 

9.4 Particle Flow Around the Jet Axis 
and Fan Invariance 

Little information has been published from e§ - 
annihilation on the angular distribution of particles 
with respect to the jet axis. F rom the behaviour of 
the average transverse momentum as a function of 
the longitudinal momen tum shown above it is clear 
that high momen tum charged particles are strongly 
collimated around the jet axis. It is an interesting 
question whether collimation persists down to the 
lowest momenta.  Another  point of interest is the W 

dependence of the shape of the angular distribution. 
We present in this section the angular distribution of 
charged particles with respect to the thrust axis. 

Figure 48 shows the distribution of the angle c~ 
between the jet axis and the particle direction for W 
= 14, 22 and 34 GeV. With increasing c.m. energy 
there is a rapidly growing number  of particles at 
small angles to the jet axis while the number  of 
particles at angles e > 4 0  ~ is almost independent of 
W, the increase in yield from 14 to 34 GeV being 
~20%.  For  completeness Fig. 49 shows the same 
data as a function of cos cc 



M. Althoff et al.: Jet Production and Fragmentation in e + e- Annihilation 3 3 5  

T I I I I I I I ] I I I I I I I 

I l r 

0 " /  \ , l " ~ �9 . 

0 o 20 ~ L~O ~ 60 ~ 80 ~  o 20 ~ 40 ~ 60 ~ 80 ~  o 20 ~ 1,13 ~ 60 ~ 80 ~  o 20 ~ 40 ~ 60 ~ 80 ~ 

(I 61 Ct II 

] I I I I I I I I I I I I I I I 

0.12 F I'O":P"< 2.0GeV/c + 2.0<p,, "< 3.0GeV/c + 30~P"":50GeV/c -Jl- x W:14OeV . . . .  
- -  ~ / �9 W=22GeV . . . . .  

olo / / / I. / , w--3 Gev - 

0 I' I I I ~ " 1 ~  1 I " ~  I ' I z''llc~:'-~'=:--~. ! -  I I I I 
0 ~ 10 ~ 20  ~ 30 ~ L~O~ ~ 10 ~ 20 ~ 30 ~ 4000 ~ 10 ~ 20 ~ 30 ~ 4000  ~ 10 ~ 20  ~ 30 ~ 40 ~ 

a 13l a a 

Fig. 50. The distribution of c~ for different Pll intervals at W-14,  22 and 34 GeV. The curves show the prediction of the QCD independent 
jet model 

Figure 50 shows the distribution of e for fixed 
intervals of the longitudinal momentum P ll at W 
=14, 22 and 34 GeV. The same distributions are 
shown in Fig. 51 with respect to cos e. The distri- 
butions are normalized separately to unity for each 
Pll interval. Below Pll =0 .2GeV/c  the angular distri- 
bution is basically isotropic (see Fig. 51). Above Pll 
=0 .2GeV/c  collimation sets in; it becomes rapidly 
stronger as Pll increases. The shape of the angular 
distribution is approximately independent of the c.m. 
energy. We call this phenomenon fan invariance: for 
fixed P tl the particles fan out in a manner inde- 
pendent of W. Fan invariance in our data holds only 
approximately as can be seen from the following 
argument: The angle ~ is related to the transverse 
momentum by pr=pl i  tg~. As shown in Fig. 36, the 
average transverse momentum ( P r )  for fixed Pit 
changes as a function of W,, in particular for Pit >~ 1 
GeV/c, although the change is comparatively small. 

The curves in Fig. 50 show the predictions of the 
QCD model. They agree well with the data. 

In Figs. 51 and 53 we show the ~ and cos~ 
distributions for fixed Xll intervals. In this case the c~ 
(and cos c~) distributions are found to change with 
the c.m. energy; i.e. no scaling is observed with 
respect to x ll. The higher the c.m. energy, the 
stronger is the collimation around the jet axis for the 
same xll interval. 

Finally, Fig. 54 gives the momentum flow d~p/dc~ 
of charged particles around the jet axis. The particle 
momenta are normalized to the total momentum 
carried by charged particles in an event, s 

dd~ p 1 . p d2 N d ~  
-NJdpzp idpdc~  with ~de =1 (19) 

As the c.m. energy increases the fraction of momen- 
tum emitted at small angles to the jet axis increases 
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where s  is the total charged momen t um in an event, at W=14,  
22 and 34 GeV 

rapidly, while the momentum fraction at large angles 
is reduced. The latter is in contrast to the particle 
density at large angles which actually grows slowly 
with W (Fig. 48). 

10. S u m m a r y  

We have studied charged particle production and 
the properties of the underlying jet structure for 

e+e - annihilation into hadrons at c.m. energies W 
between 12 and 43 GeV. In this energy range pair 
production of the five quarks u, d, s, c and b is the 
dominant process. Hard gluon bremsstrahlung ef- 
fects change from being almost invisible at W= 12 
GeV to being prominent at the high energy end. 

The ratio R of the total cross section to the # 
pair cross section over the full W range is consistent 
with a constant value of R=4.04• The 
behaviour of R and of the transverse momentum 
spectra with respect to the event plane exclude the 
presence of heavy quarks with masses 5<me<20.3  
GeV for a quark charge 1@=2/3 and 7 < m e < 1 9  
GeV for I%1 = 1/3. 

The average charged particle multiplicity (ncn) 
is found to rise with energy faster than In s  (s= W 2) 
if the data from lower energies are included. Good 
fits are obtained with the form (ncH)~a+b In s+c 
in s 2 but also with a form suggested by QCD. The 
multiplicity distributions are found to lie between 
the two Poisson distributions obtained when the fact 
that equal numbers of positive and negative particles 
are produced is or is not taken into account. The 
multiplicity distributions obey KNO scaling to with- 
in ~20%. The multiplicity distributions for each 
event hemisphere also satisfy KNO scaling to within 
that accuracy. 

The average charged particle momentum rises 
almost linearly with W. The scaled momentum dis- 
tribution exhibits scale breaking, 1/at�9 t d~/dxp for 
x~>0.2 being 25% smaller at W=41.5 GeV com- 
pared to W= 14 GeV. The large x behaviour of the 
scaled momentum distribution can be approximated 
by &r/dxp~xp(1-xy (with n=  1 to 2). Multigluon 
emission calculations predict x da/dx to be distrib- 
uted as a Gaussian with respect to ln(1/x) and the 
position of the maximum of the Gaussian to change 
like 1/4 Ins.  The measured inclusive spectra for ~--, 
K • and p,/~ are consistent with these expectations 
but also with the QCD model predictions for single 
hard gluon bremsstrahlung. 

All events have been analysed with respect to a 
common jet axis and longitudinal and transverse 
momentum spectra as well as various jet measures 
have been studied. The angular distribution of the 
jet axis measured with respect to the incoming be- 
ams is of the form 1 + cos 20 .  The result gives strong 
support for the assumption that the underlying pro- 
cess is predominantly spin 1/2 quark pair produc- 
tion. The average sphericity decreases rapidly with 
c.m. energy up to W=25 GeV and is almost con- 
stant above. At the same time the transverse mo- 
mentum distributions show an excess of high p2 
particles, the average p~ rising rapidly with W. The 
distribution of the average squared transverse mo- 
mentum (p2~n) in the event plane develops a long 
tail to large (p2~n) values with increasing c.m. en- 
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ergy. This is due to the production of planar events. 
The observed jet broadening as well as the trans- 
verse momentum distributions are well described by 
gluon bremsstrahlung. A comparison of the PT dis- 
tributions at different energies suggests that hard 
noncollinear gluon emission contributes mainly to 
particles with PT>0.5 GeV/c. The rapidity distri- 
butions show a "plateau" whose width increases 
with W. The plateau is considerably higher than 
measured for pp or p/7 collisions. In the plateau 
region an enhancement is observed away from y = 0  
which moves to larger y values as W increases. The 
enhancement is reproduced by the QCD string model. 

The particle flux around the jet axis shows with 
increasing c.m. energy a rapidly growing number of 
particles collimated around the jet axis, while at 
large angles to the jet axis (> 40 ~ the particle yield 
is almost independent of W. Particles with P LI <0.2 
GeV/c are isotropically distributed while for P ll > 0.2 
GeV/c collimation around the jet axis is observed 
which becomes stronger as PIt increases. For fixed 
longitudinal momentum the shape of the angular 
distribution changes only little with W. This phe- 
nomenon we call fan invariance. A study of the 
charged particle momentum flow around the jet axis 
shows that the momentum fraction produced at 
small angles increases rapidly with the c.m. energy; 
the momentum fraction emitted at large angles de- 
creases with W. 

Acknowledgements. We gratefully acknowledge the strong support 
of the DESY directorate for this experiment. The data presented 
here have been collected over four years of running at PETRA, 
During that period, the indefatigable efforts of the PETRA ma- 
chine group headed by D. Degele have continuously improved 
the performance of the storage ring and pushed its maximum 
energy upwards, The help of the Hallendienst and in particular of 
F. Schwickert and F, Czempik has been invaluable in allowing 
continuous upgrading of the TASSO detector. In keeping the 
detector operational the technical work by K. Rehlich, H.H. 
Sabath and K. Westphal has been indispensable. The analysis of 
the data has been made possible by the efficient operation of the 
DESY Rechenzentrum headed by P.E. Kuhlmann. We thank 
Mrs. E. Hell for her untiring assistance and patience with this 
manuscript. Those of us from outside DESY wish to thank the 
DESY directorate for the hospitahty extended to them while 
working at DESY. One of us (P.M.) would like to thank A.H. 
Mueller (Columbia University, New York) for illuminating dis- 
cussions. 

Appendix 
Jet Studies Using High Momentum Particles 
as the Trigger 

ISR experiments sometimes selected jet events pro- 
duced in hard pp scattering by demanding that a 
high momentum particle is emitted at large angles 
[44]. The particle flow on the trigger side and on 
the away side are then studied (Fig. 44) with the 
hope that the bias introduced by the trigger for the 
away side is small. 

In order to facilitate the comparison with e + e- 
annihilation we applied similar selection criteria to 
our data. Using the sphericity axis each event was 
subdivided into two hemispheres. If the track with 
the largest momentum in a hemisphere had Ptr ig>4 

GeV/c it was called the trigger particle and the 
particle properties were studied in the hemisphere of 
this particle (=trigger side) and in the opposite 
hemisphere (--away side). Similarly, the other hemi- 
sphere was searched for a trigger particle and the 
analysis was repeated. In the distributions presented 
in the following the trigger particle was not includ- 
ed. The distributions were compared with the un- 
biased distributions presented in Figs. 34, 40 above. 
The unbiased distributions are indicated in Figs. 56- 
61 by the shaded bands which represent hand drawn 
averages of the data of Figs. 34, 40. 

Firstly, the sphericity axis determined from the 
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Fig. 56, The average transverse momentum as a function of xll 
=2Pll/W for the trigger side and the away side at 14/-34 GeV. A 
particle with momentum greater than 4 GeV/c was required as 
the trigger (see text). The sphericity axis was determined separate- 
ly for each side and was used as the jet axis 
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particles on the away side was used as the jet axis. 
Fig. 56 shows ( P r )  as a function of xll =2pll/W for 
the trigger and away sides. In Fig. 57 the Xll distri- 
butions are displayed for the two sides�9 The away 
side shows good agreement with the unbiased distri- 
butions. The analysis was repeated taking the mo- 
mentum vector of the trigger particle as the jet axis. 
In this case, the trigger side distributions might be 
compared to the unbiased ones [44]. The results are 
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Fig. 59. Same as Fig. 57 but with the direction of the trigger 
particle as the jet axis 
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Fig. 60. Same as Fig. 56 but with the direction of the trigger 
t _  particle as the jet axis and defining xll as xll-plJPtrlgger 

shown in Figs. 58, 59. Large differences with respect 
to the unbiased results are observed�9 This is also 
true when the trigger direction is used as the jet axis 
and the particle distributions are determined as a 
function of xll =pll/Ptrig (Figs. 60, 61). In conclusion, 
the ( P r )  and Xll distributions on the away side are 
in good agreement with the unbiased results while 
the trigger side distributions analysed as described 
differ markedly from their unbiased counter parts. 
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