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Abstract 

Ne present the general properties o f  jets produced by e+e' annihilation. 

Their production and fragmentation characterist ics have been studied with 
charged part ic les for c.m. energies between 12 and 43 GeV. In this energy 
range e+e' annihilation into hadrons i s  dominated by pair production o f  the 
f ive quarks u ‚d,s ‚c  and b .  In addit ion, hard gluon bremsstrahlung effects 
which are inv is ib le  a t  low energies become prominent at the high energies. 
The observed multipl icity distr ibutions deviate from a Poisson distr ibution. 
The mult ip l ic i ty  distributions for the overal l  event as well  as for each 
event hemisphere sat isfy KNO scal ing to wi th in  „20 %. The distributions of  
xp = 2p/W are presented; scale breaking i s  observed a t  the level of  25 %. 
The quantity xp dcr/dxp i s  compared with multigluon emission calculations 
which predict a Gaussian distr ibut ion i n  terms of  ßn(1 /x) .  The observed 
energy dependence of  the maximum o f  the distributions i s  i n  qualitative 
agreement with the calculat ions. Par t i c le  production i s  analysed wi th respect 
to the jet axis and longitudinal and transverse momentum spectra are pre— ' 
sented. The angular distr ibution o f  the jet  axis strongly supports the idea 
of  predominant spin 1/2 quark pai r  production. The part ic le distributions 
wi th  respect to  the event plane show clearly the growing importance of  
planar events with increasing c.m. energies. They also exclude the presence 
of heavy quark production, e+e_ + 00, for quark masses up to _ 

. 5 < mQ < 20.3 GeV ([eQI = 2/3) and.J < mQ < 19 GeV ( l t  = 1/3). The com— 
parison of  1/otot do/d measured a t  14, 22 and 34 GeV suggests that hard 
gluon bremsstrahlung contributes mainly to transverse momenta larger than 
0 .5  GeV/c. The rapidity distr ibut ion for w 3 22 GeV shows an enhancement 
away from y = 0 which corresponds to an increase i n  y ie ld  of  10 — 15 % 
compared to the centre region (y  = 0 ) .  The enhancement probably results 
from heavy quark production and gluon bremsstrahlung. The par t ic le f lux 
around the jet axis shows wi th  increasing c.m. energy a rapidly growing 
number of  particles collimated around the jet  ax is ,  whi le  a t  large angles 
to the je t  a x i s  almost no W dependence is_observed .  For f ixed longitudinal 

momentum p|| approximate " fan invariance" i s  seen: The shape of the angular 
distribution around the jet axis i s  almost independent o f  w. The col l imation 
depends strongly on p„. For small p„‚ p„ < 0 .2  GeV/c, isotropy i s  observed. 
With increasing p„ the particles tend to be emitted closer and c loser to  
the jet ax i s .  
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1. Introduction 

A l l  available data support the hypothesis that high energy e+e' annihi- 
la t ion into hadrons proceeds predominantly through the production of  a pai r  
o f  quarks,  e+e' + qö, fo l lowed by the i r  fragmentation in to hadrons. Th i s  

and the fac t  tha t ,  un l ike  hadron-hadron c o l l i s i o n s ,  no spectators are around 

which might disturb the hadronization process, makes e+e' annihi lat ion an 
ideal place to study quark fragmentation in to hadrons. Apart from the two-jet  
events produced by qä fragmentation, a small f ract ion of  the events a t  high 

1 ’ 2 ) .  They can be understood as the c.m. energies has a three-jet structure 
result  of  hard gluon bremsstrahlung, e+e' + qäg. The data to be discussed 
below inc lude the cont r ibu t ions from these  e v e n t s .  

In  th is  paper we present the general propert ies of  hadronic f ina l  s ta tes 

produced by e+e_ annih i la t ion a t  c .m.  energies N between 12 and 43 GeV. The 

results are based on the information from charged part ic les summed over a l l  
part ic le species. Par t ic le  separated cross sections from this experiment 
have been given elsewhere3’4). No attempt has been made to separate the con— 
tributions from different quark f lavours .  The resul ts ,  therefore, represent 
sums over a l l  possible quark f lavours ,  which contribute to the total cross 
section approximately i n  the rat io  o f  the quark charges squared, 
uü : dd : 55 : CE : bb = 4 : 1 : 1 :4 : 1. 

As a reference‚some of  the data are compared w i th  the predict ions from 
QCD using for the fragmentation into hadrons an independent jet fragmentation 

15’6)  and a str ing model7). 
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2 .  Par t ic le  and event select ion 

' The data were obtained a t  the PETRA storage ring wi th the TASSO detector 
for the c.m. energies shown i n  Table 1. Deta i ls  of  the detector can be found 
elsewhere8). The data taking and analysis procedure was identical to that 
used for the determination of the total hadronic annihilation cross section9). 
The multihadron events were detected i n  the central detector using the in-  
formation on charged part ic les.  For the event;used in  this analysis the trigger 
required a minimum number of  charged par t i c les  wi th  polar angles 0 measured 
with respect to the beam direction (z direction) satisfying IcosQl < 0.82 
and wi th a minimum momentum pxy perpendicular to the beam. The minimum number 
of  tracks demanded was between 2 and 5 ;  i t  was 2 for most of  the data. The 
nominal minimum pxy was set to 0.22 GeV/c a t  W = 14 and 22 GeV and for a 
large part of the data at 35 GeV, and 0.32 GeV/c for a l l  other enérgies. 

After event reconstruction charged tracks were accepted i f  they satisf ied 

the following requirements: 

(a) d0 < 5 cm where d0 i s  the distance of  closest approach to the ndminal 
beam position in  the ( x , y )  plane, 

(b)  pxy > 0 .1  GeV/c, 

(c) |cosQ| < 0.87, 

‘ ( d )  | z  - zvl  < 20 cm, where z i s  the track coordinate at the point of  c losest  
approach to the beam and zv i s  the z coordinate of  the event vertex 
averaged over the tracks. 

The r .m.s .  momentum resolut ion including mult iple scattering was 
op/p = 0.016 (1 + p2)1/2 
o$ = 4 mrad i n  azimuth and 00 = 6 mrad i n  the polar angle. 

, p i n  GeV/c. The angular resolution was typically 

The events were required to obey the fol lowing cr i ter ia: 
1. a t  least  4 (5) accepted tracks for w = 12 - 25 GeV (N 2 27 GeV), 
2 .  to suppress the contribution from T pair  production a t  w < 15 GeV 

(W > 15 GeV) events w i th  3 charged tracks i n  one hemisphere with respect 
to the sphericity ax is  and 3 ( 1  or 3) i n  the other hemisphere were discarded 
i f  the effect ive mass o f  both par t ic le  systems was less than the T mass 
(assuming pion masses for the observed par t ic les) ,  
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3 .  for w 5 14 GeV, tracks were required i n  both hemispheres defined wi th  

respect to the beam axis, and the sum of the charges of the accepted 
tracks was not to exceed 3 ,  

4. the 2 coordinate of the event vertex had to be Izvl < 6 cm, 

5.  the momentum sum Ep EE|pil of  the particle momenta had to be Ep > 0.265 w. 

These cuts discriminated against beam gas scattering (3-5), T pair production 
(1,2), Bhabha scattering and H pair production (1) and yy scattering ( 1 , 5 ) .  
All  events surviving these cuts were inspected visually. Approximately 3% 
were rejected, most of them being Bhabha scattering events producing electro- 
magnetic showers in  the material before the tracking chambers. 

A total of 28 721 events from an integrated luminosity of 90 pb‘1 passed 
the selection criteria. The contamination of the accepted events by other 
processes was found to be small (Ref. 9 ) :  from beam gas scatter€ng 0.5 3 0.5% 
at  w 5 15 GeV and a negligible amount a t  higher energies; from T pair production 
1.5 3 1.5% (1 .2  f 1.2%) at  w 5 15 GeV (W > 15 GeV); from yy scattering 
1.6  3 0.8%. The systematic uncertainty i n  the corrected number of  events 

i s  1.8% at  N = 14 GeV, 1.5% at  N = 34 GeV and 1.3% a t  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 do(x) 
as a function of a variable x were obtained from the measured distribution 
dn x) with the help of a correction function C(x),  

X) (1) 
which was determined by a Monte Carlo technique5),  generating qü and qäg 

events i n  f i rst  order QCD and using Field-Feynman type fragmentation 
10) 

meas< 

do(x) = C(x) dnmeas( 

functions 

First ly ,  "gen Monte Carlo events were generated a t  a f ixed c.m. energy w 
without QED radiative effects. These events yielded the distribution ngen(x) 
of charged particles.  For ngen(x) a l l  primary produced particles or those 

10 produced i n  the decay of particles with l ifetimes less than 3 ° 10‘ sec were 
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considered. For example the charged part ic les from Kg and A decays were 
included, irrespective of how far away from the interaction point the decay 
Occurred, whi le  the charged part ic les from KE decay were not included. Se- 
condly, events were generated including QED radiat ive effectsl l i .  The generated 
events were followed through the detector generating h i ts  i n  the track chambers. 
Energy loss ,  mult iple scattering, photon conversion and nuclear interactions 
i n  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 Ndet accepted events and producing 
the particle distribution "det(x) '  

Using the total cross section values, °tot’ measured in  this experiment, 
and the number of  accepted events i n  the real data, N the correction 
factor C(x) was calculated as ' 

C(x) = ; m &  “ gen(x \/(det““ 
“meas (%„„ Ndet )  

The systematic error on the correction factor was estimated by comparing 
the C(x) values obtained wi th the independent jet and the string model, by 
varying the fragmentation parameters and by studying uhcertainties for 

‚instance i n  the correction for secondary interactions and for the finite ' 
momentum resolution. As an example of  the s ize  of  the systematic uncertainty 
we consider the scaled cross section 1/0tot do/dxp, xp = 2p/W. At.w = 34 GeV 
the systematic error was typically 5 % for xp < 0 . 0 5 ,  4 % for 0.05 < xp < 0 .5  
and 11 % for 0 .5  < x < 0.8 .  I f  not stated otherwise, the error bars given 
i n  the distributions below show only the stat is t ical  error; the systematic 
error i n  general are of  the order of  the stat ist ical errors. 

meas’ 



4 .  QCD Models 

Th i s  sect ion descr ibes b r ie f l y  the QCD models used for the correction 

of the data and for comparison w i t h  the data.  The QCD predict ion for 

e+e' + qä, qäg at  the parton level was calculated in f i rst  order of us 
according to Refs. 5 - 7 .  

For the fragmentation of  quarks and gluons into hadrons two different 
models, an independent jet model and a str ing model,were considered. In 
the independent jet model based on the work o f  Hoyer e t  a l . 5 )  and A l i  e t  

a l . 6 )  quarks and gluons are assumed to fragment independently into hadrons. 
In the model of the Lund group7) hadronization occurs along the colour f i e l d  
l ines (s t r ings)  between quarks and gluons. In both models the fragmentation 
functions 7 ’ 1 0 )  depend on a set of  parameters whose values have to be 
found by comparison wi th  experiment. We have f i t ted these parameters together 

w i th  as i n  the course of  a QCD analys is lz)  by adjusting the model predictions 
to our high energy data. Different ds values have been found i n  th is  analysis,  
ds = 0.19 3 0.02 for independent jet fragmentation and as = 0.27 3 0.03 
for string fragmentation_These ds values were used for the present comparison. 
The QCD predictions were computed w i th  both models. In general, both gave 
simi lar resu l ts .  For th is  reason in  most cases only the predictions of  the 
independent jet  model are shown. 

5. The total cross  sect ion 

Table 1 l i s t s  the number of  accepted events. The bulk of  the data were 
obtained a t  w = 14, 22, 30 -36.7 and 38.7—43.1 GeV. The latter energy inter- 
vals w i l l  be referred to as N ' :  34 GeV and W'= 41.5 GeV. F ig .  I (see also 
Table 1) shows the total cross section for e+e' annihilation into hadrons, 
°tot’ i n  terms of the ra t io  

2 R E °tot / cpu (3)  

where a = 432 = géég nb, s = NZ i n  GeV2. The cross section data up to 

33.5 GeV have already been presented in  Ref. 9 .  The data measured i n  th is 

experiment are shown together w i th  those from other experimentsl3). Our 

data between 14 and 43.1 GeV are consistent  w i th  a constant value o f  R ,  

the average being R = 4.04 t 0.02 ( s t a t . )  t 0.19 ( sys t . ) .  
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‚6._Charged_particle mul t ip l ic i t ies  

The corrected mult ipl icity distribution was determined by unfolding the 
observed multiplicity distr ibut ion. Let Nm(i) be the number of accepted 
events with i accepted charged tracks and N(j) be the corrected number of  
events with j ( j  = even) produced charged particles. The two distributions 
were related by a matrix M: 

"(i) = M N ( i)  (4) 31 m 
The coefficients Mji were determined from events generated by the Monte 
Carlo programs mentioned above. In this case N(j) gives the multiplicity 
distribution of events generated at  a fixed c.m. energy ( i . e .  without the 
emission of radiative photons). Nm(i) i s  the mult ipl icity distribution of 
the Monte Carlo events obtained by including radiat ive and detector ef fects 

and imposing acceptance cr i ter ia .  Eq.(4) was used to determine the multiplicity 
distribution for j 2 "min where "min = 4 (5) i s  the minimum number of 
accepted tracks at  N 5 15 (> 15) GeV. For the mult ipl icit ies j = 0 ,  2 
( j  =0, 2 ,  4) a t  w 5 15 (> 15) GeV the corrected numbers of events were taken- 
from the Monte Carlo calculat ion.  The uncertainty o f  these numbers were esti— 
mated by comparing the predictions 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 < "min i s  only a few percent the N(j) value 

for j ( "min has l i t t le  effect on the average charge multiplicity <nCH> 
"and on the dispersion D, defined as 

_ 2 é 1/2 D _ (<nCH> - <nCH> ) (5) 

For completeness we mention that the correction for radiative effects alone 
raised <"CM> typically by 5% and reduced D by 4%. 

Fig.  2 and Table 2 show the charged part icle mult ipl ici ty distribution 
at  W = 14, 22 and 34 GeV. The nonaccepted multiplicities nCH 5 4(5) at 
N 5 15 (>15) GeV were taken from Monte Carlo predictions (see above). The 
error bars shown are statistical except for the nonaccepted mult ipl ic i t ies 
where they are of purely systematic origin.  As mentioned before, the ni from 
the decay K? + “+““ 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 mul- 
t ip l ic i ty  i s  shown in  Fig.  3 as a function of M and l isted in Table 3.  I t  
i s  corrected for the nonaccepted mult ipici t ies.  The error bars shown i n  
F i g .  3 are purely s ta t is t ica l .  The systematic uncertainty for <"CH> i s  
i0.25 at  w = 14 GeV increasing to i0.45 a t  w = 41.5 GeV. 
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Fig. 3 shows also measurements for <nCH> from other experiments and from 
lower energiesl4’15). As noted earlier15'18)‚ the average multiplicity rises 
faster than ßn w. Most o f  this r ise  can be understood as a result o f  the 
increase in  phase space and the corresponding reduced dependence on part icle 
masses19). In Fig. 4 <nCH> i s  compared with the QCD model prediction and 
with the prediction for qä production alone. Gluon emission i s  seen to increase 
("CH) by only a small amount: 0.6 units for N = 14 GeV and 1.4 units for 

N = 41.5 GeV. The QCD prediction agrees well with the data. Fig. 5 compares 
the <ncää_gäasurements i n  e+e' annihilation with those for pp and pp inter- 
actions . The latter two processes produce 20 - 30 % less charged 
particles than e+e' annihilation at  the same c.m. energy. I f ,  on the other 
hand, for pp + p the two leading protons are removed from the mult ipl ici ty 
sum and the remaining multiplicity i s  measured as a function of  the c.m. 
energy of the system X, closer agreement wi th the e+e' mult ipl ici ty i s  
observedzs). 

We analysed the e+e' multiplicity resul ts shown i n  Fig. 2 i n  terms of  
several models. Ne discuss f i rst f i ts  to the w dependence of <nCH>. The 
("CH) values were fitted to various functional forms. In performing the f i ts 

a systematic error of 5 % was assumed for  each measurement.“ 

(a )  <nCH> = a + b ßns + c ßnzs as suggested by the analysis of pp data21). 

The f it yielded 
3.33 1- 0.11 b = -0.40 :t 0.08 c = 0.26 $ 0.01 

with X2 85 for 79 d.o. f .  The sol id curve in  Fig. 5 shows the result 
of this f i t .  

(b) Phase space l ike production predict526) 
_ 1/4 <"CH> - a s 

2 The f i t  yielded a = 2.18 t '0.01 with X = 146 for 81 d.o. f .  

ä)1/2} 
This form has been advocated by QCD calculations for the evolution of 
partons i n  the leading log  approximation27'3o). Using the data over 

the ful l  w range and assuming Qo = 1 GeV, the f i t  gave 

(c)  nCH = a + b exp {c(ßn 5/0 

2.71 i 0.08 b = 0.058 i 0.010 € = 1.97 $ 0.06 

with x2 81 for 79 d . o . f .  The f i t  result  i s  shown by the dashed- 
dotted curve i n  Fig. 5 .  



_ 9 - 

In  Ref. 29 a predict ion has been given for the coefficient c ,  
c = J727Tää_f_2fi;j. where Nf i s  the number of  f1avours. Using Nf = 3 

for 1.8 < w < 3.7 GeV, Nf = 4 for  3.7 < w < 10.5 GeV and Nf = 5 for 
w > 10.5 GeV and treating Q0 as a free parameter the f i t  gave the 
foTlowing resu1t: 

2.56 $ 0.02 b = 0.089 t 0.024 Q0 = 0.85 $ 0.34 GeV 

with x2 72 for 79 d.o.f. 

We turn now to  a discussion of the shape of the multipTicity distributions. 
The dispersion D i s  shown i n  Fig.  6 as a function of  w. The error bars do not 
inc1ude the systematic uncertainties which are ciose to 17 % of  the D va1ues. 
ATso shown are measurements by the LENA groupl4) at Tower energy and by the 
PLUTO groupl4). The energy dependence o f  the dispersion can be described by 

the form D = c1 + c2 ßns + c3ßnzs. As shown i n  Fig. 7 rather s imi lar  values 
are measured for D i n  e+e' annihiiation and in  pp, pp interactions. 

The mu1tip1icity distr ibutions shown i n  Fig. 2 were compared with two 
types of  Poisson distr ibutions. The f i r s t  type (dashed curves i n  Fig. 2) 
ignores the fact that the number of  posi t ive and negative charged partic1es 
have to be equa1. To a good approximation, 

N(i) = 2 %; e“Ä . _ (6) 
“Here N ( i )  i s  the number o f  events wi th i charged particiés ( i  = even) and 

A = <nCH>. The second type (so i i d  curves i n  Fig. 2) acknow1edges the fact 
that there are equa1 numbas o f  posi t ive and negative part ic ies: 

(7) 

The two types of  distributions are seen to bracket the data, the f i rst  one 
predicting a narrower distr ibution, the second one predicting a wider 
distr ibut ion than observed. 

In Fig. 8a we present the mu1t ipTic i ty distributions at 14, 22 and 34 GeV 
together with data measured by other experiments between 5 and 30.6 GeV i n  
a way suitab1e to test for KNO sca1ing3l),  name1y P("CH) <nCH> versus 
nCH/<nCH> where P(nCH) i s  the measured probabii i ty for events with multi- 
p1icity "CH“ 0n1y the stat is t ica i  errors are shown. The data of  the JADE 
group15) (not shown) agree with our data shown i n  Fig. 8a. KNO sca1ing hoids 
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to  within «20 %. The shape of the distributions for e+e' i s  close to that 
observed i n  p5 annihilation22’ 23) but differs markedly from that for pp, pp 
col l is ionszo’21’24) (Fig. 8b) .  The rat io <nCH>/D, shown i n  Fig.  9 ,  i s  almost 
independent of the c .  m. energy for both e +e annihi lat ion and pp, pp inter- 
actions. The latter have a «30 % smaller <nCH>/D rat io. 

Most of the e+e' events result from the production of  two back-to-back jets 
(see below). In order to see whether the multiplicity distribution in  each 
jet separately obeys KNO scal ing, we analysed a l l  events as two-jet events 
and assigned the accepted part icles to one o f  the two jets using the sphericity 
ax i s .  Fig.  10 shows the mult ipl icity distributions for a single jet for 
N = 14, 22 and 34 GeV. KNO scal ing i s  also found to hold to within —20 %. The 
rat io <nCH>/D per jet i s  approximately energy independent: 2.23 = 0.04 $ 0.10 
(N = 14 GeV), 2.27 1 0.05 $ 0.15 (N = 22 GeV) and 2.34 $ 0.02 3 0.20 
(N = 34 GeV). These values are lower by »/2 than those obtained for the 
complete event: 2.80 1 0.10 3 0.15, 2.95 1 0.10 = 0.25 and 3.02 $ 0.03 $ 0.35, 
respectively. This means that the spread o f  the single jet mult ipl ici ty distr i- 
bution i s  narrower by a factor of „/2 than for the whole event. This i s  to be 
expected for two—jet events i f  the two jets are uncorrelated. 

7 .  Farticle Momentum Spectra 

The differential cross sections l/ctot do/dp for inclusive charged particle 
production are given i n  Fig. 11 and Table 4 for p > 0 .2  GeV/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 
(corrected for momenta below p = 0.2  GeV/c), i s  shown i n  Fig. 12 and l isted 
i n  Table 3 .  I t  rises linearly with w i n  our energy range. The momentum spectra 
were used to determine the fraction of the c.m. energy carried by charged 
particles (neglecting part icle masses), fCH = 2 P. /N. 

CH 
Extrapolation to zero momentum yielded the fCH values given in  Table 3 .  
Within errors fCH = 0.58 independent of  the c.m. energy. 

For completeness, F ig .  13 and Table 4 give the normalized cross section 
1/otot do/dxp, (xp fractional part icle momentum, xp = 2p/N) for w = 14, 22 
and 34 GeV which have already been presented i n  Ref. 34. For xp > 0 .2  the 
cross sections fa l l  steeply wi th  xp. At small xp, xp 5 0.1, a rapid rise with 
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w i s  seen which corresponds to the observed growth o f  the mul t ip l ic i ty .  For 
xp > 0.2 the data show a slow but s ign i f i can t  decrease with w. Thiszis more 
clearly seen i n  F ig .  14 where 1/otot do/dxp i s  plotted versus s = w . Going 
from H = 14 to 41.5 GeV 1/otot do/dxp on the average i s  reduced by »25 %. 

This scale breaking was discussed i n  detai l  i n  Ref. 32. The amount of  scale 
breaking was quantif ied by f i t t ing  the data to the fol lowing form suggested 
by QCD: 

1/o do/dxp = c1 ( 1  + c2 ßn(s/so)) (8) tot 

where 50 = 1 GeV2. The f i t  results for c1 and c2 are given in  Table 5 .  The 
scale breaking effects seen i n  this experiment are i n  agreement with the 
data from the MARKII33) and JADE15) experiments. 

The observed x dependence of  inc lus ive par t ic le  production was compared 
wi th several theoretical conjectures. The behaViour for e+e' + h + anything 
near xp = 1 has been re lated to  the 5 dependence of the yhh formfactor 

Fh(s) i n  the reaction e+e- + hh (see Ref. 35).  I f  Fh(s) « S—m for 5 + m 

a Drell-Yan-West relat ion predicts do/dxp « (1-xp)n with n = 2m - 1. For 
instance, for h = pion or kaon m = 1 i s  expected which leads to n = 1 whi le 
for protons m = 2 and hence n = 3 should be observed. 

In order to determine the large x behaviour we mult ip l ied 1/otot do/dxp 
by a factor of  f = xp(1-xp)_n for n = 1, 2 and 3 ( the factor xp ensures a 
reasonable description o f  the data near x = 0 ) .  The result i s  shown i n  
Fig.  15. In the high xp region (0 .4  5 x < 0.8)  the data suggest f '1/otot do/dx 
to be constant for a value o f  the power n between 1 and 2.  Taking into 
account the fact that i n  the high xp region roughly 20 - 30 % of  a l l  charged 
part icles are protons (antiprotons)3 the Drell-Yan—West relat ion seems to be 
i n  reasonable agreement wi th  the data. 

P 

30,35‚35) have led to qualitative predic- Studies o f  mult igluon emission 
tions for the behaviour a t  small and medium x values. They suggest that the 
energy weighted gluon spectrum 

xdo/dx = —do/d(ßn(l/x)) 

( x  i s  the fractional gluon energy) fo l lows a Gaussian distribution with 
respect to ßn( l /x ) .  The distr ibution should be centered around 
ßn( l /x)  = 1/4 ßn(s/u2) where u i s  the v i r tua l  gluon mass. The assumption 
that the gluon x d istr ibut ion represents the xp distr ibution of  the f inal 
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state particles and ignoring the fact that the observed particles result 

mostly from the decay of heavier part ic les, lead to the prediction 

c[ßn(l/x ) - 1/4 ßn(s/u2)]2 
x do/dx » exp - { 3 2 p2‘ 3 2 2 2’ } P P ßn ’ (s/A )‘_ ßn ’ (u /A ) (9a) 

where A i s  the QCD scale parameter and c i s  a constant. Eq.(9a) predicts for 
the energy dependence of the maximum, ' 

(ßn(1/x„))max = 1/4 ’?“ (S/u2) (9b) 
Fig. 16a shows the data for a l l  charged particles i n  terms of  Fx dc/dxp as 
a function of ßn(1/x Y F is  a normalization constant such that 
Ff(xp do/dxp) dxp = 1. The data exhibit a maximum whose posit ion shi f ts to 
higher ßn (1/xp) values as w increases. As mentioned before, eq.(9a) does not 
take into account the fact that most of  the detected part icles result from 
the decays of heavier particles. The inf luence of  decays was studied (see 
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 ( so l i d  curve). The position of  the maximum i s  considerably lower for 
the prompt particles. The high ßn(l/xp) (= low x ) region is_dominated by 
decays. 
I t  has been suggested that the effect o f  decays i s  less important for heavier 
par t ic les36).  We show i n  F ig.  17a the quantity x 1/otot do/dx for „* + “ _ ,  
K+ + K‘ and p + 5 production as measured i n  thispexperiment3).pThe curves 
are drawn to guide the eye. Qual i ta t ive ly ,  a behaviour similar to that found 
for a l l  charged part icles i s  observed. We used the data shown i n  Figs. 16a, 
17a to determine the posit ion o f  the maximum. The resulting values are shown 
i n  F ig.  17b. The data are compared wi th l ines whose logarithmic slope i s  
given by eq. (9b) .  These l ines are seen to agree wel l  with the ni, Ki and 

P 

p,5 data. The slope observed for 211 charged particles i s  somewhat steeper 
than predicted by eq.(9b). The value of u deduced from Fig. 17b i s  different 
for «*, |<i and p‚5: „ = 0.05 : 0.02 GeV (ni), 0.19 t 8°39 GeV (Ki) and 
0.35 f g:äg GeV (p‚5). Ne note that the QCD model predictions for e+e' + qä, 
qfig (not shown) agree with the data given i n  Fig.  17b. 
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_8. Jet properties 

8.1 Jet variab1es 

In the foliowing analysis a11 events were treated as two-jet events. 

The event shape was characterized i n  terms of the sphericity tensor373 
and of thrust38)- The sphericity tensor i s  defined as 

man (10) 
1 , . . . ‚  N partic1es 

N 
M = .): P -  P -  0hß 

_ 5 

with eigenvectors hl, n2‚ fi3 and corresponding normaiized eigenva1ues 

— 2 
X(Bj 'nk) 

OK >: p2. J 
(11) 

which satisfy Q1 + Q2 + Q3 = 1 and which are ordered such that 0 5 01 5 02 5 Q3. 
In terms of  these QK’ the sphericity S,  the ap1anarity A and the variable Y are 
given by 

5 =% (01 + 02) 
3 

A = ‘ 2 ' Q l  [ ( 1 2 )  

Y=%(QZ-ol) 
The plane defined by 62 and fi3 i s  ca11ed the event p1ane; fi3 gives the sphericity 
axis (=  jet axis determined by sphericity). Sphericity 

3 3 29% 
S = ' 2 ' ( Q 1 + Q 2 ) = f i f p f ‚  0 5 5 5 1  (13) 

i s  a measure of how wei]  partic1es are co11imated into two jets. Here pT i s  
the partic1e transverse momentum with respect to the jet axis.  Extreme 
two-jet events have S = 0 whi1e for spherica1 events S + 1. Ap1anarity A, 
0 s A s 0 . 5 ,  measures the f1atness of events; extreme f lat  events have A = O. 
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The average squared transverse momenta in and out o f  the event ! 
plane are defined as 

2 _ ZPJZ' <pTin> ' 02 T ' (14) 
2 Ep .  2 _ J 15 <Piout> ‘ 01T ( .) 

Another measure of the jet structure i s  thrust T defined as38) 

ZIP -l T=Max—HL % 5 T 5 1  (16) 
21|l 

where p„j i s  the longitudinal part ic le momentm1relative to the jet ax is ,  
which i s  chosen such as to maximize- Z | p | l j l .  Extreme two-jet events 
have T = 1. 

8 . 2  Choice of the jet ax is  

The appropriate choice for the overall jet axis of  an event i s  a theore- 
t ical as wel l  as an experimental question. The theoretical choice depends 
on the underlying parton final state. For events produced by a two-parton 
state (e.g. efe' + qä) the thrust axis,representing the direction of the 
vector sum of  a l l  part icles i n  a hemisphere defined by a plane perpendicular 
to the parton direction, should be close to the original parton direction. 
For events produced by a three-parton state (e.g. e+e_ + qäg) the direction 
of the most energetic parton i n  general i s  the preferred ax i s .  Again, the 
thrust ax is  should be the best choice. For four or more parton states i t  i s  
not clear which i s  the preferred direction. The axis determined by the 
sphericity method which minimizes the sum o f  the squares of  the transverse 
momenta should be close to the thrust ax is  for events produced by two partons 
but may differ considerably for three-parton configurations. 

To study how well the jet axis reproduces the primary parton direction 
we generated events of the types e+e' + qfi and e+e' + qäg in  the two QCD 
models without radiative and detector effects. Ne 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 (qä) 
or the direction of the most energetic parton (qäg). The result i s  shown i n  
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2 E p .  2 _ J 15 <pTool:> ' 01 T „ ( ') 

Another measure of  the jet structure i s  thrust T defined a538) 

ZIP -l 
T = M a x  i. - 2 1 v S T $ 1  ( 1 6 )  

ZIP__-jl 

where p„j is the longitudinal particle momentn1relative to the jet axis, 
which i s  chosen such as to maximize«‘2|pll j l . Extreme two—jet events 
have T = 1. 

8 . 2  Choice of the je t  a x i s  

The appropriate choice for the overall jet axis of an event i s  a theore— 
tical as well as an experimental question. The theoretical choice depends 
on the underlying parton final state. For events produced by a tw0eparton 
state (e .g .  efe‘ + qfi) the thrust axis.representing the direct ion of  the 
vector sum of a l l  particles in  a hemisphere defined by a plane perpendicular 
to the parton direction, should be close to the original parton direction. 
For events produced by a three-parton state (e.g. e+e' +-qäg) the direction 
of  the most energetic parton i n  general i s  the preferred a x i s .  Again, the 
thrust axis should be the best choice. For four or more parton states i t  i s  
not clear which is the preferred direction. The axis determined by the 
sphericity method which minimizes the sum of the squares of the transverse 
momenta should be close to the thrust axis fur events produced by two partons 
but may differ considerably for three-parton configurations. 

To study how well the jet axis reproduces the primary parton direction 
we generated events of the types e+e' + qä and e+e' + qäg in  the two QCD 
models without radiative and detector effects. Ne determined the average angle 
<6> between the thrust and Sphericity axes (reconstructed from the final state 
charged and neutral part icles) and the original parton-parton direction (qä) 
or the direction of the most energetic parton (qfig). The result i s  shown in  
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Table 6a for different c.m. energies. Table 6a shows that for the thrust and 

sphericity axes <ö> i s  =6° at w = 14 GeV and z1° — 2° a t  w = 41.5 GeV for 
qä states.  I f  gluon emission i s  included, <ö> i s  larger. At 41.5 GeV the 
average value i s  <6> = 4 - 5°. Averaged over a l l  events the thrust and 
sphericity methods reproduce the parton direction with similar accuracy. 
Sizeable differences are found for hard wide angle gluon emission. For 
instance,  for events ' a t  w = 34 GeV w i th  a charged part icle of 

PT >'2-6 GeV/C ; ‘ <ö> = 70 for the thrust axis but <6> = 110 
for the sphericity ax i s .  This has a noticeable effect on the transverse 
momentum (pT) spectra at high transverse momenta. F ig .  18 comparesthe measured 
1/otot mydp$determined with the thrust axis ( * )  and with the sphericity 
axis (+).  The sphericity axis leads to significantly smaller («IO - 20 %) 
pT values once pT 3 5 GeV2. Qual i tat ively,  this i s  to be expected since the 
sphericity method wi l l  pull the ax is  towards the particle with the highest 
transverse momentum. 

We turn now to the experimental side of the question. Hard photon radiation 
i n  the init ial state can render genuine qä events highly acoll inear and pro- 
duce large fluctuations i n  the transverse momentum distribution. In the de- 
termination o f  jet  ax i s  related quant i t ies such as the pT and p% d i s t r i -  

butions‚these events were suppressed by requiring ]cos@„l > 0.2 where on 15 
the angle between the normal to the event plane and the beam direction. The 

‚ f ract ion of  events which survived the en cut were 8 8 , 8 7 ,  81 and 80 % a t  
14, 22, 34 and 41. 5 GeV, respectively. To ensure a large acceptance for the 
particles i n  the jets, a l l  quantit ies which depend on the jet axis were 
determined by using only events wi th |cosejet |  < 0.7 where Ojet i s  the 
angle between the sphericity or thrust axis and the beam direct ion. Approxi— 
mately, 80 % o f  the accepted events sat is f ied this condition. 

The jet axis was determined with the charged part icles. Table 6b l is ts  
the average angle <ö> between the measured jet axis and the primary parton 
direction as found from Monte Carlo generated events; <ö> «15° at w = 14 GeV 
and decreases to «7° at w = 41.5 GeV. 

The correction factors needed to determine the distributions corrected 
for acceptance, detector and radiat ive effects were calculated according 
to sect.  3.  The "true" sphericity and thrust axes as wel l  as the S,  T and A 

distr ibutions were calculated using a l l  (charged and neutral) particles which 
were either prompt or produced by the decay of  part ic les w i th  l i fet imes 
less than 3°10‘10 sec. 
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8.3 Sphericity and thrust distribution 

The sphericity S and thrust T distributions which were derived from the 
charged particles were corrected so as to represent the S and T distributions 
for charged and neutral particles. The inclu$ion of neutrals i n  the corrected 
distributions does not significantly affect the T distributions but changes the 
5 distributions: e . g .  the average value of S at 34 GeV i s  reduced by —15 %. 
The normalized S and T distributions at 14, 22 and 34 GeV are presented i n  
Figs. 19, 20 and Table 7. The S (T)  distributions vary rapidly at  S 5 0 . 1  
(T 2 0 . 9 5 ) ,  a region where the accuracy of  the jet axis determination i s  Parti- 
cularly important. In this region of S (T) a i10 % systematical uncertainty has 
to be added to the statistical errors shown i n  Figs. 19, 20. For the bulk of  the 
data the trend to ever strenger collimation as the c .m.  energy increases 
is  clearly v is ible .  The energy dependence of the average sphericity and 
thrust values, <S> and <T>, are shown i n  Figs. 21, 22 and Table 3 .  The rapid 
decrease of <S> with increasing w slows down or even comes to a hal t  above 
w « 25 GeV with <S> „ 0.11. This behaviour i s  not completely reproduced by 
the 000 models (sol id  curves i n  Figs. 21, 2 2 ) .  Preliminary calculations show, 
however, that the inclusion of the second order (0(a5))  terms provides a 
good description of  the data12). Pure qä production (dashed curves) would 
predict a decreasing <S>, reaching <S> " 0.05 at N = 30 GeV and <S> » 0.03 
at w = 41.5 GeV. Similar conclusions can be drawn for <1 — T> (Fig.  2 2 ) .  

In Fig. 23a, the angular distributünm of the sphericity axis with respect 
to the beam axis i s  displayed for N = 14, 22 and 34 GeV. The distributions 
are well described by the form 

1 2 "N dN/dcos®s « 1 + cos 05 (17) 

This result gives strong support for the hypothesis that the dominant 
process is e+e' + qä with massless quarks and quark Spin 1/2.  Within 
errors, the angular distribution of the thrust axis (see Fig. 23h) i s  the 
same as of  the sphericity axis. Fits of  the form 

1 2 N dN/dcos®s‚T — (1  + aS‚T cos OS‚T) 

shown by the curves i n  Fig. 23 yielded: 

W = 14 GeV aS = 1.09 1 0.16 aT = 1.22 1 0.10 
22 GeV = 1 .42  i 0 . 2 2  = 1.22  $ 0.12 
34 GeV = 1.03 $ 0.07 = 1.01 : 0.06.  
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8.4 Event topology 

Fig.  24 shows plots of  the observed sphericity versus aplanarity. As 
i l lus t ra ted i n  F ig .  24a co l l inear  two-jet events l i e  i n  the left-hand 

corner (A ,  S smal l ) ,  uniform disk shaped events i n  the upper corner (A small ,  
S large),  spherical events i n  the lower right—hand corner while coplanar 
events w i l l  populate a band with A being smal l .  The data from N = 14, 34 and 

41.5 GeV (Figs. 24d-f) show that col l inear events dominate at a l l  energies. 
The occurrence of planar events can be seen from Fig. 25 which displays 
the distributions of  the average squared transverse momenta in and out 
of the event plane,< p? in) and <p$ out>. As H increasgs the<p$ in>  
distribution develops a long tail to high values ° f < F fi ' i r ? '  Such a tai l  
i s  not seen for <p$ out>' 

The averages over a l l  events, <<p$ in>> and <<p$ out>> are given in  Fig. 26 

and Table 3 as a function of  w; both quantities r ise with H. The r ise i s  
however‚much more pronounced i n  <<p$ ih>> which i s  again related to the pro- 
duction o f  planar events. The data are wel l  described by the QCD string 
model (so l id  curves); for the QCD independent jet model the agreement i s  not 
as good. The pT out distribution to a f i r s t  approximation reflects the pT 
distr ibution of  hadrons produced i n  quark fragmentation. I t  may therefore_ 

-be surprising to find that <<p% Out>> increases with w. A study o f  Monte Carlo 
events produced according to a) e+e_ + qä alone (dashed curve) ,  b)  including 
gluon bremsstrahlung i n  f i rst  order (so l id  curve) showed that the growth of 
<<p$ out>> results mainly from the larger spread o f  the jet axis i n  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 isbtropica1]y 
and therefore would give r ise  to events with large aplanarity A and spheri— 
city S (see Fig.  24c). To demonstrate that A i s  sensitive to heavy quarks we 
determine the b—quark threshold using the data a t  w = 14 GeV. In Fig.  28 the 
fraction o f  events observed a t  A > 0.18 ( i l  s . d .  given by the shaded band) 
with the predictions for u ,d ,s ‚c  + gluon production (dashed-dotted cUrve), 
and for u,d‚s,c + gluon plus b quark production (so l id  curves a ,b ) .  The 
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bb contribution was assumed to be given a )  by the asymptotic va lue Rbb = 1/3 

(case a ) ;  b)  by the value modified for quark mass effects Rbb = 1/3 ß(3-ßz)/2,  

where B i s  the b quark velocity (case b ) .  I t  i s  not c lear which o f  these i s  
the appropriate descript ion. The predictions are given in  F ig.  28 as a func- 
t ion of  the threshold c.m. energy, wthresh’ for  open bottom production. We 
define the b quark mass* as mb = wthresh/2' The observed fraction o f  events 
wi th  A > 0.18 i s  3.5 1 0.7 % which i s  s ign i f icant ly  larger than the 1.3 % pre- 
dicted for  the case without b quarks. Agreement wi th  the data i s  found i f  
bb production wi th  asymptotic strength i s  assumed to be present and 
9 .2  < wthresh < 14 GeV. The la t ter  i s  i n  accord wi th  the threshold for open 
bottom production near w = 10.5 GeV. The same method was appl ied i n  Fig.  29 
to search a t  w = 34 GeV and 41.5 GeV for heavier quarks wi th  charge IeQI = 2/3 
( top quark) and [eo] = 1/3. The data agree wel l  w i th  the predictions for 
u ‚d ,s ‚c ,b  + gluon alone. The additional fract ion o f  highly aplanar events 
predicted for ei ther quark charge i s  much too large as long as “thresh i s  
1-2 GeV below the c.m. energy a t  which the data were taken. Using data a t  
a l l  w we can exclude the presence o f  addit ional heavy quark pair production 
for 5 < MQ < 20.3 GeV ( q l  = 2/3) and 7 < MQ < 19 GeV (IeQI = 1 / 3 ) a t  95%‚C.L.** A 
summary o f  resul ts on heavy quark production from this and other experiments 
has been given i n  Ref. 39. 

* Note that the mass found for the b quark from potential model analyses 
o f  the T system TS somewhat lower than Tthresh/2' 

** In deriving the upper values the contr ibution from the f i ve  known quarks was ignored. Hence, they represent conservative l imits.  
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9.  Charged partic]e production wi th respect to the jet axis 

9.1 Longitudina1 and transverse momentum spectra 

Ne studied the Tongitudinal and transverse momentum distributions o f  charged 
partic1es with respect to the jet ax i s .  I f  not specif ied otherwise the sphericity 

axis was used. In Figß_30-32 and Table 4 the Tongitudina1 and transverse momen- 
tum distributions 1/0tot do/dp„, 1/otot do/d and 1/otot do/dp$ are shown for 
14, 22 and 34 GeV. The p„ distribution resemb1es cTose1y the p distr ibution 
shown in  F ig.  11. As expected from phase space, the pT distribution approaches 
zero as pT + O. Thg pT distributiog near p T =  0 i s  o f  the form 
do/d „ exp ( - a  pT). The pT and pT distributions broaden with increasing c .  m. 
energy. 
For sma11 pT, p T <  „ O. 4 GeV/c (see insert of  Fig. 31) no energy dependence of  the 
shape of the pT distribution i s  observed. In order to study th is i n  more deta i ] ,  
Fig. 33 shows the rat io  o f  the pT distribution at 34 GeV with respect to those 
observed at 14 and 22 GeV, e . g .  

1/otot do/d(w = 34 GeV) 
1/otot dat/\d‚(W 14 Bei!) F(34 GeV, 14 GeV) = II 

The ratio F i s  above unity which ref1ects the growth i n  mu1tipi ici ty as w 
increases. F i s  aimost constant for pT up to 0 .  4 GeV/c and then starts to 
r ise.  The growth of the number of  partic1es a t  pT > 0 .  5 GeV/c w i th  in-  
creasing w can be understood as a resu1t o f  hard gTuon bremsstrahiung (so i id  
curves). The dashed and dashed—dotted curves show the prädictions for the 
case where gTuon bremsstrahiung i s  turned o f f  and on1y the process e+e_ + qä 
i s  considered. In this case the va1ue of  F a t  pT < 0.4  GeV/c i s  we11 accounted 
for and on1y a sma11 r ise  i s  predicted for  0.5 < pT < 2 GeV/c. The comparison 
suggests that hard giuon bremsstrahiung affects most1y the partic1e f1ux 
a t  pT 2 0 .5  GeV/c. 

In  Fig. 12 we compare the energy dependence of  the average va1ues <p>, 
<p„>‚ <pT> and <pT> (see aTso Tab1e 3 ) .  The sphericity ax is  was used as the 
jet ax i s ;  <p> and <p„> r ise rapid1y w i th  w,.whi1e <pT> shows on1y a weak 
increase; <pT> i s  aTso seen to r ise rapid1y wi th w. The data were fitted t o *  
foi iowing form: 

<p%> = a + bw _ (18) 

with the resu1t a = 0.072 3 0.008 GeV'2‚ b = 0,0070 i.°°0003 GeV.* 
The <pT> and <p$> data agree wi th those by the PLUTO group40). 

* . - 

The errors inc1ude systemat1c uncerta1nt1es. 
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The dependence of  <pT> and <p$> on x„ 5 2pl/w i s  given in  Figs. 34, 35. 
Since using the thrust and sphericity axes lead to noticeable differences, the 
data are shown for both axes. Note that a t  w = 34 GeV a difference of  0 .3  GeV/c 
i n  <pT> a t  x„ = 0.8 corresponds to an angle o f  1.30 between the two axes. 
Due to the kinematical constraint the transverse momentum has to go to zero 
as x„ approaches unity. There i s ,  however, no kinematical constraint which 
would l imit  <pT> a t  x„ = O. <pT> exhibits a d ist inct  minimum near x„ = 0,  a 
broad maximum around x„ z 0.2  followed by a slow decrease towards high x values 

Figs. 3 4 , 3 5  demonstrate that for f ixed x„  the average values of  PT and pT 
change rapidly wi th w. Less w dependence i s  observed when <pT> and <p%> are 
analysed for f ixed p„ (see Fig. 36).  In part icular for p„ < 1 GeV/c l i t t l e  
var iat ion wi th w i s  found. 

Guided by QCD which for small values o f  us predicts pT broadening by gluon 
bremsstrahlung predominantly for one o f  the two je ts ,  we divided each event 
into two halves by a plane perpendicular to  the jet axis and determined p$ 
separately for the narrow and the wide jets defined by (ZpT) > (ZpT). 

narrow jet wide jet 
Figs. 37, 38 show <pT> and <p$> as a function of x„ for the narrow and the 
wide jet; The typical "sea-gull" shape i s  observed, namely small average trans- 
verse momenta f o r _ x „  = 0 and x„  = 1. The wide je t  exhib i ts  a rapid increase 

of  <p$> with w (see also Fig. 39) which i s  reproduced 2y the QCD-models (see 
curves).  The narrow jet a lso shows some increase o f  <pT>, which i s  repro- 
duced by the QCD models; the increase o f  <p$> for  the narrow je t  results 

mainly from a deter iorat ion o f  the accuracy o f  the jet  ax i s  determination for 

events with hard gluon bremsstrahlung. 

In Figs. 40-42 and Table 3 we display the normalized cross sections 
1/0tot do/dxl land 1/otot do/d where XT = 2pT/w. The same remarks given 
for 1/otot do/dxp apply a lso to 1/otot do/dx„. The cross section fa l l s  steeply 
wi th x„. At small x„, x „  < 0 . 1 ,  a strong increase with w i s  observed. For 
x„ > 0 .2  the data show a slow but signif icant decrease with N. This i s  seen 
more clearly i n  Fig.  41 where 1/otot do/dx„ i s  plotted for fixed x„ intervals 
as a function o f  5 .  Fits of the form 

1/otot do/dx„ = c1(1 + c2 ßn(s/so)) 

wi th  50 = 1 GeV2 yielded the c1 and c2 values given i n  Table 5 .  The normalized 
cross section 1/0tot do/d does not scale (Fig.  42): the 14 GeV data are above 
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those from 22 and 34 GeV for xT 2 0 . 1 ;  however, the difference between 14 and 
22 GeV i s  larger than between 22 and 34 GeV and i t  i s  conceivable that for 
XT 2 0 . 1  scaling i n  XT i s  approached a t  large w values. Single noncollinear 
gluon emission, e+e' + qäg, a t  the parton level predicts scaling i n  xT up to 
logarithmic terms. 
For completeness, we present i n  the Appendix x„ spectra and the dependence 
of <pT> on x„ obtained by using a high momentum particle as a jet trigger as 
done by some ISR experiments. These distributions were compared with the 
unbiased ones shown i n  Figs. 34 and 40. 

o 

9.2  Particle spectra i n  terms of rapidity 

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

To compute the part icle energies E a l l  particles were assumed to be pions.* 
The y distributions were determined using the thrust axis as the jet axis. 
The region of very small y values, y 5 0 .1 ,  i s  particularly sensitive to the 
corrections and to the choice of the jet  axis. The difference i n  yield obtained 
at  larger*y values ( 0 . 1  5 y 5 2) with the thrust and sphericity axes i s  less 
than 10 %?*The intrinsic resolution a t  large y ' i s  approximately Ay = 0.3  due 
to the accuracy i n  determining the je t  direction. ‘ 

Fig.  43 and Table 8 show the rapidity distribution normalized to the total 
tot do/dy a t  14, 22 and 34 GeV. Note that the data were 

folded around y = 0.  The y yie ld changes comparatively l i t t le  over the y region 
cross section 1/0 

starting at  y = O, called the plateau region, and then drops of f  rapidly a t  
higher y values. In the plateau region, starting from y = 0 ,  the y y ie ld  goes 
through a maximum which i s  20 % higher than the yield at y = 0 .  This maximum 
w i l l  be discussed i n  more detail below. The plateau i s  found to broaden with 
increasing energy. The height of the plateau i s  shown i n  Fig. 44 for small 
y values ( 0 . 1  5 y s 0 .2 )  and for 0.2 s y s 1. I t  i s  found to r ise with the 
c.m. energy i n  a manner similar to the pp, p5 data41-43)‚ 

* The rapidity distributions l i ke  a l l  other distributions were corrected by 
Monte Carlo. For the "true" y distribution, y was calculated from the 
momenta of the final state particles assuming pion masses. 

** Monte Carlo studies show,however, that  the y distr ibut ion determined 
with the thrust axis i s  closer to the original distribution measured with 
respect to the parton direction, than i f  the sphericity axis was used. 



_ 2 2 _  

In the leading part icle region (y  close to ymax : ßn(W/m), m par t ic le mass) 
the part ic le y ie ld i s  a steeply decreasing function of y .  In  order to see 
whether the shape o f  the y distr ibution i n  the leading part icle region changes 
with energy, Fig. 45 shows the rapidity distr ibutions plct ted as a function 
o f  y - ymax' The high energy data i n  the leading part ic le again l i e  systema- 
t i ca l ly  below the low energy data. This i s  qual i tat ively to be expected from 
QCD effects. Note, however, that this y region i s  part icularly affected by 
the jet axis determination and by the fact  that a l l  part ic les were assumed to  
be pions which w i l l  move true kaons and protons to  apparent y values which are 
larger compared to the true ones. The importance o f  both effects may change 
wi th  N.  

9 .2 .1  The maximum i n  the rapidity distr ibut ion outside y = 0 

We turn now to the maximum i n  the plateau region outside y = 0.  The presence 
o f  th is  maximum i s  c lear ly seen i n  F ig .  46 where 1/otot do/dy divided by i t s  
value a t  0.1 < y 5 0.2* i s  shown as a function of  y for w = 14, 22 and 34 GeV. 
As the c.m. energy increases the pos i t ion  o f  the maximum moves to higher y 
values. At w = 34 GeV the maximum i s  near y = 1 and the yield in  the maximum 
is 15 i 2 % higher than at 0.1 < y 5 0.2.* ' 

We investigated whether the maximum i s  a resul t  of the manner i n  which y 
i s  determined, namely by assigning the pion mass to a l l  charged par t ic les.  
Monte Carlo events were generated according to e+e_ + qä ( i . e .  no gluon 
emission) folded by fragmentation. Using the proper mass to compute y ,  the 
ni, Ki and p,5 distributions are f l a t  near y = 0 and do not exhibi t  a maximum 
outside y = O. Assigning a l l  part ic les the p ion mass, the result ing y y ie ld  

summed over a l l  charged part ic les was again found to be f la t .  I t  appears 

therefore unlikely that i f  a l l  part ic les are assigned the pion mass a y 

spectrum which was originally f l a t  would have a dip near y = 0 .  In  order to 

see whether heavy quark production i s  responsible for the effect, cE and bb 

events were generated. Some enhancement was found near y = 1.5 - 2 although 

smaller than shown by the data (dashed curve i n  Fig. 46b). Using the 

& The value of  the points a t  y > 0.2 i s  affected by the stat ist ical  uncer- 
tainty of 1/ot t do/dy ato.l<yco.2which is  5% at 14 and 22 GeV, and 1 % 
a t  34 GeV. Sys?ematic uncertainties i n  the corrections for 1/°tot do/dy 
at0‚l<y<0.2are of  the order of 5 % and signif icantly smaller for larger y 
values. I f  instead of  the thrust axis the sphericity axis were used, the 
y ie ld i n  the maximum would be only «10 % larger than a t  y = O. 



- 2 3 _  

st r ing model good agreement wi th the data i s  obtained when gluon emission 

i s  added to the pair production of  the f ive  quarks ( s o l i d  curve i n  F ig.  46b 

and curves i n  Fig.  46a). This suggests that gluon emission and, to a lesser 

extent, heavy quark production bu i ld  up the enhancement. We note, however, 

that the QCD independent je t  model does not reproduce the enhancement. 

9.3 The transverse momentum as a funct ion o f  rapidity 

The average values o f  pT and p$ are shown i n  Fig. 47 as a function of y 
for w = 14, 22 and 34 GeV. The average pT and p$ were calculated with respect 
to the thrust ax is .  The sphericity axis l ed  to similar resul ts.  Compared to 
the corresponding distributions as a function of  x„ the significance of any 
dip near zero i s  greatly reduced. The average pT and pT values near y = 0 
increase with w. They are found to  decrease steadily with increasing y .  

9 . 4  Part ic le f low around the jet  a x i s  and fan invariance 

L i t t le  information has been published from e+e' annihilation on the angular 
distribution of  particles wi th  respect to the jet ax i s .  From the behaviour 
o f  the average transverse momentum as a function o f  the longitudinal momentum 
shown above i t  i s  clear that high momentum charged part icles are strongly 
collimated around the jet ax is .  I t  i s  an interesting question whether co l l i -  
mation persists down to the lowest momenta. Another point of interest i s  the 
.w dependence of  the shape of  the angular distr ibut ion. We present i n  t h i s ‘  
sect ion the angular distr ibut ion o f  charged particles with respect to the 
thrust axis.  

Fig. 48 shows the distribution of  the angle @ between the jet  ax is  and 
the part ic le direct ion for w = 14, 22 and 34 GeV. With increasing c.m. energy 
there i s  a rapidly growing number of  part ic les a t  small angles to the jet 
ax is  whi le  the number o f  part ic les a t  angles @ > 400 i s  almost independent 
of w, the increase i n  y ie ld  from 14 to 34 GeV being «20 %. For completeness 
F ig .  49 shows the same data as a function o f  coso. 

F ig.  50 shows the distr ibut ion o f  @ for f ixed intervals of  the longitudinal 

momentum @! a t  w = 14, 22 and 34 GeV. The same distr ibutions are shown i n  
F ig.  51 wi th respect to coso. The distr ibut ions are normalized separately 
to unity for each p„ in terval .  Below p„ = 0.2  GeV/c the angular distribution 
i s  basical ly isotropic (see Fig.  51) .  Above p„ = 0.2 GeV/c col l imation sets 
i n ;  i t  becomes rapidly strenger as p l l inc reases .  The shape of the angular 
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distribution i s  approximately independent o f  the c.m. energy. We call  this 
phenomenon fan invariance: for fixed p„ the particles fan out i n  a manner 
independent of w. Fan invariance i n  our data holds only approximately as can 
be seen from the following argument: The angle d i s  related to the transverse 
momentum by pT = p„tga. As shown i n  Fig. 36, the average transverse momentum 
<pT> for fixed WI changes as a function of N,  i n  particular for p„ 2 1 GeV/c, 
although the change i s  comparatively small. The curves i n  Fig. 50 show the 
predictions of the QCD model. They agree well with the data. 

In Fig. 51, 53 we show the & and casa distributions for fixed x„ intervals. 
In this case the a (and casa) distributions are found to change with the 
c.m. energy; i . e .  no scaling i s  observed with respect to x„. The higher the 
c.m. enerQY‚ the strenger i s  the collimation around the jet axis for the 
same x | | in terva l .  

Finally, Fig. 54 gives the momentum flow d®p/da of  charged particles 
around the jet axis. The particle momenta are normalized to the total momentum 
carried by charged particles i n  an event, Epi: 

dc1> 2 ‘ ‘ p _ 1 p d N - P : doc—"NJ dpffi .Tpdä “”“ J"°‘azr 1 (19) 
As the c.m. energy increases the fraction of momentum emitted at  small angles 
to the jet axis increases rapidly, while the momentum fraction at large angles 
i s  reduced. The latter i s  i n  contrast to the particle density a t  large angles 
which actually grows slowly with w (Fig. 48) .  
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10. Summary 

We have studied charged particle production and the properties of the under- 
lying jet structure for e+e_ annihilation into hadrons at  c.m. energies N 
between 12 and 43 GeV. In  this energy range pair production of the f ive quarks 
u‚d‚s,c and b i s  the dominant process. Hard gluon bremsstrahlung effects 
change from being almost invisible a t  w = 12 GeV to being prominent a t  the 
high energy end. 

The ratio R of  the total cross section to the u pair cross section over 
the full w range i s  consistent with a constant value of R = 4.04 i 0.02 i 0.19. 
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 < mO < 20.3 GeV 
for a quark charge |eQ| = 2/3 and 7 < mQ < 19 GeV for |eQ| = 1/3. 

The average charged particle multipl icity <nCH> i s  found to rise with energy 
faster than in s (s = WZ) i f  the data from lower energies are included. Good 
f i ts are obtained with the form <nCH> » a + b in s+ C ßn 52 but also with a 
form suggested by QCD. The multiplicity distributions are found to l ie  between 
the two Poisson distributions obtained when the fact that equal numbers 
of positive and negative particles are produced i s  or i s  not taken into account. 
The multiplicity distributions obey KNO scaling to within „20 %. The multipli- 
city distributüxm for each event hemisphere also sat isfy KNO scaling to 

'within that accuracy. 

The average charged particle momentum rises almost linearly with w. The 
scaled momentum distribution exhibits scale breaking, 1/otot do/dxp for 
xp > 0.2  being 25 % smaller at  w = 41.5 GeV compared to N = 14 GeV. The large 
x behaviour of  the scaled momentum distribution can be approximated by 
do/dx « xp(1-xp)n (with n = 1 to 2 ) .  Multigluon emission calculations pre— 
dict x do/dx to be distributed as a Gaussian with respect to ßn(1/x) and the 
position of the maximum of the Gaussian to change l ike  1/4 ßn 5 .  The measured 
inclusive spectra for wi, Ki and p,5 are consistent with these expectations but 
also with the QCD model predictions for single hard gluon bremsstrahlung. 

Al l  events have been analysed with respect to a common jet axis and longi- 
tudinal and transverse momentum spectra as we l l  as various jet  measures have 

been studied. The angular distribution of  the jet axis measured with respect 
to the incoming beams i s  of the form 1 + cosze. The result gives strong 
support for the assumption that the underlying process i s  predominantly 
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spin 1/2 quark pa i r  production. The average spherici ty decreases rapidiy wi th  

c.m. energy up to w = 25 GeV and i s  a1most constant above. At the same time 
the transverse momentum distributions show an excess of high p$ part ic ies, 
the average p$ r is ing rapid1y w i th  w. The distr ibut ion of the average squared 
transverse momentum <pT in> i n  the event plane deveiops a Tong ta i1 to  Targe 
<pT in>  va1ues wi th  increasing c.m. energy. This i s  due to the production o f  
pianar events. The observed je t  broadening as we11 as the transverse momentum 
distr ibut ions are wei]  described by gTuon bremsstrahlung. A comparison o f  the 
pT distr ibut ions a t  di f ferent energies suggests that hard noncoliinear gluon 
emission contributes main1y to  partic1es w i th  pT > 0.5 GeV/c. The rapidity 
distr ibut ions show a "p1ateau" whose width increases wi th w. The p1ateau i s  
considerabiy higher than measured for pp or pp co i i is ions.  In the plateau 
region an enhancement i s  observed away from y = 0 which moves to Targer 
y va1ues as w increases. The enhancement i s  reproduced by the QCD s t r i ng  
modei. 

The par t ic ie f1ux around the jet axis shows with increasing c.m. energy a 
rapid1y growing number o f  par t ic ies co]1imated around the jet  a x i s ,  whi le a t  
Targe angies to the jet ax is  (>400) the par t ic ie  yie1d i s  aimost independent 
o f  w. Partic1es wi th m l  < 0 .2  GeV/c are isotropicaiiy distributed whi le for 
p" > 0.2  GeV/c co]1imation around the jet  axis i s  observed which becomes 
strenger as p„ increases. For f ixed Tongitudinai momentum the shape o f  the 
angu1ar d ist r ibut ion changes on1y Ti t t1e with w. This phenomenon we caTT 
fan invar iance. A study of  the charged par t ic ie momentum f10w around the jet 
ax is  shows that the momentum fraction produced at  sma11 angies increases rapid1y 
w i th  the c.m. energy; the momentum fraction emitted a t  large angles decreases 
w i th  W. 
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Jet studies using high momentum part ic les as the trigger 

ISR experiments sometimes selected je t  events produced i n  hard pp scatter— 

ing by demanding that a high momentum particle i s  emitted at large angles44). 

The par t ic le  f low on the trigger s ide and on the away side are then studied 

(Fig. 44) with the hope that the bias introduced by the trigger for the away 

side i s  small. 

I n  order to fac i l i ta te  the comparison wi th  e+e' annihilation we applied 
s imi lar  select ion cr i ter ia to our data. Using the sphericity axis each event 
was subdivided into two hemispheres. I f  the track wi th the largest momentum 
i n  a hemisphere had ptrig > 4 GeV/c i t  was ca l led the tr igger par t ic le  and the 

part ic le properties were studied i n  the hemisphere o f  th is part ic le (= trigger 
side) and i n  the opposite hemisphere (= away s i de ) .  Simi lar ly,  the other 
hemisphere was searched for a trigger par t ic le and the analysis was repeated. 
In the distr ibutions presented i n  the fo l lowing the trigger particle was not 
included. The distributions were compared wi th the unbiased distr ibut ions 
presented i n  Figs. 34, 40 above. The unbiased distr ibutions are indicated i n  
F igs .  56-61 by the shaded bands which represent hand drawn averages o f  the 
data o f  Figs.  34, 40. 

F i rs t ly ,  the sphericity axis determined from the particles on the away 
side was used as the jet ax is .  F ig .  55 shows <pT> as a function o f  x„  = 2p„/N 
for the trigger and away sides. In F ig .  56 the x„ distr ibutions are dis-  
played for the two sides. The away side shows good agreement with the unbiased 
distr ibutions. The analysis was repeated taking the momentum vector o f  the 
trigger part ic le as the jet ax i s .  In this case, the trigger side distribu- 
tions might be compared to the unbiased ones44). The results are shown i n  
Figs. 58, 59. Large differences wi th respect to the unbiased results are 
observed. This i s  a l so  true when the tr igger direct ion i s  used as the je t  

axis and the part ic le distributions are determined as a function of  
xfi  = pl(ptr ig (F igs .  60, 61) .  In conclusion, the <pT> and x„ distributions on 
the away side are in  good agreement wi th the unbiased results while the 
trigger side distributions analysed as described d i f fer  markedly from their 
unbiased counter parts. 
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Table 1: Number of events and va]ues f o r  R = °to%/°uu as a function of the 
c.m. energy. The errors quoted inc1ude he statist ica] as well 
as  the  point to point systematic error. An overall systematic 
error of  t 4 . 5  % has to  be added. 

‘ W—range W(GeV) L (mb—1) ‘ no of evts R 

12 ' 12 _ 96 186 3.80t0.28 
14 14 ‚ 1631 . 2704 4.1410.30 
22 22 2785 1 1889 3.89t0.17 

. 25 25 454 231 3.7210.38 
- 27.4-27.7 27.5 337 . 141 3.9110.32 

29.9—30.5 30.1 1309 ‘ 460 3.9410.18 
' 30 5—31.5 31.1 1317 407 3.66t0.18 

32 5—33 5 33.2 1581 484 4.09e0.19 ‘ 
33.5—34.5 34.0 12650 ‘ 3706 .4.1210.11 

‘ 34 5-35.5 34.7 59581 16746 4.0810.09 
. 35.5-36.7 36.1 2213 ‘ 548 3.9310.19 

38.7—43.1 - 41.4 6485 1219 4.06t0.29 . 



Tab1e 2:  Charged partic1e mu1t1'plicity distributions, l/N dN/dnCH 

Multiplicity ‘ w=14 oev =22 0ev W=34 68V 

0 000110001 000010000 000010000 
2 001710008 000510003, 000310002 
4 007610010 1 002810007 001510008 
6 0. 17210 . 011 0 . 08510 . 010 004810 . 002 
8 024810018 017810018 008810003 

10 0 . 22610 . 015 0_. 20810 . 014 0. 14610 . 003 
12 0. 14810 . 015 020410017 018510004 
14 007210012 014010017 ‘ 018010005 
16 002710009 008610015; 014210005 
18 000910005 004110015 009210004 
20 000310002 001810010 005210004 
22 000110001 000710004 002810003 
24 000210001 001810008 
26 \ 000110001 000610002 
28 ‚ 0.00210.001 



Tab1e 3: 

errors  are given. 
Average values for t rack and event parameters. The sphericity axis was used as the jet ax is ;  on1y stat is t ica l  

1 w=12 GeV W=14 GeV W=22 GeV W=25 GeV ‘ W=30.5GeV ‘— W=34.50eV W=41.5GeV 

<"cn> 8.48t0.21  ' 9.08i0.05 11.22i0.0v “nii.eéid;24rj 12.79i0.15 ' 13.48i0.630' 14.41t0.24 

<fc„> 0.5910.02 [Y 0.5810.01 0.58i0.01 0.58i0.02 0.60i0.01 0.59i0.002 0.5810.015' 

D 3.24i0.08 3.81i0.25 4.4610.05 

<s> 0.255i0.017 0.213i0.004 of145io.004 0.127i0.009 0.112i0.006 0.108i0.001 0.108i0.005 

<T> 0.84010.008 0.855i0.002 0.88410.002 0.89810.005 0.900i0.003 0.90210.001 0.905i0.003 ” 

<p> (GeV/C) 0.841i0.021 0.89510.006 1.163i0.010 1.23310.032 1.424i0.019 1.512i0.004 1.671i0.019 

\ <p„> (GeV/c) 0.688i0.023 ‘ 0.756i0.007 1.019i0.011 1.075i0.031 1 1.281i0.022 1.350i0.005 ‘ 1.523i0.ozz  

\ <pT> (GeV/c) 0.340i0.007 0.334i0.002 0.377i0.003 o.3esio.oo7i 0.40410.004.— 0.422i0.001 0.448i0.604 

' <p$> (GeV/c2 0.171i0.008 0.168i0.002 0.23210.004 o.z1sio.oog' 0.28110.008 0.311i0.002 0.35010.009 

' <p$in> (GeV/c)2 0.128i0.009 0.131i0.002 0.184i0.009 0.161t0.011 ? 0.22310.012' 0.251i0.003 0.280i0.012_ 

; <p$out> (GeV/c)2 ‘ 0.044i0.002 0.044i0.001 0.059i0.008 0.055i0.002' 0.061i0.002 \ 0.068i0.001 0.075i0.002" 



Table 4a: Normalized momentum distributions, 1/0tot do/dp (GeV/cf1 

p w=14 GeV w=zz GeV =34 GeV 
(GeV/c) ' 

0.10—0.20 6.224i0.184 6.248t0.214 6.298i0.076 
0.20—0.30 10.340i0.230 10.270i0.275 10.670i0.099 
0.30—0.40 9.898i0.225 10.11010.272 10.510i0.098 
0.40-0.50 8.592t0.205 9.045i0.258 9.628i0.094 
0.50-0.60 7.25110.188 7.88510.241 8.546i0.088 
0.60—0.70 5.840t0.167 7.23610.231 7.737i0.084 
0.70-0.80 4.95710.154 6.207t0.214 6.638i0.078 
0.80—1.00 3.934i0.096 5.028i0.136 5.495i0.050 
1.00—1.20 2.89310.083 3.836i0.119 4.294i0.044 
1.20—1.40 2.204i0.073 2.883i0.103 3.534t0.040 
1.40—1.60 1.77810.066 2.264i0.091 2.778i0.036 
1.60—1.80 1.315i0.057 \ 1.951i0.085 2.46510.034 
1.80-2.00 1.077i0.052 1.42210.073 2.088i0.031 
2.00-2.20 0.835i0.046 1.352i0.071 1.710i0.028 
2.20-2.40 0.751t0.044 1.09710.064 1.51010.026 
2.40—2.60 0.52310.037 0.81610.055 1.238i0.024 
2.60—2:80 0.384i0.032 0.811t0.055 1.124i0.023 
2.80—3.00 0.342t0.030 ? 0.631i0.049 0.960i0.021 
3.00-3.50 0.209i0.015 0.484i0.027 0.802i0.012 
3.50—4.00 0.134i0.012 0.30710.021 0.586i0.011 
4.00-6.00 0.036i0.003 1 0.144i0.008 0.29510.004 
6.00-8.00 ‘ 0.038i0.004 0.117i0.003 
8.00—10.00 0.04610.002 
10.00—12.00 0.00Bi 0.001 

\ 



Table 4 b :  Norma1ized sca1ed momentum distr ibutions, 1/otot d0/dxp ,  

.80 .21i .O4 .191 

where xp = 2p/W- 

x, w=14 GeV w=22 GeV ‘W=34 GeV 

0.02—0.03 54.981 3.46 - 116.8017.700 162.60121.50 
0 03-0.04 66.401 4.12 110 5016 600 135 80115 50 
0.04—0.05 68.141 4.20 93 3015 200 106.801 9.50 
0.05—0 06 61.421 3.84 85.8014.500 85.801 5.70 
0.06—0 08 56.721 3.40 64 9013 200 62.701 3 .5  

. 0.08—0.10 42.791 2.60 49.5012.400 45.101 1.00 
\ 0 10—0.12 34.701 2.16 34 2011.600 34.001 0 .90 
« 0 12—0.14 28.111 1.77 27.0011 400 25.721 0.68 
{ 0.14-0.16 21.561 1.41 21.2011.100 19_501 0.53 

0.16—0.18 19.101 1.24 16.72i0.960 16.381 0.48 
0.18—0.20 15.041 1.02 14 2310.870 13.341 0 . 3  
0 20—0.25 11.581 0.72 10.1840.520 9.231 0.25 
0.25—0.30 7.411 0.50 6.71i 0.40 5.691 0.17 
0.30—0.35 . 5.251 0.36 4.221 0.29 3.661 0.11 

„ 0.35—0.40 3.321 0.25 2.951 0.83 2.561 0.10 
0.40—0.50 1.831 0.14 1.551 0.11 1.411 0.10 
0.50—0 60 0.931 0.09 0.781 0.08 0.661 0.04 
0.60—0 70 0.401 0.05 0-38i 0.05 0.361 0.03 
0.70—0 0 0 0.211 0—04 0 0.04 



Tab1e 4c: Normaliz?d 1ongitudina1 momentum distributions, 1/°tot dc/dpll 
(GeV/c)‘ 

ml ‚ W=14 GeV ‘ w=22 GeV W=34 GeV 
(GeV/c) 

\ 0.00—0.05 8.732i0.292 7.881i0.328 8.454i0.120 
0.05—0.10 9.43110.304 9.59510.364 9.394i0.127 
0.10—0.15 11.710i0.339 11.060i0.392 12.450i0.147 
0.15—0.20 11.05010.329 11.970i0.410 - 12.450i0.147 
0.20—0.25 10.82010.326 10.545i0.387 11.630i0.143 ? 
0.25—0.30 8.86610.296 9 80410.375 10.52010.137 
0.30—0.35 8.621i0.292 9.139i0.364 9.64010.131 

\ 0.35—0.40 7.690i0.276 8.34210.349 8.849t0.126 
0.40—0.45 6.574i0.256 7.526i0.333 8.423i0.124 
0.45—0.50 6.16110.248 7.346i0.330 7.639i0.118 

' 0.50—0.60 5.25010.162 6.703i0.224 7.037i0.080 
0.60—0.70 4.448i0.150 5.39310.202 6.153i0.076 
0.70—0.80 3.875i0.140 4.909i0.194 5.454i0.072 
0 80-0.90 3.348i0.130 4.630i0.189 4.882i0.068 
0.90-1.00 2.85010.120 3.833i0.173 4.39210.065 
1.00-1 20 2.51710.080 3.269i0.113 3.675i0.042 
1.20—1.40 1.950i0.071 2.591i0.101 3.06810.039 
1.40-1 60 1.538i0.063 2.111i0.091 2.55810.035 
1.60—1.80 1.199i0.055 1.661i0.081 2.22210.033 ? 
1.80—2.00 0.95810.050 1.35810.073 1.847i0.030 
2.00—3.00 0.483i0.015 0.822i0.025 1.181i0.011 

? 3.00—4.00 0.14510.008 0.356i0.025 0.642i0.008 
4.00—5 00 0.046i0.005 0.174i0.011 0.33710.006 

' 5.00—6.00 0.080i0.008 0.2061 0.004 
6.00—8.00 0.032i0.003 0.107i 0.002 
8 00-10.00 0,041i 0.002 
10.00—12.00 \ 0.019t 0.001 
12.00—14.00 0.007i 0 001 



Tab1e 4d: Normalig?d transverse momentum distributions 1/ctot do/d 
(GeV/c) 

p-‚-(GeV/c) w=14 GeV w=22 GeV W=34 GeV 

0.00—0.05 5.609i0.250 6.43210.328 8.03010.112 
' 0.05—0.10 12.960i0.380 15.71010.513 17.192i0‚164 

0.10—0 15 18.99010.460 20.35010.584 23.270i0.191 
0.15—0.20 20.750i0.481 23.300i0.625 25.420i0.199 
0.20—0.25 19.89010.471 ; 22.28010.611 24.63030.196 

; 0.25—0.30 ‘ 18.79010.458 21.86010.605 22.820i0.189 
; 0.80—0.35 16.15010.424 18.460i0.556 20.67010.180 

0.35—0 40 . 13.510i0.388 16.160i0.520 17.90010.167 
0.40—0.45 10.780i0.347 13.160t0.470 15.48010.155 

- 0.45—0.50 8.58610.309 11.200i0.433 13.020i0.143 
0.50—0.60 5.92610.182 8.02210.259 10.23010.089 
0.60—0.70 3.841i0.146 5.619i0.217 7.32610.075 
0.70—0.80 2.052i0.107 3.71810.177 5.222i0.064 
0.80—0 90 1.399i0.088 2.38710.141 3.712i0.054 
0.90—1.00 . 0.675i0.061 1.692i0 119 2.66710.045 
1.00—1.20 0.56510.045 0.96110.065 1.71210.026 
1 20—1.40 0.17610.026 0.448i0.045 0.97610.019 

‘ 1.40—1.60 0.088i0.019 0.24210.033 0.572i 0.015 
1.60—1.80 0.03110.012 0.177i0.029 0.368i 0.012 
1.80—2.00 0.027i0.011 0.10510.022 0.232i 0.009 
2.00-2.50 0.00510.003 0.04710.010 0.114i 0 004 
2.50-3.00 0.01510.007 0.04ßi 0.003 
3.00—4.00 0.012i 0.001 
4.00—6.00 0.0014i 0.000,  
6.00—8.00 0.0004i 0.000 



Table %: 
1/otot do/dp$ (GeV/e)“2 
Normah‘zed distributi ons of the transverse momentum squared 

Pf' (G eV/'°) ° W=22 GeV W=34 GeV Wä14 GeV 

0.00—0.01 92.82012.275 110.70213.050 125.600t0.991 
0.01—0.02 75.87012.057 82.32012.620 94.650t0.861 
0.02—0.04 61.390i1.308 67.95011.690 73.78010.538 
0.04—0.06 45.260t1.123 49.95011.449 55.280t0.465 
0.06—0.08 36.37011.007 41.16011.313 44.160t0.416 
0.08—0.10 29.04010.900 35.72011.223 36.42010.377 
0.10—0.12 23.53010.810 26.55011.054 30.820t0.347 
0.12—0.14 19.600t0.739 22.53010.971 25.880i0.318 
0.14—0.16 17.03010.689 20.98010.937 22.51010.297 
0.16—0.18 13.630i0.617 16.880t0.841 20.340t0.282 
0.18p0.20 12.16010.502 14.53010.780 16.430t0.253 
0.20—0.25 9.05510.318 11.81010.445 13.810t0.147 
0.25—0.30 6.468t0.269 8.22410.371 10.860i0.130 
0.30—0 35 4.66110.228 6.466t0.329 8.26210.114 
0.35—0 40 3.546t0.199 5.57810.306 6.02610.103 
0.40—0.60 2.02410.075 3.20410.116 4.40210.041 
0.60—0.80 0.884t0.050 1.541t0.080 2.32010.030 
0.ao—1.20 0.31410.021 0.71410.039' 1.184t0.015 

‘‚1.20—1.60 0.12310.013 0.28710.025 0.57610.011 
1.60—2;00 0.03810.007 0.130t0.016 0.32210.008 
2.00-3.00 0.01910.004 0.069t0.008 0.15710.004 
3.00_4.00 0.007710;0027 0.03010.005 0.066t0.002 
4.00_6.00 0.001810.0010 0.01210.003 0.02610.001 
6.00—8.00 0.00010.002 0.0098t0.0006 
8.00—10.00 0.004910.0004 

10.00—12 00 0.002310.0003 
12.00—14.00 0.001310.0003 
14.00—16.00 0.001110.0002 
16.00—18.00 0.0006510.00018 
18.00—20.00 0.0002910.00013 
20.00—30.00 0.0002010.00009 
30.00—40 00 0.0000310.000021 



Tab1e 4f :  Distributions of the sca1ed paraHe1 momentum, 1/0tot d0/dx„, 
where x„ = 2P„/W. 

i1 

xll w=14 GeV V w=22 GeV } w=34 GeV 
. ‘ \ 

. 0.02—0.03 77.401 3.46 ; 114.5017.940 143.90121 50 ‘ 
0.03—0.04 70.501 4.12 91.6016.500 112 30114.50 
0.04—0.05 60.641 3.20 79.5014 500 89.401 9.00 

\ 0.05—0.06 51.001 3.14 62 8414 000 72.901 5.10 
0.06—0.08 41.301 2.90 49.5011.340 54.901 2.70 

‘ 0.08—0.10 31.401 2.00 37.3011 900 39.801 1.40 
. 0.10—0.12 25.201 1.60 29.1011 300 30.901 0.80 
‘ 0.12-0.14 ‘ 21.701 1.53 21.1011 000 23.421 0.60 

0.14—0.16 17.901 1.21 18.6010 900 18.301 0.53 
‘ 0 16—0.18 15.501 1.12 13.4010.840 14.701 0.40 

o.1s-0.20 12.501 0.95 12.2010 800 12.401 0.35 
0.20—0.25 9.401 0.72 8,7210 510 8.631 0.25 
0.25-0.30 6.351 0.45 5.801 0.39 5.261 0.17 
0.30—0.35 4.351 0.36 3.761 0.28 3.491 0.11 

\ 0.35—0.40 2.751 0.25 2.801 0.23 2.371 0.10 
‘ 0.40—0.50 1.581 0.09 1.481 0.11 1.271 0.08 

0.50—0.60 0.881 0.07 0.701 0.07 0.631 0.02 
‘ 0.60—0.80 0.261 0.04 0.281 0.05 ‘ 0.241 0.02 



Tab1e 4g: Distributions of the sca1ed transverse momentum, 1/c;tot do/d‚ 
where xT = 2pT/w_ 

xy W=14 GeV W=22 GeV \ W=34 GeV 

0.00—0.01 52.52i1.74 126.10i3.22 301.00i1.55 
0.01—0.02 115.70i2.54 241.70i4.47 400.60i1.78 
0.02-0.03 143.80i2.80 ‘ 232.70i4.40 261.00i1.43 

‘ 0.03—0.04 132.80i2.67 „ 169.4013.76 148.30i1.07 
0.04—0.05 112.20i2.45 113.30i3.09 82.4010.80 
0.05—0.06 86.4112.16 74.8512.51 46.61t0.60 
0.06—0.07 65.99i1.90 46.91i2.00 27.82i0.46 
0.07—0.08 46.15i1.61 ‘ 29.7811.59 17.13t0.37 
0.08-0.09 33.84i1.39 20.81i1.34 10.72t0.23 
0.09—0.10 ‘ 26.78i1.26 12.3411.03 7.35t0.24 
0.10-0.12 15.2610.69 6.67i0.54 4.25t0.13 
0.12-0.14 “ 7.4910.50 3.5610.40 1.9810.09 
0.14—0.16 4.89i0.42 1.91i0.29 1.0510.07 
0.16—0.18 2.6510.32 1.31t0.25 0.54i0.05 
0.18—0.20 1.02i0.21 1.0610.21 0.27i0.03 
0.20—0.25 0.48i0.09 0.18i0.06 0.12i0.02 
0.25—0.30 0.20i0.06 0.08i0.05 0.03i0.01 
0.30—0.40 0.0110.01 0.008t0.002 



Table 5a: F i t  results to  the s-dependence o f  the scaied 
cross sect ion 1/0tot do/dxp = c1'(1+c2'ßn(s/so)) 
where 50 = 1 GeV2 

15 01 ca 

0.02—0.05 0.50t0.05 25.30 12.49 
0.05-0.10 1.97t0.87 0.318 i0.08 

' 0.10—0.20 26.80t1.40 -0.022i0.008 
0.2070.30 14.99i0.81 -0.071i0.005 

0.40—0.50 7.2710.54 -0.081t0.006 
0.4 .50 3.29i0.37 —0.084i0.008 

' 0.50—0.70 1.09i0.16 -0.075i0.012‘ 

Table 5b= Fit results to the s-dependence of the sca1ed 
' cross sect ion 1/0tot do/dx|| = c1-(1+c2-ßn(s/so)) 

where 50 = 1 GeV2 

XII °1 °“ 

o.oz—o.os 0.54i0.01 27.7 i0.33 
0.05-0.10 2.95t0.01 2.36 i0.03 
o.1o-o.2o 15.86t1.00 0.03210.012 
o.zo—o.3o j 11.55i0.72 —0.059t0.006 
o.3o-o.4o 3. 5.72i0.49 —0.06910.007 

\ o.4o-o.5o 2.56i0.49 -0.071i0.007 
‘ o.5o-o.7o 0.94i0.30 —o.oeo:o.oz5 



Tab1e 6 :  Monte Car10 ca1cu1ation 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. 

sphericity thrust 

‘ _ W (GeV) qc'1 qä+qäg qä qä+qcig 
' 14 5.5° 4A-78.2° . >6.8° m9.2° 

22 2.8° 5.7° 3.7° 5.9° 

34 1.6° 5.4°  2.3° 4.6°  

41.5 1.3° 5.2° 1.8° 4.4° 

b) for the TASSO detector and using on1y chargéd partic1es. 

sphericity thrust 

W (GeV) qä qä+g€g . qii qä+qäg 
14 1z.z° 14.ö° 13.1° » 14.75 7 

22 6.2“ 10.3° 7.4° 10.5° 

34 3.5° 8.2° 4.1° 8.1° 

41.5 3.0° 7.4° 3.6° 6.8° 



Table 7a: Normalized sphericity distributions, 1/N dN/dS 

Sphericity w=14 GeV ? =zz GeV w=34 GeV 

o.ooo-o.ozs 1.14i0.15 2.22i0.23 6.29t0.16 
o.oz5-o.oso 2.72i0.24 6.2310.46 8.87t0.20 
0.05o-o.075 3.87t0.29 6.55t0.48 5.77i0.15 
o.ovs-o.1oo 4.21t0.30 5.oeio;41 4.12i0.12 
o.1oo—o.150 3.68i0.20 3.0110.21 2.70i0.07 
0.150—o zoo 2.6310.16 2.26i0.17 1.58i0.05 
o.zoo—o.z5o 1.67i0.13 1.32i0.13 1.14t0.04 

: 0.250—0.300 1 . 4 4 i 0 . 1 1  0 .92i0.10 0.68i0.03 

o.soo—o.35o 1.03i0.09 0.72i0.09 0.45i0.02 
o.350—o.4oo \ 0.99i0.09 0.58i0.08 0.2910.02 
o.4oo—o.4so 0.55i0.07 0.30i0.05 0.1910.01 
o.450-o.500 0.5110.06 0.3410.05 0.13i0.01 
o.5oo—o.s5o 0.37i0.05 0.1710.04 0.11i0.01 
o.550-o.eoo 0.39i0.06 0.1010.03 0.10i0.01 

‘ o.eoo—o.eso 0.33i0.05 0.13i0.03 0.07i0.01 
: o.e5o—o.7oo 0.26i0.05 0.11i0.03 0.04i0.01 

l 



Table 7b: Normah'zed thrust d is t r ibu t ions ,  1/N dN/dT 

Thrust ‘ W=14 GeV W=22-GeV W=34 GeV 

o 60—0.64 0.34i0.07 0.05i0.03 ' 0.02i0.01 
0.64—0.68 0.44i0.07 0.2410.06 0.11t0.01 
o.ee-o.7z 1.17i0.11 0.5010.08 0.26i0.02 
0.72—o.7e 1.56i0.12 o.9o:o.11 0.48i0‚02 
o.7s-o.eo 2.17i0.16 1.38i0.14 0.92i0.04 
o.eo—o.a4 3.32i0.20 2.53i0.20 1.9710.06 
o.a4—o 88 4.0810.82 3.84i0.25 3.02i0.08 

1 o.ea—o.go 5.36i0.36 5.46i0.43 4.40i0.13 
0.90—o.92 5.67i0.37 6.25i0.46 5.76i0.15 
0.92—0 94 5.63i0.35 7174i0.54 8.1110.19 
o 94—0.96 4.04i0.29 6.80i0.46 9.70i0.21 
0.96—0.98 2.5510.23 3.82i0.33 6.64i0.16 
0.98—1.00 0.59i0.11 0.9310.15 1.86i0.08 



Tab1e 8: Normah'zed rapidity distr ibut ions, 1/o do/dy 
(fo1ded around y = O) t°t 

Rapidity W=14 GeV L w=2z GeV W=34 GeV 
‘\ 

o.—o.z 3_74i0.13 3.7710.15 4.1010.05 
o.z—o.4 4,05i0.11 4.00i0.13 4.50i0.05 
0.4—0.6 3_9810.10 4.31i0.15 4.6910.05 
0.6—0.8 4_22i0.10 4.57i0.12 4.88i0.05 
0.8—1.0 3,97i0.09 4.5010.13 4.99i0.05 
1.0-1.2 3 89i0.09 4.54i0.13 4.9910.05 
1.2—1.4 3.71i0.09 4.5410.13 4.94i0.05 

* 1.4—1.6 3.30i0.08 4.31i0.13 4.80i0.05 
‘ 1 6—1.8 3.10i0.08 4.0210.12 4.68i0.05 

1.8—2 0 2.60t0.07 3.61t0.13 4.4310.04 
2.0—2.2 2.11t0.07 3.0310.11 3.94i0.04 
2.2—2.4 1.6810.06 2.6710.10 3.5310.04 

‘ 2.4—2.6 1.31i0.06 2.26i0.09 2.93i0.04 
2.6—2.8 0.99i0.05 1.6510.08 2.49i0.04 

‘ 2.8—3 0 0.62i0.04 g 1.0910.07 1.85i0.03 
\ 3.0-3.2 0.43i0.03 ' ? 0.67i0.05 1.4210.03 

3.3—3.4 0.1910.02 0.55i0.05 1.0510.03 
3.4—3.6 0.1210.02 0.3410.04 0.7110.02 
3.6—3.8 0.05i0.01 0.2010.03 0.50i0.02 
3.8—4.0 0.03i0.01 0.0810.02 0.30i0.01 
4.0—4.2 0.0510.02 ‘ 0.18i0.01 
4.2—4.4 0.0410.02 ; ' 0.09i0.01 
4.4—4.6 0.06i0‚01 
4.6—4.8 0.03i0‚01 



‚Figure Caption5 

1) 

. 2) 

5) 

6) 

7) 

8a) 

9a) 

b) 

' 2 The dispersion D = (<nCH> — <nCH> 

The ratio R = o(e+e' + hadrons)/ouu where 01111 = 4na2/3s. The data from 
other experiments were taken from Ref. 18. 

The unfolded distribution of the charged multiplicity nCH at‘W = 14, 22 
and 34 GeV. The curves show two kinds of  Poisson distributions (see text) 
computed for the measured average charge multiplicity. 

Average charged particle multiplicity as a function of the c.m. energy w 
from this experiment (+) and from other e+e' experimentslg’zo). 

Average charged part icle multiplicity i n  e+e' annihilation as a function 
of the c.m. energy. Also shown are the 000 modelv prediction for 
e+e' + qä, qög (solid curve) and the prediction for e+e' + qä (dashed 
curve) summed over al l  possible quark flavours. 

Average charged part icle mult ipl icity as a function of the c .  m. energy w 
from this and other e+ e experimentslg’ ’20). Also shown are the data for 
pp and pp col l is ion525’  26).  The curves show f i ts  to the e+ e and pp, pp 
data (see text). 

The dispersion D = (<näH> - <nCH>2 1/2 of the charged particle multipli- 
city distribution as a function of the c .  m. energy w as measured by this 

19,20) 

2 1/2 
(+)  and other e+ e experiments 

of the charged particle multipli- 
city distribution as a function of  the c .  m. energy w as measured in  e+ e , 
pp and pp experimentslg’ ’25 ’26). 

The charged part icle multiplicity distribution P(nCH) multiplied by the 
average charged particle multiplicity <nCH> as a function o f  the rat io 
nCH/<nCH> from this experiment a t  1 4 , 2 2  and 34 GeV and other e +e 
experiments ) .  

Same as a) as measured i n  this experiment at  w = 34 GeV and data from 
pp annihilation (curve)25) and pp scattering at a c.m. energy of 
540 GeV26) ' 
The rat io <nCH>/D as a function of the c .  m. energy as measured i n  this 
and other e +e' experimentslg’ ’20) .  

19,20) 25) Same as i n  a) for e+ e and p526) data. The straight l ines 
are drawn to guide the eye. 

pp 



10) 

11) 

12) 

13) 

14) 
15) 

16a) 

b) 

17a) 

b) 

18) 

19) 
20) 
21) 

e+e' + hadrons. Each event i s  separated into two hemispheres by means 
of  the sphericity ax is .  Shawn i s  for_each hemisphere the charged mult i- 
p l ic i ty distr ibution P(nCH) mult ipl ied by the average charged particle 
multiplicity <nCH> as a function of  nCH/<nCH> for w = 14, 22 and 34 GeV. 

The charged part ic le momentum spectrum 1/otot do/dp a t . “  = 14, 22 and 
34 GeV. 

The average values of the total ,  transverse and longitudinal momentum 
and of the transverse momentum squared, <p>, <Hl>’ <pT> and <p$>, as a 
function of  the c.m. energy w. The so l id  curves show the predictions o f  
the QCD independent jet model for e+e_ + qö, qäg; the dashed curves show 
the prediction for e+e_ + qfi. 

The normalized scaled cross section 1/otot do/dxp as a function o f  

xp = ZPVN for w = 14, 22 and 34 GeV. 

1/o 2 tot do/dxp for f ixed xp 1ntervals as a function o f  5 = w . 

The normalized scaled cross section 1/otot do/dxp mult ipl ied by the 
function f = x / ( 1  — xp)n for n = 1, 2 and 3 as a function of  xp for 
W = 34 GeV. 

The normalized quantity xp- l /o tot  do/dxp as a function o f  ßn fl /xp) fo r  

w = 14, 22 and 34 GeV. 

The normalized quantity xp 1/otot do/dXp for the prompt charged 
particles (dashed curve) and for the f inal particles (so l id  curve) as 
calculated w i th  the QCD model. 

The quantity xp 1/otot da:/dxp versus ßn(1/xp)for n+ + w_, K+ + K‘, p + 5 
at W = 14, 22 and 34 GeV. The curves are drawn to guide the eye. 

The position of  the maximum, (ßn(1/Xp))max‚of xp do/dx as a function 
of 5 for al l  charged particles, and for ni, Ki and p,5. The straight 
l ines are proportional to 1/4 ßns. 

1/otot do/dp$ at w = 34 GeV evaluated with respect to the sphericity 

axis (9) and the thrust axis ( * ) .  

The normalized sphericity distributions at N = 14, 22 and 34 GeV. 

The normalized thrust distributions at w = 14, 22 and 34 GeV. 

The average sphericity as a function of the c.m. energy w. The sol id 
curve shows the prediction of  the QCD independent jet  model for 
e+e' + qä, qäg. The dashed curve shows the prediction for e+e' + qö. 



22) 

23a) 

b) 

24) 

d)-f) 

The average value of 1-thrust, <1 - T>, as a function of the c.m. energy H 
The curve shows the prediction of the QCD independent jet model for 
e+e_ + qä, qög. The dashed curve shows the prediction for e+e' + qä. 

The angular distribution of the jet  axis determined by sphericity at  
w = 14, 22 and 34 GeV. The curves are proportional to 1 + coszes. 

The angular distribution of  the jet axis determined by thrust at  N = 14, 
22 and 34 GeV. The curves are proportional to 1 + coszeT. 

The distribution of sphericity versus aplanarity. 
schematic diagram 
distribution predicted for w = 34 GeV by the QCD string model for 1100 
accepted events 
distribution predicted for pair production of top quarks with a mass of 
16 GeV a t  w = 34 GeV for 650 accepted events. 
measured distributions at w = 14 (2704 accepted events), 34 (20452) and 

‚ 41.5 GeV (1219). 
25) 

26) 

Distribution of the transverse momentum squared out of  the event plane 
<p$ outä and i n  the event plane, <p$ in>’  averaged over the event, at  
w = 14, 22, 34 and 41.5 GeV. 

The average momentum squared i n  and out of  the event plane‚<<p$ in>> and 
<<p% out>>’ averaged over a l l  events,  as a function of the c.m. energy W. 

. The curves show the prediction of the QCD string model;‘fbr 

27) 
28) 

29) 

e+e' + qä, qfig (solid) ande+e' + qfi (dashed). 

The normalized aplanarity distributions a t  w = 14, 22 and 34 GeV. 

The fraction of events with A > 0.18 at w = 14 GeV. The dashed band shows 
the 11 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 
( bb = 1/3) and ; b-quark contribution with the threshold factor 
(Rbb = 1/3 ß(3-ß ) / 2 ) .  ”thresh i s  the assumed threshold for open b pro- 
duction, “thresh = 2mb where mb is the b-quark mass. ' 

The fraction of events with A > 0.18 GeV at w = 34 (a) and 41.5 GeV (b) .  
The dashed bands show the 11 s.d.  band for the observed fraction. The 
dashed-dotted lines show the QCD prediction for five quarks. The solid 
curves show the QCD prediction including a sixth quark of charge 2/3 or 
1/3 with either an asymptotic contribution or including the threshold 
factor. “thresh i s  the assumed 00 threshold, w = 2mQ, where mQ i s  
the quark mass. ' 

thresh 



30) 

31) 

32) 

33) 

(6) 

(b) 

34) 

35) 
36a) 

b) 
37) 

38) 

Normalized differential cross sect ion for the momentum component paral le l  
to the jet axis (=  sphericity a x i s ) ,  p„, for w = 14, 22 and 34 GeV. 

Normalized dif ferential cross section for the momentum component trans- 
verse to the jet axis (= sphericity a x i s ) ,  pT‚ for w = 14, 22, 34 and 
41.5 GeV. 

Normalized differential cross sect ion for the square o f  the momentum 
component transverse to the jet  axis (=  sphericity ax i s ) ,  p$, for w = 14, 
22, 34 and 41.5 GeV. 

Ratio F of the normalized differential cross sections 
1/0tot do/d (w = 34 GeV) 

F : lf°tot d0/d (N — 22 Gau; 

"1xo do/d ru =*1; „er; 
tot 

as a function of  pT. The so l id  and dotted curves show the prediction o f  
the QCD independent jet model for e+e_ + qq, qäg. The dashed and dashed- 
dotted curves show the predictions for e+e_ + qä. 

The average transverse momentum <pT> as a function of  the fractional 

longitudinal momentum x„ = 2pl(w w i th  respect to the jet axis at w = 14, 

22 and 34 GeV. 
a) using the sphericity axis 
b)  using the thrust ax is .  
The curves show the predictions of the QCD independent jet model. 

Same as Fig.  34 for the square of the transverse momentum. p%. 

The average transverse momentum pT as a function of  the longitudinal 
momentum pll at w = 14, 22 and 34 GeV. The thrust axis was used. 
Same as a) for the square o f  the transverse momentum. 

The average transverse momentum <pT> as a function of  x" = 2p„/N 

separately for the narrow and the wide je t  a t  N = 14, 22 and 34 GeV. 

a) using the sphericity axis 
b) using the thrust axis. 
The curves show the predictions of  the QCD independent jet model. 

Same as F ig-  37 for the square o f  the transverse momentum, p$. 



39) 

40) 

41) 

42) 

43) 

44) 

45) 

45) 
a) 
b) 

47 a )  

B) 

48) 

49) 
50) 

The average transverse momentum squared for the narrow and the wide 
jet as a function of  the c.m. energy w. The sol id curves show the pre- 
dictions of the QCD string model. The dashed curves show the 

predictions for e+e' + qfi. .- 

The normalized differential cross sect ion 1/otot do/dx„ as a function o f  

x„ = 2p /N at w = 14, 22 and 34 GeV. The sphericity axis was used as the 
jet  a x i s .  

The normalized differential cross section 1/otot do/dx„ for different x„ 
intervals as a function of the square o f  the c.m. energy, s = NZ. The 
sphericity axis was used as the jet ax is .  

The normalized differential cross section 1/otot do/d‚ where XT i s  the 
fractional transverse momentum xT = 2pT/w a t  w = 14, 22, 34 and 41.5 GeV. 
The sphericity axis was used as the jet ax is .  

The normalized differential cross section for the rapidity 
y = 1/2 zn (E + fiI) / (E - P“) folded around y = 0 for w = 14, 22 and 
34 GeV. The thrust ax is  was used as the je t  ax is .  

The height o f  the rapidity yield near y = 0 (0.1 < y 5 0.2 # ,  0;2 < y < 1 #) 
as a function of  the c.m. energy W; Also shown are results from pp and 
p5 interactioné4l‘43). 

.Same as data i n  Fig. 43 plotted as a function of  y — y at w = 14, 22 max 
and 34 GeV. 

The rapidity y ield 1/NdN/dy normalized to the y ie ld  a t  0 ,1 < y 5 0_2 for 

H 14, 22 and 34 GeV. The curves show the QCD string model predictions 
w 34 GeV. The dashed curve shows the prediction for e+e' - qö. The 
sol id curve shows the prediction of  the QCD str ing model. 

The average transverse momentum as a function o f  the rapidity a t  w = 14, 
22 and 34 GeV using the thrust ax is  
Same as a) for the square of  the transverse momentum. 

The distribution of the angle & between the charged part ic le direction 
and the jet axis (= thrust axis) at  w = 14, 22 and 34 GeV. 

Same as Fig. 48 for casa. 

The distribution of  a for different p„ intervals at w = 14, 22 and 34 GeV. 
The curves show the prediction of  the QCD independent jet model. 



51) 
52) 

53) 

54) 

55) 
56) 

57) 

58) 

59) 

60) 

61) 

Same data as i n  Fig. 50 for cosa. 

The distr ibution o f  a ( i n  degrees) for different x l ' in terva ls  at w = 14, 

22 and 34 GeV. 

Same as F ig .  52 for cosa. 

The charged momentum f iow around the jet axis 

d®p _ 1 _B_ d2N d 
ag.—“N Ep Ira—M P 

where Ep i s  the total charged momentum i n  an event, a t  w = 14, 22 and 
34 GeV. 

Se1ection of  hard pp scattering events. 

The average transverse momentum as a function of x„ = 2p„/N for the 
trigger side and the away side a t  w = 34 GeV. A partic1e with momentum 
greater than 4 GeV/c was required as the trigger (see tex t ) .  The spheri- 
city axis was determined separateiy for each s ide and was used as the 
jet ax is .  

The normalized differentia] cross sect ion 1/0tot 
of x„  ar w = 34 GeV for the tr igger and away s ide.  The procedure was 

dcr/dx]| as a function 

the same as for Fig.  56. 

Same as F ig.  56 but wi th the direction o f  the trigger part icie as the 
jet ax i s .  

Same as F ig .  57 but wi th  the direction o f  the trigger particle as the 
jet ax i s .  

Same as Fig. 56 but with the direction o f  the tr igger part ic1e as the 
. . . . t _ jet ax1s and def1n1ng x„ as x|| - pH/ptrigger' 

Same as Fig. 57 but with the direct ion of  the t r igger 'par t ic ie  as the 
. . . .  t _  jet  ax1s and def1n1ng x„ as x|| - pH/ptr igger '  
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