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Hadron production by e+e - annihilation has been studied for c.m. energies IV between 13 and 31.6 GeV. As a function 
of In IV the charged particle multiplicity grows faster at high energy than at lower energies. This is correlated with a rise in 
the plateau of the rapidity distribution. The cross section sdo/dx is found to scale within ± 30% for x > 0.2 and 5 ~< IV 

31.6 GeV. 

Hadron product ion in e+e - annihilation proceeds 
predominant ly  through the formation of  two back to 
back jets. At very high energies, a new process which 
leads to the product ion o f  three jet  events, presumably 
through hard gluon bremsstrahlung, has been observed 
[1,2]. In the present report we study the evolution 
with energy of  the gross features of  hadronic final 
states produced by e+e - annihilation. 

The experiment was carried out at the DESY e+e - 
storage ring PETRA using the TASSO detector.  Data 
have been taken at c.m. energies IV of  13, 17, 22, 27.4, 
27.7, 30.0, 31.6 GeV and in 20 MeV steps between 
29.90 and 31.46 GeV [4]. The detector  and the anal- 
ysis procedure have been described in previous papers 
[1,3]. We repeat a few points pert inent to this study. 
The hadron events were registered in a large solenoid 
filled with proport ional  chambers, drift chambers and 
scintillation counters for charged particle detection. 
The efficiency of  the track reconstruction program 
was studied with real data and with Monte Carlo events. 
The inefficiency for track reconstruction was found 
to be 3%. Approximate ly  0.5% of  the reconstructed 
tracks were spurious. The momentum resolution for 
charged particles was crp/p ~ 2% • p (p in GeV/c) for 
momenta  above 1 GeV/c. In the analysis only tracks 
were accepted that had a momentum transverse to the 
axis of  the solenoid (= beam axis) of  greater than 100 
MeV/c and reached at least the sixth zero-degree layer 
of  the drift chamber. This imposed an angular cut o f  

Table I 
Number of accepted events and charged particle multiplicities. 
The first error given for (rich) is the statistical, the second the 
systematic error. 

IV (GeV) Number (nel a ) 
of events 

13 72 
17 38 
22 25 
27.6 132 
30.3 559 
31.2 257 

9.0±0.4±.0.6 
10.7±0.6±0.7 
11.2±0.7±0.8 
12.1±0.3±0.8 
13.4±0.2±0.9 
13.1±0.3±0.9 

I cos 01 < 0.87. A pure sample of  hadron events from 
one-photon annihilation was obtained by requiring at 
least 4 tracks (5 tracks for I~ ~> 27 GeV) and the sum 
of  the momenta  of  the charged particles, ~ IPi l, to be 
above some minimum value which was chosen to be 
3 GeV/c at 13 GeV, 4 GeV/c at 17 GeV, 5 GeV/c at 
22 GeV and 8 GeV/c at the higher energies. After  
these cuts were made the contamination from b e a m -  
gas scattering, two-photon processes and ~-~ production 
was estimated to be negligible. The number of  accepted 
events is given in table 1. The overall probabil i ty that 
a hadronic event from one-photon annihilation is de- 
tected and accepted by the above cuts, was determined 
with a Monte Carlo program for qua rk -an t iqua rk  
production including gluon bremsstrahlung [5,6] and 
was found to be about 80%. The luminosity was com- 
puted from the small angle Bhabha scattering cross 
section, which was computed using the program of  
Berends et al. [7]. 

The data presented below are corrected for accep- 
tance, detection efficiency, momentum cut, radiative 
effects in the initial state, track losses due to decay or 
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Fig. 1. Average charged particle multiplicity as a function of 
the c.m. energy W from this experiment (~) and from other 
experiments [8-10]. The dashed and dashed-dotted curves 
show the results for pp collisions [13] and ~p annihilation 
[ 14 ]. The solid line is a fit to the e+e - data of the form (nch) 
= n o +a exp{b[ ln ( s /A2 ) ] l / 2 ) .  
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absorption, and electrons due to photon conversion in 
0.13 radiation lengths before the drift chambers. Pions 
from Ks0 decays are included. The cross section data 
shown below have an overall normalization uncertainty 
o f ~ 1 5 % .  

Fig. 1 and table 1 show the average multiplicity of  
charged particles (nch) as determined from the observed 
number of  accepted charged tracks after making the 
corrections described above. The errors shown in fig. 1 
for the data from this experiment are statistical only. 
The systematic errors given in table 1 have been esti- 
mated by considering different production mechanisms. 
Fig. 1 also exhibits measurements of  (nell) from other 
experiments [8 -12] .  The data show that above ~ 7  
GeV the multiplicity is rising with In W faster than at 
lower energies. The dashed and dashed-dot ted  curves 
in fig. 1 give the energy dependence for pp collisions 
[I 3] and ~p annihilation [ 14]. The pp multiplicity is 
about 1 unit below the e+e - data while the ~p data 
are slightly above. All three processes have about the 
same energy dependence. 

We have compared different functional forms to 
describe the data. In the simplest case of  scaling (nch) 
= a + b In s. This does not give a good fit to the data 
over the full energy range. If  low and high energy data 
are fitted separately to this form one finds 

(nch) --- (2.67 -+ 0.04) + (0.48 -+ 0.02) In s ,  

1.4 ~< I¢ < 7.0 GeV,  

(nch)= (--6.1 + 0.4) + (2.79 +- 0.06) In s ,  

7.0 ~< W ~< 31.6 GeV.  

The increase in multiplicity due to bot tom quark pair 
production is estimated to be of  the order of  0.2. In 
QCD the multiplicity is expected [15] to behave as 
<nch)= n o + a exp {b [In(s/A2)] 1/2}. Such a fit to the 
data (1.4 ~< W ~< 31.6) yields 

(nch) = (2.92 + 0.04) + (0.0029 + 0.0005) 

× exp{(2.85 + 0.07)[In(s/A2)] 1/2}, 

where A has been set to 0.5 GeV. This fit is shown as 
the solid line in fig. 1 ; it reproduces the trend of the 
data. 

In order to understand the growth of  the multiplic- 
ity better,  we study the rapidity distribution of charged 
particle production along the jet axis. The jet axis was 

determined by the thrust axis ,x; this is obtained by 
maximizing ~PlLi, where Plli is the longitudinal momen- 
tum of a charged particle with respect to this axis, and 
the summation is extended over all charged particles 
in a given event. To insure a large acceptance for the 
particles in the jets, only events were used for which 
Icos 0jet[ < 0.8 where 0je t is the angle between the jet 
axis and the beam direction. The effect of  this cut on 
the acceptance was corrected. The rapidity y is defined 
in terms of  the particle energy E and its longitudinal 
momentum Pll by y = 0.5 in ((E + pl~)/(E - Pll)). The 
maximum o f y  iSYma x ~ 0.5 ln(s/m ). To compute 
E the particles were assumed to be pions. Fig. 2a shows 
the rapidity distribution normalized to the total ha- 
dronic cross section, Otot, at 13, 17-22  and 27 .4-31 .6  
GeV. Also plotted are data from SLAC-LBL mea- 
sured *2 at low energies (4.8 and 7.4 GeV) [9]. One 
observes a plateau near y = 0 that broadens with in- 
creasing c.m. energy. The height of  the plateau is not 
constant but rises with increasing energy (fig. 2b). In 
the fragmentation region (y close to Ymax) the particle 
yield is a steeply descending function o f y .  The width 
of the fragmentation region is roughly one unit, which 
is similar to what has been observed in hadron-hadron  
scattering. In fig. 2c the same data have been plotted 
in terms o f y  - Ymax to study the energy behaviour 
of  the fragmentation region. The high-energy data lie 
systematically below the low-energy data. This is qual- 
itatively what is to be expected from QCD effects. The 
high-y data should be regarded with some caution 
because the intrinsic resolution is ~ 1 unit due to lim- 
ited accuracy (~5  °) in determining the jet direction. 

The energy dependences of  the plateau and frag- 
mentation regions show that the faster than logarith- 
mic growth of the average multiplicity at high energies 
is correlated with a rise of  the plateau which is due to 
low-energy particles. It is interesting to note that the 
same effect is observed in pp collisions [13]. 

Next we investigate the energy behaviour of  the 
scaling cross section sdo/dx in terms of the scaled par- 
ticle momentum x = P/Pbeam" At particle energies E 
large enough that particle masses (m) can be neglected, 

31 By choosing the thrust direction for the jet axis the correc- 
tions for the y distributions relative to the true axis were 
found to be smaller at large y than if the sphericity axis 
had been chosen. 

32 The SLAC-LBL data used the sphericity axis. 
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Fig. 2. Rap id i t y  d ist r ibut ions fo r  charged particles (assuming 
the mass to be the pion mass) measured at 13, 1 7 - 2 2  and 27.4 
- 3 1 . 6  OeV by this experiment, and at 4.8 and 7.4 OeV by 
S L A C - L B L  [9].  For the data of  this experiment the thrust 
axis has been used. In the case of S L A C - L B L  the sphericity 
axis has been used. (a) As a function of  y ;  (b) the value of  
(1 /ato  t) da/dy averaged over 0.2 < y < 1 as a function of  the 
c.m. energy W; (c) the data shown in (a) plotted as a function 
o f y  - Ymax" 

the scaling cross section is related to the structure func- 
tions 1,~ 1 and I~ 2, 

s da/dx -~ 47ra2x {ml~ l + lxuI~2},  

where u = ,v/-sE/m is the photon energy as seen in the 
particle rest system. The structure functions in general 
depend on two variables, e.g. x and s. If  scale invariance 
holds I~ 1 and ul~ 2 are functions o f x  alone and sdo/dx 
is energy independent. 

Fig. 3 displays the data measured in this experiment 
at 13, 17-22 ,  and 27 .4-31 .6  GeV. F o r x  > 0 . 2  they 
are the same within errors and agree with those mea- 
sured at low energy by DASP [11] (5 GeV) and S L A C -  
LBL [16] (7.4 GeV)to  within +30%. At low x values 
(x < 0.2) the particle yield shows a dramatic rise when 
the c.m. energy is increased from 5 to 30 GeV. This 
rise is related to the growth of  the multiplicity seen 
above. 

Gluon emission will lead to scale breaking effects: 
the primary momentum is now shared by quark and 
gluon resulting in a depletion of  particles at highox and 
an excess of  particles at low°x values. The effect 
becomes more pronounced as the energy becomes 
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Fig. 3. The scaling cross section sda/dx (x = P/Pbeam) for 
inclusive charged particle production measured in this experi- 
ment at 13, 17-22, 27.4-31.6 GeV and at 5 GeV (DASP [11]) 
and 7.4 GeV (SLAC-LBL [16]). 
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larger. More precisely the 30 GeV data for x = 0.2 are 
predicted [17] to be higher by ~ 10% and for x = 0.7 
lower by ~20% in comparison with the 5 GeV data. 
The present data are not precise enough to test this 
prediction. 

In summary the charged particle multiplicity plotted 
versus In I¢ grows faster above 7 GeV than at lower 
energies. The additional particle yield shows up in the 
central region of the rapidity distribution. The cross 
section sdo/dx is consistent with an approximate 
(-+ 30%) scaling behaviour for x > 0.2 and 5 ~< W ~< 31.6 
GeV. 
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