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The quark-parton model is known to describe the 
gross features of e+e --annihilation like the total cross 
section and the dominance of two-jet final states to a 
high degree of accuracy. It is therefore difficult to mea- 
sure the small deviations from this simple model pre- 
dicted by QCD. 

As a sensitive measure of ghion effects, energy- 
energy correlations have been proposed [1-4] ,  which 
are defined as follows 

f(0) = d ~  a~,b f d3° = 2 dz a d z  b dOabZaZb dz a d z  b , (1) 

where z a, z b are the fractional energies (Ea,b/Ecm) 
carried away by hadrons a and b, and 0ab is the angle 
between their directions of flight * 

QCD predicts that at sufficiently high energies the 
correlation around 90 ° is dominated by single hard 
gluon bremsstrahlung and is therefore proportional to 
the quark-gluon coupling constant a s [3,4]. At small 
(0 ° < 0 < 60 °) and large (120 ° < 0 < 180 °) angles 
QCD predicts a very peculiar exponential dependence 
on a s . It can be derived in the leading log approxima- 
tion (LLA) as a result of summing up a series of mul- 
tiple gluon emission contributions [5,6]. In this ap- 
proach the effects due to the final conversion of par- 
tons (quarks and gluons) into hadrons [1,5,6] are ex- 
pected to decrease rapidly with energy, and are ne- 
glected. In order to take them into account at sub- 
asymptotic energies, Monte Carlo methods have been 
developed [7]. It should be noted that the LLA frame- 
work is quite different from the more conventional 
one [8] in which the conversion of the quarks into 
hadron jets is completely attributed to uncalculable 
long-distance interactions and parameterized by em- 
pirically determined fragmentation functions. QCD is 
then only used to calculate the emission of a single 
hard gluon which subsequently undergoes its own 
hadronization process [9,10]. 

A first measurement of the energy-energy correla- 
tion was reported in an earlier publication [2], in 
which the distribution (1) was computed separately 
for the two different cases, i.e. where hadrons a and b 
belonged to the same or to opposite jets. In that anal- 
ysis the association of a track with a particular jet was 

*1 The normalization to 2 instead of 1 was chosen here in ac- 
cordance with refs. [ 3,4 ]. 

determined by a plane perpendicular to the jet axis. 
This led to possible ambiguities for particles near 90 ° 
to this axis and also complicates the interpretation of 
the correlation data in the large angle (60°-120 ° ) region. 
The present analysis avoids these difficulties by comput- 
ing the energy-energy correlation (1) in the full angular 
range, i.e. without any reference to a jet axis. 

For the present study we use the data already pub- 
lished [2] together with more recent data collected at 
12 GeV, and from a scan in the energy region between 
30.0 and 31.6 GeV [11 ]. The relevant properties of 
the detector have been described before [2]. In order 
to minimize background and corrections, events with 
less than four charged prongs, and with a jet axis closer 
than 41.4 ° to the beam were rejected. The sum (1) was 
extended over charged particles only for reasons of bet- 
ter measurement accuracy. Using a jet simulation pro- 
gram [8,9], we correct for neutrals as well as for losses 
in the reconstruction of charged tracks. This procedure 
automatically ensures the proper normalization of the 
corrected correlation (1). The correction also includes 
effects of initial state radiation, detector resolution 
and of the track analysis and selection. 

We have checked that the corrected distributions 
are insensitive within the quoted statistical errors, typi- 
cally 10%, to changes in the selection criteria, the de- 
finitions of the weights (replacing Ecru by Evisibl e in the 
expression for Za,b), and also to changes in the frag- 
mentation parameters of the Monte Carlo simulation. 
From these considerations we estimate the systematic 
errors to be smaller than the statistical ones. The meth- 
od of determining the statistical errors with ignored 
statistical intercorrelations between different angular 
bins has been checked by conducting a series of Monte 
Carlo "experiments" with the same number of events 
as observed, evaluating the distribution of the results 
for each bin, and comparing the actual to the expected 
variance. Unless explicitly noted, both agree. 

In fig. 1 the resulting energy-energy correlations 
are shown in the range of energies between 7.7 and 
31.6 GeV. The data below 12 GeV are from earlier ex- 
periments at DORIS [12]. At the lowest energies the 
data show little structure, but with rising energy the 
peaks at around 50 ° and 150 ° move away from the 
valley at 90 ° and become more pronounced. This be- 
haviour reflects the increasing development of two 
distinct jet structures. Above 20 GeV these peaks have 
moved towards small values of 0 and 180 - 0, and 
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Fig. 1. Energy-energy  correlations for different c.m. energies. Full lines show expectations from fragmentation models (q~ below 
10 GeV, ref. [8] ; q~:lg above, ref. [9], with A = 200 MeV). Dashed lines give pure QCD predictions according to ref. [5] ( 0 ° -50° ) ,  
refs. [ 3,4 ] (50 ° -  120 °) and ref. [ !8 ] (120 ° - 180 °). The value A = 200 MeV has been taken in all o f  them. The dot ted lines repre- 
sent the continuation of  these predictions out of  the regions defined above. 

within errors the data have become nearly energy in- 
dependent. This behaviour is well reproduced by the 
Monte Carlo simulation, as indicated by the full curves 
in fig. 1, provided gluon bremsstrahlung is incorpo- 
rated at high energies [8,9]. 

As a possible alternative description of  these data 
we also show in fig. 1 as dashed curves the predictions 
from a model [6,13] which uses the leading log same 
side predictions [5] for the angular range 0 ~ 50 °, first 

order calculations [3,4] in the central region 50 ° ~ 0 
< 120 ° and leading log opposite side predictions * 2 in 
the backward regime 120 ° < 0. These predictions de- 
pend on only one parameter namely the strong cou- 
pling constant a s or the QCD scale parameter A. The 
value A = 200 MeV has been taken, corresponding to 

,2  Predictions have been taken from eq. (3.3) o f  ref. [ 18]. 
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a s = 0.165 at Ecru = 30 GeV +3, as suggested by the 
measurement of  the rate o f  three jet events [14 -17] .  
The following observations can be made: 

(i) At low energies the angular spread of  jets is 
much wider than accounted for by perturbative QCD 
calculations. This can be considered as an indication 
that fragmentation effects play a dominant role at 
these energies. 

(ii) As the energy increases the data in the back- 
ward direction rapidly approaches the perturbative 
QCD results. 

(iii) In contrast, the predictions in the forward and 
central regions remain about a factor 2 too low. 
The latter effect could be cured by inserting a larger 
value for the coupling constant. However, the energy 
dependence o f  the central plateau (integrated from 
60 ° to 120 °) as shown in fig. 2 argues against such an 
ad hoc procedure. This data can be well described by 
the sum of  a pure first order QCD term [3]: 

dZQCO/dO = [Ots(Eem)/Tr]g(O) (2) 

with g(O) being an energy-independent function, and 
a fragmentation term [4]: 

+a The/'ormula as(Ecm ) = 121r/[(33 - 2Nf) ln('E2m/A2)] 
has been used with Nf denoting the number of flavours. 

d]~QF/d0 = (C(PT)/Ecm)Sin-20 , (3) 

where C is a constant entering in the parametrization 
of  the average multiplicity as (n) = B + C In E 2 and 
(PT) is the mean transverse momentum of  the hadrons 
in a quark jet. 

This can be seen from fig. 2 where the QCD term 
(2), shown as the dotted line, corresponds to A = 200 
MeV as previously discussed, and the fragmentation 
term (3) has been evaluated using C <pT ) = 1.2 GeV, 
as derived from jet studies [14-17]  and the high en- 
ergy rise of  the multiplicity [20]. I f  both the QCD 
and the fragmentation terms are fitted then the follow- 
ing values are obtained for the two free parameters: 
t~ s = 0.20 + 0.02 at Ecr n = 30 GeV and C(PT) = 1.0 
-+ 0.2. We should also point out that the simple fit 
described above reproduces fairly well the detailed an- 
gular dependence of  the correlation function (1) in 
the region 6 0 ° - 1 2 0  ° over our entire c.m. energy 
range. 

In refs. [3,4] it was also suggested that a clear sig- 
nature of  hard gluon bremsstrahlung would be the obser- 
vation of  a forward-backward asymmetry in the ener- 
gy-energy  correlation (1). In order to investigate this 
point we show in fig. 3 the asymmetry f (180  - 0) - 
f(O) for the combined samples 7 .7 -9 .4  and 27 .6-31.6  
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Fig. 2. The energy-energy correlation integrated in the region 60 ° - 120 ° as a function of c.m. energy. The error bars are based 
on the extended statistical analysis explained in the text. The full curve represents the sum of a pure first order QCD term (ref~ [3], 
dashed line), and a fragmentation term according to ref. [4]. 
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Fig. 3. The forward-backward asymmetry in the energy-energy correlation for the combined samples 7.7-9.4 and 27.6-31.6 
GeV. Solid curves represent the expectations from fragmentation models as in fig. 1. The dashed curve stands for the pure first or- 
der QCD prediction. 

GeV along with a comparison to the corresponding 
Monto Carlo expectations (full curves) as well as to 
the pure QCD predictions. Within the errors the ob- 
served asymmetry is energy independent and consistent 
at large angles with the first order QCD predictions 
(dashed curves). One notes, however, that the q?:t mod- 
el which describes the low energy data fairly well con- 
tains an asymmetry of a similar magnitude. We have 
checked that the asymmetry present in this model, 
which we interpret as induced by fluctuations in the 
multiplicity and transverse momenta  of  final state 
hadrons, dies away with energy for 0 ~ 30 ° as 1/E2m . 
Therefore, the asymmetry observed at high energies can 
be considered as a genuine manifestation of  hard gluon 
bremsstrahlung. This is also expressed in the fact that the 
q~lg simulation which describes the asymmetry over the 
full angular range agrees with the pure QCD prediction 
at high energies and large angles (fig. 3b). By fitting the 
asymmetry data to the analytical QCD prediction or 
to the Monte Carlo expectations one can also deter- 
mine the strong coupling constant a s . The values ob- 
tained are consistent with those previously discussed, 
however, the errors affecting this determination are 
bigger. 

It  has been suggested [21 ] that energy-energy cor- 
relations and in particular the asymmetry around 90 ° 
are also sensitive to the spin of  the gluon. In fact the 
prediction [21] for a scalar gluon theory with assc 
= 0.20 is far too small to fit our data. However increas- 
ing aSse to ~0.7 removes the discrepancy, so that a 
meaningful test can only be done either ifaSsC is known 
beforehand, or if much finer details of  the correlation 
can be measured and safely predicted. 

One feature of the energy-energy correlation which 
deserves special attention is the turnover exhibited by 
the data at angles near 180 °. The suppression of  small 
acollinearity angles originally predicted from first prin- 
ciples in ref. [ 1 ] has been extensively discussed in the 
literature [ 19]. The experimental observation of  this 
suppression is considered by many as a clean test of  
QCD [1,18]. Fig. 4 shows the energy-energy correla- 
tion (1) in the region near 180 ° plotted as a function 
of cos 0 so as to be free from the trivial kinematical 
zero due to phase space. The data approach a finite 
limit for cos 0 ~ - 1  as generally expected for a frag- 
mentat ion process. They are somewhat lower than 
calculated for the quark fragmentation (q?:l MC) alone, 
but fairly well described by the inclusion of hard gluon 
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Fig. 4. Opposite side energy-energy correlation in the region 
near 180 ° for the combined sample 27.6-31.6 GeV. The full 
curves are obtained from the fragmentation models already 
discussed. The dashed lines give different QCD predictions ac- 
cording to ref. [1] ("DDT"), refs. [3,4] ("BBEL") and ref. 
[18] ("PP"). 

radiation (qf:lg MC). The "pure"  QCD predictions in 
leading-log-approximation (DDT, PP) are lower than 
the diverging first order calculation ("BBEL") ,  in qual- 
itative agreement with the data. They approach diffe- 
rent limits as 0 ~ 180 °. It is not  clear at present how 
far these details can be considered as final or are still 
affected by  next-to-leading corrections or confinement 
effects. 

In conclusion the measured energy-energy  correla- 
t ion shows a transition from an almost flat distribution 
at low energies, probably dominated by  fragmentation 
effects, to a pronounced two je t  topology at 30 GeV. 
It is well described at all energies by  a Monte Carlo 
quark fragmentat ion model  provided first order QCD 
corrections are taken into account. In an equivalent 
analytical model,  the height and asymmetry of  the 
central region are well described by  a simple superpo- 
sition of  a fragmentation term and a first order QCD 
distribution. Height and width of  the forward and 
backward peaks can alternatively be described by  the 
spread of  qua rk -g luon  cascades as calculated in higher 
order QCD. The predictions are too low in the forward 
region but  give a fair description of  the backward peak. 
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