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Abstract. We have studied the correlations between
charged particles produced in e* e~ annihilations
into hadrons at c.m. energies between 29 and 37
GeV. We have analysed the correlations between the
charged multiplicities of the jets and the two particle
rapidity and charge correlations. No evidence for
correlations between the multiplicities of the two jets
is found. Two particle short range rapidity and
charge correlations are observed, indicating that par-
ticles cluster in rapidity and that their charges com-
pensate locally. An extensive study of these cor-
relation effects by QCD Monte Carlo calculations
was performed. Evidence for charge correlations due
to Bose-Einstein statistics is also observed.

1. Introduction

It has been shown that e* e~ annihilations into had-
rons proceeds predominantly through the creation of
a gq pair and subsequent fragmentation of quarks
into hadrons:

et e —gg— hadrons.

As a consequence, at sufficiently high energy one
observes two back to back jets of hadrons. Emission
of hard gluons and their subsequent fragmentation
results in an observation of a third jet in about (10
—20)% of the events at high energy. These pro-
duction mechanisms at the parton level, coupled
with the fragmentation into hadrons, lead to cor-
relations between the final hadrons which can be
studied as a function of different variables charac-
terising the hadrons.

Before entering the detailed discussion of the dif-
ferent types of dynamical correlations, it is worth
stressing that conservation of charge, energy and
momentum lead to correlation effects in various par-
ticle variables. One should also be aware that strong
correlations in one variable may simulate or screen
correlation effects in others. The following types of
correlation will be discussed in this paper:

i) jet multiplicity correlations;

ii) rapidity correlations;

i) charge correlations in rapidity space;

iv) correlations induced by the Bose-Einstein
statistics.

This paper is an extension of our earlier studies.
It is based on much larger statistics than the pub-
lished results [1, 2].

All four types of correlations have been studied
extensively in hadron-hadron collisions [3, 4]. So far
the results of similar studies for et e~ interactions
are scarce.

Since the hadron production process in et e~

M. Althoff et al.; Particle Correlation Observed in e™ e~ Annihilations

annihilation is less complicated than in hadron-had-
ron interactions it is of particular interest to com-
pare results from the latter process with e e~ data.

The data used in this analysis were obtained with
the TASSO detector during the runs at PETRA in
the period of 1981 to 1983. The events were taken
with a trigger scheme as described in [5]. For selec-
tion of hadronic events the most relevant cuts for
this work were on charged particle multiplicity
nepz5 and on the momentum sum of all charged
particles Y |p,|>0.265« W, W being the c.m. energy.

In order to increase the statistics, events in the
cm. energy interval (29-37) GeV were combined.
Most of them however were taken at (34.5-35.5)
GeV. In total, 22350 events were seclected for the
analysis. Our analysis is restricted to charged par-
ticles only. No separation according to particle types
was made; when necessary a pion mass was as-
sumed.

Except for the multiplicity study the experimen-
tal distributions were corrected for acceptance losses
and detector biases. They are compared with Monte
Carlo distributions, which were generated assuming
5 quark flavours (u, d, s, ¢, b) and gluon emission (first
order in QCD) according to the independent parton
fragmentation [6] and string fragmentation schemes
[7]. The parameters used in the generation of the
MC events were tuned to fit the single particle dis-
tributions, as reported in reference [8], in particular,
the ratio PS/PS+V) of pseudoscalar (PS) to
pseudoscalar plus vector mesons (PS+ V) was taken
as 0.5 and the fragmentation functions for ¢ and b
quarks were taken from [9] with ¢=0.25 for ¢ and ¢
=0.04 for b quark.

For the study of the rapidity and charge cor-
relations the rapidity dependent correction factors
for the experimental distributions were obtained
with the help of MC events. These correction factors
were calculated by dividing the distributions for gen-
erated particles by the ones obtained after the gener-
ated particles were passed through the detector sim-
ulation and all the experimental cuts. The generated
particles include all primary fragmentation particles
and those produced in the decays of resonances or
particles with lifetime shorter than 3«10~ 1.

Except for the Bose-Einstein effect the observed
correlations are practically independent of the spe-
cific MC model used: the correction factors obtained
with the independent jet fragmentation model and
the Lund fragmentation model are the same within
the errors.

2. Jet Multiplicity Correlations

The correlations discussed in this section are be-
tween multiplicities of the charged particles emitted
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into two different hemispheres. The hemispheres
were defined with respect to the sphericity axis. In
most cases, each hemisphere contains a well defined
jet. The distinction between the hemispheres is ir-
relevant for collisions like e* e~ and so we shall call
arbitrarily one direction forward (backward).

For the analysis presented in this section we used
the event sample described in the introduction. The
experimental multiplicities were not corrected for
acceptance losses.

It is well known that in hadron-hadron interac-
tions at high energies the forward-backward multi-
plicity correlations are rather strong [10, 117]. If one
denotes by {(n,, the average multiplicity of the
charged particles produced in the forward hemi-
sphere for a given multiplicity n, of charged par-
ticles in the backward hemisphere, then these cor-
relations can be well described by the formula:

{npy=a+bny. (2.1)

For pp and pp interactions, for which the data are
most abundant, the parameter b is positive over a
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wide energy interval (20$ﬂ <540 GeV) and its
value is increasing logarithmically with energy [11].
It was also found that b depends on the rapidity of
the considered particles, i.e. b is bigger for particles
of small rapidity (|y]<1) than for particles of large
rapidity (|y|>1) [10, 11]. These observations can be
qualitatively explained in the impact parameter pic-
ture [12], as the small rapidity particles are pro-
duced in the central, large multiplicity collisions
while large rapidity particles are produced in the
peripheral, small multiplicity collisions. No corre-
lations of this type are expected for et e~ annih-
lations.

Our experimental dependence of <{n;> on ng is
shown in Fig. 1a. Indeed there is at most a weak
correlation between these multiplicities in contrast
to the situation in pp interactions. The data are
reasonably well described by both independent par-
ton fragmentation and string fragmentation MC
models. We checked that the slow rise of {np» with
ny observed in the data is not due to the fact that
we merged events at different c.ms. energies (dif-
ferent average event multiplicities).
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Fig. 1a—d. Dependence of the average charged multiplicity in one jet {n;» on the charged multiplicity n, in the other one; a for the data
uncorrected for the acceptance losses; Lund MC predictions shown by full curve; b for full acceptance MC events: all charged
multiplicities (full curve) and for charged multiplicities nc, =35 (dashed curve); ¢ for full acceptance MC events generated with u, d and s
quarks; d fraction of ¢ and b quark events as a function of charged multiplicity in the jet ng
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Fig. 2. Same as Fig. 1a but for two intervals of particle rapidities:
|yl<1 and [y|>1

Since the agreement between the data and the
MC calculation is good, one can attempt to under-
stand the observed weak correlations between <{n;)
and n, by studying MC generated events. In Figs.
1b, c and d we show curves obtained for MC events,
generated with full acceptance (ie. not passed
through the detector simulation and experimental
cuts). The increase of (n,)> with decreasing nj for
small ny values can be understood from Fig. 1b. In
this figure two MC curves are shown, one for events
with noy=5 (dashed curve) and the other for all
events (full curve). The experimentally observed rise
at Jow ny is generated by the multiplicity cut ney=5.
The slow rise of {n;» with ny for larger ny values is
due to the contribution of heavy quarks (defined as
the ratio of the number of heavy quark events to all
generated events), which is increasing with n, -
Fig. 1d. Indeed, if one removes heavy flavours (¢ and
b), the fragmentation of which leads on average to
larger multiplicities, no correlation is observed - see
Fig. lc.

In analogy to similar studies made for pp col-
lisions we show in Fig. 2 the experimental depen-
dence of <{ny» on ny for the two rapidity intervals:
|yl <1 and |y|>1. Rapidity is defined with respect to
the sphericity axis. A slow rise of {(n;) with increas-
ing ny is observed for both rapidity intervals. The
general trend of the data is reproduced by the Lund
fragmentation MC.

In conclusion, we observe a very weak corre-
lation between multiplicities in opposite jets. This is
reproduced by the Lund MC. The weak correlation
observed is partly generated by our experimental
multiplicity cut and is partly due to the contribution
from the fragmentation of heavy quarks. This is in
contrast with the situation for hadron-hadron in-
teractions.
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3. Rapidity Correlations

In this section we discuss the correlations between
the two particles of type a and b with rapidities y,
and y, respectively. In order to study these cor-
relations quantitatively one defines the function [3]:

C=* vy, ¥2)=p5" (1, ) =FP1 (V) 1 (12) G.1)

where p4(v,, y2)=(1/0) (d*a/(dy,,dy,)) is the two
particle density and p,=(1/o) (do/dy) is the one
particle density.

o is the total cross section and f is a normali-
sation factor. If one requires that in the absence of
correlation C**(y,, y,)=0 then

f=n,(n,—3")>/<ny (nyy (3.2)

where n, and n, are the multiplicities of particle
types a and b respectively, 6”=0 when one distin-
guishes particle types a and b and 6“’=1 if one
does not. In the literature the normalised correlation
function R(y,,y,) is used more frequently:

C*"(yy1, ¥,)

7ACAIACS

_ P50y (3.3)
VDV ACY I

R(yy,,)

This normalised correlation function is expected to
be less sensitive to acceptance corrections and less
dependent on particle multiplicity.

Since both correlation functions (3.1) and (3.3)
are functions of two variables one fixes the value or
interval of one variable (“trigger”) and examines the
dependence on the other one. We chose four in-
tervals for the trigger rapidity: (—35.5, —2.5), (—2.5,
—1.5), (=15, —075) and (—0.75, 0), maximum
(pion) rapidity being 5.6 at the highest energy. Since
the rapidity distribution is symmetric around y=0,
the correlation functions for positive and negative
trigger rapidities were added.

The experimental sample used in the analysis of
these correlations was the sample described in the
introduction.

In Figs. 3a-d we show the corrected normalised
correlation functions R(y, y,} for the four intervals of
the trigger particle rapidity y,. In all four intervals
maxima are observed for yaxy, and except for the
highest y, the correlation functions are positive at
the maximum. This is a demonstration of short
range correlations ([y—y,|<1), especially for small
trigger rapidities (see Fig. 3d).

Since it was shown that the mere mixing of
events of different multiplicities may lead to sub-
stantial correlation effects [137], we checked that the
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Fig. 3a-d. Rapidity correlation functions R(y, y,} for four trigger rapidity y, intervals: a (—5.5, —2.5), b (—2.5, —1.5), ¢ (= 1.5, —=0.75),
and d (—0.75, 0). Data are corrected for acceptance losses. Lund MC predictions are shown by full curves

short range correlation maximum is also visible and
significant for reactions of fixed charged multiplicity.
One can see this in Fig. 4, where we show the un-
corrected  correlation  functions R(y,y,) for
—0.75<y,<0 and charged multiplicities ncy=6, 12
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b j
N . i ]
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Fig. 4. Experimental rapidity correlation function R(y, y,) for trig-
ger rapidities —0.75<y,<0 and charged multiplicities noy=6, 12
and 18. Data are not corrected for acceptance losses

and 18. An indication for a multiplicity dependence
is also observed - the height of the maximum in-
creases with decreasing multiplicity.

The curves drawn in Figs. 3a-d are for the Lund
MC events. Their agreement with the experimental
points is good if one keeps in mind that the MC
parameters were tuned using only single particle dis-
tributions. A similar type of correlations was ob-
served for hadron-hadron collisions [3] and was
successfully reproduced by cluster models [14].
These clusters were interpreted as being predomi-
nantly resonances. Since the selection of resonances
is experimentally impossible and the agreement be-
tween the data and MC shown in Figs. 3a-d is
good, one can check the effects of resonances using
the MC generated events (with full acceptance). In
Figs. 5a-d we show the comparison of the function
R(y,y, calculated for primary fragmentation par-
ticles ie. before the resonances decayed (full curve)
with that for all generated particles ie. after the
resonances decayed (dashed curve). Except for the
smallest trigger rapidities (Fig. 5d) the influence of
the resonance production is visible. For the highest
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and to all fragmentation particles (dashed)

rapidities the short range correlation maximum is
mostly due to the resonances, while at small rapidi-
ties their role is small.

A direct comparison of our results with those
obtained for hadron-hadron collisions is difficult. In
hadron-hadron interactions the bulk of lower multi-
plicity events comes from the diffraction dissociation
processes, which are of a very specific nature and do
not have any analogue in e* e~ annihilations. Thus
before any comparison can be made, these events
have to be removed from the hadron-hadron sample.
The simplest way is to require that the charged
multiplicity is large (e.g. ney=8). One should also
make sure that the energies and multiplicity cuts in
the samples to be compared are not too different
(although both the energy and muitiplicity depen-
dence of the rapidity correlations were found to be
rather weak [3]). The ABCHW Collaboration [15]

published pp/pp correlation data at ][ =53 GeV

and ncy28. In Fig. 6 we compare our results (]/ s
=34 GeV, ncy=5) with those of the ABCHW Col-
laboration. It is seen that the maximum due to the
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Fig. 6. Comparison of the rapidity correlation function R(y,y,)
from this experiment with that from the pp experiment of the
ABCHW Collaboration [15]
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Fig. 7. Chain diagrams for e* e~ annihilations and pp interactions

short range correlations is higher for e™ e~ annihi-
lations than that for pp collisions. These obser-
vations can be interpreted within the frame of the
multichain dual model [16]. In this model the pro-
duction of particles occurs through the breaking of
the color chains stretched between quark and anti-
quark (e* e~ annihilations) or between quark and
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diquark (pp collision) - Fig. 7. Thus in the lowest
order, one deals with one chain in e* e~ annihi-
lations, while in pp collisions two chains are effec-
tive. For the two chain case, under the assumption
that the chains are uncorrelated, one expects the
correlation function [2]:

_RPpP3) pP(y)+ R p@(y) p?(v)
(PP F PGNP )+ P (1)

as expressed in terms of one chain correlation func-
tions R and R® and one chain density functions
p and p®. Assuming chain universality:
RM~RP xR, and pM =~ p one gets

R,, (v y)=1/2R (v, y) (3.5)

in qualitative agreement with Fig, 6.

In summary, we observe genuine dynamical two
particle rapidity correlations of the range of one unit
in rapidity, for all studied rapidity regions. A signifi-
cant contribution to these correlations, especially for
large trigger rapidities comes from the production
and decay of resonances, although in addition the

(3.4)
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Fig. 8a—d. Compensating charge flow functions A(y, y,) for four trigger rapidity y, intervals: a (—5.5, —2.5), b (—=2.5, —1.3), ¢ (—1.5,
—0.75), and d (—0.75, 0). Data are corrected for acceptance losses. Lund MC predictions are shown with full curves. Dashed curves are
for events with randomised particle charges
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fragmentation process alone has a sizable contri-
bution. A comparison with pp data indicates a simi-
lar pattern of correlation functions.

4. Two Particle Charge Correlations

Correlations between charges of two particles with
rapidities y and y, have been studied for e ¢~ anni-
hilations by the TASSO [1], PLUTO [17] and TPC
[18] Collaborations. Here we present an extended
analysis based on much larger statistics than in [1].

Following our previous approach [1], we define
the charge correlation function:

Y.y, v)=05 (v, y)+03 (v, ¥))

where

P20, y)=Y (1/n) p, (3, ¥)

n is the event charged multiplicity and p, , is the
two particle density defined in Sect.3, for a given
charged multiplicity no;=n. The superscripts refer to
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the particle charges. Thus p, is the two particle
density renormalised in such a way that each event
contributes with the same weight and for a particle
at y=y, with a given charge, ¥, is proportional to
the difference in the probabilities that another par-
ticle at y will have like (53 *, p; ™) or unlike (p5 ™,
p37) charge.

Since ¥, describes a convolution of both the
rapidity and charge correlations, it is useful to in-
troduce also a quantity for which the influence of
the rapidity correlations is suppressed. This quantity,
called the compensating charge flow [1], is defined
as follows:

AW, y)="P,(0 y)(P3 ~ (1, y)+05 T (1 ¥,)
+p3 3 y)+05 (s ¥ (4.2

The sample of events used in this analysis is the
same as the one described in the introduction with
an additional cut requiring that the observed net
charge of each event is |Y Q,|<2. This reduces our
sample to 18570 events. The experimental distri-
butions were corrected for the acceptance losses and
detector biases as previously discussed.
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Fig. 9a-d. Compensating charge flow functions A(y, y,) for MC events generated with full acceptance, for four trigger rapidity y, intervals:
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In Figs. 8a-d we show the compensating charge
flow functions A(y, y,). In these figures short range
effects are observed: for small values of the differ-
ence |y—y,|<1 maxima or shoulders are observed
indicating that the particle charges tend to com-
pensate locally in rapidity.

Figures 8a-b are relevant for the problem of long
range charge correlations. For large values of y there
is an agreement between the data and the Lund MC
calculations (full curves), which have long range cor-
relation via primary charged partons built in.

In the same figures we show the distributions
obtained from the data when charges of the particles
are randomised within each event, leaving the total
net charge in the event unchanged (dashed curves).
In this case, the genuvine dynamical charge cor-
relations should be suppressed, while leaving un-
affected the reflections of the rapidity correlations
and charge conservation. These distributions are al-
most flat in rapidity while the data show a clear
structure.

Again, it is interesting to see what are the effects
of resonance decays. We proceed in a way analogous
to that described in the previous section, by using
the MC generated events. The compensating charge
flow functions shown in Figs. 9a-d refer to primary
fragmentation particles (full curves) and to all gener-
ated particles i.e. including resonance decay products
(dashed curves). Here the resonance production and
decay decreases the value of A(y,y,), and tends to
smear out the structure present for primary fragmen-
tation particles. Therefore a large fraction of the
short range charge correlations can be explained by
a short range order in the fragmentation process.

5. Bose-Einstein Correlations

This type of correlation is induced by the Bose-
Einstein symmetry of the wave functions of identical
bosons (GGLP effect [197), which leads to clustering
in phase space of identical bosons. The traditional
way to investigate these correlations is to look at the
ratio of the number of identical to non-identical
pion pairs, as a function of their effective mass, or of
the difference of their momenta. This ratio shows an
enhancement for small values of the effective mass,
or momentum difference. The maximum possible en-
hancement is a factor of 2 for pion pairs and 6 for
pion triplets. It was shown [20-22], that the size and
shape of this enhancement is correlated with the
spatial and temporal extension of the pion source
and the degree of coherence in pion emission. Sever-
al parametrisations of this enhacement, in terms of
the variables constructed from the particle momenta
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were proposed [4, 21, 23]. Here we adopt the para-
metrisation proposed in [23]. The ratio Ry of
identical to non-identical pion pairs, or triplets is
given by:

Rye(Q%)=1+ae F¢ (5.1)

where Q?=MZ..—4-m? for pion pairs and Q2
=Mjire—9 -m? for pion triplets and Mpgpp is the
effective mass of the system. This parametrisation
can be obtained from the Fourier transform of a
spherical pion source of Gaussian density as ob-
served from the pion pair or pion triplet rest frame.
In this reference frame the four momentum differ-
ence is: |p, — p,1* =k, —k,|>*=0? where p and k are
the four and three momentum vectors of particles in
a pair. It was argued [23, 24], that the parameter §
can be treated as a measure of the pion source
extension, as seen from the pion pair rest system,
while the parameter o measures the strength of the
effect and thus the degree of coherence in the pion
emission. For completely coherent emission o=0.

We present in this section the results for the pion
pairs and triplets, using the parametrisation (5.1),
leaving the detailed discussion of this parametri-
sation and the interpretation of the data to further
investigation.

For the sample of events used in this analysis an
additional track cut was introduced. The distance d,,
by which a track misses the interaction vertex was
required to be smaller than 0.5 c¢m, to reduce the
number of pions from K° and A° decays and elec-
trons from y conversions. No attempt was made to
remove pions from decay of such resonances as p°
which are so short lived that they can be regarded
as part of the pion source (in any case identification
of their contribution is impossible). All charged par-
ticles were taken to be pions.

The effective mass spectra for the unlike and like
pion pairs are shown in Figs. 10a-b. In Fig. 10a a
maximum at the position of the K% is still visible as
well as a shoulder at the position of the p° The
maximum at the K° position shows that the sup-
pression of K° decay products was incomplete.

In Fig. 11a we show the experimental ratio Ry
of the number of like charge (+ +, — —) pion pairs
to the number of unlike charge (+ —) as a function
of Q2 uncorrected for acceptance losses. The cor-
responding ratio for the three pion system is shown
in Fig. 11b. In this case, the like charge combina-
tions are (+ + +) and {(— — —) and the unlike ones:
{(++ —) and (+ — —). In the absence of Bose-Ein-
stein and charge correlations and resonance pro-
duction these ratios should be constant over the
whole range of Q% and equal to the ratio of the total
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Fig. 10a and b. Effective mass distributions for pion pairs: a
unlike pions, b like pions

number of like pion combinations to that of unlike
ones, in the whole sample. Both distributions display
a statistically significant increase of Ry, for Q% —0.
The value of Ry for two pion systems shows in
addition minima at the positions of the K° and the
p° resonances.

In order to determine the significance of the rise
of Ry for small Q% we have fitted distributions in
Figs. 11a and 11b (excluding the K° and p° regions
for the two pion case) to the formula:

Rye(Q%)=7(1+60%)(1 +ae™ P2 (5.2)

where «, fi, y and 6 are the parameters of the fit and

o — measures the strength of the effect,

B - is a measure of the radius squared of the source,
y - is an overall normalisation factor and

8 - describes the slow rise of Ryy with Q2.

The fits yield the values of o and f listed in Table 1.
In absence of the GGLP effect o should equal 0,
while in both cases it is significantly different from 0.
This convinces us that the raw data show a GGLP
effect.
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binations to the unlike ones as function of Q2 for the uncorrected
data: a pion pairs, b pion triplets

There are several reasons to expect that the true
effect is stronger than that seen in the uncorrected
data. First, there are detection inefficiencies. They
will reduce the effect if low Q2 like sign pairs are
reconstructed less efficiently than the corresponding
unlike pairs, due to the overlap in the tracking
chambers. Secondly, among the tracks accepted for
the analysis there are still unidentified electrons,
kaons and baryons. Electrons from y conversion will
contribute to unlike pairs at very small values of Q2.
Thirdly, the incomplete suppression of the K° and
A° decays leaves pions which come from these de-
cays.

Monte Carlo studies indicate that the last two
effects leave at small Q2 values (<0.5 GeV?) ~30%
of particle pairs and ~409 of triplets, containing a
non-pion or a pion from a K° or A° decay. These
pairs do not show Bose-Einstein correlations.

Finally, local charge compensation and relatively
long lived resonance production are also mecha-
nisms which would reduce the value of the parame-
ter o.

In order to check the influence of the above
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Fig. 12a and b. Ratio Ry of the number of like pion com-
binations to the unlike ones as function of Q2, for MC events
with detector simulation and experimental cuts: a pion pairs, b
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effects on the Ryp ratio we have used the MC
events, which have been generated according to the
independent parton fragmentation and Lund frag-
mentation models without Bose-Einstein symmetri-
sation and which were passed through the detector
simulation and the experimental cuts. The corre-
sponding MC distributions for the Lund fragmen-
tation model are shown in Figs. 12a and 12b. Nei-
ther of the distributions shows a rise towards Q2 —0.

Since our MC events do not contain Bose-Ein-
stein correlations, but contain many of the effects
which suppress these correlations we correct the ex-
perimental ratio Ry by dividing it by the corre-
sponding MC ratio. These corrected distributions
(with Lund M.C)) are shown in Figs. 13a and 13b.
They are smoother than the uncorrected ones; the
rise at low Q2 is stronger; the minima associated
with resonances have almost vanished and beyond
the small Q2 region the ratio is roughly constant
and consistent with 1. One can obtain satisfactory
fits to these distributions with formula (5.2). For the
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normalised by the corresponding MC ratio Ry (MC): a for pion
pairs, b pion triplets

two pion case the fits were performed both including
and excluding the K° and p° regions: 0.14
GeV2<0?<0.7 GeV> The results of these fits are
summarised in Table 1 and shown by full curves in
Figs. 13a and b. In Table 1 both the statistical and
systematic errors are quoted. The main sources of
the systematic errors are: imperfect suppression of
gamma conversions and of K°® and A° decays, limit-
ed effective mass resolution (~25 MeV) and imper-
fect match between the MC and data outside the
small Q? region. The systematic errors were esti-
mated by:

i) varying the fit conditions (changing the Q72
regions and the resonance cuts, changing the num-
ber of parameters);

ii) relaxing the cuts to suppress gamma conver-
sions and K° and A° decays;

iii) changing the binning of the distributions;

iv) using different fragmentation schemes for the
correction of the experimental distributions [6, 7].

As can be seen from Table 1 the value of param-
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Table 1. Results of the fit of formula (5.2) to the experimental distributions in the Q? region (0-2)
GeV?2. For ratios marked with *, the Q7 region (0.14-0.7) GeV? was excluded. Systematic errors (in
brackets) are quoted only for corrected ratios. Two MC models were used for correction: LM-
Lund fragmentation model and IPM-independent parton fragmentation model

Ratio o B (GeV~?) r (fm)

RIL(QH* 0.31+0.04 200+4.2 0.88+0.09

R (DATA)/REE(IPM) 0.57+0.04 +(0.05) 153+1.5+(3.0) 0.77 +£0.14

RIL(DATA)/REE(LM) 0.42 +0.04 +(0.05) 16.3+23+(3.0) 0.77+0.10

RIL(DATA)/RLL(IPM)* 0.58 +0.05 +(0.05) 154+19+(3.0) 0.77+0.15

RIL(DATA)/REE(LM)* 0.45+0.05 +(0.05) 153+2.7+(3.0) 0.76 +0.12

R (0%) 0.85+0.10 53408 0.45+0.04

RIL(DATA)/RIZ(IPM) 1.31+0.15+(0.10) 6.01+0.7+(1.5) 0.48+0.11

R3Z(DATA)Y/RE(LM) 0.99 +0.19 +(0.10) 6.9+1.3+(1.5) 0.52+0.07

Table 2. Comparison with other e* ¢~ experiments

Experiment Reaction ]/ s (GeV) Pion system o r (fm)

MARK I [23] J/¥ —hadrons 31 2n 0.71 £0.03 0.85+0.02
J/W-3nt3nm+X 3.1 3n 2.33+0.06 0.49 +0.01
e e —>hadrons 4- 7 2n 0.52+0.06 0.77+0.08
ete -3n*3n +X 4- 7 3n 1.09 +0.11 0.39+0.04

TPC [24] e™ e~ —hadrons 29 2n 0.61+0.08 0.65+0.06

This experiment® et e~ —hadrons 29-37 2n 0.60 +0.09 0.76 +£0.12
e* e~ —hadrons 29-37 3n 1.65+0.36 0.52+0.07

a

Values of o were corrected for non-pion contamination, correcting factors being 1/0.70 for pion pairs and

1/0.60 for pion triplets. For three pions the values of a were not corrected for two pion correlations.

eter o dependes on the MC used for the correction.
For further study we have used the Lund fragmen-
tation model. The systematic errors quoted in this
table account only for the effects i) to iii). In order
to determine the true strength (o) of the correlations
for the three pion system one has to account for the
fact, that in the dominator of R}} we have in this
case (+ + —) and (— — +) combinations, which con-
tain already the correlations of the two pion
strength. To correct, one has to multiply R3%(Q*=0)
by (1+a*") and thus R3%(Q*=0)~2.84. Both R¥%(Q?
=0) and R}%(Q*=0) are much below their maximal
possible values (2 and 6 respectively).

One has to remember however, that even the
corrected ratio: Rpp(DATA)/Rys(MC) still contains
background coming from non-pions or pions coming
from K° and A° decays. This background would
tend to suppress the correlation effect. A Monte
Carlo calculation shows, that at the value of d, cut
at 0.5 cm chosen, it will lower the value of « by 30-
40%,. The influence of this background on f is
small. Values obtained by us after correcting for this

background, are in good agreement with those ob-
tained by other e™ e~ experiments [23, 24] - see
Table 2. No correction for pions from decays of
other long lived particles, in particular D’s, B’s and #
was made. Such a correction would increase our
value of o given in Table 2.

It is interesting to check these correlations for
various event and pion pair selections. We have
investigated the dependence of the observed cor-
relation effect for pion pairs on the event sphericity,
the event charged multiplicity, the pion momentum
difference in a pair and the pion pair Lorentz factor.
The selections applied are listed in Table 3, together
with the values of parameters « and f obtained by
fitting the corrected ratio Rpp(DATA)/Rye(MC) for
the selected samples. Within quoted errors none of
the selections leads to a significant change in the
values of the fit parameters.

There have been suggestions [23, 24], that f
measures directly the spatial extension of the pion
source as seen from the pion pair rest frame and
that o measures the coherence of the pion emission.
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Table 3. Results of the fit of formula (5.2) for various selections
(in all fits the Q* region (0.14-0.7) GeV? is excluded). Ap=pion
momentum difference

Selection o B (Gev~—2)
Sphericity < 0.1 0.31+0.06 131431
Ap<0.1 GeV 0.53+£0.09 13.6 +4.1
Ny <12 0.49 1008 16.543.7
Hey>12 0.4440.06 16.7+3.0
<4 0.47+0.07 15.8+2.8
v>4 0.374+0.07 21.5+5.7

This interpretation has however serious difficulties,
especially in the case of the parameter f. First, the
pion source is most unlikely to be spherical in the
event rest frame. The effective size of the source in
the pion pair rest frame is dependent on both the
space and time structure in the event rest frame and
is dependent on the Lorentz transformation between
the event and the pair rest frame. Secondly, if the
true distribution in Q7 is not Gaussian, but possesses
an unobserved spike at very low Q* coming from
large scale structure, the interpretation of « in terms
of incoherence fails.

6. Conclusions

We have studied the correlations between the
charged particles produced in e*e~ annihilations
et e~ —»hadrons in the cm. energy interval 29 to
37 GeV.

The multiplicities in opposite jets are very weak-
ly correlated. The observed weak correlation has
two trivial sources: our experimental multiplicity cut
and the presence of heavy quarks in e* e~ annihi-
lations. This is in contrast to the observations made
for pp and pp interactions for which these corre-
lations were found to be stronger.

We observe strong two particle rapidity corre-
lations of the range of about one unit in rapidity.
The contribution of the resonance decays to these
correlations depends on rapidity: it is small for
small rapidities (|y] <1), and becomes dominating for
large rapidities.

Our study confirmed the existence of two particle
charge correlations of short range in rapidity. These
short range (|y—y,|=1) correlations, observed in all
rapidity regions demonstrate that the particle
charges are compensated locally, and they are main-
ly due to the short range order in the fragmentation
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process. The data are in agreement with the Lund
model MC calculation, which has long range charge
correlations built in.

We observe correlation effects due to Bose-Ein-
stein statistics, the so called GGLP effect, in both
two and three particle combinations.
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