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Abstract. We report on an analysis of the multiplicity
distributions of charged particles produced in e*e”
annihilation into hadrons at c.m. energies between
14 and 46.8 GeV. The charged multiplicity distribu-
tions of the whole event and single hemisphere deviate
significantly from the Poisson distribution but follow
approximate KNO scaling. We have also studied the
multiplicity distributions in various rapidity intervals
and found that they can be well described by the
negative binomial distribution only for small central
intervals. We have also analysed forward-backward
multiplicity correlations for different energies and se-
lections of particle charge and shown that they can
be understood in terms of the fragmentation proper-
ties of the different quark flavours and by the produc-
tion and decay of resonances. These correlations are
well reproduced by the Lund string model.

1 Introduction

In the present study we analyse the multiplicity distri-
butions and correlations for the cm.s. energy
14 GeV <]/s=W<46.8 GeV. This is an extension of
our earlier studies [1, 2] and is based on much larger

statistics for 1/5235 GeV and an improved data cor-
rection procedure. We discuss the shape of the multi-
plicity distributions for single jets and complete
events, their energy and rapidity dependence, for-
ward-backward multiplicity correlations and their
charge dependence.

The multiplicity distributions have been extensive-
ly studied in hadron-hadron interactions (see [3] and
references therein) and found to be useful in under-
standing the reaction mechanism involved. This type
of study has been extended to e* e~ annihilation and
yielded also interesting information, e.g. the rapid in-
crease of particle multiplicity with energy found first
by the TASSO Collaboration [4] can be interpreted
as increasing contribution from gluon bremsstrah-
lung. Analysing the multiplicity distributions in differ-
ent regions of phase space makes one less sensitive
to the constraints due to conservation laws and allows
one to probe different production mechanisms.

The paper is arranged as follows. In Sects. 2 to
4 we briefly review the experimental track and event
selection criteria, describe the correction procedure
and study the systematic errors. In Sect. 5 we discuss
the energy dependence of the average charged multi-
plicity and in Sect. 6 the shape of the multiplicity dis-
tribution. Section 7 is devoted to the discussion of
multiplicity scaling. Section 8 contains the analysis
of forward-backward multiplicity correlations and is
followed by the concluding remarks in Sect. 9.

2 Data selection

The data were taken with the TASSO detector at
PETRA at centre of mass energies ranging from 14
to 46.8 GeV. Details of the experimental setup may
be found elsewhere [5]. Hadronic events were mea-
sured in the central detector [6] using information
on charged particles. The trigger required between
2 and 5 tracks (4 for most of the data) with polar
angles ¢ measured w.r.t. the beam satisfying
|cos 8] <0.82 and with minimum transverse momen-
tum p, w.r.t. the beam of typically 0.32 GeV/c. After
event reconstruction we accepted the tracks satisfying
the following criteria:

® atrack had to be reconstructed in three dimensions
with |do|<5cm, where d, is the distance of closest
approach to the nominal beam position,

® |z;,—z,| <20 cm, where z, is the z coordinate aver-
aged over all tracks in the event and z, is the track
coordinate at the point of closest approach to the
beam position,

® p,>0.1GeV/c,

® |cos 6] <0.87.

Using only the selected tracks the events were de-
manded to obey the following requirements:

® at least 4 (5) accepted tracks at
W <27 GeV (W =27 GeV),

e dividing the event into hemispheres by a plane per-
pendicular to the sphericity axis the 7 pair production
candidates were selected and removed. For
W <16 GeV 3 charged particles in one hemisphere
and 1 in the other, for W> 16 GeV 3 charged particles
in one hemisphere and 1 or 3 in the other were re-
quired and were considered as t events if the effective
mass of both particle systems was smaller than the
7 mass (with 7 mass assumed for observed particles),
o for W< 15 GeV tracks were required in both hemi-
spheres defined with respect to the beam axis and
the absolute value of the sum of charges of the ac-
cepted tracks had not to exceed 3,

® z, had to be not more than 6 cm away from the
nominal interaction point,

e the sum () p;= > |p;|) of the particle momenta had

charged

to be ) p;>0.265- W,

The most relevant cuts for this analysis were those
on the charged particle multiplicity and on the sum
of the particle momenta.

Events surviving the cuts were then checked for
showering electrons and as a result 3% of them were
rejected as Bhabha scattering events. The studied en-
ergy range was subdivided into four groups with the
average values of (W)>=14, 22, 34.8 and 43.6 GeV.



Table 1. Event variables. The first quoted error is statistical, the second systematic. The average number of
charged kaons at 43.6 GeV was extrapolated from the data at lower energies assuming a constant ratio of
the mean number of charged kaons to the average charged multiplicity

KW 14 GeV 22 GeV 34.8 GeV 43.6 GeV

# events 2704 1913 52832 8620

Complete event

{Meny 9.30+0.06+0.41 11.30+0.08 +£0.46 13.59+0.021+0.46 15.08 +0.06 £0.47
D 3.07+0.04£0.28 3.55+0.06+0.36 4.1440.0140.39 4.59+0.04+0.37
(n;,) 3.03+0.05+0.31 3.194+0.06+0.35 3.28+0.01 +0.33 3.28+0.03+0.28
(K*» 1.20+0.05 1.5040.15 1.76+0.20 1.93+0.30

from K9 0.79+0.07 0.80+0.09 1.02+0.04 0.97+0.04

from A 0.17+0.05 0.28 +£0.06 0.28 +0.03 0.331+0.04
Single hemisphere

{Mgny 4.63+0.0310.30 5.64+0.04+0.31 6.78 +0.01 £0.33 7.58+0.03+0.37
D 2.06+0.02+0.16 2.394£0.03+0.18 2.78+0.0140.22 3.114£0.024+0.21
Sn};—’& 2.24+0.03+0.23 2.36+0.03+0.22 244+0.014£0.23 244+40.024+0.20
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Table 2. Background contribution to the hadronic samples (%). The
statistical error is negligible, when not given

Wy 14 GeV 22 GeV 348 GeV 43.6 GeV
7Y 0.3 0.6 0.9 11

7 pair 1.2 1.1 0.7 0.6
Beam-gas 05105 Negligible Negligible Negligible

The numbers of events in the corresponding samples
are given in Table 1. The contamination from lepton
pair production, yy and beam-gas scattering events
was estimated using the Monte Carlo calculations
and was found [1, 7] to be small (see Table 2).

3 Correction procedure

The distributions presented below are the result of
correcting the raw data for limited acceptance and
resolution of the detector, limited efficiency of the
track finding and applied cuts, and also for QED
initial state radiation. The charged multiplicity distri-
bution correction procedure was based on Monte
Carlo events generated according to the Lund string
model (¢ matrix element) [8] for (W) <37 GeV. For
(W >37 GeV we used the Webber cluster model [9]
since it gave a better description of the raw data.
In the Monte Carlo analysis all promptly produced
charged particles and those produced in the decay
of particles with lifetimes shorter than 3-1071° s were
considered.

Since the determination of the charged multiplici-
ty is rather sensitive to the above mentioned effects,

two distinct steps were taken to correct the measured
unnormalized charged multiplicity distribution -
N3P-(ng), where n,, is the number of observed tracks.
The first one was to correct for detector effects. It
was performed using Monte Carlo events, which after
the detector simulation [10] and track reconstruction
[11] passed the selection criteria. For each such event
the number of observed tracks n, (with distribution
NXMC€ (ny)) was compared to the number of tracks actu-
ally generated n, (with distribution NYE(n,)). This
comparison yielded the correction matrix M(n,, no)
with elements defined as:

No. of events with n, tracks generated
when n, tracks were observed

No. of events with n, tracks observed

M(np: nO) =

This matrix relates Nyac (o) to Npes (1,) by:

Nghgx?.(np): Z M(npa nO) : ]Vohgg (nO)-

no

The second step was to correct for the presence
of the QED initial state radiation which could result
in a reduction of the nominal centre of mass energy
and thus charged multiplicity. Therefore another set
of correction factors was calculated according to the
following formula:

pNR(np)

CF (np) - Pgen. (np)

where pygr(n,) is the normalized multiplicity distribu-
tion for events generated at fixed c.m.s. energy with-
out detector simulation and p,., (n,) is the distribu-
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tion Nja< (n,) after normalization. These factors were
generally close to 1.

Finally, the corrected multiplicity distribution
Nexp. (n,) reads:

Ne:(np)=Cr(ny) 3 M(n,, no) - N3P (o).

no

One should note that in the case of the total charged
multiplicity distribution the above procedure au-
tomatically fulfills the charge conservation require-
ment of an even number of tracks. The reconstructed
numbers of events with n,<5 are model dependent
in such a correction procedure. The above procedure
was applied to the multiplicity distributions both in
full phase space and limited rapidity intervals.

For the analysis of single hemisphere multiplicity
distributions and of forward-backward multiplicity
correlations, a hemisphere was defined by a plane per-
pendicular to the sphericity axis and its association
with forward or backward direction was chosen at
random. The appropriate correction formalism for the
analysis of forward-backward multiplicity correla-
tions is a simple extension of the above described
procedure so the corrected two-dimensional multi-
plicity distribution reads:

Meo);r.)'(ana an) = CF(an’ an)

z M(an9 Rpp, NFos, ngo) - Nood (npo, Npo),

nrFo,npo=0

where ng, np are the numbers of particles produced
in the forward or backward hemisphere.

4 Systematic errors

To estimate systematic errors on the central moments
of the charged multiplicity distributions we took into
account the following (in parentheses we quote the
contribution to the systematic error of the average
charged multiplicity measured at 34.8 GeV):

o the influence of different trackfinders (+0.32),

® the contribution of t pair production and 7y inter-
actions (+0.13),

e differences between our Monte Carlo generators
(£0.25),

@ the influence of different detector simulations
(+0.18),

® the effect of the cut on the thrust axis -
1€08 Byprus] <0.75 (£0.07).

These contributions were added in quadrature
(+0.46). For more details see our previous publica-
tion [12].

5 Average charged multiplicity

The corrected charged multiplicity distributions are
presented in Tables 3 and 4 for the whole event and
single hemisphere, respectively. The quoted errors are
calculated from the statistical error and from the cor-
rection procedure. The average charged multiplicity
{ny> and the dispersion D of these distributions are
given in Table 1. Decay products of K§ and A are
contained in all multiplicity distributions. The contri-
bution of the charged kaons and the decay products

Table 3. Whole event charged multiplicity distribution % ;erV (%)
ch

Aen {W>=14 GeV {W>»=22GeV (W)»=34.8 GeV (W)»=43.6 GeV
2 0.5783 +0.1800 0.1631+0.0895 0.0447 £0.0455 0.0328 +£0.0357
4 5.3986+0.4449 1.7797 +0.2557 0.5733+£0.0759 0.3446 £0.1505
6 16.4745 +0.7230 7.82434+0.5185 3.167540.1424 2.2958 £0.2682
8 26.6517+0.9146 16.7981 +0.7497 8.37974+0.2133 5.1983+0.3303
10 25.0602 1+0.8596 22,9196 +0.8749 15.313040.2897 10.7780 +0.4604
12 14.9795+0.6175 21.5560+0.8322 19.7927 +0.3349 15.7378 +£0.5594
14 6.7216 +0.3885 14,5702 4 0.6494 19.2450 +£0.3312 17.7662 +0.5933
16 2.6178 +0.2336 8.2160+0.4705 14.4335+0.2843 16.4074 £0.5626
18 0.8703 +0.1306 3.661440.2927 9.1819+0.2231 12.3672£0.4756
20 0.4682+0.1159 1.6538 +£0.1931 5.0623+0.1627 8.605540.3927
22 0.1463 +0.0606 0.5892 +0.1048 2.7161 +0.1189 5.2095+0.2972
24 0.0262 +0.0208 0.1637+0.0513 1.2348 +0.0803 29188 +0.2171
26 0.0067 +0.0097 0.0697 +0.0312 0.5173 £0.0519 1.3995+0.1416
28 0.0355+0.0253 0.1977 £0.0326 0.6002 +0.0934
30 0.083140.0213 0.2374 4 0.0592
32 0.0400 £0.0155 0.0591 +0.0265
34 0.0132+0.0084 0.0264 +0.0182
36 0.0043 +0.0055 0.0047 +0.0091
38 0.0111+0.0217




dN

Table 4. Single hemisphere charged multiplicity distribution % “In (%)
ch
Hen (WH=14GeV (W>=22GeV {W)=348 GeV (W)=43.6 GeV
0 0.6157 1+ 0.0980 0.28124+0.0520 0.125240.0142 0.1189 4 0.0285
1 3.8679 +0.2218 2.0135+0.1603 0.9615+0.0511 0.6682+0.0814
2 9.5270 +0.3366 5.3329 +0.2446 2.7727 +0.0834 1.9985+0.1266
3 16.9531 +0.4669 10.8590+0.3716 6.4916+0.1280 4.5684 +0.1942
4 19.7048 +0.5014 15.1301 +0.4462 10.3787+0.1627 8.0933 +0.2617
5 18.72254+0.4810 17.5128 +0.4880 13.9725+0.1918 11.163740.3131
6 13.6571 +0.3881 15.7342 +-0.4468 14.8574 +0.1975 13.3177 £ 0.3461
7 8.4164 +0.2886 12.5570+0.3874 14.4296 +0.1951 13.1853+0.3421
8 4.4369 £0.1999 8.7552+0.3082 11.5939+0.1720 12.1098 +£0.3252
9 2.1841 £0.1363 5.4471+0.2332 8.7374 £0.1476 10.0522 £0.2907
10 1.0125+0.0948 3.2668 +£0.1760 5.959040.1203 7.8876 +0.2520
11 0.4761 £0.0614 1.53724+0.1161 3.9341 +0.0968 5.8080+0.2130
12 0.2729 +0.0502 0.8243 +0.0840 2.5193 +£0.0770 4.11154+0.1760
13 0.1075 £+ 0.0409 0.4259 £ 0.0589 1.5241 +0.0603 2.6213+0.1357
14 0.0263 £ 0.0150 0.1901 +£0.0399 0.82364-0.0437 1.8627+0.1146
15 0.014040.0109 0.0774 +£0.0237 0.4603 4 0.0331 1.0597 +0.0845
16 0.0026 +0.0045 0.0404 +0.0184 0.2206 +0.0224 0.6019 +0.0628
17 0.003140.0054 0.014940.0101 0.1281 £0.0175 0.3987 £ 0.0523
18 0.06414-0.0123 0.1976 +0.0352
19 0.01744-0.0066 0.0908 +0.0238
20 0.0148 +0.0059 0.0458 +0.0163
21 0.0091 4+ 0.0048 0.0191 +£0.0115
22 0.0045 +0.0047 0.0092 +0.0080
23 0.0005 4 0.0008 0.0079 +0.0065
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of K2 and A to the average charged multiplicity esti-
mated using our data [13] is also given in Table 1.

The energy dependence of the average charged
multiplicity is shown in Fig. 1 together with data of
other e* e™ experiments [14-19]. All these data were
fitted with various parametrizations assuming a sys-
tematic error close to ours (~4%) for all other mea-
surements:

® {(n,>=a+b-In(s)+c-In*(s) as suggested by the
analysis of pp data [20]. The fit yielded
a=3.23540.106, b=—0.340+0.079 and
¢=0.260+0.013 with y2=111 for 78 d.o.f. The solid
curve in Fig. 1 shows the result of this fit;

® {(n,>=a-s"as predicted by the fireball and hydro-
dynamical models for hadron-hadron interactions
(see [21] and references therein) The fit gave
a=2241+0.035 and b=0.2524+0.004 with y*>=158
for 79 d.o.f;

® QCD calculations [22, 23] for the evolution of par-

tons in the 167g log approximation give {ng»

In (é)) Assuming Q,=1GeV the
0

fit gave a=2.560+0.0096, b=0.083+0.014 and

¢=1.856+0.067 with y2=118 for 78 d.of and is

shown by the dashed curve in Fig. 1. We checked

that a change of Q, from 0.1 to 1.4 GeV results in

a variation of b and ¢ of ~50%, while the fit quality

=a+b-exp(c-

remains practically unchanged. There exists a predic-
tion [22] that the parameter ¢ depends on the number
of flavours N; and c¢=]/72/(33—2- Ny). The fit with
Q, treated as a fit parameter and N,=3 for
W<3.7GeV, N;=4for 3.7 W<10.5GeV and N,;=5
above 10.5 GeV gave a=2.320+0.028,
b=0.075+0.001 and Q@;,=0.563+0.007 GeV with
x?=125 for 78 d.o.f.

All the above functions describe the data fairly well

and differences between them are visible only at much

higher energies (W~ 100 GeV). (>
The energy variation of the ratio l;h

whole event distributions is shown in Fig. 2 together
with the values measured by other experiments [15,
17, 19]. This ratio is about 3 and weakly energy de-
pendent. The solid curve in Fig.2 corresponds to a
Poissonian shape of the multiplicity distribution and
is seen to differ from the experimentally measured

<nch>

values. The ratio ~D for the single hemisphere is

for the

also weakly energy dependent and increases slightly

with ]/E The ratio of i"l;ﬁ for the whole event to
that for the single hemisphere is approximately con-
stant and is: 1.354+0.03, 1.3540.03, 1.34+0.01 and

1.3540.02 at 14, 22, 34.8 and 43.6 GeV, respectively.
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These values are close to 1/5 which is expected for
two jet events if the jets are produced independently.

6 Shape of the multiplicity distribution

There has recently been much interest in the shape
of the multiplicity distributions at fixed centre of mass
energy as well as their energy and rapidity depen-
dence [3, 24]. The simplest distribution to be consid-
ered is the Poisson distribution. It would be valid
if the final state particles were emitted independently
and is expected in pure longitudinal phase space mod-
els [25].

In Fig. 3 the whole event charged multiplicity dis-
tributions at four centre of mass energies are shown.
They are compared with the modified Poisson distri-

bution (MPD-dashed curve):

<nch>n0h o~ (mend

MPD(n,)= Ren!

0 otherwise

and the latest Lund cascade model [26].

The MPD describes the data well at 14 and
22 GeV, but is too narrow at higher energies. This
discrepancy becomes more pronounced with increas-
ing ]ﬁ The Lund cascade model gives a good descrip-
tion of the data. We also checked that the charged
multiplicity distributions of a single hemisphere can-
not be satisfactorily reproduced by the Poisson distri-

bution (PD(nch) =§nn°hi e <"°h>) — see Fig. 4. While

ch!

if ng, even
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Fig. 3. Whole event charged multiplicity distribution compared with
the modified Poissor distribution

the PD is broader than the data at 14 GeV, it provides
a good description at 22 GeV, but is too narrow at
higher energies.

One of the most recently discussed distributions
is the negative binomial distribution (NBD — see [24]
and references therein):

NBD(#, {Bepy, k)

k(k+1)...(k+n—1)
- n! (

{Nen) )"( k )"
<nch>+k <nch> +k '
where {n,» and k are free parameters.

The dispersion of the negative binomial distribu-
tion Dy is related to k and (n.,)» by:

D% 1 1
na>? ~ ans T E @

The NBD was fitted to the charged multiplicity
distributions measured in the full phase space and
in limited parts of it for various interactions [19, 27—
33] and generally it was found to provide a good
description of the data. Tt has been argued [34] that
the NBD should be fitted to the multiplicity distribu-
tion of particles of only one charge rather than to

\ : ——
P(n,) 14 Gev P(n,,) 22 GeV %
201 § 0.20f p
o =< PD _PD
T * DaTA L3 * DaTA
0.15f | 0.15F ¥ i‘, 8
$ o
: P
i |
o.10F ! ' ]
; ¢
0.5k ¥ Y N
/ .
h . ]
0.01-* *eess -
S I E TR UOVEATE S S R |
. . . ; 0.0 5.0 0.0 150 p
P(ncn) 34.8 GeV P(nch)
u.eoE 4 0,20
“aa D j
L * DATA
0.15- A 4 o
i 1
-
o.iof ¥ 4 o010
H "‘ 4
L] “n
i .
0.05F Y 4 0.0
! . 1
4 .
4 "q. 1
0.0k “$sesceee - 0.0r-*"
0.0 10.0 2.0 n, 0.0 10.0 2.0 n,

Fig.4. Single hemisphere charged multiplicity distribution com-
pared with the Poisson distribution

those of all particles since the former are not con-
strained by charge conservation. One should note that
the above argument is of less importance in the case
of multiplicity distributions measured in small regions
of phase space. However, even in such restricted inter-
vals some correlations due to charge conservation
may be present.

In our case the NBD has been fitted to the whole
event and single hemisphere multiplicity distributions
and to the multiplicity distributions of negatively
charged particles. The fits were performed for different
rapidity intervals (rapidity was calculated w.r.t. the
thrust axis assuming pion mass for a particle). The
intervals had the width of 2-y_,, and where centred
symmetrically around zero. For the single hemisphere
the interval extended from O to y.,. The value of
Ve Was varied from 0.5 to the maximum rapidity
allowed for pions (~4.6, ~5.1, ~5.5, ~5.75 at 14,
22, 348 and 43.6 GeV) in steps of 0.5. The fits to
the multiplicity distributions of the whole event were
carried out for intervals with y ., <2.5 since for larger
Veu Values the influence of charge conservation leads
to the clear depletion of odd multiplicities.

In Fig. 5, the charged multiplicity distributions of
the whole event are shown together with the best fits
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tiplicity distribution. The fitted values of {n.,» and
k™! for the whole event distributions are compared
in Table 5§ with those calculated from the data using
(1). The quoted errors on parameters are statistical
only. The values of {n.> and k™' fitted and those
calculated from the data agree quite well. However,
the quality of the fits, especially at 34.8 GeV where
our data sample is the largest, is marginal. Moreover,
the NBD fails to describe either the multiplicity distri-
butions of negatively charged particles or the one
hemisphere multiplicity distributions — see Table 6.

In Figs. 6-7 the rapidity and energy dependence
of k™! is presented and compared with those obtained
by HRS [19], NA22 [31] and EMC [32] Collabora-

, where P(n) is the mul-

tions. For a fixed rapidity interval the value of k™!
increases with growing ]ﬁ At a given energy, k!
increases with decreasing y.,, which together with
a decrease of {(n.,» corresponds to a broadening of
the KNO plot. This fact was predicted by Bialas and
Hayot [36] (for e*e™ annihilation) as a sign of de-
creasing influence of overall energy-momentum con-
servation as the central rapidity interval is made
smaller. This was also reproduced by models of the
authors of [37] (e* e~ annihilation) and of Fialkowski
[38] (hadron-hadron interactions). For each rapidity
interval values of k™! obtained by the HRS Collabor-
ation are smaller than those resulting from the fits
to our data at comparable energies, which means that
the multiplicity distributions of HRS are narrower
than ours (see also Fig. 9).

There are several theoretical approaches which



201

Table 5. Comparison of the fitted and calculated k! and {n,> for the whole event charged multiplicity distribu-

tions
(W Vet Data Fit
(GeV)
k=1 {neny k=t {nepy 22/ Nae
14 0.5 0.239 +0.035 2.06+0.03 0.226 +0.026 2.04+0.03 15/13
1.0 0.195 +0.020 4.23+0.05 0.178 +0.009 418 +0.04 27/19
1.5 0.121 40.014 6.214+0.06 0.105 +0.006 6.134£0.04 33/22
2.0 0.059 +0.010 7.77+0.06 0.046 +0.004 7.67 +0.04 75/24
full 0.0017 +0.0072 9.30+0.06 —0.0017 £0.0028 9.24+0.06 22/11
22 0.5 0.208 +0.039 2.10+£0.04 0.204 +0.017 2.0940.03 4/13
1.0 0.194 +0.024 4.4240.07 0.179 £0.012 4.3940.03 19/20
1.5 0.137 +£0.017 6.76 £0.08 0.135 +£0.007 6.74+£0.05 8/25
20 0.083 +0.013 8.76 +£0.09 0.078 +0.004 8.76 +0.06 13/27
full 0.0099 +-0.0080 11.3040.08 0.0099 +0.0023 11.304+-0.06 10/12
34.8 0.5 0.240 +0.007 2.29+0.01 0.228 +0.007 2.28+0.01 22/14
1.0 0.220 +0.005 4734001 0201 +0.004 4.68+0.02 102/25
15 0.166 +0.003 7.2240.02 0.166 +0.003 7.2040.02 74/30
2.0 0.113 +£0.003 9.56 +0.02 0.112 £0.003 9.55+0.03 27/33
full 0.019 £0.002 13.59+£0.02 0.018 +£0.001 13.56+0.01 38/16
43.6 0.5 0.296 +0.022 2.52+0.03 0.289 +0.014 2.51+0.03 8/16
1.0 0252 +0.014 5.15+0.04 0.240 +0.007 5.134£0.03 44/26
1.5 0.193 +0.010 7.82+0.06 0.185 +0.005 7.774£0.05 39/31
2.0 0.134 +0.008 10.43+£0.06 0.126 +0.004 10.38 £ 0.05 39/33
full 0.027 +£0.004 15.08 £0.06 0.026 +0.002 15.08 +0.06 7/17
Table 6. Comparison of the fitted and calculated k! and (n.,) at 34.8 GeV
Yeut Data Fit
k™! {neny k=1 {feny 22 /Nyt
Single hemisphere multiplicity distributions
0.5 0.249 +0.009 1.14+0.01 0.241 £0.008 1.1440.01 217/10
1.0 0.278 +0.005 2.38+0.01 0.245 +0.001 2.3640.01 216/17
1.5 0.227+0.004 3.6440.01 0.21340.002 3.63+0.01 215/20
2.0 0.156 +£0.003 4.814+0.01 0.153+0.002 4.8140.01 57/22
2.5 0.096 +0.002 5.7540.01 0.096 +0.002 5.7540.01 37/22
3.0 0.056 +0.002 6.34+0.01 0.055+0.002 6.3440.01 43/22
3.5 0.034 +£0.002 6.63+£0.01 0.034 +0.001 6.63+0.01 44/22
4.0 0.0254-0.002 6.74+0.01 0.023+0.001 6.74+0.01 64/22
4.5 0.021 +0.002 6.77+0.01 0.019 £0.001 6.77+0.01 89/22
full 0.020 4-0.002 6.78 +0.01 0.018 £0.001 6.78 +0.01 103/22
Multiplicity distributions of negatively charged particles
0.5 0.100+0.011 1.15+0.01 0.094 £0.011 1.144+0.01 19/9
1.0 0.099 +0.006 2.36+0.01 0.086 +0.005 2.34+0.01 92/13
1.5 0.068 +0.004 3.6140.01 0.064 +0.003 3.60+0.01 99/15
20 0.028 +0.003 478 +0.01 0.027 £0.003 4.774£0.02 34/17
2.5 —0.008 £0.002 5.74+0.01 —0.008 +0.002 5.7340.02 24/17

lead to a negative binomial type of multiplicity distri-
bution (for a review see [24]). In some of them the
parameter k is interpreted as the number of sources
emitting particles. If this is the case our data seem
to contradict these models since k is much larger than
the average multiplicity and decreases with increasing
energy.

7 Multiplicity scaling

An energy independent parametrization of the multi-
plicity distributions was proposed by Koba, Nielsen
and Olesen [35]. Assuming Feynman scaling [39]
they derived for s— oo that the normalized moments
of the distributions:
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are independent of both energy and {n,> but may
depend on the interaction type. From the above it
follows that the multiplicity distributions measured
at different energies should coincide when plotted us-

S and ¥(z)= (n.,» P(n,).

2

Ren

ing variables z= "
ch

Experimentally the KNO-scaling was found to
work approximately over a large energy interval in
hadron-hadron interactions, and fails only at the
highest presently available energies [40].

In Fig. 8 our charged multiplicity distributions to-
gether with those measured by PLUTO [17] at 3.6,
S and 7.7 GeV and HRS [19] at 29 GeV are shown
using the KNO variables. The data exhibit approxi-

2.0 W (Gev)

mate KNO-scaling, although a slight tendency of the
KNO distribution to narrow with increasing energy
can be observed. The same holds if one studies single
hemisphere multiplicity distributions (see Fig. 9).

A functional form of ‘I’(z):g%nzz%_%”2 pro-
posed by Barshay and Yamaguchi [41] was com-
pared with the multiplicity distributions of the whole
event and it proved to be incompatible with the data
- see curve in Fig. 8.

The energy variation of the normalized moments
C,; of whole event and single hemisphere multiplicity
distributions is shown in Fig. 10a and b, respectively.
The values of C, are slightly decreasing with ]/E (nar-
rowing of the KNO distribution) and above 5 GeV
are indeed almost energy independent, confirming ap-
proximate scaling.



5.000 - o S ,
© 36 GeV PLUTO
¥z 2. ° 50 GeV PLUTO
@ %&*f‘, o 7.0 GeV PLUTO
@#° o8, 5 290 GeV HRS
1000 L yad . ® 140 GeV TASSO |
' | 2 © 220 GeV TASSO |
., * 348 GeV TASSO
0.500 - ‘% 4. * 436 GeV TASSO
P - Predicted curve
; g
%—IL Qﬁx\
0100 | I ~_
0050 [ | } \ ]
0010 i ]
0005 [ ]
0.001 l i
3' ¥
500.0-10° [} 1]
100.0-10-¢ LA - L
0.0 1.0 2.0 7 30
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The approximate KNO-scaling is rather a surpris-
ing feature of the data since Feynman scaling was
shown to be broken [1, 42] at the energies considered,
invalidating the original basic assumption of [35]. In
an attempt to solve this puzzle Bowler and Burrows
studied {43] the multiplicity distributions generated
by the Lund MC [44]. They showed that at low ener-
gies four-momentum conservation leads to narrowing
of the multiplicity distributions. On the other hand,
they observed that at higher energies production of
b quarks and hard gluon emission increase the disper-
sion of the multiplicity distribution. These two effects,
combined together, lead to proportionality between
the mean value and the dispersion of the distributions
and hence, to approximate KNO-scaling. They con-
cluded that the apparent KNO-scaling observed in
the data seems to be accidental rather than related
to the fundamental dynamics.

8 Forward-backward multiplicity correlations

By forward-backward multiplicity correlations one
means the correlations between the number of parti-
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cles produced in the forward and in the backward
hemisphere of an event. In hadronic data [45, 46]
the average number of “forward” particles ({nz)) can
be related to the number of “backward” particles (ng)
in the following way:

(np(ng))=a+b-ng 3)

where b measures the correlation strength and is posi-

tive for \/§>10 GeV and increases logarithmically
with c.m.s. energy. It was also found that the correla-
tions are stronger for particles with small rapidities
(Jy| £1-“central” region) than for particles with large
rapidities (Jy|>1). These experimental observations
were qualitatively explained [47] within the frame-
work of the multichain dual parton [48] and geomet-
rical [49] models. Both these models predict values
of b close to zero for lepton induced reactions. Indeed,
in lepton-nucleon interactions no substantial for-
ward-backward correlations were found [50]. Earlier,
an analysis of these correlations was performed for
e’ e” annihilation data in our previous paper [2] at
[/s=34 GeV and by the HRS Collaboration [19] at
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1/§=29 GeV. We found weak positive correlations in
the full phase space and a slow rise of {n;> with
increasing ny for the two rapidity intervals mentioned
above with b larger in the central than in the outer
region. HRS reported values of b consistent with zero
for all regions. It should be pointed out that these
correlations are very sensitive to the track and event
selection criteria applied [2, 19].

The analysis of the forward-backward correlations
was repeated, within the present study, using much
larger statistics and the corrected multiplicity distri-
butions. For the definition of the forward and back-
ward hemisphere see Sect. 3. We defined the central

2.
P <015 (x> 0.15),
N

(outer) region as: |xp|=

where p, is the longitudinal component of the particle
momentum w.r.t. the sphericity axis. The dependence
of {ny) on ny at four energies together with predic-
tions of the Lund model and the best fits of (3) is
shown in Figs. 11 and 12. Values of the fitted slopes
are listed in Table 7.

In all regions we observe weak, positive and ap-
proximately energy independent correlations, which
are fairly well described by the linear relation (3). The
correlations are the strongest in the central region.

436 GeV

[ o Data
-~ Lund
- Fit

4.0
0.0 5.0 10.0 15.0

1.0
20.0 Ny 0.0 5.0 10,0 15.0 20.0 Ny

Fig. 11. The dependence of {n,> on ny for the full phase space
data

Values of the correlation strength b are smaller than
those measured in hadron-hadron collisions at com-
parable energies. The Lund model [8] provides a
good description of the observed dependences.

It was shown [2, 51] that the observed positive
correlations may be at least partially explained by
the interplay of the following: production of different
quark flavours, their different fragmentation proper-
ties and by the production and decay of resonances.
Since the agreement between the data and the Lund
model is good, the influence of resonances and of
heavier quarks can be studied using MC simulations.
Results of these studies are presented in Fig. 13. The
solid curve represents predictions of the Lund model
for the final state particles. The dotted curve repre-
sents predictions for the final state particles in events
initiated by u and d quarks. The removal of s, ¢ and
b quark events leads to a substantial decrease of the
slope b. This shows that a large part of the observed
correlations is due to the production of heavier
quarks. It should be noted that the influence of these
decreases with increasing 1/3 The dash-dotted curve
represents predictions for the particles produced di-
rectly by the string fragmentation (primaries), i.e. be-
fore the resonances decayed, in events initiated by
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u and d quarks (Fig. 13a and b). As can be seen from
these figures the primaries are anti-correlated. This
anti-correlation is most probably due to the limited
energy available. In the central region (Fig. 13¢ and
d) the removal of s, ¢ and b events leads to a substan-
tial flattening of the distributions and has a similar
energy dependence as was seen in the full phase space.
We checked that in the outer kinematical region the
effect of production of heavier quarks is negligible.
Recently, the NA22 Collaboration has published
[46] results of the analysis of the forward-backward
multiplicity correlations performed also for different
particle charge selections i.e. between multiplicities of
like and unlike charged particles. They found almost
no correlations for the like charged particles
(+ +, — —) and positive correlations for particles of
opposite charges (+ —). It was argued [52] thate® e™
annihilation data should show strong negative corre-
lations for like sign particles and positive correlations
of about the same strength for unlike sign particles.
An analysis of this type was repeated in the pres-
ent study and its results are presented in Figs. 14 and
15 for the unlike and like sign particles, respectively.
Values of the fitted slopes are listed in Table 8.
Indeed, the data for the unlike sign particles show
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positive correlations. They are strong and decreasing
with c.m.s. energy. A different dependence of {(n;>
on ny is observed if the particles are of the same
charges. The data (Fig. 15) show non-linear behav-
iour: a fast decrease of {n;)> for low values of ng
(ng=4) and almost a constant value for ngz>4. In
the outer regions (not shown) the data exhibit very
weak and approximately energy independent positive
(negative) correlations if the considered particles are
of different (same) charge. This suggests that the fas-
test particles in opposite hemispheres are more likely
to be of opposite charge.

One should note that in both cases i.e. for unlike
and like charged particles the Lund model provides
a good description of the data.

Since this analysis deals with the charges of parti-
cles it is natural to ask what is the influence of overall
charge conservation on the measured correlations. In
order to estimate this effect a so called random charge
model (RCM) was devised. In each generated event
the charges of final state hadrons were randomised
in such a way that the total charge was unchanged.
The multiplicity of the event and the momenta of
the particles were also unchanged. In this way the
dynamical dependence on the particle charges except
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Table 7. Fitted values of the correlation strength b

W5 Region
(GeV)

full |xp| £0.15 |xg|>0.15

2 2 2
b X b X b X
Ny¢ Nye Nyt

14.0 0.0854+0.014 12/12 0.16340.014 6/11 0.08140.013 2/3
22.0 0.084+0.016 4/15 0.11740.017 3/14 0.0634-0.016 1/3
34.8 0.089 4 0.003 40/20 0.12640.003 23/20 0.064 4-0.003 4/3
43.6 0.111+0.009 20/21 0.131+0.009 29/21 0.062 4+ 0.009 5/3

Table 8. Fitted values of the correlation strength b for the unlike and like sign particles

W> Region
(GeV)
full — unlike signs |xp|>0.15 — unlike signs |xg|>0.15 — like signs
2 2 2
b X b pa b pa
Ny¢ Nyt Nag
14.0 0.30640.010 6.2/ 7 0.09240.013 0.4/2 —0.0184+0.013 0.1/2
22.0 0.25140.013 16/ 8 0.06740.017 0.2/2 —0.0124+0.016 0.1/2
34.8 0.226 +0.003 20.6/10 0.068 +0.003 1.8/2 —0.01040.003 0.1/2
43.6 0.200 4 0.009 3.1/10 0.07040.009 0.8/2 —0.012+0.009 0.1/2
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in the full phase space

Fig. 15. The dependence of {nz» on np for like sign particles in
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that from global charge conservation should get re-
moved.

The comparison of the forward-backward correla-
tions observed in the data, the Lund model and the
RCM is shown in Figs. 14 and 15 for the full phase
space. The RCM reproduces the trends observed in
the data, but it predicts stronger correlations than
measured. Differences between the data and RCM

points become more pronounced with increasing [/;
It seems that these differences can be qualitatively
understood assuming the existence of a mechanism
which minimizes the absolute value of the net charge
(Qp(ry=n5r —Npm) in a hemisphere. A good candi-
date for such a mechanism is local charge compensa-
tion which was found [2, 53, 54] to be responsible
for strong short-range charge correlations.

It was checked with Monte Carlo simulation that
the removal of events initiated by s, ¢ and b quarks
leads to stronger anti-correlations in the case of like
charged particles, while in the case of unlike sign par-
ticles this removal results in a small flattening of the
distributions.

9 Summary and conclusions

In the present paper the multiplicity distributions and
correlations of charged particles produced in e*e”
annihilation at centre of mass energies ranging from
14 to 46.8 GeV have been analysed.

The charged multiplicity distributions of whole
events and of single hemispheres cannot be satisfac-
torily described by the Poisson distribution.

The negative binomial distribution can provide
an acceptable description of the multiplicity distribu-
tions of whole event in limited central regions of the
phase space, but it fails to describe either the multi-
plicity distributions of negatively charged particles or
the one hemisphere multiplicity distributions. The en-
ergy and rapidity dependence of the shape parameter
k of the negative binomial distribution follows the
pattern observed in hadron-hadron and lepton-nuc-
leon interactions.

Our multiplicity distributions show approximate
KNO-scaling. However, the KNO scaled whole event
charged multiplicity distributions cannot be described
by the function proposed by Barshay and Yamaguchi.

The observed forward-backward multiplicity cor-
relations are weak, positive and approximately energy
independent. They are strongest in the central region.
The correlations observed in e e™ annihilation are
weaker than those measured in hadron-hadron col-
lisions. As has been demonstrated in Monte Carlo
studies, a substantial part of the correlations is due
to production of heavier quarks. Also the production
and decay of resonances have a strong influence. Ef-
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fects of the quarks and resonances become less impor-
tant with increasing energy. Forward-backward mul-
tiplicity correlations are charge dependent. They are
strong and get weaker with energy and are positive
(negative) if the considered particles are of different
(same) charges. The charge dependence of forward-
backward multiplicity correlations is to a large extent
induced by the global charge conservation. The fact
that they are weaker than those predicted by a model
with randomized charges (satisfying global charge
conservation) indicates that the charges of particles
produced in the same hemisphere are likely to com-
pensate. Anti-correlation for like sign particles is most
probably due to limited energy available and hence,
limited multiplicity. The observation of positive corre-
lations for unlike charged particles, and negative cor-
relations for like charged particles produced in outer
regions supports a picture in which the fastest parti-
cles in different hemispheres carry opposite charges.

It should be stressed that forward-backward mul-
tiplicity correlations and their charge dependence are
well reproduced by the Lund model. This shows that
the qualitative features of the data can be understood
in terms of this model, in particular resonance and
heavy quark production and approximate local
charge compensation as a consequence of the parton
production and fragmentation processes.
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