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We present the charged-particle multiplicity distributions for e e annihilation at center-of-
mass energies from 50 to 61.4 GeV. The results are based on a data sample corresponding to a total
integrated luminosity of 30 pb ' obtained with the AMY detector at the KEK storage ring
TRISTAN. The charged-particle multiplicity distributions deviate signi6cantly from the modi6ed
Poisson and pair Poisson distributions, but follow Koba-Nielsen-01esen scaling and are well repro-
duced by the LUND parton-shower model.
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I. INTRODUCTION

The reaction e e ~(y, Z)~hadrons is quite simple
at the parton level and thus provides for relatively unam-
biguous studies of the fragmentation of partons. The
charged-particle multiplicity in this reaction is one of the
most basic observables in the fragmentation process. It
has been measured whenever a new energy regime has
been accessed.

In the absence of a fundamental theory, a number of
phenomenological models, starting with Heisenberg in
1939, ' have been proposed to characterize the charged
multiplicity in high-energy hadron processes. In 1950,
Fermi used statistical arguments to predict that the aver-
age number of charged particles produced in high-energy
collisions would increase with increasing center-of-mass
energy (v's ) as

(n & =as "4 .

More recent models, motivated by perturbative QCD cal-
culations of the evolution of partons in a leading-
logarithm approximation, predict

(n ) =a +bexpI [cln(s/Qo)]'~ I,
where Qo is related to the A cutoff' parameter of
QCD. An analysis of pp data suggests the empirical
form

( n ) =a + b lns +c ln s .

There has also been considerable interest in the shape of
the distributions of multiplicities at a given energy. In
1972, Koba, Nielsen, and Olesen (KNO), starting from
Feynman scaling and with no further dynamical assump-
tions, derived the asymptotic result that the product of
the mean charged multiplicity (n ) and the probability
P (n) for n charged particles in the final state is given by a
universal function:

=P(n)(n ) .
&n&

If the charged multiplicity distribution obeys KNO scal-
ing, then the dispersion D =((n ) —(n ) )' is propor-
tional to ( n ).

Chou and Yang used a different approach and argued
that the production of so many particles is indicative of a
stochastic process and, thus, should have a Poisson-type
behavior. In this case D ~ &(n ), which means that at
suf5ciently high energies the distribution would be nar-
rower than that expected from KNO scaling.

The comparison of the charged-particle multiplicity
distribution with Poisson expectations is complicated by
the fact that, since electric charge is conserved, charged
particles are always produced in pairs. The HRS experi-
ment reported charged multiplicity distributions at
v's =29 GeV which are in excellent agreement with the
"modified Poisson" form'

( )n —{n)
2 n =even,

P ' (n)= n!
0, n =odd.

A modified Poisson has a rms width D =v (n ). The
TASSO experiment has also reported data at &s = 14, 22
GeV that followed a modified Poisson behavior. At
v s =34.8 and 43.6 GeV, however, they observed
significant deviations from this form. " In fact, if one at-
tributes a Poisson-type behavior to the pairwise produc-
tion of charged particles, one expects a "pair Poisson"
distribution of the form

(n& k

(n)+k (n)+k

k

where k is related to the dispersion D by

D2

(n &'

1 1

(n& k

This function gives KNO scaling [Eq. (1)] in the limit of
(n ) much larger than k. [Equation (2) is an ordinary bi-
nomial distribution when k is a negative integer; in the
limit of k ~ ~, it has a Poisson form. ] Negative-
binomial distributions are characteristic of cascade-type
(or shower) mechanisms for multiparticle production. '

In this paper we report a measurement of the charged-
particle multiplicity for e+e annihilations into mul-
tihadron final states which has been obtained with the
AMY detector at the KEK storage ring TRISTAN. Our
data sample consists of more than 3000 events at center-
of-mass energies between 50 and 61.4 GeV. We compare
our results with those of previous experiments and with
predictions of various models, including the LUND 6.3

parton-shower model. ' The paper is arranged as fol-
lows. In Sec. II, we briefly describe the AMY detector.
Event- and track-selection criteria are discussed in Sec.
III. Sections IV and V provide descriptions of the detec-
tor simulation and data correction procedure. Section VI
presents a study of the systematic uncertainties in our
measurements. In Sec. VII, we present the fully correct-
ed charged multiplicity results, and discuss the energy
dependence of the average charged multiplicity, the
shape of multiplicity distribution, and KNO scaling. We
give a brief discussion of the results in Sec. VIII.

((n ) /2)""e
(n /2)!

0, n =odd.

This pair Poisson distribution has D = v2(n ), which is
considerably broader than the measured values.

While the KNO scaling function is usually taken to be
a "I distribution, "

gK
g(Z) ZK —

1
—Kz

r(IC)

where Z = n /( n ) is the scaled multiplicity, it has been
observed that multiplicity distributions in high-energy
hadronic, leptonic, and semileptonic processes can be
quite well described by negative-binomial distribu-
tions. ' ' These distributions can be represented in the
form

k(k +1) (k +n —1)
nt
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II. THE AMY DETECTOR

The AMY detector, including its trigger and luminosi-

ty determination procedures, has been described else-
where. ' Here we mention only those features that are
essential for the measurement of the charged multiplicity.
The central feature of the detector is a 3-T superconduct-
ing solenoid magnet enclosing tracking and electromag-
netic shower detectors. Charged-particle tracking is pro-
vided by a four-layer cylindrical array of drift tubes
(ITC), followed by a cylindrical drift chamber (CDC).
The CDC extends from an inner radius of 15 cm to an
outer radius of 65 cm. Its 25 axial and 15 stereo (typical
angle —5') layers contain 9048 active cells. Charged par-
ticles are detected efficiently over the polar-angle region
~cos8~ & 0.87, with a momentum resolution hp, /p,
=0.6%[p, (GeV/c)]. Outside the CDC is a cylindrical
electromagnetic calorimeter (SHC) with a total thickness
of 15 radiation lengths. The SHC covers-the angular re-
gion ~cos8~ (0.73. In addition to these components,
there are muon detectors surrounding the magnet iron re-
turn yoke, and end-cap calorimeters that are not used in
the present analysis.

The reliability of our multiplicity determination is
enhanced by the relatively small amount of material en-
countered by charged particles and photons as they
emerge from the interaction region. The vacuum pipe of
TRISTAN is aluminum with a wall thickness of 1.5 mm.
The ITC is constructed of polystyrene and epoxy, and the
inner cylinder of the CDC vessel is made of carbon-fiber
reinforced plastic. Radially, the material between the in-
teraction point and the first tracking layer of the CDC
corresponds to 3.0% of a radiation length and 0.7% of an
interaction length. This relatively thin front end, com-
bined with the high magnetic field, minimizes the number
of spurious charged tracks resulting from photon conver-
sions and nuclear interactions.

Multihadron e+e annihilation events were triggered
by large energy pulses in the SHC or by the presence of
many track segments in the tracking system. By compar-
ing redundant triggers, we have determined that the
overall trigger efficiency for the selected multihadron an-
nihilation events is greater than 99.7%. '

III. EVENT SELECTION

The crucial component of our measurement of charged
multiplicity is the reliable reconstruction of charged
tracks in the CDC. Track candidates were required to
have at least eight axial and five stereo hits which could
be well fitted to a helix. Each track was required to origi-
nate in a cylindrical fiducial volume, centered on the in-
teraction point, with a 5-cm radius in the plane (r, Pl
transverse to the beam direction, and a length of 30 cm
along the beam direction (z). A polar angle cut of
~cos8~ & 0.85 ensured that high-momentum tracks
traversed all forty CDC layers. The small number of hits
required, in comparison to the total number possible,
helps keep the track-reconstruction efficiency high, par-
ticularly for particles with low momentum and those that
are inside tightly collimated jets. The momentum of each
charged track was required to be greater than 0.2 GeV/c.

Charged particles originating from K&, A, and heavy-
meson and baryon decays are included as primary
charged particles.

Another component of our event-selection procedure
was the amount of energy deposited in the electromagnet-
ic calorimeter by photons. Clusters in the SHC were de-
clared photons if their energy was at least 1 GeV, or if
their energy was between 0.2 and 1.0 GeV and there were
no charged tracks within 3 cm.

Criteria for the selection of multihadron events were
chosen based on a Monte Carlo study of the response of
the AMY detector to simulated e+e annihilations into
hadronic final states. The input parameters of the simu-
lation were adjusted to reproduce the experimentally ob-
served distributions of the variables used in the selection
process.

To be accepted for our analysis, an event was required
to have at least five well reconstructed charged tracks, a
total visible energy greater than one-half of the center-
of-mass energy, a momentum imbalance along the beam
direction of no more than 40% of the visible energy, and
more than 3 (5) GeV energy in the SHC for the data col-
lected at center-of-mass energies of 50 and 52 (55 —61.4)
GeV.

From the z-vertex distribution obtained with the cut on
z relaxed, we deduced that the contamination from
beam-gas collisions was less than 0.3%. Monte Carlo
simulations indicated that contaminations from
e+e ~r+r and two-photon processes (e+e
~e+e +hadrons) were 0.6—0.9% and 0.6-0.7%, re-
spectively, depending on the beam energy. ' In order to
restrict our multiplicity analysis to those events for which
the track acceptance is high, we further required that the
polar angle (8r) of the thrust axis of each event, deter-
mined from the charged particles alone, be such that
cos8r

i
(0.70.

IV. DETECTOR SIMULATION AND PERFORMANCE

The charged-particle reconstruction efficiency of the
spectrometer was determined by means of a detailed
Monte Carlo simulation of the detector. This simulation
was also used to correct the observed distributions for ac-
ceptance and resolution smearing.

The generation of e+e annihilation events was done
with the LUND 6.3 parton-shower program using default
values of the input parameters' and including the effects
of QED initial-state radiation. The generated particles
were propagated through the detector and their interac-
tions, as well as the response of the drift chamber and
calorimeter, simulated. Data records similar to those
from real events were created and subjected to the same
selection and reconstruction procedures as were used for
real events.

The overall detection efficiency for multihadron events
passing the cut on the thrust angle was determined from
the Monte Carlo studies to be (55+2) %. The track-
reconstruction efficiency for isolated tracks with
~cos8~ (0.85 and transverse momentum above 0.4 GeV/c
was also determined from the simulation and found to be
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FIG. 1. The track-reconstruction efficiency as a function of
8, the polar angle with respect to the e+e beam direction.
Four different transverse-momentum intervals are shown: (a)
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FIG. 2. The observed charged multiplicity distribution at
&s =56 GeV compared with simulated events generated with
(a) the LUND 6.3 (parton-shower) and (b) the LUND 6.2 (matrix-
element) Monte Carlo event generators.

99%%uo. Sometimes, however, tracks in tightly collimated
jets can be missed. From Monte Carlo studies we found
that for charged particles with p, )0.4 GeV/c and
IcosOI &0.85 the average efficiency is 95%. A detailed
examination, using the Monte Carlo studies, showed that
the missed tracks are almost always lost because of con-
fusion with other nearby tracks. The tracking
efficiency in hadronic events is displayed as a function of
the transverse momentum and the polar angle of the
tracks in Fig. 1. There is a cutoff for transverse momenta
lower than 0.2 GeV/c, in which case the particles barely
enter the CDC; particles with p, ~ 0.4 GeV/c traverse the
entire radial extent of the chamber. For all transverse
momenta the efficiency depends weakly on the polar an-
gle of the track for values of 0& 36'.

V. OBSERVED MULTIPLICITY
DISTRIBUTION AND CORRECTIONS

The observed multiplicity distribution for the 56-GeV
data sample is shown in Fig. 2(a). The corresponding dis-
tribution for the simulated event sample is plotted as a
histogram. The agreement is quite good. In order to ex-
tract the true multiplicity distribution, it is necessary to
correct for the loss of charged particles due to incomplete
acceptance and imperfect track finding. In addition,
initial-state radiation decreases the center-of-mass energy

I

of the annihilating e+e pair, and further reduces the
observed charged multiplicity. On the other hand, the
conversion of y rays to e+e pairs and the nuclear in-
teractions of hadrons in the material of the inner part of
the detector can generate extra charged particles. The
data were corrected for all of these effects.

The correction procedure was based on Monte
Carlo —simulated events generated using the LUND 6.3

parton-shower model. The first step was to correct for
detector effects. We defined the true multiplicity of an
event as the total number of charged particles generated
by the Monte Carlo simulation, including the effects of
QED initial-state radiation, at any angle and momentum.
As is customary for these measurements, we let all of the
strange hyperons, Kz, charm, and beauty particles decay
at the generator level, and, thus, charged particles among
their decay products are included in the true multiplici-
ty. ' The frequency for events generated with n tracks to
be observed with m tracks was obtained after applying
the analysis cuts to reconstructed simulated events. This
was used to determine a correction matrix for use in ob-
taining the true multiplicity distribution from the ob-
served distribution.

The element A (n, m) of the correction matrix is
defined to be the fraction of those events with m observed
tracks that have a true multiplicity n:

No. of events with n tracks generated and m tracks observedA(n, m =
No. of events with m tracks observed

In A (n, m), we included an extra column, m =mr„~,
where we tallied the normalized multiplicity distribution
of the generated events that failed the acceptance and
selection cuts. For fixed (true multiplicity) n, 3 (n, m) is
the distribution of the observed values of m, as illustrated
in Fig. 3. The root-mean-squared spread of the observed
number of tracks versus the true number of particles is

indicated by the closed curve in Fig. 4. On average, there
is a loss of charged particles, but, as can be seen in Figs. 3
and 4, the observed multiplicity is sometimes larger than
the true multiplicity. At low multiplicities, the average
observed number of tracks is only slightly smaller than
the generated number. For high-multiplicity events,
however, the distortion is substantial. The true multipli-
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where p(n), „and p(n), „are the normalized multiplicity
distributions for events generated with the QED initial-
state radiation turned on and off, respectively. For n

values that occur with significant probability, the correc-
tion factors are near 1. For example, for n equal to 10,
the factor is 0.7, and for n equal to 30, it is 1.4.

We obtained the corrected charged-particle multiplici-
ty distribution N „„(n. ) from

N„„(n)=C(n) g A (n, m)N, »(m),

0.1

0 0 I I I I

5 10
I

15
Number

20 25 5 10
of observed tracks m

15 20 25

FIG. 3. The observed multiplicity distributions [A(m, n)]
for generated multiplicities of n=8 (a), 14 (b), 20 (c), and 24(d),
as determined from the 56-GeV Monte Carlo —simulated data
sample.

where N, b, (m) is the observed charged-particle multipli-
city distribution of final selected experimental data. The
entry N, b, (mr„, ) was determined from the estimated ac-
ceptance and selection efficiency.

Because of the event-selection requirement of five or
more observed charged tracks, the lowest value of n

where N„,(n) is directly derived from the data was n =6.
The values of N„„(n ) for n = 2 and 4 were deduced from
the Monte Carlo prediction after normalizing to the data.

The entry N, b, (m«;~) is the number of generated events
that fail to survive the acceptance and selection criteria.

The second step was to correct for the effects of QCD
initial-state radiation. We define a correction factor as

(n)NR
C(n)=

(~)RD
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city distribution N, „generated by Monte Carlo simula-
tion and the observed multiplicity distribution X,b, are
related by

Nz, „(n)=g A (n, m)N b, (m) .

VI. SYSTEMATIC ERRORS

TABLE I. Summary of the systematic errors of (n ).
Systematic errors (%)

We studied seven possible sources of systematic uncer-
tainty in our multiplicity determination. The procedures
used to estimate the systematic errors are described
below. Table I summarizes the results.

(I) Since the events that fail our acceptance and selec-
tion criteria have a different multiplicity distribution than
those that pass, our results depend upon our understand-
ing of the efficiency of these cuts, which is determined
from the simulated event sample. By examining how the
estimated acceptance changes when different Monte Car-
lo event generators and different versions of the detector
simulation algorithms are used, we determined a 2% un-
certainty for this efficiency. A more detailed description
of the acceptance calculation and the estimates of its un-
certainty is given in Ref. 18. Varying the efficiency by
this amount results in a 0.3%%uo change in the resulting
value of (n ), which we have taken as the systematic er-
ror caused by this effect.

(2) We relied on the detector simulation to determine
the track-finding efficiency. To test our sensitivity to the
details of the simulation, we changed the CDC smearing
parameters over a somewhat exaggerated range and ex-

0 10 20 30 40
Generated Number of Charged Part. icles n

FIG. 4. The enclosed area indicates the rms range in values
of the observed charged multiplicity m for different values of
the generated multiplicity n, as determined from simulated
Monte Carlo events. The dashed line corresponds to m =n.

Detection efficiency
Track-finding efficiency
Initial-state radiations

y ~e e conversion
Monte Carlo scheme

Low multiplicity
Event selection

Overall systematic error

0.3
1.0
0.4
0.1

2.5
0.6
0.3

2.8
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amined the change in the measured charged multiplicity.
We found the variation h(n ) /(n ) to be less than 1.0%
and have used l%%uo as the systematic error associated with
detector smearing.

(3) QED initial-state radiation reduces the center-of-
mass energy of the e+e collision, distorting the multi-
plicity distribution. We corrected for this by using
Monte Carlo events with and without initial-state radia-
tion. The average multiplicity ( n ) increased 8% and the
dispersion D decreased 7% after the radiation correction.
We have determined that the radiative corrections them-
selves are done with a precision of approximately 5%. '

We therefore assign a 0.4% systematic error to the
correction of (n ).

(4) The average number of tracks that originate from
photon conversions was estimated by the Monte Carlo
simulations to be 0.29 per event, or -2% of the observed
multiplicity. We checked the reliability of the Monte
Carlo calculation in two ways. The number of photons
with energy greater than 2.5 GeV observed in the SHC
was compared with the Monte Carlo predictions and
yielding agreement at the 99% level. Additionally, pho-
tons converting in the beam pipe or ITC were recon-
structed in the CDC; their measured number agrees with
the Monte Carlo calculation at the 97% level. We esti-
mate that the uncertainty in our measurement due to this
correction is 0.1%. Nuclear interactions in the beam
pipe and inner material of the detector were modeled us-

ing the Monte Carlo program by Grant. Since the in-
teraction probability is one-third that for photon conver-
sion, the systematic error associated with nuclear interac-
tions is expected to be negligibly small.

(5) The correction procedure relies on the QCD event
generator. We use the LUND 6.3 (parton-shower) event
generator because it has been shown to give an accurate
description of the general properties of multihadron
events in our energy range. To assess the sensitivity of
our results to the details of the event generator, we re-
peated our analysis with the LUND 6.3 (matrix-element
with string-fragmentation) generator. Because this
model so inadequately describes the observed charged
multiplicity, as can be seen in Fig. 2(b), we have chosen to
use one-half of the difference in the results obtained with
the two models as our estimate of the systematic error as-
sociated with the choice of event generator. This un-
certainty corresponds to a 2.5% systematic error for (n )
and is the dominant systematic error on the individual
points of the multiplicity distributions.

(6) Since our event-selection criteria eliminated low-
multiplicity events, we must take these results from an
extrapolation of the parton-shower-model results. As an
estimate of the error associated with these points, we take
the difference between the modified Poisson distribution
values, which follow the parton-shower-model results in
this region fairly closely, and the pair Poisson distribu-
tion values, which are higher than the Monte Carlo data,
as representative of the range of uncertainty. This gives
an estimate of the uncertainty due to the extrapolation to
n=2 and %=4 of 0.6%.

(7) The multihadron event and track-selection criteria
could be another source of systematic error. To estimate

the magnitude of this uncertainty we changed the selec-
tion criteria and examined the effect on the measured
charge multiplicity. For example, repeating the entire
analysis with the cut on the angle of the thrust axis
changed from ~cosOT~ &0.70, to ~cosOT~ &0.50, results in
a 0.23% change in the average multiphcity. Similar stud-
ies of the effects due to the track- and event-selection cri-
teria showed a negligible effect on the measured average
multiplicity. We assign a 0.3% systematic error to the
effect of the track and event selection.

As is rejected in Table I, we have combined the uncer-
tainties from the sources described in quadrature to ob-
tain an estimate of the overall systematic uncertainty of
our multiplicity measurement of 2.8%. A more detailed
discussion of the estimation of systematic errors is given
in Ref. 20.

VII. CHARGED MULTIPLICITY
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FIG. 5. The corrected charged multiplicity distribution for
all energies combined compared with the predictions of the
LUND 6.3 (parton-shower and string-fragmentation) model (solid
histogram), the modified Poisson (dotted-dash curve), and pair
Poisson (dashed curve) distributions. The mean center-of-mass
energy is 57 GeV. The errors shown are the quadrature sum of
the statistical and systematic errors.

The fully corrected multiplicity distributions for the
eight center-of-mass energies in our full data sample are
listed in Table II; the results for all energies combined
((v's ) =57 GeV) are given in the final column of the
table. For each entry, the error stated first indicates the
statistical uncertainty and the second gives the estimated
systematic error. The n =2 and n=4 points were derived
using the LUND 6.3 Monte Carlo program normalized to
the observations for higher n values; the corresponding
errors are systematic only. The multiplicity distribution
for all energies combined ( ( &s ) =57 GeV) is shown in
Fig. 5. The error bars shown are the quadrature sum of
the statistical and systematic errors. There is excellent
agreement with the LUND parton-shower model. Neither
the modified Poisson nor the pair Poisson distributions
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TABLE II. The charged multiplicity distributions (1/X,„)dX/dn in percent. The final column lists
the results from all energies combined ( ( &s ) = 57 GeV). Statistical errors are listed first and systemat-
ic errors second. For the n =2 and n =4 points only systematic errors are given.

2
4
6

10
12
14
16
18
20
22
24
26
28
30
32
34
36
38

&s =50 GeV

0.0127+0.0097
0.076+0.039

0.68+0.17+0.27
3.35+0.97+0.82
7.67+2.27+0.64
13.90+3.94+0.70
18.13+4.98+0.54
16.92+4.73+0.12
13.95+4.25+0. 18
9.98+3.58+0.50
6.05+2.41+0.39
4.34+ l.96+0.45
2.41+1.20+0.40
1.37+0.66+0.22
0.84+0.43+0.28
0.18+0.12+0.08
0.09+0.05+0.01
0.04+0.03+0.07
0.02+0.02+0.03

&s =52 GeV

0.0125+0.0094
0.074+0.037

0.638+0.096+0.256
3.00+0.42+0.73
7.39+0.99+0.62
12.96+1.69+0.65
16.12+2.07+0.48
15.56+2.02+0. 11
14.15+1.96+0.18
11.24+ 1.80+0.56
7.14+1.31+0.46
5.37+ 1.19+0.56
3.03+0.85+0.50
1.69%0.47+0.28
1.19+0.46+0.39
0.27+0. 11+0.12
0.11+0.06+0.02
0.04+0.02+0.06
0.03+0.02+0.06

&s =55 GeV

0.0036+0.0038
0.076+0.035

0.72+0. 13+0.29
2.68+0.48+0.65
6.91+1.15+0.58
12.40+ 1.84+0.62
16.38+2.37+0.49
15.80+2.35%0.12
14.04+2.22+0. 18
12.03+2. 11+0.60
7.92+ 1.58+0.52
5.03+1.08+0.52
3.06+0.80+0.50
1.41+0.39+0.23
0.86+0.30+0.28
0.29+0. 14+0.13
0.33+0.27+0.05
0.04+0.03+0.07
0.02+0.02+0.04

2
4
6
8

10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40

&s =56 GeV

0.0058+0.0061
0.069+0.033

0.66+0.08+0.26
2.61+0.28+0.64
6.67+0.74+0.56
11.04+ 1.18+0.55
15.17+1.52+0.45
15.54+ 1.58+0. 11
14.08+ 1.58+0. 18
11.66+ 1.46+0.58
8.55+1.20+0.56
5.71+0.93+0.59
3.76+0.76+0.62
2.06+0.46+0.34
1.38+0.35+0.45
0.76+0.22+0.34
0.14+0.06+0.02
0.10+0.04+0. 19
0.01+0.01+0.02

&s =57 GeV

0.0025 20.0026
0.065+0.031

0.72+0. 11+0.29
2.58+0.37+0.63
6.11+0.81+0.51
10.15+1.36+0.51
14.33+1.81+0.42
15.04+1.93+0.11
14.82+ 1.96+0.19
12.75+ l.88+0.64
9.09+1.54+0.59
5.95+ 1.21+0.62
4.09+1.00+0.68
1.88+0.53+0.31
1.33+0.51+0.43
0.72+0.27+0.33
0.25+0. 13+0.04
0.05+0.03+0.10
0.08+0.04+0. 14

&s =60 GeV

0.0082+0.0085
0.071+0.036

0.49+0.09%0.20
2.00+0.34+0.49
5.77+0.88+0.48
11.01+1.59+0.55
13.24+ 1.89+0.39
15.27+2.21+0.11
13.89+2.11+0.17
11.33+1.89%0.57
10.00+ 1.87+0.65
6.48+ 1.40+0.67
4.91+1.22+0. 81
2.53+0.84+0.41
1.20+0.41+0.39
0.93+0.48+0.42
0.46+0.23+0.07
0.26+0.24+0.48
0.13+0.10+0.23
0.01+0.01+0.02

2

6
8

10
12
14
16
18
20
22
24

&s =60.8 GeV

0.0024+0.0025
0.041+0.018

0.51+0.09+0.21
2.06+0.34+0.50
5.76+0.93+0.48
10.36+ 1.59+0.52
14.77+2. 11+0.44
16.30+2.38+0.12
13.88+2. 14+0.17
11.81+1.90+0.59
8.50+ 1.64+0.55
6.68+ 1.47+0.69

&s =61.4 GeV

0.0023+0.0025
0.040+0.018

0.49+0.08+0.20
1.94+0.29+0.47
5.84+0.85+0.49
10.98+1.51+0.55
15.42+ 1.99+0.46
16.29+2. 17+0.12
13.39+1.91+0.17
11.30+ 1.69+0.57
8.11+1.45+0.53
6.42+ 1.33+0.66

(&s ) =57 GeU
(combined data)

0.0032+0.0014
0.050+0.020

0.59+0.03+0.24
2.35+0.13+0.58
6.33+0.33+0.53
11.19+0.56+0.56
15.03+0.72+0.45
15.66+0.76+0. 11
14.04+0.73+0.18
11.64+0.66+0.58
8.23+0.54+0.54
5.75+0.44+0.60
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TABLE II. (Continued).

26
28
30
32
34
36
38
40

&s =60.8 GeV

4.21+1.17+0.70
2.37+0.70+0.39
1.24+0.41+0.40
0.76+0.28+0.35
0.46+0.20+0.07
0.24+0. 14+0.44
0.01+0.01+0.01
0.05+0.02+0.09

&s =61.4 GeV

4.26+ 1.09+0.71
2.53+0.73+0.41
1.43+0.47+0.47
0.81+0.28%0.37
0.42+0. 16+0.06
0.2020. 10+0.36
0.02%0.01+0.03
0.10+0.05+0. 18

( &s ) =57 GeV
(combined data)

3.61+0.34+0.60
1.84+0. 19+0.30
1.15+0.14+0.38
0.37+0.06+0. 17
0.14+0.03+0.02
0.05+0.01+0.09
0.01+0.01+0.09
0.01+0.01+0.09

provide good representations of the data. Summaries of
the characteristics of the eight data sets and of the prop-
erties of the multiplicity distributions are listed in Table
III. Of particular note are the f2 moments, where

f2
=D (n ) .—These are statistically significantly

nonzero, reAecting the large disagreement between the
data points and the modified Poisson curves in Fig. 5.

Figure 6 shows the dependence of ( n ) on the center-
of-mass energy for this experiment and for other e+e
experiments, including recent results at v's =91
GeV. ' " ' The variation of (n) with &s, for all of
the data shown in Fig. 6, was fitted with the following

functions.
(1) Fitting to the form derived from the fireball and hy-

drodynamical models for hadron-hadron interactions,

(n & =as',
yields a =2.20+0.03 and b =0.252+0.002 with g =143
for 86 degrees of freedom (XD„). Note that the fitted
value for the exponent b is consistent with the s ' behav-
ior first predicted by Fermi. The results of this fit are
shown in Fig. 6 as a solid curve.

(2) Fitting to the empirical relationship from analyses
of pp data, '

TABLE III. Summaries of the multiplicity distributions at each energy. The entries are the number
of selected events; the integrated luminosity L; the average multiplicity (n ); the rms dispersion D; the

f, moment where f, =D (n ); the ave—rage multiplicity divided by the dispersion; and the results of
fitting the KNO plot to a I distribution (fit parameter =E) and a negative-binomial distribution (fit
parameter=k). The results for all the data combined ((&s ) =57 GeV) are given in the last column,
where the second error listed indicates our estimate of the systematic error.

No. events
L (pb ')

(n)
D
f2

(n)rD
KGD fit

X'/&DF
k NB fit

X'/&OF

50 GeV

77
0.64+0.02
16.24+0.41
4.78+0.28
6.66+2.71
3.4020.22
11.9+0.8

5/18
71.0+2.5

6/18

52 GeV

396
3.9820.04
16.74+0. 19
5.00%0. 17
8.322 1.66
3.35+0.12
11.7+0.6

8/18
47.7+7.4

8/18

55 GeV

288
3.27+0.04
16.82+0.22
4.95%0.17
7.66+ 1.73
3.40RO. 13
11.620.8

6/18
56.5+8.8

5/18

56 GeV

604
5.99+0.05
17.27+0. 16
5.20+0. 13
9.80+ 1.37
3.32+0.08
13.3+0.4

23/18
46.7+5.6

9/18

57 GeV

393
4.40+0.05
17.49+0.19
5.19+0.17
9.54+1.73
3.37+0.11
11.1+0.7

7/18
46.2+6.2

8/18

No. events
L (pb ')

(n)
D
fz

(n )/D
KGD fit

X /ND
k NBfit
X /&OF

60 GeV

320
3.55+0.04
17.85+0.23
5.4320.21
11.63+2.26
3.29+0. 13
13.2+0.4

19/19
40.1+4.7

7/19

60.8 GeV

299
3.49+0.05
17.66+0.23
5.29+0. 18
10.41%1.93
3.34+0. 12
14.8+0.3

32/19
63.8+8.9

16/19

61.4 GeV

363
4.33+0.05
17.61+0.21
5.35+0.17
11.09+ 1.87
3.29+0. 11
13.1+0.4

23/19
55.4+7.4

18/19

(&s ) =57 GeV

(Combined)
2740
29.6

17.19+0.07+0.48
5.03+0.06+0.25

8.11+0.59
3.42+0.04
12.0+0.4

18/19
52.8+4.3

21/19
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FIG. 6. The average charged multiplicity in e+e annihila-
tion as a function of center-of-mass energy &s, including results
from other experiments. The errors shown are the quadrature
sum of the statistical and systematic errors. The curves show

the fits to the data (see text).

FIG. 7. (a) The energy dependence of the dispersion D. (b)
The energy dependence of (n )/D. The dashed curve is the ex-

pectation for a pair Poisson behavior; the solid curve is that for
a modified Poisson. Only the statistical errors are shown.

(n ) =a +b lns+c ln s,
yields a =3.37+0.09, b = —0.43+0.06, and c =0.262
+0.007 with y =93 for 85 NDF. This fit is shown as a
dashed curve in Fig. 6.

(3) Fitting to the form suggested by leading-logarithm
gcD 3 —s

(n ) =a+b exp[c [ln(s/Qo)]'

with Q„ taken to be 1 GeV, gives a =2.59+0.08,
b =0.085+0.010, and c =1.81+0.04, with y =85 for 85

NDF. The fit is shown as a dotted-dashed curve in Fig. 6.
In fact, the above curves are not expected to be precise

representations of the charged multiplicity at lower ener-
gies where resonances and thresholds are expected to pro-
duce small-scale fluctuations. If we limit the its to
center-of-mass energies above 5 GeV, well above the
threshold for charmed-particle production, the three
cases give fits of similar quality (y /ND„=69/50, 60/49,
and 61/49 for cases 1, 2, and 3, respectively). All of the
above functions describe the high-energy data equally
well; differences between them only become significant at
center-of-mass energies above 100 GeV.

Figure 7(a) shows the dispersion D as a function of &s.
The error bars shown are statistical only; the systematic
uncertainties are about 5.0% of the D values. The D
values measured in lower-energy experiments are also
shown in the figure.

The ratio (n ) /D is shown as a function of energy in

Fig. 7(b), both for this experiment and for previous exper-
iments. This shows some weak energy dependence, in-
creasing slightly with increasing &s. The solid (dashed)
curve in Fig. 7(b) shows the expectations for a modified
Poisson (pair Poisson) behavior of the multiplicity distri-
bution; both cases clearly differ from the measured
points.

In Fig. 8 we present the KNO distribution for all of
our data combined ((&s ) =57 GeV) together with the
29-GeV data from the HRS experiment, ' and the 34.8-

GeV data from the TASSO experiment. " There is no
marked change in the KNO distribution over the center-
of-mass range from 29 to 57 GeV. Fitting the data from
the three experiments to a I distribution (GD) [Eq. (1)]
gives values of K of

K =12.0+0.4 (yz/ND„=18/19) AMY (57 GeV),

E =10.9+0. 1 (y2/NDF =71/17) TASSO (34.8 GeV),

101 I I I I

I

I I I I

I

I

KNO Plot
Fits

100

Qe
A

V

10-1

10
TASSO Ka ~ 34.S GeV

10
0

I i & s & I & s

1 1.5
n j(n)

s I, , s

FIG. 8. The KNO charged multiplicity distribution for the
combined data of this experiment compared with measurements
at lower energies and with the fitted I distributions. The verti-
cal axis is the normalized charged multiplicity distribution
scaled by the average multiplicity ( n ); the horizontal axis is the
scaled multiplicity n /(n ). For the HRS and AMY results, the
errors shown are the quadrature sum of the statistical and sys-
tematic errors; only statistical errors are shown for the TASSO
data.
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GD and NB fits to the distributions at each of the eight
center-of-mass energies and for all the energies combined
are given in Table III.

VIII. DISCUSSION

o
A

V

10-'
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AlA' va ~ 57 GeV

HRS va ~ 29 GeV
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FIG. 9. The KNO charged multiplicity distribution for the
combined data of this experiment compared with measurements
at lower energies and with the Atted negative-binomial distribu-
tions. Here the errors are the same as in Fig. 8.

IC =12.3+0.3 (y /NDF =41/13) HRS (29.0 GeV) .

While the GD shape provides poor fits for the HRS and
TASSO data, it fits our data reasonably well. We have
fitted the same data to a negative-binomial (NB) distribu-
tion [Eq. (2)]. The results of these fits are

k =52.8+4.3 (y /No„=21/19) AMY(57 GeV),

k =54. 1+3.1 (g /N&„=39/17) TASSO (34.8 GeV),

k =233.5.0+53.2 (y /ND„=7/13) HRS (29.0 GeV),

and are shown as solid, dotted, and dashed curves in Fig.
9, respectively. Note that the NB distribution depends
both on k and ( n ), so although the values of k derived
from our data and from the HRS results differ, the actual
curves agree quite well, leading us to conclude that KNO
scaling works well over this energy range. Results for

We have presented the multiplicity distributions for
charged particles produced in e+e annihilation at
center-of-mass energies ranging from 50 to 61.4 GeV.
The charged-particle multiplicity distributions are well
reproduced by the LUND 6.3 parton-shower model.

The average charged-particle multiplicity ( n ) is found
to rise with center-of-mass energy and is fitted equally
well by Fermi's prediction (n ) =as'~, the empirical re-
lation (n ) =a+b lns+c ln s, and the QCD-motivated
form (n ) =a +b expIc [ln(s/Qz)]'~ I. The multiplicity
distributions are found to deviate significantly from the
modified Poisson distribution at TRISTAN energies.
While experiments at lower energy (&s =29 GeV) show
good agreement with a modified Poisson distribution, '

our results confirm the trend toward distributions that
are wider than Poisson-like distributions that was first ob-
served at &s ~34.8 GeV. " The distributions follow
KNO scaling; both the I and the negative-binomial dis-
tribution functions fit our measured KNO distributions
well.
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