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Abstract

We study the inchusive momentum distribution of charged particles in moltihadennic cvents
produced in ete™ annihiations at F,, ~ A(Z7). We find agreement with the analytical formulae
for gluor production that include the phenomena of solt glion interference.  Using data from
¢ energies between 14 GeVoand 91 GeV, we study the dependence of the inclusive momentinm
distribution on the centre of momentum energy. We find that the analytical formulan describe the
data over the entire energy range . Both the momentum distribution at a fixed cnergy and the
change with energy are described by QCD shower Monte Carlos whick include cither coherent gluon
branchings or string fragmentation. Simple incoherent madels with independent fragmentation fail

to reproduce the energy dependence and mamentum spectra.
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1 Introduction

We report here on a search for the manpifestation of solft' glion coherence in inclusive momentum
distributions, predicted by perturbative QCI in the region of low Q2 [1]. Tests of QCD in ete~
collisions have generally been based on measurements of the total hadronic cross section or of quantities
such as jet production rates which are related to the high @2 behavionr of the theory. Predictions for
multiparton distributions at lower @ exist, but these must be related to final state hadron distribntions
to allow comparison with experiment, In this paper we will directly compare the measured distribution
of charged hadron momenta at ceatre of momentum energy e, = 3(Z7) with the prediction of QCT).
To study the dependence on Fem, we include data taken at lower c.m. cnergics {2].

In the leading log approximation (I.LLA) ol QCH, both the ghion multiplicity and the shape of the
spectrum are predicted with only a scale as a [ree paramecter. The influence of coherence, which is
a natural consequence of the quantum mechanical nature of QCT), reduces the available phase space
for soflt gluon emission to an angular ordered region due to destructive interference. This leads to a
slower rise in the gluon multiplicity within a parton jel and to a change in the shape of the glion
momentum distribation relative to the case ol incoherence. Coherence also results in an approximately
Gaussian distribution of In(1/z), where z = 2F /I, with the maximum asymptotically around
In{1/20) = 0.510(Fem/2A61s) in eTe™ reactions. Uete Aqpp is an effective QCD scale, which is not
dircctly related to the wsual scale parameters like Agrz. Once Acpp s fixed, the evolution of the
position of the peak with ., is unambignously predicted.

Agreement with coherence predictions has already heen found at lower energies in the particle
and energy flow distributions of three jet cvents [3) and in the shape of the In(}/=,) distribution
[1]. At Z" cnergies, where the peak of the In(1/z,) distribution is shifted to higher values, phase
space constraints are smaller and the low r, behaviour of the distribulion provides a test of the QCD
predictions (see discussion in [5]). In addition, a comparisnn of the In(1/x,) distributions at the 7Z°
with those observed al lower energies allows the I, dependence of tThe masimum to he tested.

The multiparton momentum spectrum, calculated using perturbative QUT, must be related (o the
final state hadron distribution to allow lor a comparison between theory and experiment. We assume
that the calculated gluon spectrum can directly be compared to the measnred hadron specitum, im-
plying Lhai hadronization has only a small efflect on the spectrim, This procedure is supported by the
concept of Local Parton Hadron Duality (LPTD) {6]. Since the transformation of partons into hadrons
should be independent of the c.me. encrgy, the analysis of the evolutior of the hadron spectrum with
I should be less sensitive to hadronization cffects and provide information on the energy evoln-
tion of the underlying gluon specirum. We also comparce the measured spectra with the predictions
of QCD parton shower Monte Carlo programs which contain detailed models of hadronization and
include mass cffects and resonance decays.

2 The OPAL Detector and Event Selection

This analysis is based on an integrated huminosity of about 1.3 ph™" collected with the OPAT detector
[7] at the e*te™ collider LTI The data were recorded at c.m. energics between 88.28 and 95.04 GeV,
around the Z9 pole.

Charged particles were measured with the jet chamber, which is positioned inside a homogencous
magnetic feld ol 4.3 kGG, The magnet coil is surrounded by a time-of-flight counter array and a



lead glass electromagnetic calorimetler. These detectors provided the basic triggers for multihadronic
events [8]. The cylindrical jel chamber, which is fonr metres in length and about two metres in tadins,
provides a measurement ol the momenta ol charged particles. [ach particle track is measured by up
to 159 layers of wires at radit in the range 25.5 cin to 181.5 ¢in from the beam axis. The single hit
resolution is measured to be 140 gm in the planc transverse {o the beam (R-¢) and 6.0 cm along the
direction of the beam (z}. The double hit resolntion has been determined to 3 mm in the # — ¢ plane.
The trackfinding efficiency is close to 100 %.

Multihadronic events were preselected using the electromagnetic calorimeter and the time-of-flight
counters [8]. The events used in this analysis had to fulfill additional requitements based on jel chamber
information Lo insure that ithe cvents were well contained within the sensitive volume: Multihadronic
events were reqnited (o have al least five well measured iracks. A well measured track was recon-
structed from at least 40 hits in the jet chamber (corresponding to an cffective cut [cos(#)] < 0.92),
had fo have a minimum transverse momentum to the beam axis of 200 MeV /¢ and a reconstructed
distance of closest approach to the beam axis of less than 5 em. The encrgy sum of all accepted tracks
had to exceed 5 GeV. The absolute value of the cosine of the angle between the thrust axis and the
beam axis was required to be smaller than 0.86. A fotal of 22959 events satisfied these requirements,

3 The Particle Momentum Spectrum at E, = M(Z°)

In fig.1 we display the inclusive momentum distribution of charged particles in terms of In (1/z,) with
T, =(2-pf/Fem), p being the momentum of each hadron. The distribution is corrected for detector
acceptance and resolution effects and for initial state radiation. The correction procedure is hased
on a detailed Monte Carlo simulation of the OPAL deotector and is described in [9]. T leads to =

dependent correction lactors
c(z,) = ("‘!IC"(IP)) / ("rm‘(rr’))
7 Ngnn Nrr'r'.

where n(x,) denoles the nomber of tracks with scaled momentum 2, and ¥ the number of Monte
Carlo evenls considered. The indices ’gen” and roc’ refer to the gencrated and reconstrucied yiolds.
We restrict the aralysis o the region of 0.20 < p < 45 GeV/e, corresponding to 0 < In(1/z,) < 5.4,
Thronghout this region, the correction is everywhere less than 20%.

r

Vatious checks have been petformed to estimate possible uncertainties in the correction procedure
and in the representation of the detector by the Monte Carlo program. In particular we investigated
possible elfects on the shape of the In{1/z,) distribntion.

o The binning in In(1/z,) was adjusted such that the migration between bins due to resolution
effects was below = 5 %.

¢ We varied parameters in the simulation describing the detector performance: The accuracy of
the hil position in z was .varied in the range between 6 and 30 cm, the resolution in the r- ¢
plane from 120 to 160 gm, and the double hit resolution from 2 to 3 mm. The corteclion factors
did not vary by more than 3%, which is the samc sizc as the statistical errors for these Monte
Carlo simulations.

e Parameters in the track finding program were varied to estimate the effect of possible differences
hetween Monte Carlo and data. For reasonable parameter changes the variation of the correction
factors was fess than 5%. Since this cffect was momentum independent, the shape of the In(1/2,)
distribution was not aflected.



¢ 'The correction faclors were determined with different QCID Monte Carlos [10,11]. No differcnce
within the statistical precision was observed. The uncertainty of the correction factors due Lo
hadronization is at most 0.5%.

o We Jooked at subsamples of tracks in different regions of the polar angle with respect to the
beam axis and separately for positively and negatively charged tracks. The data agreed with
the Monle Carlo expeciation Tor the same culs within 3%.

In total we assign a 5% systemalic error to the absolute normalization. The more impottant
relative systematic errot between different values of z,, is much smaller than 5%.

In fig.1 the measured corrected In{{/r,) distribution of charged particles in hadronic evenis at
Lem = M(Z%) is shown. It has a broad maximum aronnd In{1/7q) ~ 3.6. T'he decrease towards high
zp (low In(1/z,)) values reflects energy and momentum conservation. The measured particle yvield is
listed in table { as a function of In(1/xz,). The errors displayed are statistical only.

To perform fits to the observed spectrum, we used theotetical formulae for glvons that differ in
the treatment of terms heyond the next to leading order in the QCT) calculations. These calculations
are valid for relativistic particles in a region not too far from the peak of the In(1/z) distribution.

First we use the modified leading log approximation (MLILA) [12] which takes into account all
leading and next to leading logarithmic terms. The MLLA predicts a spectrum of the form

8
1 de 4N, W Rt dr g [C(eyIn(1/2),¥)]? -
cdins) = b BN [ et [ (4_%;”(- [2) )] In (\/D(a..ln(i/m).? )) (1)

2 sinh o

for the In(1/z) distribution. Here

16N, ¥ e
b sinh re

Dia,ln(1/z),¥) = Clo,In(1/1)),

Cla,n(1/2),Y) = cosh a + (g_ln(}_l/r_) - I) sinh a

with ¥ = In(Eem/2A.54) and o = ag + ir. For the integration oy was chosen according to tanh ag =
(1—@M(1/2)/Y)) % b= 1IN/3 ~ 2N;/3 and B = (11N./3 + IN;[3/N2)/E are defined by the
number of flavours ¥y and colours N.. Iy is the modified Bessel function of order B. T this formula,
which tepresents the standard MLLA result for particle spectra [12] [1] in a convenient form for
numerical integration, the parton shower evolution and the fragmentation are factorized. The overall
normalization factor K (Y) desctibes the transformation of partons into hadrons. Motivated by LPTD
we choose it to depend only on Y. Thus formula (1) has only Aegs and an overall normalization from
K(Y) as free parametets. We performed a numerical integration to fit this formula to one data.

For asymptotic energies F.,,, and close to the peak, formnla (1) can be approximated by a Ganssian
distribution [14]}

2
1 do ~ N(Y) € /2 ' -—Cl(lni—ln ;1;) )
s (z) ~ (ﬂ-'ﬂ/?) oxp yar2 (2)

with zg, the position of the maximum, at [14] [15]

In= = 05-¥ 4 cz- V¥ + O(1) (3)

o

*There is 2 misprint in [12] where tan{aq) is given while tanh(eva} shonld be used [13]



and cp = /36N /b, ca = B\/b/16/N; constants given by theory, The average multiplicity N(Y) is

predicted by theory up to a normalization factor Kg. The second free parameter is Agpr. The tetm
O(1) contains higher order corrections and should be constant for £, — co.

A second cxpression for the specttum results in a Gaussian with higher moments [16]:

| do N(Y) t | s 1.
- A Xp =k — —36 — —(2 + k)67 + —58° + —k4§ 4
s din(z) - avar P EF T M T 2R b ()

with & = (In(1/x) — In(t/z))/o. In(1/x) = In{1/x0) + O{1) is the mean value of the distribution.
The coeflicients N(Y), 7, 5 and k are the average multiplicity, the width, skewness and kurlosis [16]
of the Gaussian like momertum spectrum and are caleulated to next-to-leading order. Apart from
Ay this formula contains an wnknown higher order correction term Q1) to In(i/%) as well as vet
unknown higher order terms in the parameters o, s and k. The latter were not taken into account for
the analysis in order to limit the number of free parameters.

Fits to the measured charged particle momentum spectrum 3 were performed using formulae {1}, (2)
and (4). The fits were restricted to the region around the maximum in the intecval 2.5 < in(1/z)< 4.5
which corresponds 1o the region of validity of the analytical formulac. The number of flavours was
set o Ny =13, as the three light quark species dominate quark pair production in the gluon cascade.
For Ny =5 the data can also be described by the analytical expressions with different values of Aopy
and O(1). In table 2 and fig.) we display the results of the fts. In all three cases the region around
the maximum and the falloff towards low z, (high In(1/2,)), where these formulae are valid, are well
described. I'his agreement of the shape and Lhe peak position of the measured hadron distribution
with a formula derived for gluons is consistent with the concept of Local Parton Hadron Duality [6].
While formula (1) and its Gaussian approximation (2) provide a good description of the spectrum
over almost the entire z, range, they vnder- and overestimate the particle yield in the region of
nonrelativistic momenta at small x,. The cxpansion (1) of a Gaussian distribution describes the small
rp region very well, but overestimates the particle yield in the region of high Tp.

In fig. 2 we compare our measurement with the results from QCD shower Monte Carle programs.
JETSET 7.2 [10] and ITERWIG 3.4 [11] contain the basic fealures of the QCID parton branching
processes including colour coherence. The fragmentation parameters were tuncd to describe the global
event shapes as measured by OPAL [9]. To test the coherence effect we also used other oplions in
the JE'TSET program: In a first step, the partons were evolved with incoherent branchings and the
string fragmentation was used. Both experimental [3] and theoretical {18] results indicate that string
fragmentation reproduces part of the coherence effect. In a second step the siring fragmentation was
replaced by the independent {ragmentation {10]. The fragmentation parameters for the fwo options
based on incoherent parton shower evolntion were adjusted to describe the average charged multiplicity
and to approximately reproduce the position of the maximum of the In (1/zp) distribution (sec fig. 2).

The Monte Carlos based on coherent parton showers give a good description of the observed
distribution at /., = 91 (FeV. This is also true for the incoherent parton shower option with string
fragmentation. The Monte Carlo which combines incoherent parton branchings with independent jot
ragmentation predicts a higher maximum and a distribntion which decrcases faster than the data for
Tp > Tn.

"The QUD formulae are derived for massless glinns and therelore do not diseriminate betweer momentum and energy.
The obscrved hadron momentum and energy spectra are similar for relativistic particles only. Protons for example are
not relativistic in the region of the peak of the In(1/2,) distribution at 91 GeV. Since we are dealing with unidentified
stable charged particles, we choose the particle momenta fur the comparicon with the theoretical prediction. In [17] it
was pointed ount that the particle spectira should he different for different particle types,



4 The energy evolution of the maximum

QCD not only predicts the shape of the gluon momentum distribution at a fixed energy but also
describes the energy evolution of the spectrum. ladrontzation eflects may influence the shape of the
measured momentum disttibution. If such a distortion is the same at all c.m. cnergies, the theoretical
prediction for the underlying parton distribution can be tested by studying the energy evolution of
the In(1/z,) distribution. Concepts like LPTD support such a procedure. Fixing the parameters in
formulae (1) to (4) Lo the values obtained at Fo, = M(Z°) leads to an unambiguous prediction of
the theory for other c.m. energies. In the case of the Mante Carlo generators JETSET, HERWIG
and ARIADNT [19] it has becn shown that energy independent fragmentation parameters lead to a
consistent description of global event shape distributions for the energy range between F,, = 29 GeV
and e = 21 GeV [9]. For the following analysis we therefore leave the fragmentlation parameters of
all Monte Carlo models at the values obtained at F., = M(Z"). The encrgy evolution of the hadron
spectrum should then reflect the energy evolution of the underlying parton distribution.

To investigate the energy evolution, we combine our measurement with the results obtained by
the TASSO collaboration at c.m. energies between 14 and 11 GeV [2]. We first compare the observed
distributions to the analytical formulae (1) and (4) and the QCD Monte Catlos JETSET and HERWIG;
next we discuss the variation of the position of the peak ol the momentum spectrum with energy.

Figure 3a displays the measutements of the In(1/r,) distributions for c.m. cnergies between 14
and 91 GeV together with the predictions of the analytical formulac (1) (full line) and (1) (dotted
lire}. The parameters A.;p and O(1) were fixed to the values which were obtained from the fit to
the spectrum at Ee, = M(Z?) (lable 2). For the lower c.m. energics, the normalizations K(Y) in
(1) and N(Y}in (4) were determined {or each energy point separately from a fit to a region of abont
Aln(l/r,) = | around the peak of the lower energy spectra (sce also table 3).

From figure Ja it is seen that the height ol the maximum rises with increasing energy, refllecting
the increase in multiplicity. The position of the maximum In{1/x4) is shilted Lo larger In{1/z,) values,
while the width of the distribution increases only modcrately. For high x,, the slightly lower particle
yield with increasing c.m. energies indicates the scaling violations of the fragmentation function.

Due to particle mass effects, the spectra should be similar in the region of small momenta at all
c.m. energies. This can be secr in figure 3b, where the In(p) distribution is shown. The peak of
the distribution at high c.m. cnergies is separated from the region where the influence of the hadron
masses 15 important.

[n the region p > Agsy, the theoretical formula (1) describes the TASSO data at all energy points
very well, thus demonstrating the consistency of the data with the conjectures of coherence and LTHD.
For small mementa, where the particles are nonrelativistic, the falloff in the predicted particle yield
tends to be steeper than in the data. In the region of p < A.yp the theoretical formula (1) is not
valid. Accordingly, the curves are restricted to the region p > Ay in figures Ja and 3b. We observe
that K (Y} increases with decreasing c.m. energies, possibly indicating the influence of c.m. cnergy
dependent, effects in the LPIID- MLLA picture (table 3).

‘The results obtained for the distorted Gaussian (equ. 1) are also displayed in fig. 3a. The
normalization factors are in good agteement with the measured charged particle multiplicitics also in
the energy range between 14 and 44 GeV (see e.g. [1])}. As was already seen for ., = 91 eV, the
region of small x is well described. [Towever, the height of the peak of the In(1/xz,) distribution is
underestimated. In the high z, region, the predicted particle yicld is overestimated.



Fig. 3¢ shows a comparison of the measured charged particle momentam distribution with the
predictions from two QCT) shower Monte Carlo generators using parameters {rom an optimization at
Foem = 91 GeV [9]. The Monte Carlos describe the data in the range of high momenta very well for all
c.m. energies. At small c.m. energies, both the HERWIG and the JETSET Monte Carlo overestimalte
the particle yield in the region of the peak of the spectrnm and at low momenta.

An essential manifestation of coherence is the energy dependence of the peak position In{1/zq)
which QCD predicts to change according to formula (3). Therefore we next compare the observed
shift of In{1/x9) with the theorctical predictions and with those from the Monte Carlo programs. To
determine the position of the maximom of the distributions, we ftted the specira at all five energy
poinls to a fifth order polynomial and to a function of the form

iﬂﬁ%ﬁ = Fexp (Bik - %.«;4 ~ %(2 + k)d? + %m-‘ + ;‘;kd‘) (%)
with d = (In(1/x) — In(1/2))/o. The choice of the fit function (5) was motivated by the analytical
specttum (). For the [, the parameters /7 gy @8 and kin equation (5) were left free. To avoid
systematic uncertainties due to the choice of the bin range and due to the selection of the fit function,
we varied the bin range used for the fits and determined the position ol the maximum hy averaging
over alt its. The polynomial fit Minction is not model dependent and was used to reduce possible
systemalic uncertaintics from the choice of the exponential it Tunction (5). Both the polynomial and
the exponential it function give the same values for Lhe position ol Lhe maximum within the siatistical
accuracy. At Fo, = M(Z°) we obtain a value of In(1/70) = 3.603 £ 0.013(stat.) + 0.040(sys.),
corresponding to In(po) = 0.216 & 0.013(stat.) £ 0.040(ayst.) or po = 1.24 GeV/e, for the position of
the maximum of the ln(1/z,)- and the In(p)- distribution, respectively,

The energy evolution of In(1/z4) is displayed in figure 1 together with the QCD prediction In ;% =

0.5 46 VY 4 O(1) (equ. 3) for Agrp = 0.203 GeV' and O(1) = ~0.384, obtained from the Kt
ol equation (2) to the shape of the spectrum at 91 GeV. The agreement with the data is excellent.
From a fit to the predicted energy evolution of the position of the maximum we obtain Acpr =
0.212 £ 0.020 GeV and O(1) = -0.321 £ 0.60. The value of Acsy obtained is compatible avith the
results from the fits of the analytic functions to the data at 91 eV’ (table 2). Omission of the term
(1) in (3) can be compensated by a larger value of Acrr = 0.35 and also gives a good description of
the data.

In the c.m. energy range considered, the evolution of the peak position of the In(1/x,) spectrum
and equation (3) can be approximated by a straight line (sce fig. 1). We therefore nse a straight line
fit of the form

In(1/za) = b In(F) + ¢ (6)
and obtain a slope of b = 0.637 £ 0.016 and an intercept of ¢ = 0.735 + 0.067. If the spectrum of soft
particles in jets were dominated by phase space effects and not by colour coherence, the peak of the
tn(1/x,) distribution would show a c.m. energy behavionr of & = 1. This is in obvieus disagreement
with the data.

Next we compare the cnergy evolution of the maximum with that predicted by the Monte Carlo
programs discussed above. The advantage of wsing Monte Carlos is that phase space cffects, mass
dependences and distortions due to hadronization are explicitly included. The disadvantage is the large
variely of possible parameter combinations in the fragmentation part. We leave the fragmentation
paramelers {or all energy points fixed at the values obtained by aplimizations at /., = 91 Gel’.

The position of the maximam of the In(1/7,) distribution predicted by Monte Carlo programs as
a function of the c.m. energy is shown in fig. 1. Results of straight line fits are listed in table 4. [n

B



addition to the slope determined after hadronization, we also list the slope obtained {rom distributions
of partons generated in the parton shower in table 4. At high energics the pation distribution obtained
from the JETSET incoherent parton shower branchings is flat and does not exhibit a pronounced
maximum. In this case we therefore used the mean values of in(1/2,) to determine the slope for the
partonr distributions. :

The simulations based on coherent gluon cmission are in good agreement with the measurements.
Both JETSET and HERWIG yield a slope after hadronization which is larger than the one for the
corresponding gluon disttibution. The slope obtained from the ARIADNE model is stightly larger
than observed in the data. For the case of incoherent gluon branchings in JETSET we find a trend
towards steeper energy dependences if string fragmentation is used. [n this case, the value for bis 2.8
standard deviations larger thar the measurement.

As mentioned belore, string [ragmentation partly incorporates coherence effects: " If string frag-
mentation {or the incoherent parton branching is rcplacc‘d by independent fragmentation, the encrgy
dependence oblained has a slope of 2bout 1 as is expected from phase space and Tails to re'pro:duce the
data. The energy variation in this case deviates from a linear increase with In(F,y) at lower energies
(sce fig. 4). Restricting the energy range to Fon > 35 (Gel’, we obtain a slope of b = 1.004 % 0.023,
which is consistent with pure phase space.” This [ailure of the independent fra.gménta,tio'n model
demonstrates the sensitivity of the mecasurement Lo coherence and that the results are not biased by
the selection criteria. The results for the independent fragmentation model aré rather insensitive to
the actual choice of fragmentation parameters as long as they are kept c.m. ene'rgy\intlepen‘dent.'Tu
verify this, we changed the hardness and the transverse component of the fragmentation function over
a large range as well as the cutoff parameter (Jp and the scale parameter Agop in the partnﬁ"sliowér.
Keeping the charged multiplicity fixed at 91 GeV, the variation Ab of the slope was never greater than
15%. ' - :

5 Summary

*+e collisions at the

We have measured the inclusive momentum distribution of charged particles in e
7% cnergy. We have compared the measured speclrum with theoretical predictions for gluons which
include the coherence of soft gluon radiation. After adjusting the overall normalization and cffective
scale parameter Aoy, we find that the analytic QCI formulac provide a good description of the
momentum distribution at 91 GeV, especially in the region of the peak of the spectrum. Using the
value Apy = 253 MeV found for 91 GeV, the QUD formulac also describe the inclusive momentum
distribution measured at c.m. energics between 14 and 11 GeV. Increasing the c.m. energy from 14 to
91 GeV, the overall normalization lactor decreases by 15 %. The good agreement between the QCD
formulae [or gluons and the measured charged hadron distributions establishes the consistency of the

measurtements with colour cokerence and Local Parton [ladron Duality in ete™ hadronic reactions.

One of the manifestations of colour coherence is the existence of a peak in thein(1/7,) distribution.
We observe that the evolution of this peak position with £, is accurately predicted by the analytical
formulae.

We also compared the measurement with the prediction from QCD Monte Carlos. Various parton
shower models based on coherent and incoherent branchings with appropriately tuned paramecters
can reproduce the data at fixed Ee = 91 GeV. VFixing the patamelers of these models 1o describe
onr data, we find the best agreement of the low ecnergy data with models based on coherent gluon
emission. Choosing incoherent parton branchings and string fragmentation we find a somewhat worse



description of the energy dependence of the position of the maximum. However an incoherent parion
shower model with independent fragmentation is incompatible with the data.
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Tables

Table 1: Differential cross section t/odo/din(1/z) at W = 91 GeV The errors shown are statistical
errots only. There is an overall systematic error of 5 %. The bin to bin systemalic errors are much
smaller than the statistical errors (see text) and are not shown.

In{1/x) 1/odo/dIn(1/z)} In(1/x) 1/o do/din(1/z)
0.01% — 0.119 0.003 £ 0.001 2.719 - 2.819 5467 £ 0.082
0.119 - 0.219 0.013 £ 0.002 2.819 — 2919 5.803 + 0.084
0.219 — 0.319 0.033 &+ 0.004 2919 — 3.019 5.943 £ 0.084
0.319 — 0419 0.086 + 0.0t 3.019 — 3.119 6.019 + 0.084
0.419 — 0.519 0.119 £ 0.009 3019 — 3219 £.221 + 0.086
0.519 — 0.619 0.197 £ 0.014 3.213 - 3.319 6.322 £+ 0.086
0.619 - 0.719 0.287 X 0.016 3319 — 3419 6.619 £ 0.091
0.71% — 0.819 0334 £ 0.02 3419 — 3.519 6.146 X 0.088
0.819 — 0.919 0.564 X 0.025 3519 — 3.619 6.59% + 0.09
0.919 — 1.019 0.771 £ 0.031 3619 — 3.719 G.687 + 0.089
1.019 - 1.119 0.922 £ 0.032 J.719 - 3.819 6.642 + 0.089
1119 - 1.219 1.183 £ 0.038 J.819 — 3919 6.436 £+ 0.086
1.219 — 1.319 1.302 + 0.037 3.919 — 4.019 6.296 £ 0.085
1.319 — 1.419 1611 4+ 0.044 4.019 — 1. 119 6.206 £ 0.084
1.419 — 1.518 1.837 £ 0.045 4119 — 4.219 5.997 & 0.082
1.518 — 1.619 2.059 1+ 0.048 1219 - £.319 5.87 + 0.083
1.619 — 1.719 2.548 £ 0.058 1319 — 1419 5.635 £+ 0.082
1719 — 1.819 2.722 £ 0.057 1.419 1519 5.198 £ 0.078
1.819 — 1.919 3.000 + 0.059 4519 — 1619 4.786 £+ 0.073
1.919 — 2.019 3.339 + 0.063 1.619 £.719 4.637 + 0.075
2.019 — 2.119 3.658 + 0.067 4719 — 1819 1,188 £ 0.071
2.119 -~ 2.219 J1.768 £ 0.065 1.819 — 1919 3.923 £ 0.071
2.219 — 2.319 4.174 £ 0.071 1919 — 5.019 1.559 £+ 0.068
2319 — 2.419 4.606 + 0.075 5019 — 5.119 3.246 £ 0,078
2.419 - 2.519 4.894 £ 0.08 51109 — 5219 2.767 £+ 0.066
2.519 — 2,619 4.896 4 0.077 5219 — 5319 2515 £ 0.071
2.619 — 2.719 5.417 + 0.082 5,319 — 5.9 2.352 £ 0.091
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Table 2: Parameters of the analytical formulac obtained from a fit to our data. K corresponds o the
overall normalization factor requited for (1) and (2). N(}") was obtained from fitting formula (1) to
the data and agrees well with the charged multiplicity measured by OPATL [9]. The ertors shown are
the statistical errors of the fit parameters and do not include systematic effects.

Analytic First Second Third

Formula Parameter Parameter Parameter x%/df
t Acpy = 0.253 £ 0.030 K =1.28 £0.01 1.30
2 Aeyy=0203£0030 | Kg=0194+0.01 | O(1) = -0.38+0.09 | 0.97
4 Aepr =0.255 £0.026 | N(Y)=20.120.3 | O(1) = —-1.00+£0.07 | 0.94

Table 3: Normalization factors K(Y) and N(Y) at different c.m. cnergics

Ecm K(OY) (xP/df | N(Y) | x*/df
91 GeV [ 1284001 | 1.3 [214£03 | 09
44 GeV [ 1.31£001 | 3.4 [15.2401| 1.8
35 GeV [ 136+ 001 | 49 [137x01] 180
22 GeV [ 1384002 07 |it2+02] 14
14 GeV | 146002 ] 06 | 9001 | 2.2

Table 4: Slopes obtained from various Simulation schemes

Model Coherence | Fragmentation | slope (partons) | slope (hadrons)

Data 0.63710.016
MLLA (Equ. 1) yes 0.627

ITERWIG yes cluster 0.60040,012 0.62940.036
ARIADNE yes string 0.686+0.020
JETSET yes string 0.59740.016 0.663+0.019
no string 01.6664+0.003 0.69240.012
no independent 0.952%0.017
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Figures

Figure L: In(1/2,) distribution at E.n = 91 GeV compared with analytical formulae. The measured
disttibution is compared to the analytical formulae using the parameters in table 2.

Figure 2: In(1/z,} distribution at F.., = 91 GeV compared with QCI Monte Carlos

Figure 3a: In(1/z,) disttibutlions at E.m = I4, 22, 35, 41 and 91 GeV.

Figure 3b: Ln(p) distributions at E., = 14, 22, 35, 41 and 91 GeV

lligure 3c: Ln(p) distributions at F., =14, 22, 35, 44 and 91 GoV compared with QCD Monte Carlos

Figure 4: Energy evolution of the maximum of In(1/z,) compared to the analytical formula (3) (full
line) and some QCT Monte Carlos.
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