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Abstract

The correlations in rapidity in hadron production from e*e™ annihilation
near the Z° resonance were studied by means of the method of factorial mo-
ments, using data taken with the DELPHI detector at LEP. The parton shower

‘ hadronization model was found to be in quantitative agreement with the data,
in contrast with previous results at lower energies.
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1 Introduction

The random occurrence of peaks in the (pseudo)rapidity distribution of
hadrons produced in high energy collisions was first observed in the sec-
ondary products of pp interactions (1], and immediately after in cosmic ray
events [2]. Evidence of such clusters of particles in narrow (pseudo)rapidity
intervals, incompatible with the predictions of many classical hadronization
models, has been produced from accelerator experiments studying nucleus-
nucleus [3, 4, 5] and hadron-hadron [6, 7, 8] collisions. A short review of the
experimental data has been presented in Ref. [9]. Mathematical techniques
and terminology which have been developed to describe such large fluctua-
tions in non-Hamiltonian systems, turbulence in particular [10], were adapted
to describe this phenomenon [11], which was given the name of intermittency.

Intermittency in hadron collisions has led to speculations of possible evi-
dence for hadronic phase transitions [12], hadronic Cherenkov radiation [13],
hadronic hydrodynamics [14], or simply self-similar cascading mechanisms
[11, 15, 16, 17]. Recently intermittency effects have also been claimed in
e*e” annihilation [18, 19]. This strongly favours the cascading mechanism,
since hadronic reaction mechanisms, such as phase transitions, are unlikely
in this case. However, presently used cascade models fail to reproduce the
effect at centre of mass energies around 30 GeV. F urthermore, the predictions
of various models for e*e~ interactions differ considerably at high energies
[20]. A short review of the present status of the theoretical descriptions of
the phenomenon is presented in Ref. [21].

This letter describes an investigation of intermittency effects in e*e~ an-
nihilation at a centre of mass energy of 91 GeV, using data collected with
the DELPHI detector [22] at the ete™ storage ring LEP during its first
runs at the Z° resonance. The DELPHI detector is well suited for such a
study, since it has a truly 3-dimensional detection of charged particles by a
Time Projection Chamber (TPC). Data on intermittency are compared with
QCD Monte Carlo models, both the ones based on parton cascades and the
ones based on the exact second order QCD matrix element followed by string
fragmentation.



2

Experimental procedure and event selec-
tion

The sample of events used in the analysis was collected by the DELPHI de-
tector at the LEP e*e™ collider during its first months of operation (August-
December 1989). A description of the DELPHI detector can be found else-
where [22]. Features of the apparatus relevant for the analysis of multi-
hadronic final states (with emphasis on the detection of charged particles)
are outlined in Ref. [23]. The present analysis relies on the information
provided by:

o The Inner Detector (ID), a cylindrical drift chamber (inner radius =

12 cm, outer radius = 28 cm) covering polar angles between 29° and
151°.

The Time Projection Chamber (TPC), a cylinder with 30 cm inner
and 122 cm outer radius and a length of 2.7 m. For a polar angle 4
between 22° and 158° at least 4 space points are available for track
reconstruction, while for angles between 39° and 141° up to 16 space
points can be used.

The Outer Detector (OD), 5 layers of drift cells arranged in a cylinder
at a radius between 198 and 208 cm, and covering the polar angle
between 50° and 130°.

A quarter of the data used in this analysis were taken with a reduced
magnetic field of 0.7 T, the remainder with the full field of 1.2 T.
Only charged particles fulfilling the following criteria were used:

a.

b.
C.

d.

Impact parameter at the nominal primary vertex less than 5 cm in
radius 7 from the beam axis and less than 10 cm along the beam axis

(2).
Momentum p greater than 0.1 GeV/c.

Measured track length greater than 50 cm.

Polar angle 6 between 25° and 155°.

Hadronic events were then selected by requiring that

2



a. in each of the two hemispheres, cosf less than and greater than 0, the
total energy of the charged particles E,;, = LE; was larger than 3 GeV,
where E; are the particle energies (assuming 7% mass for the particles);

B. the total energy of the charged particles seen in both hemispheres to-
gether exceeded 15 GeV;

7. there were at least 5 charged particles with momenta above 0.2 GeV/c;

6. the polar angle 6 of the sphericity axis was between 40° and 140° (this
ensures that the selected events were largely contained inside the TPC).

A total of 2080 events from the reduced field sample and 5673 events from
the full field sample satisfied these cuts. Events due to beam-gas scattering
and to 7y interactions have been estimated to be less than 0.1% of the sample;
background from 7*7~ events was calculated to be less than 0.2%.

3 Analysis

Intermittency is usually investigated by studying the factorial moments of the
(pseudo)rapidity distribution of the collision products. Factorial moments of
rank g for a rapidity interval §y act as a filter for selecting events with more
than ¢ particles in at least one bin and are therefore highly sensitive to events
with large density fluctuations.

The definition of the factorial moments of the experimental distribution is
not unique in the literature. Given an experimental distribution of particles
in the rapidity interval from —Y/2 to Y/2, the interval Y is divided into M
equal subintervals, each of size'§y = Y/M. By defining N to be the number
of particles in the whole rapidity interval, n,, to be the number of particles
in the m-th bin (m = 1...M), most authors define the factorial moment of
rank g of the distribution with respect to the partition as

M1 M
F,(6y) = TR Y m(Am —1)e(m — g+ 1) > (la)
m=1

where the brackets indicate the average over many events. Other definitions
in the literature are equivalent to (1a) in the limit of a large number of events,
and/or a smooth (pseudo)rapidity distribution.

3



Another class of definitions used in the literature (17], using a different
normalization, is not equivalent. This second class can be reduced to the
form ( Do D

~ _ aga-1 M (Mm — 1)y — q+
F,(6y) =M <; NN =1)(N =g £ > (1b)

The prediction from a self-similar random cascade model of hadronization
inspired by turbulence theory is that for ¢ above 1 the growth of F, (or F,)
will asymptotically (for §y — 0) follow a power law

Fy o (1/8y)"s (2)

with fo > 0 (or, in the same way, F, o« (1/6y)% with fo > 0). On the
contrary, random uncorrelated particle production would give F, ~ const for
all values of q.
Another prediction from self-similar hadronization models [15] states that
the quantity
2-f,

T e
should be independent of the rank q.
In this letter the experimental results on factorial moments will be com-
pared with the predictions of:

1. the JETSET 6.3 [24] parton shower model (referred to as JETSET 6.3
PS in the following), with default parameters;

(3)

2. the JETSET 7.2 Monte Carlo with a matrix element calculation up to
O(a?) with default parameters (JETSET 7.2 ME);

3. the JETSET 7.2 Monte Carlo with a matrix element calculation up
to O(a?) with an “optimized” scale in the definition of the coupling
constant and a further tuning of the string fragmentation parameters
[25, 23] to describe correctly the rapidity distribution (JETSET 7.2 ME
retuned).

The essential features of these hadronization models are summarized in Ref.[20].
Both 1. and 3. (this last by construction) reproduce correctly the overall
rapidity distribution as observed in the DELPHI experiment, but a disagree-
ment is observed with model 2 [23], which predicts a significantly lower num-
ber of particles in the central region.



The Monte Carlo simulation DELSIM [26] was used to correct the data for
the geometrical acceptance, kinematical cuts, resolution, particle interaction
with the detector material and other detector imperfections. A sample of 10°
hadronic Z decay events was generated with JETSET 6.3 PS. About 20% of
them have been followed through this detailed simulation of the detector.
From the samples of accepted and generated events, correction factors

F(5y)gencrated
F(6y)accepted

were computed. These factors were then used to correct the factorial mo-
ments calculated from the real data. The generated event sample contained
all final state particles with a lifetime above 1079 s before any tracking was
done through the detector, from the sample of 10° events. The accepted
event sample contained all final state particles observed after tracking the
210* fully simulated events through the DELPHI detector and processing
them through the same reconstruction and analysis chain as the real data.

C(by) =

4 Results

The rapidity

was calculated with respect to the sphericity axis, assuming each charged
particle to have the mass of a 7*. The average resolution in rapidity, Ay, on
a single track was estimated by Monte Carlo to be about 0.04 for the selected
sample of charged particles. The clustering of up to 5 charged particles in a
single bin can be therefore resolved down to a bin size §y as small as §y ~ 0.1.

Factorial moments of ranks between 2 and 5 were determined from the
data for y between -2 and 2, using definition (1la).

Fig.1 compares the uncorrected factorial moments for our data sample
with those calculated from the accepted events from JETSET 6.3 PS simu-
lation, after detector simulation. The error bars take into account the corre-
lations between numerator and denominator of Eq.(1a). Data are in reason-
able agreement with the Monte Carlo. It is therefore assumed that simulated
data can be used to correct for detector effects and radiative corrections. The



correction factors differ from 1.0 by less than 5% on average, and decrease
slightly as the bin size §y decreases.

Expression (1a) is in principle a biased estimator of the “true” value of
the factorial moments. The effect of bias has been checked by comparing the
factorial moments of a Monte Carlo sample (JETSET 6.3 PS at generator
level) of the size of the data sample with a ten times larger sample. Results
from both samples are in good agreement, indicating that present statistics
1s adequate to make the bias negligible.

Fig. 2 compares the corrected factorial moments with the predictions
at generator level of JETSET 6.3 PS, JETSET 7.2 ME and JETSET 7.2
ME retuned. The statistical uncertainty in the correction factor was added
in quadrature to the error on uncorrected data. Experimental results on
factorial moments are tabulated in Table 1 (uncorrected factorial moments)
and in Table 2 (corrected factorial moments).

As shown in Fig. 2 there is a reasonable agreement between the data
and the PS model, whereas the non-tuned ME model (using the default
parameters in the JETSET Monte Carlo program, obtained from data around
v/3=30 GeV) displays a striking disagreement, as predicted in Ref. [27]. The
retuning of the fragmentation parameters for the longitudinal and transverse
momenta, such that the multiplicity and rapidity in the ME model agree
with the same distributions in the PS model [25, 23], causes a drastic change
both in the magnitude of the factorial moments and in the shape of their
distribution for small values of 8y, such that the prediction of the Monte
Carlo agrees with the data within 15%. This retuning reduces the density of
particles in a jet ! and therefore reduces the probability for finding two or
more particles in the same phase space volume.

In the study by the TASSO Collaboration[19] a striking disagreement
has been observed between factorial moment of rank 3 and the prediction
of JETSET 6.3 PS. In Fig. 3 we compare this factorial moment at Vs~ 35
GeV with DELPHI data at 91 GeV together with the corresponding Monte
Carlo predictions 2. As is apparent, we do not observe this disagreement, nor
the increase in the factorial moments of rank 3 for large M.

'The variance of the Gaussian distribution for the transverse momenta was increased
from 370 to 500 MeV, while the longitudinal momentum spectrum was softened until the
charged multiplicity increased by about 3 units as required by the data.

*Here the factorial moments were calculated according to definition (1b) in order to be
comparable with the TASSO data.



For all ranks, the growth of the logarithms of the factorial moments as
function of the logarithm of the number M of subdivisions appears to flatten

off for 6y < 0.4 with a slope (f,).
Two critical points for the determination of the slope (f,) are:

a. fitting the factorial moments which are highly correlated;
b. choosing the interval for the fit.

The following method was used to take into account correlations in the fit.
For each rank separately, the covariance matrix of the factorial moments was
computed from the data. Errors shown are the square roots of the diagonal
elements of this matrix. The covariance matrix was used in a standard linear
least square fit.

We first have made a fit in the same range as TASSO, for §y between 0.7
and 0.12 (6 < M < 32) [19]. The results, plotted in Fig. 4a and tabulated in
Tab. 3, are compatible with the values derived by TASSO. In contrast with
TASSO, however, a fair agreement with the predictions of JETSET 6.3 PS
was found for all ranks (Fig.4 and Table 3). The values of a,, as defined by
Eq. (3), appear roughly to be independent of g, as observed previously at
PETRA energies and expected in the cascade picture (Fig. 4b and Table 3).

By extending the fitting range to a larger value of M (M=40, corre-
sponding to éy = 0.1) the values of the fitted slopes become slightly smaller.
Removing from the fit the three leftmost points is enough to make the slopes
compatible with 0 within two standard deviations for all ranks. Moreover,
for any choice of the fitting region, the fitted slopes are compatible (within
two standard deviations) with those predicted by JETSET 6.3 PS, again in
contrast to the observation by the TASSO collaboration [19].

It has been verified that the slopes f; (from definition (1a) of the factorial
moments) and f, (from definition (1b)) are compatible within the experimen-
tal errors.

In order to check the influence of Bose-Einstein correlations on these re-
sults, the following analysis was made. Factorial moments F,, (¢ = 2...4)
were calculated by considering for each event i only the N;; secondary prod-
ucts with positive charge assignment. Secondly. a number N;; of charged
particles was extracted at random from the event, thus obtaining a value
Fyr. The result of the comparison between Fy, and F,. has been summa-
rized in Fig. 5, where In(F,,/F,.) has been plotted versus the number A of

7



subdivisions of the rapidity interval for the events with N;; above 3. Facto-
rial moments from the distribution of like sign particles appear to be equal or
smaller than those from the distribution of randomly chosen particles. This
is consistent with the expectation that Bose-Einstein effects do not play an
important role in intermittency in ete™ collisions [27].

A further study has been made on the factorial moments when rapidity
Y. is defined with respect to the beam axis. The region of rapidity between
-2 and +2 has been examined, and the same procedure has been followed
as before. In this case small rapidities correspond to particles at a polar
angle around 90°. Since the sample includes only events with sphericity axis
between 40° and 140°, this study is more sensitive to intermittency effects
in the core of the jets, while the previous analysis was more sensitive to the
particles with large angles to the sphericity axis.

Factorial moments of rapidity defined with respect to the beam axis are
plotted in Fig.6. Their values are larger than the corresponding ones with
the rapidity defined with respect to the sphericity axis, as expected from the
larger density of particles in the core of a jet. Also in this case, the data
are well reproduced by JETSET 6.3 PS, but not by JETSET 7.2 ME with
default parameters. This discrepancy is strongly reduced after retuning.

5 Conclusions

The density fluctuations in phase space in e*e~ annihilation, as analyzed by
the dependence of the factorial moments on the size of the rapidity window
8y, were found to contain features expected by cascade models. The detailed
behaviour shows a strong increase of the reduced factorial moments with
decreasing resolution éy, and a flattening off for §y below 0.4. This is well
described by JETSET 6.3 PS with default parameters, in contrast with the
situation at lower energies [19)].

Tuning the fragmentation parameters of JETSET 7.2 ME (based on the
second order QCD matrix element followed by string fragmentation) to obtain
a correct description of the density of particles in a jet makes the results from
this model to agree with the data to within 15%.
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Figure captions

1.

(a) Dependence of the factorial moments of rank 2, 3, 4 and 5 on the
number M of subdivisions of the rapidity interval. DELPHI uncor-
rected data (white circles) compared with JETSET 6.3 PS after detec-
tor simulation (asterisks).

(b) Detail of (1a) for factorial moments of ranks 2 and 3.

Dependence of the factorial moments of rank 2 (a), 3 (b), 4 (c) and 5
(d) on the number M of subdivisions of the rapidity interval. DELPHI
corrected data (white circles), compared with the predictions at gen-
erator level of JETSET 6.3 PS (solid line), JETSET 7.2 ME (dotted
line) and JETSET 7.2 ME retuned (dashed line).

Factorial moment F3 from definition (1b) versus the number M of sub-
divisions of the rapidity interval. DELPHI uncorrected data (circles)
and JETSET 6.3 PS with detector simulation (solid line). TASSO data
(black circles) and TASSO simulation with JETSET 6.3 PS (dashed
line) (both from Ref. [19]).

(a) The slope f, (white circles) as a function of the rank g of the
moment.

(b) Dependence of the quantity a, = 2f,/[g(q — 1)] (white circles) on
the rank g of the moment. In both cases, JETSET 6.3 PS predictions
are superimposed as a solid line.

Comparison between the factorial moments of rank 2 (a), 3 (b) and 4
(c) for like sign particles in an event and an equal number of charged
particles chosen at random. In(F,./F,,) (see text) is plotted versus the
number M of subdivisions of the rapidity interval.

Dependence of the factorial moments of rank 2 (a), 3 (b), 4 (c) and 5 (d)
on the on the number M of subdivisions of the rapidity interval, when
rapidity is calculated with respect to the beam axis. DELPHI corrected
data (white circles), compared withthe predictions at generator level
of JETSET 6.3 PS (solid line), JETSET 7.2 ME (dotted line) and
JETSET 7.2 ME retuned (dashed line).
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M £, | F 7y Fy
1120 £002[1.68 005 2.7 £0.1] 46+ 02
2| 1.34 £ 002|225 £004| 44+01] 97+04
4148 £0.02]207 £009| 76 03| 220 £ 138
6| 154 £002]335£007] 93+05] 31.8 £25
8| 157 £0.02|363 £0.11 | 11.1 £06] 393 £ 3.5

10 [1.59 £ 0.01 |3.74 £ 011 [11.7 £ 07 | 443 £ 44

12 | 1.60 £ 001 |382 £ 011 [122 £ 06| 465 £ 47

14 [ 161 £ 001 |3.94 £ 012 | 131 £08| 514 £57

16 | 1.62 £ 001 | 406 £ 012|137 £ 08| 563 £ 56

18 [1.63 £ 001 |3.97 £ 012|132 £08 | 525+ 63

20 | 1.63 £ 0.01 | 4.0l £0.12 | 132 £09 | 51.0 £ 7.3

92 | 1.63 £ 0.01 | 4.06 £ 0.12 | 13.3 £ 09| 494 £ 5.9

24 | 1.63 £ 001 | 410 £0.12 | 137 £1.0] 51.9 £6.2

26 | 1.63 £ 001 |40l £0.12 | 131 £09 | 494 £ 74

28 | 1.63 £ 0.01 | 4.0l £0.12 | 140 1.1] 591 £ 95

30 | 1.63 £ 0.01 | 4.06 + 0.12 | 13.9 £ 1.2 | 59.1 + 11.2

32 | 1.63 £ 001 |40l £ 012 | 137 £1.1| 55.7 £ 9.5

34 | 1.62 £ 001 |40l £0.12 | 130 £ 1.2 | 586 £ 11.7

36 | 1.63 £ 001 [418 £0.17 | 153 £ 1.5 [ 70.1 £ 16.1

38 | 1.64 £ 0.01 | 418 £0.13 | 15.0 £ 1.5 | 68.7 £ 15.1

40 | 1.62 £ 0.01 |40l £0.12 | 139 £ 1.2 [ 546 £ 104

Table 1: Uncorrected factorial moments
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2

Fy

Fy

Fs

1.23 £ 0.03

1.82 £+ 0.07

3.0 £ 0.2

5.6 £ 0.4

1.38 & 0.03

2.41 £+ 0.10

5.1 +£0.3

11.7 £ 0.9

1.50 £ 0.03

3.16 + 0.13

8.8 £ 0.6

29.7 + 3.6

1.55 £ 0.02

3.49 + 0.14

10.2 £ 0.7

38.9 £ 4.3

1.57 £+ 0.02

3.60 £+ 0.14

11.0 £ 0.9

37.7 £ 4.9

Sooc».hwn—-g

1.59 + 0.02

3.78 + 0.15

11.8 + 1.1

443 £ 7.1

12

1.60 £+ 0.02

3.94 + 0.16

129 £ 1.0

52.0 &+ 8.8

14

1.60 £+ 0.02

3.90 £ 0.16

123 £ 1.0

47.5 £ 7.6

16

1.61 & 0.02

3.97 £ 0.16

13.1 £ 1.3

45.6 + 8.2

18

1.62 + 0.02

3.97 £ 0.16

13.2 £ 1.2

52.4 £ 8.9

20

1.61 £ 0.02

4.01 £+ 0.16

136 £ 1.4

55.0 + 12.7

22

1.60 + 0.02

3.85 £ 0.15

12.7 £ 1.3

45.3 + 8.2

24

1.60 £ 0.02

3.97 £ 0.16

128 £ 1.3

48.4 + 9.7

26

1.60 £ 0.02

3.82 £ 0.15

11.9 £ 1.2

43.8 + 8.8

28

1.62 + 0.02

4.02 = 0.20

144 £ 1.6

72.6 £ 18.1

30

1.61 £ 0.02

3.97 £ 0.20

13.6 £ 1.8

54.6 £ 15.3

32

1.59 £ 0.02

3.86 = 0.19

12.9 + 1.6

52.5 + 13.6

34

1.59 £ 0.02

3.90 £ 0.19

14.0 £ 1.7

66.6 £ 19.3

36

1.60 £+ 0.02

3.93 £ 0.20

13.0 £ 1.8

52.6 £ 15.8

38

1.63 + 0.02

414 £ 0.21

158 £ 2.4

81.5 + 27.7

40

1.60 &+ 0.02

3.93 + 0.24

13.3 £ 1.9

49.5 + 16.3

Table 2:

Corrected factorial moments

L]

fq (data)

| . (data)

[ 7, JETSET 6.3 PS) |

0.024 £ 0.005
0.029 £ 0.007
0.032 £ 0.009
0.030 £ 0.012

0.025+ 0.001
0.090 £ 0.005
0.196 + 0.011
0.336 £ 0.024

0.024 + 0.005
0.087 £ 0.020
0.195 + 0.054
0.298 £ 0.116

U x| W N

Table 3: Fitted slopes in the range 6 < M < 32 (corresponding to §y between
0.7 and 0.12) for corrected data
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