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The correlations in rapidity in hadron production from e "¢~ annihilation near the Z° resonance were studied by means of the
method of factorial moments, 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.

1. Introduction

The random occurrence of peaks in the
(pseudo Yrapidity distribution of hadrons produced
in high energy collisions was first observed in the sec-
ondary products of pp interactions [1], and imme-
diately 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—nu-
cleus [3-5] and hadron-hadron [6-8] collisions. A
short review of the experimental data has been pre-
sented in ref. [9]. Mathematical techniques and ter-
minology which have been developed to describe such
large fluctuations in non-hamiltonian systems, tur-
bulence in particular [10], were adapted to describe
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this phenomenon [11], which was given the name of
intermittency.

Intermittency in hadron collisions has led to spec-
ulations of possible evidence for hadronic phase
transitions [12], hadronic Cerenkov radiation [14],
hadronic hydrodynamics [ 14], or simply self-similar
cascading mechanisms [11,15-17]. Recently inter-
mittency effects have also been claimed in e*e™ an-
nihilation [18,19] #'. This strongly favours the cas-
cading mechanisms, 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. Furthermore, the predictions of var-
ious models for e*e~ interactions differ considerably
at high energies [21]. A short review of the present
status of the theoretical descriptions of the phenom-
enon is presented in ref. [22].

This letter describes an investigation of intermit-
tency effects in e *e~ annihilation at a centre of mass
energy of 91 GeV, using data collected with the
DELPHI detector [23] at the e*e™ storage ring LEP
during its first runs at the Z° resonance. The DEL-
PHI detector is well suited for such a study, since it
has a truly three-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 cas-
cades and the ones based on the exact second order
QCD matrix element followed by string
fragmentation.

2. Experimental procedure and event selection

The sample of events used in the analysis was col-
lected by the DELPHI detector at the LEP e*e™ col-
lider during its first months of operation (August-
December 1989). A description of the DELPHI de-
tector can be found elsewhere [23]. Features of the
apparatus relevant for the analysis of multihadronic
final states (with emphasis on the detection of
charged particles) are outlined in ref. [24]. The pres-
ent analysis relies on the information provided by:

*#! Ref. [18] is based on data of the HRS Coliaboration, assum-
ing that multiplicity follows the negative binomial distribu-
tion [20].

140

PHYSICS LETTERS B

6 September 1990

~ 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 cylin-
der with 30 cm inner and 122 ¢m outer radius and a
length of 2.7 m. For a polar angle @ between 22° and
158° at least four 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), five layers of drift cells
arranged in a cylinder at a radius between 198 and
208 c¢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 re-
mainder with the full field of 1.2 T.

Only charged particles fulfilling the following cri-
teria were used:

(a) Impact parameter at the nominal primary ver-
tex less than 5 ¢m in radius r from the beam axis and
less than 10 cm along the beam axis (z).

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

{c) Measured track length greater than 50 cm.

(d) Polar angle 0 between 25° and 155°.

Cut (c¢) removes possible double counts due to piece-
wise reconstructed tracks.

The momentum spectrum of the tracks fulfilling
these requirements was found in excellent agreement
with simulated data in ref. [24].

Hadronic events were then selected by requiring
that

(a) in each of the two hemispheres, cos & less than
and greater than 0, the total energy of the charged
particles E., =2 E; was larger than 3 GeV, where E;
are the particle energies (assuming ©* mass for the
particles);

(B) the total energy of the charged particles seen in
both hemispheres together exceeded 15 GeV;

(y) there were at least 5 charged particles with mo-
menta above 0.2 GeV/c¢,

(9) the polar angie 9 of the sphericity axis was be-
tween 40° and 140° (this ensures that the selected
events were largely contained inside the TPC).

A total of 2080 events from the reduced field sam-
ple and 5673 events from the full field sample satis-
fied these cuts. These were determined by simulation
to correspond to about 65% of the original sample;
the resulting selection efficiency is independent of the
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multiplicity for a total number of charged particles
larger than 8. Events due to beam-gas scattering and
to vy interactions have been estimated to be less than
0.1% of the sample; background from t* 1~ events was
calculated to be less than 0.2%.

3. Analysis

Intermittency is usually investigated by studying the
factorial moments of the (pseudo)rapidity distribu-
tion of the collision products. Factorial moments of
rank ¢ for a rapidity interval 8y act as a filter for se-
lecting events with more than g 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 ex-
perimental distribution is not unique in the litera-
ture. Given an experimental distribution of particles
in the rapidity interval from —Y/2 to Y/2, the inter-
val Y is divided into M equal subintervals, each of
size 8y=Y/M. By defining N to be the number of
particles in the whole rapidity interval, »,, to be the
number of particles in the mth bin (m=1, ..., M),
most authors define the factorial moment of rank ¢
of the distribution with respect to the partition as

Mo
F,(oy)= (NS
M
><< z_lnm<nm—1)...(nm—q+1)>, (1a)

where the brackets indicate the average over many
events. Other definitions in the literature are equiv-
alent to (1a) in the limit of a large number of events,
and/or a smooth (pseudo )rapidity distribution.
Another class of definitions used in the literature
[17], using a different normalization, is not equiva-
lent. This second class can be reduced to the form

Fy(8y)=M"

Na(n,—1) ... (n,—qg+1)
X<§ N(N=1) .. (N—g+1) > (1b)

The prediction from a self-similar random cascade
model of hadronization inspired by turbulence the-
ory is that for g above 1 the growth of F, (or Fq) will
asymptotically (for y—0) follow a power law
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F,oc (1/8y)" (2)

with £,>0 (or, in the same way, F, o (1/8y)% with
f; >0). On the contrary, random uncorrelated parti-
cle production would give F, = const. for all values of
q.

Another prediction from self-similar hadroniza-
tion models [15] states that the quantity

_ 2
%= 4(g—1)

should be independent of the rank g.

In this letter the experimental results on factorial
moments will be compared with the predictions of:

(1) the JETSET 6.3 [25] parton shower model
(referred to as JETSET 6.3 PS in the following), with
default parameters;

(2) the JETSET 7.2 Monte Carlo with a matrix
element calculation up to O(«?) with default param-
eters (JETSET 7.2 ME);

(3) the JETSET 7.2 Monte Carlo with a matrix
element calculation up to O(«?2) with an “opti-
mized” scale in the definition of the coupling con-
stant and a further tuning of the string fragmentation
parameters [26,24] to describe correctly the rapidity
distribution (JETSET 7.2 ME retuned).

The essential features of these hadronization
models are summarized in ref. {21]. Both (1) and
(3) (this last by construction) reproduce correctly
the overall rapidity distribution as observed in the
DELPHI experiment, but a disagreement is observed
with model 2 [24], which predicts a significantly
lower number of particles in the central region.

The Monte Carlo simulation DELSIM [27] was
used to correct the data for the geometrical accep-
tance, kinematical cuts, resolution, particle interac-
tion with the detector material and other detector
imperfections. A sample of 103 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 ac-
cepted and generated events correction factors

F ( 6_]/' )generated
F( ay ) accepted

were computed. These factors were then used to cor-
rect the factorial moments calculated from the real
data. The generated event sample contained all final

(3)

C(dy) =

141
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state particles with a lifetime above 10 ~° 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 2% 10* fully simulated events through the
DELPHI detector and processing them through the
same reconstruction and analysis chain as the real
data.

4. Results

The rapidity

1. E—p
——-Ih—A
Y="2 " E+4p,

was calculated with respect to the sphericity axis, as-
suming each charged particle to have the mass of a
n*. 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 clus-
tering of up to five charged particles in a single bin
can be therefore resolved down to a bin size dy as
small as 6y ~0.1.

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

Fig. 1 compares the uncorrected factorial moments
for our data sample with those calculated from the
accepted events from JETSET 6.3 PS simulation, after
detector simulation. The error bars take into account
the correlations between numerator and denomina-
tor of eq. (1a). Data are in reasonable agreement with
the Monte Carlo. It is therefore assumed that simu-
lated data can be used to correct for detector effects
and radiative corrections. The correction factors dif-
fer from 1.0 by less than 5% on average, and decrease
slightly as the bin size 3y decreases.

Expression (la) is in principle a biased estimator
of the “true” value of the factorial moments. The ef-
fect of bias has been checked by comparing the fac-
torial moments of a Monte Carlo sample (JETSET
6.3 PS at generator level) of the size of the data sam-
ple with a ten times larger sample. Results from both
samples are in good agreement, indicating that pres-
ent statistics is adequate to make the bias negligible.

Fig. 2 compares the corrected factorial moments
with the predictions at generator level of JETSET 6.3
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Fig. 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 uncorrected data (white circles) compared with
JETSET 6.3 PS after detector simulation (asterisks). (b) Detail
of (a) for factorial moments of ranks 2 and 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 tabu-
lated in table 1 (uncorrected factorial moments) and
in table 2 (corrected factorial momeiits).

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 \/§=30 GeV) displays a striking disagree-
ment, as predicted in ref. [28]. The retuning of the
fragmentation parameters for the longitudinal and
transverse momenta, such that the multiplicity and
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Fig. 2. 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 generator level of JETSET 6.3 PS (solid line),
JETSET 7.2 ME (dotted line) and JETSET 7.2 ME retuned
(dashed line).

rapidity in the ME model agree with the same distri-
butions in the PS model [26,24], causes a drastic
change both in the magnitude of the factorial mo-
ments 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 there-
fore reduces the probability for finding two or more

#2 The variance of the gaussian distribution for the transverse
momenta was increased from 370 to 500 MeV, while the lon-
gitudinal momentum spectrum was softened until the charged
multiplicity increased by about three units as required by the
data.
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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 \[v: 35 GeV with DELPHI data at 91
GeV together with the corresponding Monte Carlo
predictions #3. As is apparent, we do not observe this
disagreement nor the increase in the factorial mo-
ments of rank 3 for large M.

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
8y < 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 ac-
count correlations in the fit. For each rank sepa-
rately, the covariance matrix of the factorial mo-
ments was computed from the data. Errors shown are
the square roots of the diagonal elements of this ma-
trix. 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 8y between 0.7 and 0.12 (6<M<32)
[19]. The results, plotted in fig. 4a and tabulated in
table 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
o, as defined by eq. (3), appear roughly to be inde-
pendent of g, as observed previously at PETRA ener-
gies and expected in the cascade picture (fig. 4b and
table 3).

By extending the fitting range to a larger value of
M (M=40, corresponding to 8y=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 stan-
dard deviations for all ranks. Moreover, for any choice
of the fitting region, the fitted slopes are compatible
(within two standard deviations) with those pre-

#3 Here the factorial moments were calculated according to def-
inition (1b) in order to be comparable with the TASSO data.
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Table 1
Uncorrected factorial moments.
M F, Fs F, Fs
1 1.02+0.02 1.68+0.05 2.7+0.1 4.610.2
2 1.34+0.02 2.25+0.04 4.4%0.1 9.7£0.4
4 1.48+0.02 2.97+0.09 7.610.3 229+1.8
6 1.54+0.02 3.35£0.07 9.3+0.5 31.8%£2.5
8 1.57+0.02 3.63%0.11 11.1+£0.6 30.3+3.5
10 1.59+0.01 3.7410.11 11.7£0.7 443+4.4
12 1.60£0.01 3.82%0.11 12.2+0.6 46.5+t4.7
14 1.61x0.01 3.941+0.12 13.1£0.8 51.4%5.7
16 1.62+0.01 4.0610.12 13.7+0.8 56.3%5.6
18 1.63+0.01 3.971+0.12 13.2£0.8 52.5%6.3
20 1.63+0.01 4.01%0.12 13.2+£0.9 51.9+7.3
22 1.63+0.01 4.06+0.12 13.3+0.9 49.4+5.9
24 1.63+0.01 4.10+0.12 13.7x1.0 51.9%£6.2
26 1.63+£0.01 4.01+0.12 13.1£0.9 494174
28 1.63+0.01 4.01£0.12 140+ 1.1 59.1+9.5
30 1.63+0.01 4.06+0.12 13.941.2 59.1%11.2
32 1.63£0.01 4.01+0.12 13.7%1.1 55.7£9.5
34 1.6210.01 4.01+0.12 13.9%1.2 58.6+11.7
36 1.63+0.01 4.18+0.17 15.3+1.5 70.1+16.1
38 1.64+0.01 4.1810.13 15.0%+1.5 68.7115.1
40 1.62+0.01 4.01+0.12 13.9+1.2 54.6+10.4
Table 2
Corrected factorial moments.
M F, Fs F, Fs
1 1.23£0.03 1.8210.07 3.0+0.2 5.6+0.4
2 1.38+0.03 2.4120.10 5.1x0.3 11.7+£0.9
4 1.50%0.03 3.16%0.13 8.810.6 29.7+3.6
6 1.55+0.02 3.491+0.14 10.2£0.7 38.9+4.3
8 1.57+0.02 3.600.14 11.0+0.9 37.7+49
10 1.59+£0.02 3.78+0.15 11.81.1 443%+7.1
12 1.60+0.02 3.9410.16 129+1.0 52.0x8.8
14 1.60£0.02 3.90+0.16 12.3+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 4.0110.16 13.6+1.4 55.0+12.7
22 1.60+0.02 3.85+0.15 127+1.3 45.3%8.2
24 1.60+0.02 3.97+0.16 12.8+1.3 48.41+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 3.9740.20 13.6+1.8 546153
32 1.59+0.02 3.86+0.19 129+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 3.9340.20 13.0+1.8 52.6+15.8
38 1.63+0.02 4.14+0.21 15.8+2.4 81.5+27.7
40 1.60+0.02 3.931+0.24 13.3+1.9 49.5+16.3
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Fig. 3. Factorial moment F; from definition (1b) versus the
number M of subdivisions of the rapidity interval. DELPHI un-
corrected data (circles) and JETSET 6.3 PS with detector simu-
lation (solid line). TASSO data (black circles) and TASSO sim-
ulation with JETSET 6.3 PS (dashed line) (both from ref. [19]).

dicted by JETSET 6.3 PS, again in contrast to the ob-
servation by the TASSO collaboration [19].

It has been verified that the slopes f, (from defini-
tion (1a) of the factorial moments) and f, (from
definition (1b)) are compatible within the experi-
mental errors.

In order to check the influence of Bose-Einstein
correlations on these results, the following analysis
was made. Factorial moments F,, (g=2, ..., 4) were
calculated by considering for each event i only the N, .,
secondary products with positive charge assignment.
Secondly, a number N, of charged particles was ex-
tracted at random from the event, thus obtaining a
value F.. The result of the comparison between F,
and £, has been summarized in fig. 5, where In(F,, /
F,) has been plotted versus the number M of subdi-
visions of the rapidity interval for the events with NV,
above 3. Factorial moments from the distribution of
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Fig. 4. (a) The slope f; (white circles) as a function of the rank
q of the moment. (b) Dependence of the quantity o,=
2f,/a(g—1) (white circles) on the rank g of the moment. In both

cases, JETSET 6.3 PS predictions are superimposed as a solid
line.

Table 3
Fitted slopes in the range 6 <M <32 (corresponding to 8y be-
tween 0.7 and 0.12) for corrected data.

q J; (data) o, (data) J; JETSET 6.3 PS)
2 0.024 +0.005 0.024 £0.005 0.025+0.001
3 0.087+0.020 0.029+0.007 0.090+0.005
4 0.195+0.054 0.032+£0.009 0.196+0.011
5 0.298+0.116 0.030+0.012 0.336+0.024

like-sign particles appear to be equal or smaller than
those from the distribution of randomly chosen par-
ticles. This is consistent with the expectation that
Bose-Einstein effects do not play an important role
in intermittency in e*e ™~ collisions [28].

A further study has been made on the factorial mo-
ments when rapidity y, is defined with respect to the

145



Volume 247, number 1 PHYSICS LETTERS B 6 September 1990
% 02
< o) DELPHI " a) " S
E; ok 0
< g~ |
0 7
! I ¢¢¢¢¢¢¢¢% -
-0 o
) S| N | I
02 1 5 10 vre. 0
= y
—~ 05
~ DELPHI
L\L«‘ozs b) DELPHI DELPHI
.Lt ga g 1 FENRETTT BRI BT 1 bl 1 |
c 1 10 104 1 10 10°
< . . 5 7 M=Y/8, M=Y/6,
025E . ¢¢ +++¢%ﬂ% 3
Tuer F r . [
: + R ) St oo
nelw a1 " MRS I " P
05 1 510 o ©
M0 L 102
~ 3
u b
= af ) DELPHI 0 s
c r "
~ of : ¥ r 10
; T e e R - E
-1F % E
[ DELPHI L DELPHI
I 1‘ . S “ﬁ . 0 1 P S S glad il
M=Y /B, 1 10 10 1 10 10?
M=Y/5, M=Y/8,

Fig. 5. 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 rap-
idity interval.

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 sensi-
tive 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 ex-
pected 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
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Fig. 6. 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, when rapidity is calculated with respect to the beam axis.
DELPHI corrected data (white circles), compared with the pre-
dictions at generator level of JETSET 6.3 PS (solid line ), JETSET
7.2 ME (dotted line) and JETSET 7.2 ME retuned (dashed line).

default parameters. This discrepancy is strongly re-
duced 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 cas-
cade models. The detailed behaviour shows a strong
increase of the reduced factorial moments with de-
creasing resolution 8y, and a flattening off for 8y be-
low 0.4. This is well described by JETSET 6.3 PS with
default parameters, in contrast with the situation at
lower energies [19].
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Tuning the fragmentation parameters of JETSET
7.2 ME (based on the second order QCD matrix ele-
ment 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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