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. .A1lSTRACT 

AIl analysiJ of the fluctuations in the phase Ipace distribution of hadrons 
produced in the decay of the ZO boson has been carried out, using the method 
or factorial momenh. The high .tatistics collected by the DELPm experiment 
.at LEP during 1990 (around 80,000 events after the cuts) allowed .tudies not 
only for the global event ,ample, but also in intervalJ of p, and multiplicity, 
~d for different jet topologies. 

1. Introduction 

This paper presents results of the study of fiuctu&tions in the phase space distribu­
tion of hadrons produced in e+e- collisions around the ZO energy, using the DELPHI 
detector at LEP. It follows, complements and extends to a larger statistics previous 
Itudies from the same colla.boration [1). 

In order to provide a quantit&tive test of anomalous multiplicity fluctua.tions 
(spikes) in variable intervals of rapidity, Bialas and Peschanslci[2) proposed in 1986 
to analyze the distributions of multiplicity in terms of normalized factorial moments. 
Given an experimental distribution of particles in the rapidity interval from -Y/2 
to Y/2, the interval Y is divided into M equallubintervals, ea.ch ofsize 611 = Y/M. 
By defining N to be the number of particles in the whole rapidity interval, 71m to 
be the number of particles in the moth bin (m = 1 ... M), the factorial moment of 
(integer) rank j of the distribution with respect to the partition is defined as 

(1) 

where the average is taken over many events. The factorial moment of rank j for 
a rapidity interval 611 acts as a filter for selecting events with j particles or more 
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in at least one bin and is therefore highly sensitive to events with large density 
fiuctuations. 

Simple models representing the h&dronization process as a random cascade with 
·selfsimilar structure predict a powerlike increase of the factorial momenta in the 
limit in which the bin size 5y goes to zero, i.e. 

(2) 

and the validity of the above relation was taken by the authors of Ret [2] as 
definition of intermittency, a term mutuated from hydrodinamics, as most of the 
mathematical techniques used in this field [3]. We will take in the following (2) 
as definition of intermittency; it should be underlined, however, that a universally 
accepted definition does not exist in the literature2• . 

The first direct measurement of factorial moments in e+e- annihilations was 
published by the TASSO collaboration [4], at a centre of mass energy of around 
35 GeV, and claimed an intermittency effect that could not be explained by the 
JETSET Parton Shower Monte Carlo [5] (JETSET PS in the following), nor by the 
Marchesini-Webber [6] and the Hoyer model [7]. The TASSO work was confirming 
the results of an indirect analysis of the HRS data [8] at ..;; =29 Ge V (more recently, 
the HRS collaboration has provided a direct analysis [9], whose conclusions are in 
agreement with the previous one, but no explicit comparison with Monte Carlos is 
done). The predictions of various models for e+e- interactions differ considerably 
at high energies [10]. This situation motivated an investigation of possible intermit­
tency effects in e+e- annihilation at the ZO peak. This analysis [1] wa.s camed out 
by making use of data collected with the DELPHI detector [11] at the e+e- storage 
ring LEP during its first runs at the ZO resonance. The results of the DELPHI 
analysis [1] were essentially that the presence of intermittency, defined as in (2), 
wa.s questionable when searched in the rapidity distribution of final-state hadrons, 
evident when searched in a 2-d.imensional projection of the phase space, but in any 
case the results were compatible with the predictions of parton shower models. After 
that, CELLO [12] reported an agreement with Parton Shower models at the same 
energy as TASSO, and OPAL [13] and ALEPH [14] at the lame energy as DELPHI. 

Intermittency haa motivated during the last years many theoretical hypotheses 
and experimental investigations, for which exhaustive review. have been recently 
published [15]. Often, theoretical works hypothesize new physics for explaining 
the phenomenon; many authors pointed out however that self· similar cascading 
mechanisms [2, 16, 17] or models in which short-range correlations derived from the 
data are introduced ad hoc [18] can reproduce the effect. 

2In a vague defiAilion of inter millen I are pul signaa for which a traditional ItaliJtieaI deaeription 
through probabilit,. denut,. fundion, melLn value, root me"" aquar., .te.,!&iIa. _ . .. 
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2. E_,d eeJection 

Tae _pic of nnlU used in the anll,.w ..... collected by the DELPHI delector 
at the l.EP e+e- colllder d~ 1990. A description of the DELPHI detector ca.n 
be loud elK-where {I]. Futures of the apparatlll rdennt lor the analysis of mul· 
tihadronic £nil Itates (with emphaai. on the detection of charged particles) are 
-clutllned in Ref. (19], u ... eIl u the cuh used for the selection of hadronic events. 

Only charged trach reconltructed by mC&DI of the central detecton (with polar 
an,;le between 25· and 155·) were used in the present analysis. A iotal of 80,000 
event. accumulated during 1990 satimed the cuh. Events due to beam-gas Ica.tter· 
in,;, to 77 intera.ctioDi &lid to decays of the ZO into T+T- ha.ve been eatima.ted to be 
Jell ibn 0.3% of the Ielected lample. 

The resolving power of the detector was tested by mea.ns of Monte Carlo, and by 
Itudying the two-track density as a function of the ra.pidity JI and of the area. in the 
(JI,¢) Ipacel in the experimental da.ta.. We obta.in indica.tions tha.t the limits of our 
experimental invediga.tions (lee below) are well above the experimental resolution 
for two-tra.ck particle density. We did not find &IIy suitable indica.tor of the goodness 
of n-tra.ck resolution, and thus we usumed this qua.ntity to scale u ..;n. 

The Monte Carlo simula.tion DELSIM [20] wu used to correct the da.ta. for 
the ,;eometrical accepta.nce, lci.nema.tical cuts, res01ution, particle intera.ction with 
the detector ma.terial and other detector imperfections. A sample of ZO deca.ys, 
approxima.tely equal in size to the sample of real events for rea.sons .ta.ted below, wa.s 
genera.ted with JETSET 6.3 PS [5J, a.nd followed through ~his detailed simula.tion of 
the del ector. From the samples of accepted and genera.ted events, correction fa.cton 

C(Ey) = F(EY)gen-...'ed 
F( Ey )."..".ed 

were computed. These fa.cton were then used to correct the qua.ntities calcula.ted 
from the real da.ta.. The genera.ted event sa.mple conta.ined all final.ta.te particles 
with a lifetime above 10-9 • before any tra.cking wu done through the detector. 
The accepted event sample conta.ined all finalsta.te particles observed after tra.cking 
the fully simula.ted events through the DELPHI detector. Simula.ted raw da.ta were 
then processed through the lame reconstruction and analysis cha.in as the real da.ta.. 

------- . 

3. Analysis and results 

In the following, factorial moments of projections of the pha.se Ipa.ce of ha.dron. 
origina.ted from the decay of the ZO are compared with the predictions of QCD­
bued Monte Carlo programs. 

The compa.rison is ma.inly done with JETSET PS, that has proven, after one 
year of activity of LEP, to well reproduce the hadronic final states from the deca.y of 

'The rapidit, JI ud the uimuth ., are defined, where lIot explieitl, .tated, with respect to tho 
.phorieitl am. 
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the ZO, both from the point of view of the description of shape vanables [19,21,22] 
&Ild, more important for our study, of multiplicity (global and in restricted intervals 
of rapidity [23]). Parameters of JETSET PS have been eventually retuned according 
to Ref. [21]. In some cases, comparisons were made also to other Monte Carlos, 
based on parton cascades or on the exact second order QCD matrix element followed 
by string fragmentation. In particular: 

1. the ARIADNE [24] Monte Carlo, with parameters optimized as in Ref. [21]; 

2. the JETSET 7.2 Monte Carlo with a matrix element calculation up to O(a~), 
and the optimization of parameters described in [25] (JETSET ME retuned). 

The essential features of these Monte Carlos are lummarized in Ref. [10]. 

3.1 Projectioru of Ph~e Space Onto 1 Dimeruion 

First, we extended the previous DELPHI work to the present statistics, by ploUing 
the factorial moments of the rapidity distribution between -2 and +2 and comparing 
with the prediction by JETSET PS default, JETSET PS retuned, JETSET ME 
retuned, ARIADNE. The small deviations with respect to JETSET PS default, for 

J 

which an indication was existing in the previous paper (i.e., a larger Value of the 
factorial moments with respect to the values predicted by the Monte Carlo), become 
now statistically significant. The discrepancy does not however go in the direction 
of a spectacular power-law rise of fadorial moments, not reproduced in the Monte 
Carlo. Data in Fig. 1 are corrected via Monte Carlo for the resolution of the detector; 

, the correction factors differ from 1.0 by less than 5% on average, as one can see in 
the upper part of the figures. Errors keep into account the effects of an uncertainty 
of ±2% in the probability of 7 conversions in the detector. 

The retuning of the fragmentation parameters causes a drastic change both in 
the magnitude of the factorial moments and in the slope of their distribution for 
small values of 5y. However, even after retuning, the ME model fails to reproduce 
quantitatively the data. For all ranks, the logarithms of the factorial moments 
appear to grow as the number of subdivisions increases. A slope fot this growth 
cannot be uniquely defined_ 

Expression (1) is in principle a biased estimator ofthe "true" value ofthe factorial 
moments. For this reason, the amount of simulated data in Fig. 1 was chosen to be 
of approximately the same size as the amount of real data. However, the effect of 
bias has been checked by comparing the factorial momenta of a Monte Carlo sample 
(JETSET PS at generator level) of the size of ~ 10,000 events with a ten times 
larger sample, and a sample of real data from 10,000 evenh with a three times 
larger sample. Results are in good agreement, making us confident that at the ZO 
energy a statistics of ~ 10,000 events is adequate to make the biu negligible up to 
the factorial moment of rank 5 (at least for projections of the phase space onto one 
dimension, and maximum number of subdivisionl used in this note). 

4 
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The central region of the rapidity interval was chosen because', in this region, the 
density of particles is almost uniform. One thus avoids by this choice the problem of 
non-uniform population of the phase space, that cu fake the signal from uomalous 
clusters we are looking for. The price to pay it that one excludes from the study 
the particles closer to the core of the jet. To overcome this problem, it was recently 
suggested by Ochs [26J and by Bialas ud Gudzicki [27J to study a distribution y 
that is the'll distribution rebinned in such a way that the populAtion is, in average, 
uniform. Using self· similar models for the hadroniz&tion, the authors find in their 
work that factorial moments defined with respect to this variable follow more closely 
the power law (2). 

The study of factorial moments in the y distribution corresponding to the'll 
region between -5 and +5 did n!lt show results qualitatively different with respect 
to the study of factorial momenti' of the'll distribution. 

In the following, unless otherwis~ stated, we always apply the flattening proce­
dure ualyzing the P" the multiplicity ud the jet topology dependence of factorial 
moments, working in the rapidity region between -5 ud +5: this guarantees a good 
way to compare the results, being independent of how the choice of the cut cu 
modify the average'll distribution. 

3.1.1 Dependence on PI 

The N A22 collaboration has recently reported on a striking disagreements between 
data and hadronic Monte Carlos for the track at low PI [29J. Although PI has of 
course a different physics meaning in hadronic ud e+ e- collisions, we tried the same 
exercise, mainly: 

• To evidence if the description of the p, sector in JETSET PS is satisfactory . 

• Motivated by the fact that the low.p, region is almost free from effects related 
to hard gluon radiation, that has been demonstrated [14J to be the cause of 
the most relevant part of the behavior of factorial moments. 

We divided the full PI range into 3 regions, chosen in IUch & way that the average 
number of particles for each region is the same, to remove a possible contamination 
of the result from mathematical properties of factorial moments. The 3 regionl were 
respectively PI < 0.255, 0.255 < P, < 0.532, 0.532 < PI < 2. GeV Ic. 

When dividing the final state particles into PI slices, it becomes of primary 
importance, due to the correlation between p, and'll, to apply to the variable'll a 
trusformation that flattens the distribution. In each P, interval the'll distribution 
is in fact far from being f1at_ . 

The results obtained are plotted in Fig. 2, ud they evidence discrepucies from 
JETSET PS more pronounced thu in the case of no slicing in p, . This suggests that 
the treatment of correlations in the p, sector is not adequate in JETSET PS. The 
effects of an uncertainty of ±2% in the probability of., conversions in the detector 

6 



&re l&r!er in the low-p, Ipectrum, &Ii expected from -the average small momentum of 
~ectronl produced. We find that, at low 1' .. the factorial moments follow a power 
law beh&Viour in the 6y < 0.2 range. The lUgh 1', Tegion presents larger fluctuations, 
but they Rturate at low 6y, being compatible with the fact that the first rise is due 
to the Ipikes caused by the presence of the hard gluon jets,:and fluctuations are 
-then milded when digging inside the 3rd jet. 

3.1_t Dependence ~m Multiplicity 

In the cue of the dependence on the multiplicity of the event, it is more .difficult 
to draw physics conclusions, due to the fact that the mathematical effect due to 
the use of a different number of tracks for computing factorial moments makes the 
result fuzzy. 

The results on factorial moments of different intervals in the observed multiplicity 
N (N < 15, 15 < N < ~O, N > 20) are displa.yed in Fig. 3 for uncorrected dati. The 
discrepancies are concentrated mainly in the region of low multiplicities, where the 
contamination from non-hadronic events is larger. Discrepancies are milded when 
the y distribution, instead than the y distribution, is .tudied. 

3.1.3 Dependence on Jet Topology 

Jets were defined according to the J ADEjEO algorithm [3~], with a 1/ou. value of 
0.04. Factorial moments with respect to y are plotted in Fig. 4, for 2-jet and 3-jet 
events. The fact that fadorial moments are lUgher in 3-jet events ii compatible with 
being due to the spike in rapidity aused by hard gluon jets. We do not observe, in 
any case, striking disagreements with respect to JETSET PS. 

It can be of interest to investigate more deeply in 2-jet events, to lee if the 
Itructure of fluctuations inside a jet is correctly reproduced by JETSET PS. Results 
from 2-jet events selected by means of a You' value of 0.01 do not differ qualitatively 
from the previous ones. 

In 3-jet events, selected with 1/ou. = 0.04, we calculated also factorial moments 
for the tracks belonging to jet I, jet 2 and jet 3, ordered by energy. We calculate 
the jet energy: 

1. by defining for each jet the jet direction as the direction of the sum of the 
momenta of the tracks clustered in the jet 

2. by balancing the projections into the event plane, that is the one identified by 
the first and the second eigenvectors of the sphericity tensor, and assuming 
that the total energy is the center of mass energy. 

The results, for da.ta and Monte Carlo, are plotted in Fig.5. It is well known 
-that the less energetic jet has a greater probability to be the gluon jet than the 
other two: it is our purpose to determine if there are difference. between gluon and 

7 
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quark jets. We find that jet 3 presents weuer iiuctuations. A disagreement with 
JETSET PS is visible in few standard deviations for jet 2 and jet 3. 

3.1 . ./ Effecu of Daliu Pairs and of Bose-Einstein Correlations 

We verified by a Monte Carlo study based on 50,000 events that switching on and 
off the Da.1itz decay of the 71'0 does not change the va.lues of factori&! moments out 
of the errors. 

The study of the Bose-Einstein effect is more subtle, due to the lack of a nt­
isfactory description in the Monte Carlos . . On one hand, a test of comparison of 
factori&! moments for nme sign particles with random sign particles did not show 
differences [1]i on the other hand, this test cannot be conclusive since it does not 
keep into account the fact that non Bose-Einstein corrclations are different for the 
two seh of particles. 

To reproduce inside JETSET PS our results on Bose-Einstein correlation. [311, 
we need to adjust the "strength parameter" ~ to an unphysic&! v&!ue around 2.5. In 
addition, this adjustment a.ft'ects the single particle inclusive distribution. (rapidity 
in particular), causing them not to reproduce our data. We thus cannot thrust a 
Monte Carlo comparison for studying the effect of Bose-Einstein correlations. 

In conclusion, we did not find any satisfactory probe to disentangle the effect oC 
Bose-Einstein correla.tions on Cactori&! momenta_ 

10 



"'""'-'!' ___ r ____ - - _777 _ _ • 

'. 

~.f projectioru of Ph(J.$e Space Onto Higher Dimeruioru 

Recent theoretical works (28) suggest that saturation of factorial moments at 611 ~ 
0.1 is &II effect of smearing of fluctuations due to the projection of phase space into 

... one-dimensional subspace. "Stronger intermittency effects should then appear in 
two-dimensional &lid three-dimensional spectra. 

When intermittency iJ; investigated with respect to the 2-dimensional (11, cf» dis­
tribution, the existence of a positive slope according to Eq.2 becomes in fact no 
more questionable . .Also in this case, however, the predictions of JETSET PS are 
in good agreement with the data (1). . 

When increasing the dimension of the phase-space in which one is studying 
fluctuations, the problem of the non-1lIliformity of the distribution in the phase 
space becomes of primary import&llce. One could Daively think thill, due to the 
fact that the cf> distribution is not correlated to the l' distribution and, in average, 
flat, the distribution of (y, cf» is flat. Unfortunately, on a.n event by event buis, 
the tP distribution is nonuniform, being peaked at the azimuth tP.2 of the second 
eigenvector of the momentum tensor4_ .. 

To solve this problem, we considered in all the events the values of the azimuth 
starting from tP.2, and we applied a tr&llsformation 'a la Bialas-Gazdzicki'. After 
this tr&llsformation, the population of the (Y,¢) space is flat. In the same way, for 
the 3-dimensional distribution, we calculated a flat bin-per-bin (1I,T,P') distribution 
over the full phase .pace. 

The results on factorial moments of the 2- &lid 3- dimensional projections of phase 
.. pace are plotted in Fig. 6, and tabulated in Table 1. Errors keep into account the 
effects of an uncertainty of ±2% in the probability of.., conversions in the detector. 

Factorial moments in three dimensions display intermittent behavior in the full 
phase space available. This me&lls that, in the full phase space, the fluctuations 
related to the presence of the hard gluon jets as seen "from far" have the same 
behavior with respect to factorial moments as the lluctuations of the hadrons inside 
a jet. 

3.9 Factorial Moments end £-parlicle Correlatioru 

Carruthers and Sarcevitz (18) suggested that the behavior of factorial moments can 
be understood on the basis of conventional short-r&llge correlations for the 2-particle 
correlations, plus the Linked Pair 'ansatz' (LPA, requiring one free parameter for 
each order of the factorial moment) to go from the 2-particle correlations to higher­
order correlations. 

In the literature, 2-particle correlations are usually fitted in the central rapidity 

4This .... made .Ti~ent by plotting factorial momenb or the ~ distribution and comparing to 
factorial momenb or a ~ distribution. Factorial momenb are higher in the fint than in the ... ond 
case. 
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In2~ RAnk 2 
I-d 2-d 3-d 

0 1.051 ± 0.001 ± 0.009 1.043 ± 0.001 ± 0.007 

1 1.081 ± 0.002 ± 0.002 1.071 ± 0.001 ± 0.011 1.090 ± 0.002 ± 0.004 

2 1.245 ± 0.003 ± 0.003 1.376 ± 0.004 ± 0.036 1.449 ± 0.006 ± 0.049 

3 1.369 ± 0.004 ± 0.004 1.803 ± 0.008 ± 0.090 ~.06 ± 0.02 ± 0.21 .. 1.441 ± 0.004 ± 0.008 ~.12 ± 0.01 ± 0.24 2.71 ± 0.05 ± 0.92 

5 l.471 ± 0.005 ± 0.015 ~.36 ± 0.03 ± 0.79 
6 l.479 ± 0.006 ± 0.025 

In2~ Ra.nlc 3 
I-d 2·d 3:([ 

0 1.159 ± 0.003 ± 0.027 1.136 ± 0.003 ± 0.021 
1 1.274 ± 0.004 ± 0.006 1.249 ± 0.005 ± 0.037 1.323 ± 0.007 ± 0.012 
2 2.008 ± 0.014 ± 0.001 2.56 ± 0.02 ± 0.15 3.01 ± 0.05 ± 0.18 
3 2.56 ± 0.02 ± 0.02 5.62 ± 0.09 ± 0.28 9.4 ± 0.5 ± 1.4 .. 2.96 ± 0.03 ± 0.03 9.16 ± 0.28 ± 0.49 .30.1 ± 6.4 ± 7.7 
5 3.14 ± 0.04 ± 0.07 13.0 ± 0.9 ± 4.0 
6 3.23 ± 0.05 ± 0.13 

Table 1: Factorial moment.! 01 rank f and 3 01 the ~, (V,I/I) and (V,4>,p,) distribu­
tion.f. Stati..!tical error8 and 6Y8tematic8 from 7 contler"ion.f separated. 

region to the formula 
(3) 

where r2 il the ratio of the two-particle density to the product of the lingle.particle 
denlities for a couple of particles, /j.y is the absolute value of the difference of the 
npidities, and 72 and e are the par&meters of the fit. Our two-particles correlations 
data in the central rapidity region (with the cuts IVl.21 < 2 a.nd IVl + !/21 < 2) display 
dilagteement to expression (3) in the 10w-5V region. 

The best fit to expression (3) gives 72 = 0.968 ± 0.004, lie = 0.748 ± 0.003. 
When applying the formulae of Ref. [18J using the values of 72 and e fitted to 
the two-particle correlations, we obtain a not ntisfactory agreement to the data, 
also for F2• We remind that that F2 should in principle, if approximation (3) and 
the a.saumption of tra.nslationa} invaria.nce in the central rapidity region were true, 
contain the lame information as the two fit par&meters. 

II we proceed in the opposite way, and we use the expressions of Ref. [18J to 
FClrametrize factorial moments, the fitted values 72 and e fitted from F2 disagree 
with the ones previously determined (i2 = 0.640 ± 0.001, Iii = 0.724 ± 0.001). 
However, we find that also this representation of correlations is not a.ccurate enough 
to describe factorial moments of ranks higher tha.n three. 

Thil is an evidence of non-trivial n > 2·particle correlation. in e+e- BDnihila­
tions. 
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4. Conclusions 

" Confirming our previous results [1), a more detailed analysis, based on a itatistia 
ten times larger, evidenced that present Monte Carlos based on" Parton Showen 
provide a reasonably good description of fluctuations in the phase space of hadrons 
produced in the decay of the Zoo Discrepancies observed are of the .ame order as 
the effect of ret uning parameters. 

The presence of intermittency, questionable in I-dimensional projections of phase 
'pace, becomes evident in the full phase space, showing a similarity of the fluctua­
tions that give rise to jets with the fluctuations of hadrons inside jets. 

We have observed the evidence of nontrivial higher(n > 2)-order particle corre­
lations in e+ e- annihilations. 
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