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INTERMITTENCY SIGNALS AND CORRELATIONS!
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Experimental and theoretical investigations of intermittency signals are shortly
reviewed. The problems related to standard description of correlation effects are
discussed in more detail.

1. Introduction

Ten years ago Bialas and Peschanski started a new field of investigations in multi-
particle production by a proposal to search for “intermittent” local density fluctuations
in momentum space [1]. They have shown that for such fluctuations (imitated by the
random cascade “a model” used to describe turbulence) the scaled factorial multiplicity
moments F, defined by

n! 1
RO = (50). & M
grow power-like with the inverse size of the phase-space bin §: F; ~ §7%2, where ¢,
is called “intermittency slope”. This was contrasted with Poissonian fluctuations, for
which all F; are equal to one, and with standard correlations, which result in finite
values of F for the bin size decreasing to zero.

More precisely, the averages in formula (1) should be taken not only over events,
but also over the bin position in the phase-space of each event to collect reasonable
statistics. In fact, for sufficiently high multiplicities one can get then meaningful results
even for single events! Instead of the bin size § one can obviously use the number of
bins M, where Y = M # § is some measure of kinematical range in which analysis is
performed. We shall come back later to the details of this procedure.

The original motivation of [1] was to look for a possible signal of a transition to the
quark-gluon plasma phase. Since at the phase transition point the correlation length
becomes infinite, it is natural to expect a power-like increase for the factorial moments
(1) (the numerators of which are integrals of the g-particle distributions). The analysis
of one of heavy ion collision events from a cosmic ray experiment [2] seemed to support
such hopes: F, were indeed increasing as (smallj negative powers of the bin size in
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pseudorapidity, whereas the “smooth fit” {describing correctly other features of the
data [3]) did not show any dependence on the bin size. In Fig. 1 this is shown for Fs,
where the increase is visible best.

Within a few years, however, it became obvious that the effect was not limited
to heavy ion collisions. In hadron collisions and in the ete~ annihilation [4] the same
Pattern was observed: F, were increasing for small bins in momentum space (see Fig. 2)
in clear disagreement with the results from the Monte Carlo generators tuned to describe
all other data. Since nobody expected the quark-gluon plasma formation in ete
collisions, this suggested that intermittency signals may result from other effects than
phase transition. The QCD parton cascade was proposed as an obvious candidate [5].
The flood of experimental and theoretical investigations followed, resulting in specialized
workshops devoted mainly to this subject [6,7,8,9].

However, the very fact, of simultaneous observation of the signals in hadron-hadron
and heavy ion collisions suggested that the correlations responsible for the increase
of moments are of a collective character. Indeed, if the single- and multiparticle dis-
tributions in heavy ion collisions are just sums of the contributions from v separate

(1) is the integral of g-particle distribution over the bin in the phase-space, the bin-size

dependent part of the moments in heavy ion collisions should be proportional to 1/v.
Such a suppression would make the effect inobservably small for heavy nuclei.

Apart from the hypothetical quark-gluon plasma formation, the only obvious source
of such collective correlations was-the Bose-Einstein interference effect. Thus it was
suggested that intermittency signals may result from the space-time structure of the
source reflected by the Bose-Einstein enhancement of identical particles [10,11]. How-
ever, the data seemed to exhibit no significant difference between the moments for like-
and unlike sign hadrons [12]. Only a few years later experimentalists discovered serious
contamination of hadronic data, by Dalitz- and y-conversion ee™ pairs, which imitated
the effect for unlike-sign pairs [13]. Now there seems to be no doubt that the effect
in nuclear- and hadronic collisions is dominated by (if not restricted to) the same sign
multiplets of hadrons. :

Therefore at present it seems unlikely to use intermittency effects as signals of quark-
zluon plasma formation. The generally accepted interpretation is that the cascade
nechanism in hard processes, and Bose-Einstein interference in all multiparticle pro-
luction processes are mainly responsible for the observed signals. This does not mean,
lowever, that the effect is explained; these are rather indications in which language
ne should formulate the proposed explanations. In particular, power-like increase of
noments for like-sign particles, if related to the Bose—Einstein interference, suggests
ather unusual space-time structure of the source.

We come back later to more detailed discussion of these ideas. In the next section,
owever, we will present a few of the choices of variables and quantities (other than
st factorial moments of formula {1)) used to describe intermittency signals. Then we
Ul shoruly present some selected data, and discuss their interpretation.

We will not discuss the general ideas of self-similarity, fractality and multifrac
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Fig. 1. (F5) for the cosmic event Si-AgBr [2} vs
bin width in pseudorapidity dy in a log-log scale.
Black dots are for y in the range (-3.55, 3.65) and
circles are for range (-3.65, 3.55). Crosses with
1 1 1 error bars are simulated from the fit (3], and the

— — _
008 06 G4 0z ouan straight line is a power-like fit [1].

which are often associated with intermittency. Rather, we will try to relate standard
models and ideas used to describe multiparticle production to the observed effects, and
to show what sort of modifications seem to be necessary to describe 255.. We refer the
reader to more complete reviews [14,15] covering other aspects of intermittency.

2. Formalism and variables

As already stated, the numerator of formula (1} is the integral of g-particle density

fl:_ I w
:aHle'\mmfi.maclf.:ai. 2)

Here each of the z;-s represents a variable in momentum space in which the bin of size

§ is defined. Bar denotes averaging over events.
In calculating the average scaled factorial moment (Fy) one should take average of

M
(1) over the bin position (which will be denoted by brackets: (X) = p e Xa_v:\:
It can be done separately for the numerator and the denorminator, as in [1] (“horizontal
average”)

(Fo)m = (mg)/ ()", (3)

or for the whole right-hand side of (1) (“vértical average” )
(Fo)v = (ag/n). (4)

The second choice was proposed [16] to avoid the trivial effect of increasing F, for a
non-flat distribution in z. Unfortunately, for small bins it introduces large fluctuations
from the ends of the phase-space, where both the numerator and Lhe denominator of
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Fig. 2. Scaled factorial moments {F,) a) for e*e™ collisions, b) for m/Kp collisions vs rapidity
bin width m a log-log scale [4]. '

(1) are very small. The other way to remove the unwanted effect is to divide by the
average over bin position of power of the average multiplicity [1,17]

(Fo)u = (7ig)/(RY) (5)

However, the simplest solution is to modify the original variable z to &, in which every
bin, by definition, has the same average multiplicity [18,19].

The power-like increase of Fy(d) for decreasing & can occur only if pq has power-like
singularities in differences z; — z . This is easiest to see for ¢ = 2, where pa(x1,22)
should have a term proportional to |z — z2]7% to get in F3(d) a term proportional to
5.

This suggests immediately two modifications of the original analysis. First, py is the
sum of a product of single particle densities and of the two-particle correlation function.
A singularity in 2; — x5 may obviously appear only in the second term. Thus, unless
some strange cancellations occur, it seems to be more natural to expect the dominance
of power-like term in the scaled cumulant Ay = Fu — 1 (which is the integral of two-
particle correlation function) rather than in /4 . Obviously, {or ¢ small enough it should
make no difference. However, we cannot really expect a singularity in the mathematical
sense, but rather a power-like beliaviour in some range of the variables. Plotting the
dependence of imoments as functions of § in a double logarithmic scale we may always
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Fig. 3. The second scaled factorial moment vs
- number of phase-space bins in a log-log scale [23]
T ] for a) pp, b) ©/Kp, c) pAu, d) OAu and e) SAu
1 10 102 103 10% 10° 108 data. Solid lines represent fit (7) with parame-
M ter values a) ¢ = 0.025,p; = 0.45,¢' = 0.02, b)
¢ = 0.02,p5 = 0.45,¢' =0.16, ¢) ¢ = 0.02,¢92 =
0.45,¢' =0, d) and €) ¢ =0.01,¢p2 = 0.5,¢' =0.

select a range, in which a straight line fits well the data. However, to claim serious
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evidence for intermittent behaviour one should find such a fit for a really broad range of
4. As we shall see, the recent data seem to support the suggestion [20] that this occurs
for the scaled cumulants K, rather than for the moments F; .

For completeness, let us remind here the relations defining (unscaled) curmulants
kq = Kq 77 and moments 7; by means of the generating function G(2) = 3 2" P(n),
from which all the relations between F, and K, can be deduced

__de d?
g = 357 Gl2) =15 Kg= T2 InGE@N] a1 (6)

The second modification concerns the choice of the variables. {Pseudo)rapidity bins
are convenient to use, but in most of the cases the increase of moments was found to
saturate for small bins. In fact, standard exponential form of two-particle correlation
function in 8y = |y; — y2| was found to give similar increase [11]. This is to be expected
if there is a power-like singularity of the correlation function in a more natural Lorentz
invariant variable, as e. g. four-momentum difference squared Q? . Since for small Q?
we may express it as a sum of three terms proportional to 6y? , §¢® and Slnp? (pis
azimuthal angle, and p, transverse momentum), integrating over ¢ and p, smoothes the
singularity [21,22]. Thus for real “intermittent signal” one should use three-dimensional
bins in y, ¢ and In p rather than a one-dimensional analysis.

Such an analysis suggested indeed a power-like increase of scaled cumulants in 3d
bins in a wide range of bin sizes [23]. Moreover, fitting second order moments by a
simple formula

Fy =14 (M%) + ¢/ (7)

one observed approximate universality of the value of intermittency slope wo {(about
0.5, cf. Fig. 3). Unfortunately, since the global number of bins M is the product of the
numbers of divisions in each dimension, the empty bins dominate for small bin sizes
and the errors of the moments grow very quickly.

The solution of this problem was to replace the integrals over bins in each individual
variable by “strip integrals” over areas defined by differences between the variables of
two particles [24]. Already for one-dimensional moments in rapidity, binning in rapidity
difference reduced drastically fluctuations, as seen in Fig. 4, where the famous “spike

event” of NA22 [25] is analyzed by two methods [26]. The scaled factorial moment in
strip integral method is defined here as

ﬁESm\b 114w E@_.:@t\\: [T dwpi(w) (8)

where Q, is defined for ¢ = 2 by a condition [y1 — y2| < 8y, and for higher 4 by a
suitably generalized condition involving differences between rapidities for many pairs of
barticles.

The gain in statistics is even more striking for 3d moments, if one replaces binning
n separate variables by a single condition on differences of four-momenta squared, e. g.
» w, < @Q? . One defines then £y as integrals analogous to (8) with integration over
I the components of momenta and with §2, defined by this condition. We will return
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Fig. 4. a) The fourth scaled factorial moment of the NA22 “spike event” Em_.a\m rapidity bin
width (lower order moments, which fluctuate less, are not shown to keep the picture clear), b)
the “strip integrals” (8) of the order 2 - 4 vs “strip width”, both in a log-log scale {26].

to the data analyzed in this way in the next section. Let us only notice here ;mﬁ in
this case the loss of statistics when going from the E%mn.m_ Emmmw:w (Fy) to the ratio of
differential distributions in Q2 {“differential correlation integrals , to be defined below,
traditionally used for like-sign pairs for the analysis of Bose—Einstein _ﬁolmwm:om effect)
is less significant. Thus the intermittency signals may be observed n_:moi%. as power-
like increase of such ratios. With sufficiently high statistics, one can also E<.omcmm.§m
the distributions in “components of @?”, i. e. longitudinal-, transverse- and time-like
momentum differences and their combination, as often done in BE effect analyses.

As already noted, we will not discuss here other formalisms developed to study the
intermittency signals, as e. g. )

1) The G moments [27] (known in statistics as “frequency moments Bm? used to
investigate (multi)fractal properties of muitiparticle production, and in particular to
define various fractal dimensions [29,30], . {

2) The factorial correlators [1] and multivariate cumulants [31] used to investigate
correlations between moments in two bins, .

3) The bunching parameters [32], allowing to reveal spiky structure of events already
from a few points of multiplicity distribution, . ‘

4) The wavelet transform [33], analyzing the pattern of fluctuations by multiresolu-
tion procedure. !

These methods, reviewed e. g. in [15], seem at present not yet developed enough to
give clear information on the mechanisms of multiparticle production.
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Fig. 5. T'he correlation integrals vs I = Q? in
a log-log scale for DELPHI data (circles) and
UAL1 data (dots) [34]

3. Some recent developments

As noted above, investigation of intermittency signals leads to the conclusion that
the experiments show strong short-range correlations in momentum space absent in
standard descriptions of multiparticle production. For simplicity,

second order moments and corresponding two-particle correlatio
The analysis of the ete~

we will mainly discuss
ns.

annihilation data for correlation integrals (8) presented in
Fig. 5 shows both similarities and differences from the hadronic data [34]. In both cases
he clear increase at small values of Q? is seen, and in the restricted range of () it may

e well approximated by a simple formula In ¢; = a + bInQ. The increase for ete”

lata is steeper and extends to higher values of Q, but for the second order integral and

2 below 0.25 GeV (logy(1/Q%) > 4) the data nearly coincide. For higher orders, the
lata seem also to converge at lowest available Q2 .

On the other hand, distinguishing like-
lifferences. In Fig. 6, we show the different
rder are simply defined by

and unlike-sign pairs we see more significant
ial correlation integrals, which for the second

e(Q?) = S Ep1d®p; p3(p1,p2) 5(Q* + (p1 — p2)?) )
i S Epidps pi(p1)pr(p2) Q2+ (p1 — pa)?)

or same charges this ratio was often used to present the Bose-Einstein interference
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Fig. 6. Second differential correlation integral (9) for DELPHI (open mwavo_wv and UA1 MM_nm
QWWQA. symbols) vs | = Q* in a log-log scale a) for same charges, b) for opposite charges [34].

effects, since other sources of aong_wn”onm Smmwowmwmwﬁ%ﬂ MM wmm,ﬁ&“z ”MMM_M an_mﬁ mmMMM
inator could be expected to repres v : ite
M”Mmmmﬂm“a mwumr energies, where energy-momentum conservation mmm,nrm\ mm_m %om%mﬂwww
In Fig. 6 we see an increase for both sets .Om data for Q _uw_oi 0.25 mdm (ha MOH c r.mﬂ
at higher @ were rather flat). For opposite ormﬂ.mmm the increase o €2, Mmms m !’ Mmi\
Q in ete™ collisions, saturates in the same region, Srmnmmm. rwmnoEM M a mmzo ey
little dependence on @ in the whole 5<mmfmmn.ma range. This supports +~m| am%m rmoﬁ "
mentioned earlier: partonic shower effects Eo.Sam .25 increase of nw :_H e omwm Mm< e
wide range of 7, quite similar for like- wnm unlike-sign pairs. For @ be ME. . oy this
increase slows down, but for like-sign pairs the .wOmmmm_:mnmE effect Mm s in, HMm: g
further increase. For hadronic data the wOmeEmﬁ.m_: effect seems oEEE.H . _—
This picture is further supported by a comparison Om. data with the vw?o.z mmw,o( i
Monte Carlo for e*e™ collisions (in érw& no wm oﬂmoﬁ is Emwmns‘_ >_m seen Ma ._mm.wom
the ratio of the integrals (9) for like- to unlike-sign pairs mwog MC nm..n: _@S_o:mo WMM.M/M
slowly for low @, whereas the data show a small U:.ﬁ n._mma increase for @aumﬁofw .Wiu«mr..
We have checked that this slow decrease of n:m. ratio is not a vm.:rnc_.& \mmmmwo w o
PHI MC” used in ref. {34], but occurs as well in a &mmw::_ version ﬁ.um WM T ! /- T
Monte Carlo, both with- and without angular o.?_Q,_:.m. ﬁmﬂoﬁzm ,_oiwu‘n @a mwpmw_mo
the same charges from data (“BE-cut”) one obtains quite similar decrease in data (al
mro%ﬂo_wwwwmww.oﬂ ete~ collisions became recently somehow mmng..i,m_m_ Dowpd _;Mp MM
hadronic Qm;m_.. This is because the perturbative QCD mrocE be <m_._mw mn .r he ::.N_m._ m:mwm:‘vr
of parton cascade (believed to be the hadroproduction Eazorw,_.:.i: n annihilat ;
whereas in soft hadronic collisions no such “reference ,ﬁ.:ao_.% exists. N
In fact, various versions of QCD moment calculations for partons {within the dou

.. : e and A : scems Lo be in
portionality of single-particle distributions for hadrons and partons. It scems Lo
, AL} - S
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be varions pecte in b coll . can only conclude that there may
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A .
Smmommﬁ%m NHJMH&_E:@, the v::m.m.mmacﬁom of “soft” hadronic and nuclear collisions are
rason Omvm_ ell described by various phenomenological models, often equipped with
a1, T M~ MMMMWBMOEM as umm.ﬂwmmﬁ [38], PYTHIA [39], FRITIOF [40], or HERWIG
41]. S, nowever, fail to describe intermittency signal 6, foned
e, the o o : Y signals. Again, as mentioned
, Yy seems to be the proper inclusion of i 1
o b . s ¢ . on of the Bose-Einstein effect.
,mmwawhwwﬁ_%rﬁrm Bose-Einstein interference in the Monte Carlo generators is not an
: um%mmﬂ 7“@0“”“\0%; cm&wvnmmwm:wm of shifting final state momenta implemented
rawbacks’ - The alternative approach of attributi i
0 events provides also various e e
problems {43,44]. Tn any case, the pr
nly to reproduce assumed enh I g0 pite 2t mall G T e empt
. ancement of like sign pairs at small (2
- . nt o mall Q*. It seems ver
wm,moﬁﬂw_”vw ﬂslmiﬁ”:n memnﬂmm complications related to resonances [45] (which Eww
change the effective size and shape of sour ) or to th i
1ent of source before the hadronizati s feulas, the approriy - ovelob-
lzation. In particular, the approximatel i
: , ) ower-lik
“noﬂmwmmm:om,._zﬁwmg_ {9) at mim: Q% seen e. g. in UAL data [46) and NA22 M\mmm [47] Mwm
o _m. v~ may be obviously imitated by these procedures, but its origin ESM:E
ol ‘n as been suggested to reflect the size fluctuations of the source [48], or :.m
structure {due to resonance contributions?). Continuing these Eémamimo:n E
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Fig. 8. Second differential correlation integral (9) vs Q7 in a log-log scale for like-charged pairs
a) from UA1 data [46], b) from NA22 data [47).

4. Conclusions and outlook

The investigations of intermittency signals performed over the last decade have
brought new information on the multiparticle production and have inspired many new
theoretical ideas. We have presented here some of the developments directly related
to the more traditional description of correlation effects. In particular, we have sum-
marized the evidence linking the intermittency signals to the parton cascade effects in
electron-positron annihilation, and to the Bose-Einstein interference effects in all the
processes of multiple production.

Despite many efforts, it still remains unclear how to deduce reliably the source char-
acteristics from the analysis of Bose-Einstein effect. In particular, the resonance effects
influence obviously the effective source shape seen in BE analyses. One may hope that
further investigations will allow for better understanding of the space-time develop-
ment of the hadronization process. The other (possibly related) unsolved problem is
the proper explanation of the successes of “local parton-hadron duality” (LPHD) idea,
apparently contradicting standard pictures of hadronization.

In the near future new data should allow to verify the information on the et e~ data,
in particular testing the energy dependence of intermittency signal and the applicability
limits of LPHD. Another important field are the high energy heavy ion collisions. The
present hints of signals for quark-gluon plasma formation should be correlated with
event-by-event analysis of intermittency signals, and in particular with the investiga-
tions of the Bose-Einstein effect.

One may hope that the second decade of intermittency will be as exciting as the first
one, but more fruitful in bringing definite answers aboul the mechanisms of multiparticle
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production processes.
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