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A STUDY OF MULTIPARTICLE AZIMUTHAL CORRELATIONS
IN HIGH ENERGY INTERACTIONS

V.V.Belaga, G.M.Chernov

Genuine multiparticle azimuthal correlations between secondary charged particles produced
in hadron-nucleon and hadron-nucleus collisions at Py = 200—400 GeV/c and in nucleus-nuc-

leus collisions at Py = (2.5-4.5)A GeV/c have been studied using a new formalism. These

correlations are observed for all types of charged secondaries and in all types of interactions.
The meaning of obtained results and capabilities of suggested. technique are also discussed at
a semi-quantitative level.

The investigation has been performed at the Laboratory of High Energies, JINR.

H3y4eHne MHOTOYACTHYHBIX A3HMYTAIBHBIX KOPPEIS M
B COyAapeHHAX ¢ O0IbIIOi 3HeprUeit

B.B.Benaza, I M.Yepnos

C noMowsio HOBOrO (OPMATHIMA H3YYANHCh MCTHHHEIE MHOTOYACTHYHbIE A3UMYTaTTbHBIE
KOpPEALMN MEXIY BTOPHYHBIMHU 32DAXKEHHbIMH YaCTHLAMH B aIPOH-HYKTIOHHBIX H AIPOH-Sep-
HEIX COyNapeHMsX mnpu p,= 200400 TeBfc M B sIpo-smepHBIX COymapeHHsX npH

Py = (2,5-4,5)A [sB/c. Takue Koppesisuny oSHapyXeHb! LIS BCEX THIIOB BTOPHYHBIX 3apAXeH-

HBIX HaCTHI M BCEX THIIOB B3aUMOIEHACTBHHA. Ha nonykonuyecTBeHHOM ypoBHe ofcyxaeHs! 3Ha-
UMOCTD TOYYEHHBIX PE3YIBTATOB H BOIMOXHOCTH NPEAJIOXEHHON TEXHHKH aHATH3a.
PaBota shinonHeHa B JlaBopaTopiu BLICOKHX gHepruit OMSIU.

1. Introduction

The necessity of studying the correlation and fluctuation properties of secondary par-
ticles created in multiple particle production reactions at high energies arises from the fact
that their simplest characteristics, such as multiplicities or one-particle distributions, reveal
a low sensitivity to the choice between various theoretical approaches to the theory of
strong interactions. This topic has become very popular, mainly due to the advances that
have recently been made in understanding the internal dynamics of multiparticle processes.
This has come about with the analysis of various kinds of correlations and fluctuations [1]
and also because of its obvious relation with the very important problem of the search for
and study of the new hypothetical collective phenomena in particle and nuclear physics.

Correlations between «longitudinal» characteristics (such as rapidities, pseudorapidi-
ties, etc.) of secondary particles are considered most often in theoretical and experimental
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works devoted to this problem. At the same time, the study of azimuthal correlations has a
great advantage in that they do not depend on strong pseudocorrelation effects caused by
nonuniformity of the events forming the inclusive cr semi-inclusive sets under study [2].

Strictly speaking, at present, only the producticn of resonances, quantum effects asso-
ciated with the identity of particle, and jets arising in hard QCD processes are well-estab-
lished dynamic factors that lead to correlations among particles produced in multiple pro-
cesses. At the same time, although a number of additional interesting physical phenomena
have long been discussed in the literature, the questions concerning the existence and pro-
perties of these effects remain unanswered. Among them, for instance, «<heavy» unstable
intermediate objects (that cannot be reduced to known resonances), effects of a «collective
flow» type and some other collective properties of quark-gluon, hadron or nuclear matter
may be mentioned. One of the reasons behind this situation is that the number of works
devoted to the search for genuine multiparticle correlations is obviously unsufficient.

In this report, we present the first results obtained by applying some general methods
for analyzing genuine multiparticle azimuthal correlations between secondary particles from
hadron-nucleon (AN), hadron-nucleus (hA) and nucleus-nucleus (AA) collisions at high ener-
gies. We will not be concerned with the usual two-particle azimuthal correlations based on
the relative azimuthal angles

g, = arccos (pT,pT,- / prij) = arccos (¢; — ¢)

(here p, and ¢ are the transverse momentum and azimuthal angle of the particle, respec-

tively) and their characteristics, nor with the so-called global variables of the events (such
as sphericity, coplanarity, directivity, etc.) that give only indirect information on the cha-
racter of azimuthal correlations between the particles. Tests of the above-mentioned
methods show that they may turn out to be an efficient tool for studying final multiparticle
states of multiple production reactions and nuclear multifragmentation at high energies.

2. Methodological Aspects

Recently, the following random variables characterizing the azimuthal correlations of
arbitrary order were suggested:

(i) the minimum length of the azimuthal interval containing an arbitrary number
k(2 < k < n) of ordered azimuthal angles, i.e., the differences (or «spacings») [3,4]

k1”9 Isi<n—-k+1,

- 2n + o,

)
l+k—l—-n—(pi’

n-k+1<i<n
of the order (k — 1);

(i) the dispersion of the @-distribution of the same subgroups of charged particles
[5.4]
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where 65(") = 2 ®,/k, etc. The second terms in Eq.(2) and Eq.(3) are introduced for
I=i
symmetrization over the full azimuthal circle; :
(iii) the geometric average of the relative angles (Eq.(1)) for the subgroups containing
k nonordered particles [6,7]

M 1/M

e =[] & | - M=kk-1)/2. @
i<j

All the statistical characteristics of the mentioned variables can be found for inde-

pendent emission of the particles (or in zero approximation, when all correlations are

absent). For instance, for the first of them, \yfc”z ) [3]: the distribution density is

ORI B {n - D! Lo _n—k=1
R =Cn T T v e

the moment generating function is

m(t) = Ok, n, 2nr)
(where @ is the hypergeometric function), and the moments of arbitrary order r are

,
v = ad'm(r)
dat’ |t =

rk+r=1! (-1
Gk-Dtn+r—1D1°

= (2m)
0

The simplest of the moments are: a) the expectation value
(W Y=V, =2nk-1)/n )

and b) the standard deviation of the ull(cnl |-distribution

_ o Al/2
e e L e ®)

Eq.(5) is trivial because we have . (\yl(("_)_ ) = 2(k = 1) ® in any case. 0'(\]/,(‘"1 ;) can be used,

however, as a measure of multiparticle azimuthal correlations since any deviation from the
value given by Eq.(6) means that the statistical independence of the angles ¢ has been
violated, i.e., there are correlations between them. The zero approximation expectation

value and standard deviation of the second variable, ofc”) , are equal to
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( oﬁ"’z Y=k + 1) (k+2)/[Bn(n + 1] ™

and

w2 [ (kD) (k+2)
o) = /3)[k(k—l)n(n+1)x

((k-}»3)(k-i'-4)(5k2 k+6) (*k-Dkk+1)(k+2) ]]1/2’ ®)

5(n+2) (n+3) nn + 1)

respectively [5], etc.

The formulas presented above are written for fixed n. They can be easily generallzed
for inclusive sets of events by using normalized quantities. For example, instead of \y(")
we considered

o™ =™ = n/ow™ ). ©)

The expectation value and standard deviation of Qi")_l are exactly equal to 0 and 1, res-

pectively, in the case of the independent emission of the particles under study. Therefore,
any deviations from these values mean the existence of some kind of correlation.

3. Experimental Data and Results

As a first approbation of the above methodology, we carried out a search for multi-
particle azimuthal correlations in six inlcusive sets of hadron-nucleon (hN) and hadron-
nucleus (hA) collisions at primary momenta of 200 and 400 GeV/c and in four sets of
nucleus-nucleus interactions at primary momenta of 2.5—4.5 GeV/c per nucleon. All the
experiments were carried out under identical conditions with the help of the emulsion
technique. The data on the statistics of the events in these sets are presented in the Table
below, which also gives references to the papers containing detailed information on the

Table

Projectile Target po/A, GeV/c Accelerator Numb. of events Refs.
P N 200 Fermilab. 1293 (8]
p Em 200 Fermilab. 1626 [8]
T N 200 Fermilab. 1397 9]
n Em 200 Fermilab. 5116 {91
P N . 400 Fermilab. 1061 {10}
4 Em 400 Fermilab. 3484 [11]
2¢ Em 44 JINR 1717 [12]
My Em 29 LBNL 1027 [13]
22Ne Em 4.1 JINR 4070 . [14]
Fe Em 25 LBNL 1890 [15]
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experimental counditions and various
general characteristics of the events
(multiplicities, single-particle distri-
butions, etc.).

A search for multiparticle corre-
lations was carried out for relativistic
charged (s) particles from AN and hA
collisions and for all types of charged
secondaries — shower (s), «gray» (g)
and «black» (b) particles from nuc-
leus-nucleus interactions. Division of
the charged particles into mentioned
types was made according to usual
emulsion criteria.

3.1. hN and hA Collisions at
Py = 200-400 GeV/c. Figure 1 shows,

as an example, the values of the stan-
dard deviation o(y{" ) of the distri-

bution in the normalized minimum
length of the interval containing k
neighbouring (with respect to the
azimuth) secondary relativistic char-
ged particles produced in AN and hA
collisions at 200 and 400 GeVl/c.
Here and below we only use the first
of above methods, because the appli-
cation of others gives the same
results.

The next necessary step in the
correlation analysis is to quantitati-
vely take into account trivial kinema-
tic correlations that are due to the
effects of conservation laws. For this
purpose we generated inclusive en-
sembles of random events following
the phasespace (PS) model, taking
into account the presence of neutral
secondary particles. Their number, g
was simulated for each n =2, 4,... in
accordance  with  the available

experimental data on neutral particle
production (including strange ones) in
pp collisions at E, =200-400 GeV.
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Fig.1. The c((Dg'l 1) vs. k for AN (open circles) and hA
(full circles) collisions: a) pN and PA at 200 GeV/c, b)

TN and A at 200 GeV/c, c) pN and PA at 400 GeVr/e,
The curves are calculated for AN collisions according to
the phasespace model
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Fig.2. The differences of o(®{ ,) — 6"5(®{" |) vs. k for hN collisions at

200—400 GeV/c
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Fig.3. The differences of c(\vi"l D- ao(vi"l 1) vs. n in comparison with the results (curves)

of calculations according to the model with two-particle resonances for the fraction (1) 50, (2)
75, and (3) 100% of secondaries produced in their decays. The examples are given:-for AN
collisions at k = 4 (a) and 6 (b); and for hA collisions at k = 4 (c) and 6 (d)
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Fig4. The differences of (y{" ) — 6" (W{” ) vs. n

at k =3 (a) and k = 5 (b) for pN collisions at 200— .
400 GeV/e + l

The charged particle multiplicity spectra for () | +++ + + ]
the real and simulated ensembles were exactly ¢ H++ beed }

the same. The values of G((chni 1) calculated in 0.0 . ’H

the PS model for AN collisions are shown by 0 5 10 15 20 n
solid curves in Fig.1. Figure 2 presents the dif-

ol ) —a™ (L))

O
g

ferences between ()‘((D;cni I) in real and Monte

Carlo ensembles of AN collisions vs. k of the
correlations. The following conclusions can be o B ¢ ofm)
drawn from the inclusive data displayed in 0 o (L) =™ (yly)
Figs.1, 2: -
(i) There are genuine multiparticle

azimuthal correlations of non-kine- () o

matic origin in AN collisions at 200— +++*+
T

400 GeV/c; + +

(ii) These correlations are different for O.1 + + ++ +
hN and kA interactions; ++

(iii) They do not depend on the type of 0.0
primary hadron but depend on the o 5 10 5 20 I
primary momentum;

(iv) The «strength» of the correlations increases at first with increasing k and then
reaches a maximum value at a value of k& which depends on primary momentum.

Let us consider the semi-inclusive data. For simplicity, we combined events with fixed

n from all the ensembles of AN collisions (pN, 200 GeVi/c + TN, 200 GeV /¢ + pN,
400 GeV/c) as well as from the ensembles of #4 collisions. All the results of our analysis
turned out to be a posteriori independent of this unification. Examples of these data are

presented in Fig.3; it should be noted that we used non-normalized quantities of \{/i")_1 in
the semi-inclusive case.

Finally, Fig.4 shows the differences 0(\;1;("1 D O'PS(WI(Cnl ) for AN collisions at k = 3

and 5. One can see that the correlations in actual events differ from those caused by
kinematic law for all values of n up to the maximum values. We note that, at large n, the
existence of the dynamical correlations is manifested only for high-order correlations and,
apparently, was never observed before. It is important to note, also, that the correlations for
the same n are different for AV and kA collisions. This makes it possible to conclude that

purely collective models of particle production in 44 collisions are inadequate in the energy
range under consideration.
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Fig.5. The 0’(<I>§(")_ 1) vs. k for s-particles
(a), g-particles (b) and b-patticles (c) from
nucleus-nucleus collisions. The spectator
fragments of projectile nuclei are exclu-
ded from relativistic secondaries

The production of a large
number of resonances (p, A, f, etc.)
is a well-established fact and it is one
of the widely discussed physical
mechanisms that can generate corre-
lations between secondaries. Accor-
ding to various estimates, the number
of particles produced in the decays
of these resonances can be as large
as 50—90% of their total number.

We considered the behaviour of
the suggested characteristics of mul-
tiparticle correlations in the produc-
tion of particles via the decays of
two-particle resonances. It was
shown that, for all k, these charac-
teristics are sensitive to this pheno-
menon; so, the study of multiparticle
correlations is a direct way to obtain
answers to the questions concerning
the existence of «heavy» intermedia-
te objects that cannot be reduced to
known resonances. It should be
emphasized that preference should be
given to the study of high-order cor-
relations. An example of such
analysis of the experimental data is
shown in Fig.3.

We can state that the model with

resonances can qualitatively describe the data for n_< 15 if the fraction of the resonances

is taken to be 50—75% for hN collisions and < 50% for hA collisions. This model cannot,
however, describe the data for larger n_and the inclusive data of Fig.2, especially the

difference between the 200 and 400 GeV data.
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Fig.6. The same as in Fig.5 for Fe—CNO

(open circles) and Fe—AgBr (full circles)
collisions at 2.5 GeV/c per nucleon

Of course, we should not attach
much importance to our conclusions
at this point, because we only want
to illustrate the capabilities of this
new technique, based on the analysis
of multiparticle correlations, and to
present some qualitative estimates.
We hope that we succeeded in doing
this to a certain extent.

3.2. Nucleus-Nucleus Collisions
at p, = (2.5-4.5)A GeV/c. Finally, we

would like to present briefly a
preliminary analysis of the data on
multiparticle azimuthal correlations
in the nucleus-nucleus interactions at
the energies realized at the Dubna
and Bevalac accelerators (see the
Table above). Typical examples of

the dependences of 0'((I>§("i ) on k for

all types of charged secondaries are
presented in Fig.5. The data for 12c

and “N projectiles were combined;
this unification is justified both a
priori and a posteriori.

The foliowing conclusions can
be drawn:
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(i) There are genuine multiparticle azimuthal correlations among all the types of char-
ged secondaries from nucleus-nucleus collisions (except, may be, for target frag-
ments from the collisions of light projectiles);

(i) The «strength» of the correlations increases with increasing , although this effect
depends on the type of secondary particles and on some characteristics of nucleus-

nucleus collisions;
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(iii) The observed correlations depend on the atomic numbers of the projectile (see

Fig.5) and target nuclei (see Fig.6): the larger the Apmj (or Amgct), the stronger the

correlations;

(iv) They also depend on the impact parameter of the nucleus-nucleus collisions (not

1))

illustrated): the larger the «centrality», the stronger the correlations;

There is evidence of prompt connections between the observed multiparticle
azimuthal correlations and the widely discussed effects of collective flow («bounce
off», «splash-side», «squeeze-out», etc.) in nucleus-nucleus collisions. Therefore,
the suggested and discussed methodology is of great interest in the search for and
study of such phenomena;

(vi) The semi-inclusive analysis showed, in addition, that the data are in agreement

with the picture of independent emission of s-particles at n_ > 6—8. Besides, for
any fixed n_

correlations (AA) < correlations (kA) < correlations (AN).
Therefore, all the purely collective mechanisms of particle production (the
simplest versions of hydrodynamical theory, the so-called «collective tube»

model, etc.) in nuclear collisions are inconsistent with the experimental data
at the energies under study.

In conclusion, the most general result of this work can be stated as follows: the study
of multiparticle azimuthal correlations is a very powerful tool for investigations in high-
energy and nuclear physics.

It will be reasonable to make a remark: in the case of very high multiplicities, it is
useful to apply the above-mentioned methods to particles from different bins of rapidity. In
this way very interesting possibilities are opened, but that is a topic for another paper.
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