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Abstract

The structure of events in relativistic heavy ion collisions (RHIC), associated with chird QCD phase transition, is
investigated. In particular the density fluctuations of pions, emitted from the excited vacuum (at T = T,), are studied and
classified in terms of intermittency patterns in rapidity space. For this purpose a Monte Carlo simulation of critical eventsin
the central region is presented, on the basis of the O(4) theory of chiral phase transition. The universal character of these
events is revealed and the predictions of the theory are discussed in connection with event by event measurements in current
and future experiments with relativistic heavy ions. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

A prime, general indicator of aquark-hadron phase
transition in central A + A collisions is the appear-
ance of critical dynamical fluctuations in individual
events [1]. In particular, one expects a universal
pattern of multiplicity density fluctuations at midra-
pidity, whose origin can be ascribed to the critical
behaviour of the underlying theory of strong interac-
tions (chiral QCD at T=T,). The interrelation be-
tween the fundamental parameters of the theory (crit-
ica exponents) and the measurable indices of these
events (intermittency exponents) becomes of primary
importance in our effort to understand the formation
of a new phase of matter (QGP) in relativistic heavy
ion collisions (RHIC).
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In this work a class of such critical events is
derived, directly from the universality class of chiral
QCD phase transition in the limit of infinite strange
quark mass (m, = my = 0,m, = ). In this case the
system undergoes a second-order phase transition,
belonging to the O(4) universality class [2] and the
corresponding order parameter is specified by the
sigma (o) and pion (#7) condensates, ¢, = (7 ,0).
Our approach is applicable even if the mass of the
strange quark isfinite, provided that it remains larger
than a critical value m* corresponding to atricritical
point of the system [2]. If m <m*, the system
undergoes a first order transition and a different
pattern of fluctuations is expected to appear near the
critical temperature T, [3]. A comprehensive study of
the critical fluctuations, taking into account the role
of the strange quark mass, will be presented else-
where.
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Our am, in this Letter, is to show that the experi-
mental measurement of a class of events in A + A
collisions, displaying, in the distribution of pions, the
characteristic fluctuations of the O(4) critical theory,
could provide us with a strong evidence for the
formation of QGP in the collision and the occurence
of a second-order chiral phase transition in the pro-
cess of hadronization. For this purpose we adopt the
standard description of a longitudinal expansion after
the collision (inside-outside dynamics) and focus our
attention on the 1d projection onto rapidity space
( &space). We assume that local thermal equilibrium
is reached rather soon, so a T =T, the onset of a
static phase transition of second order (chiral) drives
the system smoothly from the quark phase (massless
u,d quarks) to a phase of primordia hadrons (mass-
less 7, o) with a macroscopic density given by the
classical order parameter ¢2= w2+ o2 [4]. Our
approach is complementary to the proposal for DCC
production occuring in a chiral phase transition far
from equilibrium [5].

2. Intermittency at T=T,
The O(4) effective action (at T=T,) for a 3d
hadronization source localized at ¢ = & and a proper

time 7, is written, in terms of the classical fields ¢,
as follows:
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The effective potential U, ~ ($2)* in Eq. (1) is the
scaling solution a T=T, of the O(4) theory [6]
given in terms of the anomalous dimension n = 0.034
(k= l+n) Projecting out onto rapidity space we

may neglect the details in transverse directions as-
suming V, ¢, = 0, whereas for sufficiently small
size A of the source in &space, we may write
dz=d¢ in Eq. (1). Hence, the effective action of the
1d system in rapidity space is written as follows:
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Although the form (2) is strictly valid for A < 1, its
analytic continuation may accommodate sources at
&= ¢ of any size A available in rapidity space. It
defines the free energy at T = T,, associated with the
formation in &space of chira condensates (7r,0)
from a hadronization source located at ¢ = §;. The
Statistical Mechanics of this process is described by
the partition function Z= [, le 4% and for
heavy nuclei (ﬂL > 1) one should look for saddle-
point conflguratlons (R, is the transverse radius of
the 3d cylindrical source a T=T,). For a given
orientation of the vacuum in the 0(4) space, ¢, (&)
=2, (&), 4_ A% =1, the solutions of the Euler-
Lagrange equation, ¢— *Cig2<"1=0, give the
saddle-point configurations which are classified ac-
cording to the energy E of the corresponding classi-
cal trgjectories. In what follows the trgjectories with
E+# 0 are neglected since they contribute to the
partition function with a suppression factor of the
form Z(E) ~ exp(— E";I El), where V,=7R? A is
the volume of the 3d source in the cylindrical space
(&,x ,). The dominant configurations (E=0) and
their contribution to the free energy I[¢] are writ-
ten as follows:

1
¢(§)=[—CA( )f]

1

fle- folf

r(agig) - A [ g6 de. (3

ZBC A¢

The location of the singularity (£= &) is arbitrary
but, for a given &,, the solution (3) gives the saddle-
point configurations (with different supports) only
for systems localized in domains 4 < | &, — & and
emitted from the source at ¢ = &;. The restriction on
the size A¢ follows from the fact that the singularity



10 N.G. Antoniou et al. / Physics Letters B 432 (1998) 8—14

must lie outside the domain of the system since
otherwise it would give an infinite contribution to
the effective action. Considering now the whole
family of solutions (3) one might be able to reveal
the critical fluctuations of the system in a wide range
of scales (A¢). For this purpose we introduce, in
what follows, subdivisions of the size of the system
A¢é=2 (m=1) in order to specify the support of
the saddle-point configurations contributing to the
partition function. A further restriction on the config-
urations follows from the observation that only dis-
tant singularities (£,>> & + 4f) give a significant
contribution to the partition function. In fact the free
energy correﬁpondl ng to the solution (3), I (A¢;¢&,)
~ (&, — & — 45~ ¥, increases rapidly when &, ap-
proaches the end pomt &+ 45, Hence, one may
safely use constant configurations ¢ =

[ V2% /&1 in domains Aé= 2. in order to

£,Calk —1)
compute the partition function: Z=Y, , e T«Mé0),

Introducing the total multiplicity ng of hadrons asa
suitable random variable in descnbmg the critical
fluctuations of the system, we recall that ¢? is
proportional to the rapidity density p(¢,&) of
hadrons emitted from the source at & as a mixture
of pions and sigmas according to the orientation {A_}
of the vacuum in the internal 4-dimensiona space:
b2 = 2(F=)p(£,&) [4]. With this interpretation the
saddle-point, constant field ¢, can be expressed in
terms of the random variables (ng, m), which belong
to the grand canonical ensemble of the system [4].
After integrating over the orientations {A,}, the
canonical partition function at T = T, takes the form:
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The partition function (4) gets contribution from the
dominant saddle point configurations associated with
the O(4) effective potential and, therefore, provides
us with a satisfactory representation of the 1d projec-
tion of the critica system. Using Eg. (4) one may
extract the average multiplicity {n,) and the corre-

sponding density-density correlation p(¢,£) =
(p(€)p(&)) associated with the source at &= ¢&;:
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The power-laws (5), corresponding to a fractal
dimension d® = “—1 in rapidity space, are valid for
8, <|&é— &1 < A and have a universal character. As
a result we claim that a characteristic process in
relativistic nuclear collisions, associated with chiral
QCD phase transition, is the emission of a universal
intermittent spectrum of particles, from any local
hadronization source along the space-time hyperbola
T = const. The intermittency exponents, f,
=L3(”’7’ (g=2,3,..), are given in terms of the

anomalous dimension 1 of the O(4) theory and a
nonuniversal scale §,, below which (8¢ < §,) inter-
mittency breaks down, is fixed by the finite size of
the system (§, ~ gff—).

X

3. Critical events

The sdf-similar profile of the hadronization
sources may lead to a particular class of events in
A + A collisions by considering a collection of such
sources distributed at random positions, &, ...,&y,
according to their free energy I[{$?)s], given by
Eq. (3) with {p2)s=__r¢4)  The partition func-

B:2mR%
tion for N nonoverlapping sources is written:
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where the domain A¢; isfixed by the location of the
sources (or the end points) in the neighbourhood of
& For 2<i<N-1 we have A¢ = &=t
whereas A¢, = 5 + ©5%2, Ag =5 — &l Due
to the smallness of the O(4) anomaous dimension
(n = 0.034) we take in what follows, k= 3. Using

Egs. (5) and (6) we finally obtain:

1 N
Zy= fAdgl---dfmeXp[_E )y v(&—§&-y)
i=2

gl ) ool e )

c=[¢r3)” )

where v(£) = Inl], w(£) = Inl5E].

The partition function (7) describes a 1-d Feyn-
man-Wilson gas of hadronization sources with near-
est neighbour ‘‘interaction’” of the form v( & — & _ ;)
and asimilar ** potential”” w(4 + &) giving the inter-
action of the chain with the walls (end points) &=
+ 2. The system behaves amost as an ideal gas
(G > 1) with a uniform density ¢ = 1 (one source
per unit of rapidity) and a Poisson multiplicity distri-
bution Z, = (4)“ . In fact, the exact expression of the

multiplicity dlstrl bution, as obtained from Eq. (7) is
written:

oz

N—-1 21 —1 1
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and in the limit G > 1 the beta functions appearing
in (8) lead to a Poisson distribution with (N) = A

Correspondingly, the rapidity distribution for a given
multiplicity N is written:

1 1
P(&1,---€&n) = S : ( 4] N)
1
N gi §|—1 E
a5
A A

and, when combined with the self-similar profile (5)
of each source, it may lead to a global structure in
the central region with particular properties and char-
acteristic patterns of critical fluctuations.

Although the effective action (1) has been taken
at T=T,, the resulting universal behaviour of criti-
cal fluctuations remains practically unchanged at the
freeze-out temperature T; since in the process of a
second-order transition we expect that T; remains
closeto T, (—ﬂ’—TL < 1). In fact one may verify this
conjecture by considering a mass term u2h2 in the
free energy (2) with the standard temperature depen-
dence u® = u3(*'*). With this additional term, the
partition function (4) for a subsystem of size 6 < 4,
is appropriately modified and at T=T,; (T; < T,) one
obtains:

N
Z(ng,8,T;)=m?ng ). exp| — —
m>1 CA
80 < Kpk—1
15 nsm , (10)

where u? =
the freeze-out time-scale.

The average multiplicity of condensates radiated
from the local source at T=T;, is given now by a
modified scaling form, valid for 6 > §,:

k—1 k—1
(n = 8 < E [
-5, 5
where F(x) =% 1(x)=L%

o -«
m> 1[OdZZ “
|2(X)

exp| — (zm* !+ z:x)| Egs. (11) show that the de-
viations at T=T, from the exact power laws (5),

pa(M"), CLP = 2t (B = B) and 7y is

| 2|
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valid at T=T_, are considerably suppressed, espe-
cidly for events with sufficiently long freeze-out
time-scale (C{" > 1). In fact for & (*5") <1,
the modified scaling form (11) reduces to the exact
power laws (5) and therefore, in these events, the
fractality of the system survives, to a very good
approximation, even at T = T;. In practice, for con-
ventional values of the nonuniversal parameters of

the thermal system: " = 0.1, C{"” = 10, one finds
a suppression of the self-similarity breaking effect by
a factor of the order of 10~2. Hence by ignoring
intermittency bresking effects at the level of 10% at
most, one may safely trust the power-laws (5) when
describing the fluctuations of the system at T = T;.
In order to keep contact with experimental mea-
surements, we have also to take into account fluctua-
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Fig. 1. (@ The rapidity spectrum of the scalar particles (7r,0°) in a typical, Monte Carlo generated, critical event. The total scaar particle
multiplicity is n= 687 and the number of self-similar sources contributing to this event is N = 6. (b) The first three factorial moments for
the event presented in (a). A linear fit (dashed line) for each moment, as well as the slope of the corresponding straight line, are also shown.
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tions in the transverse size of the sources RY
expecting that on the average ( R®) = gB,. This esti-
mate can be derived by generalizing (6) in the 3-d
cylindrical space and realizing that the corresponding
3-d sources follow also, to a very good approxima-
tion, a Poisson distribution [7]. The corresponding
average multiplicity (N,  of the sources, 2for afixed
rapidity, is approximately (N, ) = (%), suggest-
ing again an average size for each source (RY) =
Be.

Taking now into account the presence of many
sources, distributed in the transverse plane, the
power-laws (5) are modified by changing only the
nonuniversal scale-parameter in rapidity 6, to a new
effective one 851" = L (=) #5(22) 7. Itis of inter-
est to note that, averaging over the transverse posi-
tions of the sources, the multiplicity fluctuations in
the transverse plane are smeared out leading to an
approximately constant density near the centre (far
from the transverse boundaries). On the contrary the
rapidity position of the sources is fixed on the
space-time hyperbola, at the same point ¢= ¢ (in-
dependent of the transverse position), as required by
our basic consideration of local thermal equilibrium.
As a consequence the singularity p(&,£)~|&—
§i|‘% is not smoothed out by this averaging and
therefore the universal characteristics of the fluctua-
tions, described by the exponents in power-laws (5),
are not affected by this modification. A detailed
treatment of the critical fluctuations in the 3-d sys-
tem of chiral condensates in the cylindrical geometry
of relativistic heavy-ion collisions, will be presented
elsewhere [7].

In our attempt to reveal the phenomenological
features of the chiral QCD phase transition, arealiza-
tion of the theory at the level of individual eventsin
A + A collisions is needed. To this end, a Monte
Carlo simulation (Metropolis algorithm) of critical
events in rapidity space, obeying the power-laws (5)
with properly corrected minimum scale 8, and the
distribution (9), has been performed. As a typica
process we have chosen Pb+ Pb at SPS energies
(A = 6) and for the scale &' we have taken 85" =
10™* (7, = 20fm, R, = 25fm). In Fig. 1a the rapid-
ity spectrum of pions and sigmas in a typical event,
occuring with a large probability in the Monte Carlo
event generation, is presented. The number of self-
similar sources contributing to this event is N=6

(= A) and the total multiplicity of scalars (o,7) is
n=687. In Fig. 1b, the first three factorial moments
(scaled) F,(8¢) for this event, evaluated in cells 8¢
within the central region |£|<2, show a strong
intermittency effect [8]. As expected, the intermit-
tency exponents f, follow the trend of the corre-
sponding indices of each source (f, = £=1) Averag-
ing over many critical events, it turns out that the
rapidity distribution becomes smooth but the inter-
mittency effect remains strong, reflecting the under-
lying fluctuations of individual events [7].

4, Conclusions

In conclusion, we have shown how the character-
istics of the O(4) universality class of chira QCD
phase transition can be converted into a universa
pattern of critical fluctuations, in relativistic nuclear
collisions. We have confined our treatment to the 1d
projection onto rapidity space and have integrated
out the details in the transverse space. A strong 1d
intermittency pattern, associated with the anomalous
dimension of the O(4) theory, has been revealed and
the details of the density fluctuations have been
produced in a Monte Carlo simulation of individual
events. The emerging physical picture is the emis-
sion of pions from a system of self-similar indepen-
dent sources. The predicted intermittency effect, as
measured by the spectrum of indices f,, is one order
of magnitude stronger than the corresponding effect
observed in average events (mainly conventional), in
current experiments [9]. Despite the simplifications
made in our treatment, we claim that the universa
characteristics of the rapidity density fluctuations,
found in our approach, are sharply defined properties
directly related to quark-hadron phase transition. A
search for such critical events may contribute to an
attempt to convert the theory of a second-order chiral
QCD phase transition into a falsifiable hypothesis to
be tested in relativistic nuclear collisions.
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