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z-SCALING IN HEAVY ION COLLISIONS AT THE RHIC
M.V. Tokarev1

Joint Institute for Nuclear Research, Dubna

Experimental data on transverse particle spectra obtained by the STAR, PHENIX, PHOBOS and
BRAHMS collaborations at the RHIC are analyzed in the framework of the generalized concept of z-
scaling. It was developed for analysis of inclusive particle production in protonÄ(anti)proton collisions
at high pT and high multiplicities. General scheme of the approach based on the physical principles
of self-similarity, locality and fractality is reviewed. Independence of the scaling function ψ(z) from
energy, multiplicity and atomic weight for h±, π±,0, K0

S , Λ hadrons produced in AuÄAu and CuÄCu
collisions at

√
s = 130 and 200 GeV is discussed. Based on z-scaling the multiplicity dependence of

pion transverse spectra up to pT = 25 GeV/c in AuÄAu collisions at
√

s = 200 GeV for experiments at
the RHIC is predicted.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¶μ¶¥·¥Î´Ò³ ¸¶¥±É· ³ Î ¸É¨Í, ¶μ²ÊÎ¥´´Ò¥ ±μ²² ¡μ· Í¨Ö³¨
STAR, PHENIX, PHOBOS ¨ BRAHMS ´  ±μ²² °¤¥·¥ RHIC,  ´ ²¨§¨·ÊÕÉ¸Ö ¢ · ³± Ì μ¡μ¡Ð¥´-
´μ£μ z-¸±¥°²¨´£ . �ÉμÉ ¶μ¤Ìμ¤ ¡Ò² · §¢¨É ¤²Ö  ´ ²¨§  ¨´±²Õ§¨¢´μ£μ ·μ¦¤¥´¨Ö  ¤·μ´μ¢ ¢ ¶·μÉμ´-
( ´É¨)¶·μÉμ´´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ ¶·¨ ¡μ²ÓÏ¨Ì ¶μ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì ¨ ¡μ²ÓÏ¨Ì ³´μ¦¥¸É¢¥´´μ-
¸ÉÖÌ. �¶¨¸Ò¢ ¥É¸Ö μ¡Ð Ö ±μ´Í¥¶Í¨Ö ¶μ¤Ìμ¤ , μ¸´μ¢ ´´ Ö ´  ¶·¨´Í¨¶ Ì ¸ ³μ¶μ¤μ¡¨Ö, ²μ± ²Ó´μ¸É¨
¨ Ë· ±É ²Ó´μ¸É¨. �¡¸Ê¦¤ ¥É¸Ö ´¥§ ¢¨¸¨³μ¸ÉÓ ¸±¥°²¨´£μ¢μ° ËÊ´±Í¨¨ ψ(z) μÉ Ô´¥·£¨¨, ¶²μÉ´μ¸É¨
³´μ¦¥¸É¢¥´´μ¸É¨ ¨  Éμ³´μ£μ ´μ³¥·  ¤²Ö Î ¸É¨Í h±, π±,0, K0

S , Λ, ·μ¦¤¥´´ÒÌ ¢ AuÄAu- ¨ CuÄCu-
¸Éμ²±´μ¢¥´¨ÖÌ ¶·¨

√
s = 130 ¨ 200 ƒÔ‚. ‘¤¥² ´Ò ¶·¥¤¸± § ´¨Ö ¸¶¥±É·μ¢ π-³¥§μ´μ¢ ¶·¨ ¡μ²ÓÏ¨Ì

¶μ¶¥·¥Î´ÒÌ ¨³¶Ê²Ó¸ Ì ¢ AuÄAu-¢§ ¨³μ¤¥°¸É¢¨ÖÌ ¶·¨
√

s = 200 ƒÔ‚ ¤²Ö Ô±¸¶¥·¨³¥´Éμ¢ ´  RHIC.

PACS: 25.75.Äq, 24.80.+y, 13.85.Ni, 13.87.Fh

INTRODUCTION

Multiple particle production in nucleusÄnucleus interactions at high energies has relevance
to collective phenomena in produced nuclear matter. Therefore, search for a new state of
matter (QuarkÄGluon Plasma) and study of its properties are the main goals of heavy ion
program at the Relativistic Heavy Ion Collider (RHIC) at BNL and at the Large Hadron
Collider (LHC) at CERN.

Many phenomenological approaches to the description of particle production are used
to search for regularities re	ecting general principles in these systems at high energies [1Ä
10]. The general principles of self-similarity, locality and fractality have heuristic strength.
This allows one to formulate rules and laws beyond perturbation theory. These principles
can be applied for description of both soft and hard regimes of particle production. The
principle of locality states that interactions of hadrons and nuclei can be described in terms of
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interactions of their constituents. The principle of self-similarity states that physics phenomena
can be described by nondimensional combinations of dimensional physical quantities. The
existence of substructure of interacting constituents over a wide scale range is a speciˇc feature
connected with the fractal structure of the colliding objects, interaction of their constituents
and particle formation.

In the paper we use the phenomenological approach (z-scaling) proposed in [11] for analy-
sis of inclusive reactions in heavy ion collisions. They are characterized by high multiplicity
density and production of particles with high transverse momentum pT investigated at the
RHIC. The approach is essentially based on the principles mentioned above. In the approach
the z-presentation revealing simple symmetry properties instead of a usual presentation of
experimental data (for example, Ed3σ/dp3 versus pT ) is suggested. The scaling function
ψ(z) and the variable z are constructed using the experimentally measured inclusive cross
section Ed3σ/dp3 and the multiplicity density dN/dη.

In the original version of z-scaling [11], the construction was based on the assumption
that gross features of the inclusive particle distribution for the inclusive reaction

M1 + M2 → m1 + X (1)

at high energies can be described in terms of the corresponding exclusive subprocess

(x1M1) + (x2M2) → m1 + (x1M1 + x2M2 + m2). (2)

Here M1 and M2 are the masses of the colliding hadrons (or nuclei) and m1 is the mass
of the inclusive particle. The mass parameter m2 is introduced in connection with internal
conservation laws (for isospin, baryon number, strangeness. . . ). The symbols x1 and x2 stand
for momentum fractions of the incoming four-momenta P1 and P2 of the colliding objects.
The scaling variable z was constructed as a fractal measure

z = z0Ω−1(x1, x2), where Ω(x1, x2) = (1 − x1)δ1(1 − x2)δ2 (3)

with a characteristic power dependence on the nucleon fractal dimensions δ1 and δ2 in space
of the momentum fractions {x1, x2}. The multiplicity density of charged particles produced
in the central region of the interaction (η = 0) determines the scale of z ∼ [dN/dη|0]−1. The
independence of the scaling function ψ(z) from the collision energy

√
s and the angle θ of

the produced inclusive particle were established for constant values of δ1 and δ2 [11].
The concept of the z-scaling was generalized [12, 13] for events of various multiplicities of

charged particles produced in protonÄ(anti)proton collisions. The generalization was connected
with introduction of a momentum fraction y in the ˇnal state of elementary subprocess written
in the symbolic form

(x1M1) + (x2M2) →
(

m1

y

)
+

(
x1M1 + x2M2 +

m2

y

)
. (4)

It was shown that the generalized scaling represents a regularity in both soft and hard regimes
in protonÄ(anti)proton collisions over a wide range of initial energies and multiplicities of the
produced particles. In this paper we show that independence of the scaling function ψ(z)
from the collision energy

√
s and multiplicity density dN/dη can be restored for particle

production in heavy ion collisions too. The results of analysis of experimental data obtained
by the STAR, PHENIX, PHOBOS and BRAHMS collaborations at the RHIC conˇrmed the
general properties of z-presentation established for protonÄ(anti)proton collisions.
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1. GENERALIZED z-SCALING

We consider a collision of extended objects (hadrons, nuclei) at sufˇciently high energies
as an ensemble of individual interactions of their constituents. The constituents are partons in
the parton model or quarks and gluons in the theory of Quantum Chromodynamics (QCD). A
single interaction of the constituents is illustrated in Fig. 1. Structures of the colliding objects
are characterized by the fractal dimensions δ1 and δ2 in the space of momentum fractions
{x1, x2}. The interacting constituents carry the fractions x1 and x2 of the momenta P1

and P2 of the incoming objects. The subprocess is considered to be a binary collision with
production of the scattered and recoil constituents, respectively. The inclusive particle carries
the momentum fraction ya of the scattered constituent with a fragmentation characterized by
the fractal dimension εa. In the approximation [12], fragmentation of the recoil constituent is
described by the same fractal dimension εb and the same momentum fraction yb

1. Multiple
interactions are considered to be similar. This property is a manifestation of the self-similarity
of the hadronic interaction at the constituent level. The interactions are governed by the local
energy-momentum conservation law. The self-similarity at small scales re	ects a fractality
of the interacting objects and their constituents characterized by the corresponding fractal
dimensions. The fractality concerns the parton content of the composite structures involved.

Fig. 1. Diagram of the constituent sub-

process

1.1. Locality, Self-similarity and Fractality. The
idea of the z-scaling is based on the assumption [6]
that gross features of an inclusive particle distribu-
tion of reaction (1) can be described at high energies
in terms of the kinematic characteristics of the cor-
responding constituent subprocesses. The subprocess
is considered to be a binary collision (4) of the con-
stituents (x1M1) and (x2M2) resulting in the scattered
(m1/y) and recoil (x1M1 +x2M2 +m2/y) objects in
the ˇnal state. The inclusive particle with the mass m1

and the 4-momentum p carries the fraction y of the
4-momentum of the scattered constituent. Its counter-
part (m2), moving in the opposite direction, carries the

4-momentum fraction y of the produced recoil. The binary subprocess satisˇes the energy-
momentum conservation law written in the form(

x1P1 + x2P2 −
p

y

)2

=
(

x1M1 + x2M2 +
m2

y

)2

. (5)

The equation is an expression of the locality of the hadron interaction at a constituent level.
It represents a kinematic constraint on the fractions x1, x2 and y.

We assume that self-similarity is a general property of hadron interactions at a constituent
level. The self-similar solution is constructed in terms of the self-similarity parameters.
Therefore, we search for a solution

ψ(z) =
1

Nσin

dσ

dz
(6)

1More general case, ya �= yb and εa = εb, is considered in [14].
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depending on a single self-similarity variable z. Here σin is an inelastic cross section of reac-
tion (1) and N is an average particle multiplicity. The variable z is a speciˇc dimensionless
combination of quantities which characterize particle production in high-energy inclusive re-
actions. It depends on momenta and masses of the colliding and inclusive particles, structural
parameters of the interacting objects and dynamical characteristics of the produced system.
We deˇne the self-similarity variable z as

z = z0Ω−1, (7)

where
Ω(x1, x2, y) = (1 − x1)δ1(1 − x2)δ2(1 − y)ε. (8)

The variable z has a character of a fractal measure. A common property of fractal measures
is their divergence with the increasing resolution

z(Ω) → ∞, if Ω−1 → ∞. (9)

For an inˇnite resolution, all momentum fractions become unity (x1 = x2 = y = 1) and
Ω = 0. This kinematical limit corresponds to the fractal limit z = ∞. For a given reaction (1),
its ˇnite part z0 is proportional to the transverse kinetic energy of the constituent subprocess
consumed on the production of the inclusive particle (m1) and its counterpart (m2). The
divergent factor Ω−1 describes a resolution at which the subprocess can be singled out of
this reaction. The Ω(x1, x2, y) is a relative number of all parton conˇgurations containing the
incoming constituents which carry the fractions x1 and x2 of the momenta P1 and P2 and
which fragment to the inclusive particle (m1) and its counterpart (m2) with the corresponding
momentum fraction y. The factors δ1 and δ2 relate to the fractal structure of the colliding
objects (hadrons or nuclei). The parameter ε characterizes the fractality of the fragmentation
process in the ˇnal state. For inelastic protonÄproton collisions we have δ1 = δ2 ≡ δ. We
also assume that the fragmentation of the scattered and recoil constituents is governed by the
same fractal dimensions εa = εb ≡ ε/2.

1.2. Principle of Minimal Resolution. The momentum fractions x1, x2 and y are de-
termined from a principle of a minimal resolution of the fractal measure z. The principle
states that the resolution Ω−1 should be minimal with respect to all binary subprocesses (4) in
which the inclusive particle m1 with the momentum p can be produced. This singles out the
underlying interaction of the constituents. The momentum fractions x1, x2 and y are found
from a minimization of Ω−1(x1, x2, y),

∂Ω(x1, x2, y)
∂x1

= 0,
∂Ω(x1, x2, y)

∂x2
= 0,

∂Ω(x1, x2, y)
∂y

= 0 (10)

taking into account the energy-momentum conservation law (5).
1.3. Scaling Variable z. Search for an adequate, physically meaningful but still sufˇciently

simple form of the self-similarity parameter z plays a crucial role in our approach. We deˇne
the scaling variable z in the form

z =
s
1/2
⊥

(dN/dη|0)cm
Ω−1. (11)
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Here m is a mass constant which we ˇx at the nucleon mass. The quantity s
1/2
⊥ is the

transverse kinetic energy of the constituent subprocess consumed on the production of the
inclusive particle (m1) and its counterpart (m2) (for more details see [12]). The quantity
dN/dη|0 is the average multiplicity density of charged particles produced in the central
region of reaction (1) at pseudorapidity η = 0.

1.4. Scaling Variable z and Entropy S . The scaling variable (11) is equal to the ratio

z =
s
1/2
⊥

W m
(12)

of the transverse kinetic energy s
1/2
⊥ and the maximal number of the conˇgurations W . The

quantity

W =
(

dN

dη

∣∣∣∣
0

)c

Ω (13)

is proportional to all parton and hadron conˇgurations of the colliding system which can
contribute to the production of the inclusive particle with the momentum p. According to
statistical physics, entropy of a system is given by a number of all statistical states W of the
system as follows:

S = lnW . (14)

Using (13), we can write

S = c ln
[
dN

dη

∣∣∣∣
0

]
+ ln [(1−x1)δ1(1−x2)δ2(1−y)ε]. (15)

Exploiting the analogy between entropy for ideal gas in thermodynamics and (15), the para-
meter c can be interpreted as a ®heat capacity¯ of the produced medium. The multiplicity
density dN/dη|0 of particles in the central region characterizes a ®temperature¯ of the col-
liding system. We would like to note that the principle of a minimal resolution (10) used
to determine the momentum fraction x1, x2, y is equivalent to the principle of a maximal
entropy S.

1.5. Scaling Function ψ(z). The scaling function ψ(z) is expressed in terms of the
experimentally measured inclusive invariant cross section Ed3σ/dp3, the multiplicity density
dN/dη and the total inelastic cross section σin. Exploiting the deˇnition (6), one can obtain
the expression

ψ(z) = − πsA1A2

(dN/dη)σin
J−1E

d3σ

dp3
, (16)

where s is the square of the center-of-mass energy of the corresponding NN system; A1

and A2 are atomic weights and J is the corresponding Jacobian of transformation from the
variables {pz, pT } to {z, η}. The function ψ(z) is normalized as follows:

∞∫
0

ψ(z)dz = 1. (17)

The above relation allows us to interpret the function ψ(z) as a probability density to produce
an inclusive particle with the corresponding value of the variable z.
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2. MULTIPLICITY DEPENDENCE OF z-SCALING
IN HEAVY ION COLLISIONS

In this section we study the multiplicity dependence of pT - and z-presentations of experi-
mental data on inclusive cross sections of hadrons produced in heavy ion collisions. The data
are obtained by the STAR [15, 16], PHOBOS [17], BRAHMS [18] and PHENIX [19, 20]
collaborations at the RHIC.

The important ingredient of z-scaling is the multiplicity density dNch/dη(s, η) as a func-
tion of the collision energy

√
s and pseudorapidity η. The scaling variable z is proportional

to [dNch/dη(s, η)]−1 at η = 0, while the function ψ(z) is expressed via multiplicity density
depending on the energy

√
s and pseudorapidity η. The multiplicity density in protonÄ

(anti)proton collisions was measured up to the Tevatron energies (Fig. 2, a). Using the special
selection of events the transverse hadron spectra were measured by the E735 collaboration at
highest dNch/dη|0 � 26. This value is much more larger than dNch/dη|0/(0.5Np) measured

Fig. 2. The dependence of the multiplicity density in protonÄ(anti)proton (a) and central nucleusÄnucleus

(b) interactions on the collision energy
√

s

in central nucleusÄnucleus collisions at the AGS, SPS and RHIC (Fig. 2, b). The multiplicity
density in central PbÄPb collisions at η = 0 is expected to be about 8000 particles per unit
of pseudorapidity at the LHC energies. The regime of particle production at very high mul-
tiplicity density is believed to be more preferable for searching for clear signature of QGP
formation.

2.1. Charged Hadrons. Multiplicity dependence of high-pT spectra of charged and iden-
tiˇed hadrons produced in protonÄ(anti)proton collisions at the RHIC, Sp̄pS and Tevatron
energies in pT - and z-presentations was studied in [12, 13]. The strong sensitivity of spectra
to dNch/dη was observed to increase with pT . Independence of the corresponding scaling
function ψ(z) over a wide range of energy

√
s and pT was restored at c = 0.25, δN = 0.7

and ε = 0.7. We use this value to study the dependence of transverse spectra on multiplicity
density dNch/dη in AuÄAu and CuÄCu collisions.

Figure 3 shows the dependence of the spectra of charged hadron production in AuÄ
Au collisions on the transverse momentum pT at the energy

√
s = 200 GeV and over

a pseudorapidity range |η| < 0.5 for different centralities [15]. The data cover a wide
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Fig. 3. a) The spectra of charged hadrons produced in AuÄAu collisions at
√

s = 200 GeV and

|η| < 0.5 as a function of centrality and the transverse momentum pT . b) The corresponding scaling

function ψ(z). Dashed lines are obtained by ˇtting the data. Experimental data are taken from [15]

transverse momentum range, pT = 0.2−11 GeV/c. We observe a strong sensitivity of high-
pT spectra to multiplicity density dNch/dη. The scaling behavior of the data (Fig. 3, a) are
restored at c = 0.25 and under the simultaneous transformation of z → αρz and ψ → α−1

ρ ψ
(ρ ≡ dNch/dη). The power behavior (the straight dashed line in Fig. 3, b) of the scaling
function, ψ(z) ∼ z−β, for high z is observed. The soft regime of particle production
demonstrates self-similarity in z-presentation for low z as well.

Fig. 4. a) The spectra of charged hadrons produced in AuÄAu collisions at
√

s = 130 GeV and
|η| < 0.5 as a function of centrality and the transverse momentum pT . b) The corresponding scaling

function ψ(z). Dashed lines are obtained by ˇtting the data at
√

s = 200 GeV. Experimental data are
obtained by the STAR collaboration [16]
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Fig. 5. a) The spectra of charged hadrons produced in AuÄAu collisions at
√

s = 200 GeV and

0.2 < |η| < 1.4 as a function of centrality and the transverse momentum pT . b) The corresponding
scaling function ψ(z). Dashed lines are obtained by ˇtting the STAR data at

√
s = 200 GeV.

Experimental data are obtained by the PHOBOS collaboration [17]

Figure 4 demonstrates pT (a) and z (b) presentations of the transverse of multiplicity
density at the energy

√
s = 130 GeV. The dashed lines are obtained by ˇtting of ψ(z)

corresponding to the STAR data [15] at
√

s = 200 GeV. The independence of the scaling
function from the collision energy is observed.

Fig. 6. a) The spectra of charged hadrons produced in AuÄAu collisions at
√

s = 200 GeV and
|η| < 0.05 as a function of centrality and the transverse momentum pT . b) The corresponding scaling

function ψ(z). Dashed lines are obtained by ˇtting the STAR data at
√

s = 200 GeV. Experimental
data are obtained by the BRAHMS collaboration [18]
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Fig. 7. a) The spectra of charged hadrons produced in AuÄAu collisions at
√

s = 200 GeV and

|η| < 0.35 as a function of centrality and the transverse momentum pT . b) The corresponding scaling

function ψ(z). Dashed lines are obtained by ˇtting the STAR data at
√

s = 200 GeV. Experimental
data are obtained by the PHENIX collaboration [19]

The PHOBOS collaboration measured the transverse spectra of charged hadrons produced
in AuÄAu collisions at

√
s = 200 GeV and 0.2 < |η| < 1.4 for different centralities [17].

The data are shown in Fig. 5, a. The transverse momentum pT reaches 4 GeV/c. The scaling
presentation of the same data shown in Fig. 5, b demonstrates a good compatibility with the
STAR data over a kinematical range measured by the PHOBOS collaboration.

Fig. 8. a) The spectra of charged hadrons produced in AuÄAu collisions at
√

s = 130 GeV and

|η| < 0.35 as a function of centrality and the transverse momentum pT . b) The corresponding scaling
function ψ(z). Dashed lines are obtained by ˇtting the STAR data at

√
s = 200 GeV. Experimental

data are obtained by the PHENIX collaboration [20]
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Figure 6 shows pT - and z-presentations of data on charged hadron inclusive spectra in the
AuÄAu interactions at

√
s = 200 GeV and |η| < 0.05 obtained by the BRAHMS collaboration

at the RHIC [18]. As seen from Fig. 6, the features of both presentations are similar to those
observed for the STAR and PHOBOS data.

The PHENIX collaboration measured spectra of charged hadrons in Au−Au collisions at
the energy

√
s = 130 and 200 GeV and central rapidity range |η| < 0.35 [19]. The data are

presented in Figs. 7, a and 8, a. The transverse spectra cover the range pT = 0.5−10 GeV/c.
The z-presentation of data shown in Figs. 7, b and 8, b demonstrates power behavior (the
dashed straight line) for high z and deviation from this law for low z.

Thus, based on the results of our analysis of the RHIC data, we conclude that the
mechanism of charged hadron production in AuÄAu interactions at high energies reveals
self-similarity and fractality over a wide range of collision energy, transverse momentum and
multiplicity density.

2.2. Strange Hadrons K0
S, Λ. The multiplicity dependence of the scaling function ψ(z)

of K0
S mesons and Λ hyperons produced in pp collisions in the framework of z-presentation

was studied in [13]. Here we analyze the data on inclusive spectra of K0
S and Λ production

in AuÄAu collisions obtained by the STAR collaboration at the RHIC [21, 22].
Figures 9 and 10 show pT (a) and z (b) presentations of transverse momentum spectra

of K0
S and Λ produced at

√
s = 130, 200 GeV and |η| < 0.5 and different centralities. The

Fig. 9. a) The spectra of K0
S mesons produced in AuÄAu collisions at

√
s = 200 GeV and |η| < 0.5 as

a function of centrality and the transverse momentum pT . b) The corresponding scaling function ψ(z).

Experimental data are obtained by the STAR collaboration [21]

values of the parameters δN = 0.7, ε = 0.7 and c = 0.3 for K0
S and 0.35 for Λ found

in [13] allow one to restore the multiplicity independence of the scaling function ψ(z) of
strange hadron production in AuÄAu collisions. The energy independence of ψ(z) for Λ is
demonstrated in Fig. 10, b. Indication of power behavior of the scaling function is seen both
for K0

S mesons and Λ hyperons. To perform more detailed veriˇcation of 	avor dependence
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Fig. 10. a) The spectra of Λ hyperons produced in AuÄAu collisions at energy
√

s = 200 GeV
and |η| < 0.5 as a function of centrality and the transverse momentum pT . b) The corresponding

scaling function ψ(z) at
√

s = 130 and 200 GeV. Experimental data are obtained by the STAR
collaboration [21, 22]

of z-scaling, the analysis of strange particle spectra over a wider range of pT (up to 20 GeV/c),
multiplicity density (dNch/dη) and atomic weights (A) is required.

2.3. π+, π−, π0 Mesons. Here we analyze data on pion transverse spectra in AuÄAu
and CuÄCu collisions at

√
s = 200 GeV obtained by the PHOBOS [23], PHENIX [24, 25]

and STAR [26] collaborations and demonstrate a possibility to restore multiplicity and A
independence of the scaling function ψ(z).

The inclusive spectra of identiˇed charged particles π±, K± at very low transverse mo-
menta (pT = 30−50 MeV/c) in central AuÄAu collisions at

√
s = 200 GeV are measured

by the PHOBOS collaboration [23]. These data together with the STAR and PHENIX data
for π+ and π0 mesons are used to construct the scaling function over a wide range of z.
The results of the combined analysis are shown in Fig. 11, a. We would like to note that the
PHOBOS data allow us to determine the asymptotic of ψ(z) for low z. The power behavior
of the scaling function of pions for high z is observed as well. The STAR and PHENIX data
are crucial to determine the asymptotic of ψ(z) for high z. A good agreement between the
STAR and PHENIX data in overlapping range is observed.

Figure 11, b shows the independence of the scaling function ψ(z) from the multiplicity
density dNch/dη and the atomic weight A. The latter property means that scaling functions
corresponding to different nuclei have the same shape. To compare them, the transformation
of z → αAz and ψ → α−1

A ψ has been applied.

The obtained result means that nuclear medium produced in AuÄAu and CuÄCu collisions
at different multiplicity densities modiˇes in a similar manner the mechanism of pion pro-
duction. The modiˇcation is that self-similarity and fractality of the process take place over
a wide range of pT . The conclusion is conˇrmed by the results of our analysis of π0-meson
transverse spectra in CuÄCu collisions at

√
s = 200 GeV [25] obtained by the PHENIX

collaboration (see Fig. 12, a). The corresponding z-presentation is shown in Fig. 12, b.
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Fig. 11. a) z-presentation of inclusive transverse spectra of π±, π0 mesons produced in AuÄAu

collisions at energy
√

s = 200 GeV as a function of centrality. Data are obtained by the PHOBOS
[23], PHENIX [24] and STAR [26] collaborations. The combined ˇt of the RHIC data is shown by the

dashed lines. b) z-presentation of inclusive transverse spectra of π+ mesons produced in AuÄAu and

CuÄCu collisions at energy
√

s = 200 GeV as a function of centrality. Data are obtained by the STAR
collaboration

Fig. 12. The inclusive spectra of π0-meson production in CuÄCu collisions at energy
√

s = 200 GeV as

a function of centrality in pT (a) and z (b) presentations. Experimental data obtained by the PHENIX
collaboration are taken from [25]. The dashed line is the combined ˇt of the RHIC data

3. αρ AND αA TRANSFORMATION OF z AND ψ(z)

The method for construction of the scaling function used in the present analysis shows
that shapes of the scaling functions for different multiplicity densities and atomic weights
coincide, whereas their absolute values are different. To compare them the transformation
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of z → αiz and ψ → α−1
i ψ, where i = dNch/dη, A, was used. Note that the function αi

depends on dNch/dη or on A. It is not an explicit function of the kinematical variables√
s, pT and η.
The dependences of αρ on ρ ≡ dNch/dη and of αA on A are shown by dashed lines

in Fig. 13, a and b, respectively. These functions are convenient to parameterize by power

Fig. 13. The dependence of the transformation functions αρ (a) and αA (b) on the multiplicity density

dNch/dη and atomic weight A, respectively

dependence on ρ and A. The slope parameter b of the function αA = aρb is found to be
independent of energy (+ − 130 GeV, ◦ − 200 GeV) and dependent on type of the particles
(π±,0, h±, K0

S, Λ). A value of the slope parameter b increases with the mass of produced
particle. We found that the function αA = dAf is independent of A for pions. It reveals the
growth for unidentiˇed charged hadrons as atomic weight decreases.

4. PREDICTIONS OF THE SPECTRA
FOR RHIC EXPERIMENTS

The properties of z-presentation allow us to construct the scaling function ψ(z) for hadron
production in heavy ion collisions and then calculate particle spectra versus collision energy,
multiplicity density, and atomic weight over a wide region of pT . Figure 14 demonstrates
transverse distributions of π0 and π+ mesons produced in AuÄAu collisions in the central
rapidity range at

√
s = 200 GeV as a function of multiplicity density. The points (+, ◦, �)

shown in Fig. 14 are the experimental data taken from [24, 27]. The theoretical results are
plotted by the dashed lines. We would like to emphasize that asymptotic behavior of the
predicted spectra is determined by the power dependence of the scaling function ψ(z) for
high z. Therefore, the experimental veriˇcation of the predictions and measurement of spectra
for high-pT and multiplicity density dNch/dη is of interest both to test z-scaling in heavy ion
collisions and to search for boundary of its validity.
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Fig. 14. The spectra of π0 (a) and π+ (b) mesons produced in AuÄAu collisions at
√

s = 200 GeV and in
the central pseudorapidity region as a function of the transverse momentum pT and centrality. Symbols

are experimental data taken from [24, 27]. Dashed lines are predictive calculations based on z-scaling

CONCLUSIONS

Results of analysis of the data on inclusive transverse spectra of hadrons produced in
AuÄAu and CuÄCu collisions obtained by the STAR, PHENIX, PHOBOS and BRAHMS
collaborations at the RHIC in the framework of generalized z-scaling are presented. The
scaling function of particle production in nucleusÄnucleus interaction was constructed. The
dependence of z-presentation on collision energy, multiplicity density and atomic weight
was studied. It was shown that taking into account the transformation of z → αiz and
ψ → α−1

i ψ, where i = dNch/dη and A, the general properties of z-scaling can be restored.
The dependences of αρ on dNch/dη and of αA on A were established. The values of the
fractal dimensions δA = AδN , ε and the parameter c are found to be constant over the
range

√
s = 130−200 GeV, A = CuÄAu, dNch/dη = 20−700, |η| < 1.4, and pT up to

10 GeV/c. The power dependence of the scaling function ψ(z) of hadron production in heavy
ion collisions for high z was conˇrmed.

The presented results are considered as conˇrmation of the fact that medium produced
in heavy ion collisions at high energy and high multiplicity density modiˇes the mechanism
of particle formation in a self-similar manner. The property is valid over a wide range
of transverse momentum. It means that the process possesses fractal properties as well.
Therefore, if we choose the relevant kinematic conditions of particle production and special
selection of events, we can hope to reach the transition regime from hadron to quark-gluon
degrees of freedom. We consider that the developed method of data analysis can be useful
for searching for new physics phenomena of particle production in collisions of hadrons
and nuclei at high transverse momenta and high multiplicities at the U70, Tevatron, RHIC
and LHC.
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