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‘ ³μ¶μ¤μ¡¨¥ ·μ¦¤¥´¨Ö ¶¨μ´μ¢ ¢ ��-¢§ ¨³μ¤¥°¸É¢¨ÖÌ ´  RHIC

�·μ¢¥¤¥´  ´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ¨´±²Õ§¨¢´Ò³ ¸¥Î¥´¨Ö³ ·μ¦¤¥´¨Ö ¶¨-
μ´μ¢ ¢ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸Éμ²±´μ¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ´  RHIC ¢ · ³± Ì z-¸±¥°²¨´£ . �μ-
± § ´μ, ÎÉμ ¸¢μ°¸É¢μ ¸ ³μ¶μ¤μ¡¨Ö Ö¢²Ö¥É¸Ö Ì · ±É¥·´μ° μ¸μ¡¥´´μ¸ÉÓÕ ·μ¦¤¥´¨Ö ¶¨μ´μ¢
¶·¨ ¸Éμ²±´μ¢¥´¨ÖÌ Ö¤¥· ¢Ò¸μ±¨Ì Ô´¥·£¨°. �¡μ¸´μ¢Ò¢ ¥É¸Ö ¸¢Ö§Ó ¸ ³μ¶μ¤μ¡¨Ö ¸μ ¸É·Ê±-
ÉÊ·μ° ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ö¤¥·, ¢§ ¨³μ¤¥°¸É¢¨¥³ ¨Ì ±μ´¸É¨ÉÊ¥´Éμ¢ ¨ ³¥Ì ´¨§³ ³¨ ¶·μÍ¥¸¸ 
Ë· £³¥´É Í¨¨. �·¥¤²μ¦¥´ ³¨±·μ¸±μ¶¨Î¥¸±¨° ¸Í¥´ ·¨° ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¤¥· ´  Ê·μ¢´¥
±μ´¸É¨ÉÊ¥´Éμ¢. ˆ¸¸²¥¤μ¢ ´  § ¢¨¸¨³μ¸ÉÓ Ëμ·³Ò ËÊ´±Í¨¨ ψ(z) ¨ Ë· ±É ²Ó´μ° · §³¥·-
´μ¸É¨ εAA μÉ Í¥´É· ²Ó´μ¸É¨ ¸Éμ²±´μ¢¥´¨Ö. �μ²ÊÎ¥´Ò μÍ¥´±¨ ¶μÉ¥·Ó Ô´¥·£¨¨ ¶¨μ´μ¢ ¢
¸·¥¤¥ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¥£μ ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸ , Ô´¥·£¨¨ ¨ Í¥´É· ²Ó´μ¸É¨ ¸Éμ²±´μ¢¥´¨Ö
Ö¤¥·. �¡¸Ê¦¤ ¥É¸Ö § ¢¨¸¨³μ¸ÉÓ ¢¥²¨Î¨´Ò ¶μÉ¥·Ó μÉ ³ ¸ÏÉ ¡ , ´  ±μÉμ·μ³ ¶·μ¨¸Ìμ¤¨É
¢§ ¨³μ¤¥°¸É¢¨¥ ±μ´¸É¨ÉÊ¥´Éμ¢. “¸É ´μ¢²¥´μ Ê³¥´ÓÏ¥´¨¥ ®Ê¤¥²Ó´μ° É¥¶²μ¥³±μ¸É¨¯ Ö¤¥·-
´μ° ¸·¥¤Ò ¸ ·μ¸Éμ³  Éμ³´μ£μ ´μ³¥·  Ö¤· . �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó-
§μ¢ ´Ò ¤²Ö ¶μ¨¸±  ¨ ¨§ÊÎ¥´¨Ö ´μ¢ÒÌ Ö¢²¥´¨° ¢ ¶·μÍ¥¸¸ Ì ¸ ·μ¦¤¥´¨¥³ ¶¨μ´μ¢ ¢ pp- ¨
AA-¸Éμ²±´μ¢¥´¨ÖÌ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¶·¨ ¡μ²ÓÏ¨Ì ³´μ¦¥¸É¢¥´´μ¸ÉÖÌ.
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Self-Similarity of Pion Production in AA Collisions at RHIC

Experimental data on inclusive spectra of pions produced in heavy ion collisions at RHIC
are analyzed in the framework of z-scaling. The data indicate similarity as a characteristic
feature of mechanism of pion production at high energies. It is argued that this property
includes structure of the colliding objects, interaction of their constituents and mechanisms
of the fragmentation process. A microscopic scenario of nucleus interactions at a constituent
level in terms of momentum fractions is developed. The centrality dependence of the shape
of the scaling function ψ(z) and the fractal dimension εAA of the fragmentation process is
studied. Energy losses of particles in the ˇnal state as a function of the collision energy,
transverse momentum and centrality are estimated. The scale dependence of the energy losses
is discussed. A decreasing tendency of speciˇc heat of the produced medium with the system
size is established. The obtained results may be exploited to search for and study of new
physics phenomena in pion production in pp and AA collisions at high multiplicities.

The investigation has been performed at the Veksler and Baldin Laboratory of High
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1. INTRODUCTION

The measurements of particle spectra at the Relativistic Heavy Ion Collider
(RHIC) led to the discovery of a substantial suppression of hadron yields in
nucleusÄnucleus collisions relative to protonÄproton data [1Ä4]. The suppression
is observed in the region of high transverse momenta, typically more than few
GeV/c. It is connected with the energy radiations of the outgoing high-pT partons
propagating through dense matter formed in the central collisions of heavy nuclei.
The energy losses in the dense medium are substantially larger than in the vacuum.
Quantiˇcation of the effect in the ˇnal state is a difˇcult problem depending on
complicated calculations and model assumptions.

In the paper we analyze spectra of pions produced in heavy ion collisions at
RHIC and develop a microscopic scenario of the spectra suppression in the frame-
work of data z-presentation. The approach was applied for analysis of hadron
production in pp and p̄p collisions at high energies [5]. Above systems represent
collisions of extended objects interacting in terms of their constituents. Produc-
tion of particles from the constituent interactions is governed by the principles of
self-similarity, locality, and fractality. The self-similarity of hadron production
is valid both in soft and hard physics [6]. The locality and fractality are ap-
plied to the hard processes at small scales. The principles are manifested by the
z-scaling observed in the production of charged and identiˇed hadrons in pp and
p̄p collisions. The scaling represents independence of the scaling function ψ(z)
on the collision energy, types of the inclusive hadrons, their production angles,
and includes spectra for various selection criteria with different charged multi-
plicities Nch [7]. The general principles can be applied to the nucleusÄnucleus
interactions as well. Here we demonstrate that pion spectra for different centrality
classes in AA collisions characterized by different multiplicity densities dNch/dη
exhibit similar scaling behavior as in pp collisions. This holds in a wide range
of the transverse momentum pT and the collision energy

√
s. The shape of the

function ψ(z) for AA systems depends on the collision centrality and differs
from the scaling function for pp interactions at high z. In the considered case
of pions, a linear dependence of the fractal dimension εAA of the fragmentation
process on the multiplicity density dNch/dη allows us to restore the centrality
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independent shape of ψ(z) for AA collisions which is identical with the z-scaling
in pp interactions. The increase of εAA with the multiplicity density is connected
with larger energy losses of high-pT particles in the collisions of heavy nuclei.
The region of small pT is characterized by low values of the scaling variable z.
The single parameter c which controls the behavior of ψ(z) at low z is interpreted
as a ®speciˇc heat¯ of the produced medium. Performed analysis shows that it is
independent of collision centrality but depends on the type of the colliding nuclei.
Search for a possible change in the parameter c is of interest especially for soft
processes with high multiplicities. Such a change could be an indication of a
phase transition in the matter produced in high energy collisions of both hadrons
and nuclei.

The paper is organized as follows. A concept of the z-scaling and the method
of construction of the scaling function ψ(z) for both hadron and nucleus collisions
are brie
y described in Sec. 2. The properties of ψ(z) for pion production in pp
collisions are mentioned in Sec. 3. Results of analysis of pion spectra measured
in AA collisions at RHIC and SpS are presented in Sec. 4. Pion production in
dAu collisions is studied in Sec. 5. A microscopic scenario of the elementary
subprocesses in AA collisions is discussed and energy losses of the secondary
particles are estimated in Sec. 6. Conclusions are summarized in Sec. 7.

2. INCLUSIVE SPECTRA IN z PRESENTATION

In this paper we follow the version of the z-scaling presented in [5,6]. Let us
brie
y remind the basic ideas of this concept. It is assumed that the collision of
extended objects like hadrons and nuclei at sufˇciently high energies is considered
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 QCD. A
single interaction of constituents is illustrated in Fig. 1.

Structures of the colliding objects are characterized by parameters δ1 and δ2.
The constituents of the incoming objects (hadrons or nuclei) with masses M1, M2

and momenta P1, P2 carry their fractions x1, x2. The inclusive particle carries the
momentum fraction ya of the scattered constituent with a fragmentation charac-
terized by a parameter εa. A fragmentation of the recoil constituent is described
by the parameter εb and the momentum fraction yb. Multiple interactions of con-
stituents are considered to be similar. This property re
ects a self-similarity of
the hadronic interactions at the constituent level.

2.1. Momentum Fractions x1, x2, ya, and yb. The idea of the z-scaling is
based on the assumption [8] that gross features of an inclusive particle distribution
of the reaction

M1 + M2 → m1 + X (1)
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Fig. 1. Diagram of the constituent subprocess

can be described at high energies in terms of the kinematical characteristics of the
corresponding constituent subprocess. We consider the subprocess to be a binary
collision

(x1M1) + (x2M2) → (m1/ya) + (x1M1 + x2M2 + m2/yb) (2)

of the constituents (x1M1) and (x2M2) resulting in the scattered (m1/ya) and
recoil (x1M1+x2M2+m2/yb) objects in the ˇnal state. The produced secondary
objects transform into real particles after the constituent collisions. The registered
particle with the mass m1 and the 4-momentum p and its hadron counterpart,
moving in the opposite direction, carry the momentum fractions ya and yb of the
scattered and recoil systems, respectively. The momentum conservation law of
the constituent subprocess is connected with a recoil mass MX which we write
in the form

(x1P1 + x2P2 − p/ya)2 = M2
X , (3)

where MX = x1M1 +x2M2 +m2/yb. The associate production of (m2) ensures
conservation of the additive quantum numbers. Equation (3) is an expression
of the locality of the hadron interaction at a constituent level. It represents
a kinematical constraint on the momentum fractions x1, x2, ya, and yb which
determine a subprocess (2).

Structure of the colliding objects and fragmentation of the systems formed in
the scattered and recoil directions are characterized by the parameters δ1, δ2 and
εa, εb, respectively. We connect the structural parameters with the corresponding
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momentum fractions by the function

Ω(x1, x2, ya, yb) = (1 − x1)δ1(1 − x2)δ2(1 − ya)εa(1 − yb)εb . (4)

Physical interpretation of Ω is given by its proportionality to relative number of
all such constituent conˇgurations in reaction (1) which contain the conˇguration
deˇned by the fractions x1, x2, ya, and yb. The function Ω plays the role of a
relative volume which occupy these conˇgurations in the space of the momentum
fractions. It was found that the structural parameters δ1 and δ2 have constant
values at high energies. This holds for εa and εb in pp collisions as well. The
parameters are interpreted as fractal dimensions in the corresponding space of the
momentum fractions. For protonÄproton collisions we set δ1 = δ2 ≡ δ. In the
case of nucleusÄnucleus collisions there are relations δ1 = A1δ and δ2 = A2δ,
where A1, A2 are atomic numbers. We assume that the fragmentation of the
objects moving in the scattered and recoil directions can be described by the
same parameter εa = εb ≡ εF which depends on the type (F ) of the inclusive
particle. For given values of δ and εF , we determine the fractions x1, x2, ya, and
yb in a way to maximize the function Ω(x1, x2, ya, yb), simultaneously fulˇlling
condition (3). The momentum fractions x1 and x2 obtained in this way can be
decomposed as follows:

x1 = λ1 + χ1, x2 = λ2 + χ2, (5)

where λ1,2 = λ1,2(ya, yb) and χ1,2 = χ1,2(ya, yb) are speciˇc functions [5] of
ya and yb. Using the decomposition, the subprocess (2) can be rewritten into a
symbolic form

x1 + x2 → (λ1 + λ2) + (χ1 + χ2). (6)

This relation means that the λ parts of the interacting constituents contribute to
the production of the inclusive particle, while the χ parts are responsible for the
creation of its recoil.

Since the momentum fractions are determined by means of the maximization
of expression (4), they implicitly depend on δ and εF . The parameter εF takes
effectively into account also prompt resonances out of which the inclusive particle
of a given type may be created. At ˇxed mass parameter m2, larger values of
εF correspond to smaller ya and yb, which in turn give larger ratios m2/yb and
m1/ya. In our phenomenological approach this means that production of the
inclusive particle (m1) and its counterpart (m2) is a result of fragmentation from
larger masses which mimic in a sense processes with prompt resonances. Values
of these parameters are determined in accordance with self-similarity requirements
and experiment. In particular, this gives the restriction m2 = m1.

2.2. Scaling Variable z and Scaling Function ψ(z). The self-similarity
of hadron interactions re
ects a property that hadron constituents and their in-
teractions are similar. This is connected with dropping of certain dimensional
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quantities out of the description of physical phenomena. The self-similar solu-
tions are constructed in terms of the self-similarity parameters. We search for a
solution

ψ(z) =
1

Nσinel

dσ

dz
(7)

depending on a single self-similarity variable z. Here σinel is an inelastic cross
section of reaction (1) and N is an average particle multiplicity. The variable z
is deˇned as follows:

z = z0Ω−1, (8)

where

z0 =
√

s⊥
(dNch/dη|0)cm

(9)

and Ω given by (4). For given reaction (1), z is proportional to the transverse
kinetic energy

√
s⊥ of the constituent subprocess (2) consumed on the production

of the inclusive particle (m1) and its counterpart (m2). The energy
√

s⊥ is
determined by the formula

√
s⊥ = Ta + Tb, (10)

where

Ta = ya(
√

sλ − M1λ1 − M2λ2) − m1,
(11)

Tb = yb(
√

sχ − M1χ1 − M2χ2) − m2.

The terms

√
sλ = [(λ1P1 + λ2P2)2]1/2,

√
sχ = [(χ1P1 + χ2P2)2]1/2 (12)

represent the energy for production of the secondary objects moving in the scat-
tered and recoil directions, respectively. The quantity dNch/dη|0 is the corre-
sponding multiplicity density of charged particles in the central region of reac-
tion (1) at pseudorapidity η = 0. The multiplicity density in the central interaction
region is related to a state of the produced medium. The parameter c characterizes
properties of this medium [5]. It is determined from multiplicity dependence of
inclusive spectra [5Ä7]. The mass constant m is arbitrary and we ˇx it at the
value of nucleon mass.

The scaling function ψ(z) is expressed in terms of the experimentally mea-
sured inclusive cross section Ed3σ/dp3, the multiplicity density dN/dη at pseudo-
rapidity η, and σinel. Exploiting the deˇnition (7) one can obtain the expres-
sion [5]
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ψ(z) = − πs

(dN/dη)σinel
J−1E

d3σ

dp3
, (13)

where s is the square of the center-of-mass energy and J is the corresponding
Jacobian. The multiplicity density dN/dη in expression (13) concerns particular
hadrons species. It depends on the center-of-mass energy, on various multiplicity
selection criteria, and also on the production angles at which the inclusive spectra
were measured. The procedure of obtaining the corresponding values of dN/dη
from the pT spectra is described in [5]. The function ψ(z) is normalized as
follows: ∫ ∞

0

ψ(z)dz = 1. (14)

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.

3. SELF-SIMILARITY OF PION PRODUCTION IN pp COLLISIONS

Let us remind main features of the z-scaling in protonÄproton interactions
characterized by a proton fractal dimension δ1 = δ2 ≡ δ in the initial state.
Experimental data on inclusive cross sections of charged and identiˇed hadrons
measured in pp collisions at FNAL, ISR, and RHIC have been analyzed in [5,
6]. The data cover a wide range of the collision energy, transverse momenta,
and angles of the produced particles. Spectra from minimum-biased events and
events with various multiplicity selection criteria have been studied in [7]. The
energy, angular, and multiplicity independence of the scaling function ψ(z) was
established. It gives strong constraints on the values of the parameters c, δ, and
ε. It was shown that the parameters are constant in large kinematical region.
Non of the parameters depends on multiplicity. The scaling is consistent with
c = 0.25 and δ = 0.5 for all types of the analyzed inclusive hadrons. The value
of ε increases with hadron mass [6].

Some results of the analysis are illustrated on the experimental data [9Ä
12] depicted by different symbols in Fig. 2, a. The data cover large range of
the collision energies

√
sNN = 19−200 GeV and transverse momenta pT =

0.2−10 GeV/c of the produced hadrons. The distributions were measured in the
central interaction region at θcms = 90◦. The scaling function ψ(z) is shown in
Fig. 2, b where the charged hadron spectra at different energies are ®collapsed¯
onto a single curve.

The behavior of ψ(z) is described by the power law, ψ(z) ∼ z−β, in the
asymptotic high-z (high-pT ) region.
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Fig. 2. a) Transverse momentum spectra of the π− mesons produced in pp collisions at√
sNN = 19− 200 GeV. Experimental data are taken from [9Ä12]. b) The corresponding

scaling function ψ(z)

4. SELF-SIMILARITY OF PION PRODUCTION IN AA COLLISIONS

Here we present some ideas how to quantify energy losses of the produced
particles exploiting a speciˇc connection between the suppression of the inclu-
sive spectra in nuclear collisions and the corresponding multiplicity densities in
dependence on the collision centrality. The ideas are motivated by the assump-
tion of self-similarity of hadron interactions at a constituent level both in pp and
AA collisions. This is demonstrated on pion spectra obtained at RHIC and SpS.

The STAR Collaboration measured the spectra of negative pions [13] pro-
duced in AuAu collisions at

√
sNN = 200 GeV. The spectra were taken at various

centralities characterized by different multiplicity densities dNch/dη|0 of charged
particles produced in the central interaction region. They cover a wide range of the
transverse momentum, pT = 0.35 − 10.86 GeV/c. The yields (Fig. 3, a) change
more than eight orders of magnitude in this range. The centrality dependence
of the pion spectra is plotted in z-presentation in Fig. 3, b. The corresponding
pp data are represented by the solid line. The parameter ε ≡ επ = 0.2 was ˇxed
at the same value as for scaling analysis of pions in the pp collisions. The fractal
dimension δAu of the colliding nuclei was determined in accordance with the ad-
ditive property δA = Aδ obtained for pA interactions [14] with the same value of
δ = 0.5 as for pp data. The corresponding total multiplicity densities dNch/dη|0
of charged particles produced in AuAu collisions have been used in formula (9).
They depend on the centrality of the nuclear collisions. In the case of pp interac-
tions, the multiplicity density dNch/dη|0 for the non-single-diffractive pp events
was used in (9) for comparative reasons.
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Fig. 3. The inclusive spectra of negative pions produced in pp and AuAu collisions [13] for
different centralities at

√
sNN = 200 GeV in a) pT - and z-presentation for b) constant and

c) multiplicity-dependent parameter εAuAu. The solid lines represent the scaling function
for pp collisions

As seen from Fig. 3, b, the spectra in pp and peripheral AuAu collisions
coincide each other with good accuracy in z-presentation for cAuAu = 0.11. This
value is consistent with the energy independence of z-presentation of the pion
spectra in the peripheral AuAu collisions. The result indicates that the form of
the pion spectra in peripheral collisions is unsensitive to modiˇcations of the
production mechanism by nuclear medium when compared with pp interactions.
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Fig. 4. The inclusive spectra of negative pions produced in pp [19, 20] and AuAu [15]
collisions for different centralities at

√
sNN = 62.4 GeV in a) pT - and z-presentation for

b) constant and c) multiplicity-dependent parameter εAuAu. The solid lines represent the
scaling function for pp collisions

The in
uence of nuclei is included here with a drop-off in the ®speciˇc heat¯ c
from its value cpp = 0.25 obtained in pp collisions. One can see from Fig. 3, b
that the AuAu spectra are suppressed in the high-z region relatively to the pp
scaling function ψ(z) as the centrality increases. The largest suppression is for
the most central collisions.

The same scaling behavior as for pp collisions can be obtained for AuAu
interactions for all centralities. As shown in Fig. 3, c, this can be achieved by the
parameter εAA allowing it to be a function of the multiplicity density dNch/dη.
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Fig. 5. The inclusive spectra of negative pions produced in pp and PbPb collisions [16] for
different centralities at

√
sNN = 17.3 GeV in a) pT - and z-presentation for b) constant and

c) multiplicity-dependent parameter εPbPb. The solid lines represent the scaling function
for pp collisions

For that purpose we have used the parametrization

εAA = ε0(dNch/dη) + εpp (15)

with a suitable choice of the coefˇcient ε0. For AuAu collisions at
√

sNN =
200 GeV we obtained ε0 = 0.0028. The increase of ε with the multiplicity
density is connected with a decrease of the momentum fractions ya and yb. This
results in larger energy losses in the ˇnal state. The energy losses depend on the
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amount of the traversed medium which converts them into the multiplicity of the
produced particles. The larger ε the more energy losses of the secondary particles.
The multiplicity density characterizes the produced medium and is connected in
a such way to the energy losses in this medium. Results of similar analysis of
the STAR data [15] on pion spectra at different centralities in AuAu collisions
at

√
sNN = 62.4 GeV are shown in Fig. 4. We have obtained ε0 = 0.0018

in this case.

The NA49 Collaboration measured the transverse momentum spectra of neg-
ative pions [16] in PbPb collisions at

√
sNN = 17.3 GeV. The invariant yields

were extracted as a function of the transverse momentum pT in the range from
0.3 to 4.5 GeV/c in the rapidity interval −0.3 < y < 0.7 at different collision cen-
tralities. Figure 5 demonstrates data on pion spectra with three centrality ranges
in pT - (a) and z-presentation without (b) and with (c) centrality dependence of
εPbPb. As seen from Fig. 5, b the shape of the function ψ(z) at εPbPb = εpp

depends on centrality. The uniform shape can be restored with ε0 = 0.0010 (15)
and cPbPb = 0.11. The solid line shown in Fig. 5, c corresponds to pp data at the
same energy.

The STAR Collaboration measured for the ˇrst time the identiˇed particle
spectra in AuAu collisions at

√
sNN = 9.2 GeV [17]. The restricted data sample

(3000 events) allows one to compare the hadron yields, particle ratios or 〈pT 〉
to the same quantities obtained from SpS experiments at similar beam energies.

Fig. 6. The inclusive spectra of negative pions produced in AuAu collisions [17] for
different centralities at

√
sNN = 9.2 GeV in a) pT - and b) z-presentation for constant

parameter εAuAu
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The transverse momentum distributions at different centralities cover the range
pT = 0.15 − 0.75 GeV/c and |η| < 0.5. The spectra of π− mesons in pT - and
z-presentations are shown in Fig. 6, a and 6, b, respectively. As seen from Fig. 6, b
the experimental data points do not reveal any dependence of εAuAu on centrality
in this pT -range. Sensitivity of the shape of ψ(z) to the collision centrality is
expected to be enhanced for z > 1. A veriˇcation of the power law, ψ(z) ∼ z−β,
of the scaling function for z > 4 is of interest in this energy region as well. A
self-similarity of hadron substructure, constituent interactions, and fragmentation
processes is visible in the pion spectra at higher energies. Measurements of pion
distributions at

√
sNN = 9.2 GeV in the range pT = 2 − 3 GeV/c is therefore

desirable to study centrality dependence of the energy losses in this energy region.

5. SELF-SIMILARITY OF PION PRODUCTION IN dAu COLLISIONS

We have analyzed data [18] on the transverse momentum distributions of
pion spectra in dAu collisions at

√
sNN = 200 GeV and |η| < 0.5. The pion

yields measured over a range of pT = 0.2−9.5 GeV/c at different centralities are
shown in pT - and z-presentations in Fig. 7. The fractal dimensions for deuteron
and gold are δd = 2δ and δAu = 197δ, respectively. The ®speciˇc heat¯ of
the produced matter in this process is found to be c = 0.23, what is nearly the
same as in protonÄproton collisions (cpp = 0.25). This value does not depend
on kinematical parameters. Figure 7, c shows that centrality independence of the
shape of the function ψ(z) can be restored (the same shape for pp and dAu) if
the fractal dimension εdAu of the fragmentation processes is assumed to be in the
form (15). An indication of the power behavior of ψ(z) is seen at high z. The
values of the parameter ε0 depend on the system size and collision energy. We
have obtained ε0(dAu) = 0.04 > ε0(CuCu) = 0.008 > ε0(AuAu) = 0.0028 at√

sNN = 200 GeV. In this sense, the parameter ε0 does not represent a scaling
universal quantity. Its energy and system size dependences characterize different
energy losses discussed in the next section.

6. ENERGY LOSSES IN TERMS OF MOMENTUM FRACTIONS

In this section we use a microscopic scenario of particle production in terms of
momentum fractions for estimation of the energy losses of the produced particles
in nuclear medium. In the framework of such a scenario, any inclusive particle
is characterized by the quantity z. It consists of the ˇnite part z0 and of the
divergent factor Ω−1. The factor Ω−1 depends on the momentum fractions x1, x2

and ya, yb which carry the incoming constituents and the inclusive particle (m1)
with its counterpart (m2), respectively. The variable z is the scale-dependent
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Fig. 7. The inclusive spectra of π− pions produced in dAu collisions [18] for differ-
ent centralities at

√
sNN = 200 GeV in a) pT - and z-presentation for b) constant and

c) multiplicity-dependent parameter εdAu. The solid lines represent the scaling function
for pp collisions

quantity. The principle of minimal resolution Ω−1 allows us to ˇx the values
of the momentum fractions x1, x2, ya, and yb and single out the most effective
binary subprocess which underlies the inclusive reaction. The recoil mass MX

characterizes dissipation of the recoil object moving in the away side of the
inclusive particle. The quantities ya and MX are therefore important ingredients
of the fragmentation process. Some dependences of the momentum fraction
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Fig. 8. The dependence of the fractions ya (a) and the recoil mass MX (b) on the
transverse momentum pT for π− mesons produced in pp collisions at θcms = 90◦ and
different collision energies

x1, x2, ya, yb and the recoil mass MX on the transverse momentum pT of π−

mesons produced in pp, AuAu, and PbPb collisions are shown in Figs. 8Ä12.

6.1. Momentum Fractions versus pT . Study of the momentum fractions and
their dependences on the collision energy, centrality, and transverse momentum
of the inclusive particle gives us possibility to look at the microscopic picture
of the underlaying subprocesses. The fractions x1 and x2 characterize amount
of the energy (momentum) of the interacting nuclei carried by their constituents
which undergo the binary collision (2). The fractions ya and yb characterize
energy losses of the scattered and recoil constituents during their fragmentation
in vacuum for pp collisions or in medium in the case of nuclear interactions.

Figure 8 shows the dependence of the fraction ya (a) and the recoil mass
MX (b) on the transverse momentum of pions produced in pp collisions at√

sNN = 19 − 200 GeV and θcms = 90◦. As seen from Fig. 8, a the energy
loss characterized by a deviation of the fraction ya from unity decreases with
the increasing momentum pT and increases with the collision energy

√
s. Let us

consider a pion with the momentum 6 GeV/c produced in pp collisions. In the
presented scenario, the pion is produced by fragmentation of a secondary parton
with the momentum pT = 6/0.9 = 6.6 or 6/0.4 = 15 GeV/c at

√
sNN = 19 or

200 GeV, respectively. This quantitative comparison characterizes increase of the
energy losses with the collision energy. The recoil mass MX increases with both
the energy and pion transverse momentum in a way shown in Fig. 8, b.
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Figures 9, a, 10, a, 11, a, and 12, a demonstrate the dependence of the momen-
tum fraction x1 expressed in units of nucleon mass on the transverse momentum
pT of negative pions produced in AA collisions at

√
sNN = 200, 62.4, 17,3,

and 9.2 GeV, respectively. The points correspond to data at θcms � 90◦. Both
fractions x1 and x2 are equal to each other in this case. The fraction x1 increases
with the transverse momentum pT and centrality. For ˇxed pT , x1 decreases as
the collision energy

√
s increases.

Figures 9, b, 10, b, 11, b, and 12, b show the dependences of the momen-
tum fractions ya on the kinematical (pT ,

√
s) and dynamical (dNch/dη) variables.

They describe features of the fragmentation process. The fraction ya characterizes
dissipation (energy loss) of the momentum of the object produced in the underly-
ing constituent interaction into the near side of the inclusive particle. The behavior
of ya demonstrates a monotonic growth with pT . It means that the energy losses
associated with the production of a high-pT pion are smaller than for the inclusive
processes with lower transverse momenta. The decrease of ya with centrality in
AuAu and PbPb collisions represents larger energy losses in the central collisions
as compared with the pp and peripheral AA interactions. Energy dissipation
grows as the collision energy increases. Let us consider for deˇniteness a pion
produced in the central AuAu collisions (0Ä12%) at

√
sNN = 200 GeV which

has the momentum pT = 4 GeV. The pion was formed in the fragmentation of
the secondary parton produced in the constituent interaction with the momentum
pT = 4/0.1 = 40 GeV. The momenta of such partons decrease with the decreas-
ing collision energy and are equal to 4/0.3 � 13 and 4/0.55 � 7.3 GeV/c at√

sNN = 62.4 and 17.3 GeV, respectively. The fraction ya follows the general
trend, i.e., a decrease with the collision energy and centrality, and a growth with
the transverse momentum pT .

The fraction yb governs the recoil mass MX characterizing the dissipation
of the energy and momentum in the away side direction of the inclusive particle.
It was found that yb is much smaller than ya at high pT . The small values of
yb mean that the momentum of the inclusive particle is more likely balanced by
a multiple system consisting of many low momentum particles moving in the
opposite direction. The fraction yb decreases with the increasing collision energy√

s. Its dependence on pT and centrality is weak. Both fractions become equal to
each other, ya � yb, at low transverse momenta. The equality at low pT remains
preserved independent on

√
s.

6.2. Mass of Recoil System versus pT . The recoil mass MX of the system
associated with production of the inclusive particle is deˇned by the expression

MX = x1M1 + x2M2 + m2/yb. (16)

The quantity is proportional to the momentum fractions x1 and x2 of the inter-
acting objects with the masses M1 and M2. It has connection with the fractions
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Fig. 9. The dependence of the fractions A1x1 (a), ya (b), and the recoil mass MX (c)
on the transverse momentum pT for π− mesons produced in pp and AuAu collisions at
different centralities. The symbols correspond to data measured at

√
sNN = 200 GeV and

|y| < 0.5

ya and yb via the dependences x1,2 = x1,2(ya, yb) (see [5]) which include the
fractal dimensions δ1 and δ2. The correlation between these quantities is re
ected
in symmetry properties of the function ψ(z). The recoil mass MX re
ects there-
fore an internal connection to the structure of the colliding objects, constituent
interactions, and process of formation of the individual hadrons.

16



Fig. 10. The dependence of the fractions A1x1 (a), ya (b), and the recoil mass MX (c)
on the transverse momentum pT for π− mesons produced in pp and AuAu collisions at
different centralities. The symbols correspond to data measured at

√
sNN = 62.4 GeV

and |y| < 0.5

Figures 9, c, 10, c, 11, c, and 12, c show the dependence of the recoil mass
on the transverse momenta of the negative pions produced in the central ra-
pidity region in AuAu and PbPb collisions at the energy

√
sNN = 200, 62.4,

17.3, and 9.2 GeV. All curves demonstrate growth with pT which is followed
at

√
sNN = 62.4 and 200 GeV by a successive 
attening. The dependences
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Fig. 11. The dependence of the fractions A1x1 (a), ya (b) and the recoil mass MX (c)
on the transverse momentum pT for π− mesons produced in pp and PbPb collisions at
different centralities. The symbols correspond to data measured at

√
sNN = 17.3 GeV

and −0.3 < y < 0.7

reveal a characteristic increase with the collision energy. The growth of MX with
pT is larger for nucleus collisions in comparison with its slight increase for pp
interactions. The values of MX and their growth with pT become larger with
the collision centrality. This means that the momentum balance in a subprocess
underlying the pion production is compensated with growing number of particles
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Fig. 12. The dependence of the fractions A1x1 (a), ya (b), and the recoil mass MX (c)
on the transverse momentum pT for π− mesons produced in AuAu collisions at different
centralities. The symbols correspond to data measured at

√
sNN = 9.2 GeV and |y| < 0.5

moving in the away side direction when the centrality of the nuclear collisions
increases. Considering an example of an inclusive pion with the momentum
pT = 4 GeV/c, the corresponding recoil masses MX in the central AuAu and
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Fig. 13. The dependence of ya on z for π− mesons produced in central AuAu and PbPb
collisions at

√
sNN = 200, 62.4, 17.3, and 9.2 GeV

PbPb collisions are equal to 3.5, 5.5, and 13 GeV at the energy
√

sNN = 17.3,
62.4, and 200 GeV, respectively.

6.3. Scale Dependence of Energy Losses. The developed microscopic sce-
nario of hadron production in nucleusÄnucleus collisions allows us to study the
scale dependence of the energy losses. We would like to remind that the variable
z is scale-dependent quantity. It has properties of a fractal measure depending on
the fractal dimensions δ and ε. The energy losses by the creation of the inclusive
particle are described in terms of the momentum fraction ya. The dependence of
ya on z characterizes the energy losses at different scales. We assume that those
scales where the energy losses are largest are most preferable for searching for
a phase transition of nuclear matter. Figure 13 shows the scale dependence of
ya (connected with energy loss) for central AA collisions at

√
sNN = 200, 62.4,

17.3, and 9.2 GeV. The energy loss decreases as the resolution with respect to the
constituent subprocesses increases. At high z, a saturation of the scale density of
energy loss (dya/dz) for all energies is expected.

7. CONCLUSIONS

Experimental data on inclusive spectra of negative pions produced in AuAu
collisions at RHIC energies

√
sNN = 200, 62.4, and 9.2 GeV were analyzed in
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the framework of z-scaling. The results are compared with the NA49 data on
pion spectra measured in pp and PbPb collisions at

√
sNN = 17.3 GeV. The

experimental data in z-presentation indicate similarity as a characteristic feature
of mechanism of pion production. It was argued that this property includes
structure of the colliding objects, interaction of their constituents, and character
of the fragmentation process. A microscopic scenario of nucleusÄnucleus interac-
tions at a constituent level in terms of momentum fractions was developed. The
z-presentation of the pion spectra in AuAu and PbPb collisions reveals scaling
features identical with the z-scaling in the elementary collisions.

The parameter c interpreted as ®speciˇc heat¯ of the medium produced in
heavy ion collisions was established to decrease with the increasing system size,
cpp = 0.25 > cdAu = 0.23 > cCuCu = 0.14 > cAuAu = 0.11. The values of
c are independent of the collision energy and centrality. The fractal dimension
dependence εAA = ε0(dNch/dη) + εpp of the fragmentation process on collision
centrality allows us to restore the unique shape of the scaling function for pp
and AA collisions over a wide range of z. In the hard-pT region (large z), the
scaling function manifests typical power behavior, ψ(z) � z−β, with a constant
value of the slope parameter β. We have estimated the energy losses of the
secondary partons passing through the medium created in the nuclear collisions.
They depend on the collision energy, transverse momentum, and centrality. It was
shown that energy loss increases in a speciˇc manner with the collision energy
and centrality, and decreases with pT . The scale dependence of energy losses
was studied. The obtained results may be exploited to search for and study of
new physics phenomena in pion production in heavy ion collisions at U70, RHIC,
LHC, and at the proposed projects NICA and FAIR.
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