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’μ± ·¥¢ Œ.‚., ‡¡μ·μ¢¸±¨ ˆ., �¶ ·¨´ �.�. E2-2014-73
‘ ³μ¶μ¤μ¡¨¥ ¦¥¸É±¨Ì ±Ê³Ê²ÖÉ¨¢´ÒÌ ¶·μÍ¥¸¸μ¢ ¢ Ô±¸¶¥·¨³¥´É¥
¸ Ë¨±¸¨·μ¢ ´´μ° ³¨Ï¥´ÓÕ ¶μ ¶·μ£· ³³¥ BES-II ´  STAR

�μ¨¸± ¸¨£´ ÉÊ· Ë §μ¢ÒÌ ¶¥·¥Ìμ¤μ¢ ¢ ¸Éμ²±´μ¢¥´¨ÖÌ Au + Au Ö¢²Ö¥É¸Ö Í¥´-
É· ²Ó´μ° § ¤ Î¥° ¶·μ£· ³³Ò ¶μ ÉÖ¦¥²Ò³ ¨μ´ ³ ´  RHIC. ‘¨¸É¥³ É¨Î¥¸±μ¥
¨§ÊÎ¥´¨¥ ·μ¦¤¥´¨Ö Î ¸É¨Í ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¨μ´μ¢
Ê¸É ´μ¢¨²μ ´μ¢Ò¥ Ë¨§¨Î¥¸±¨¥ Ö¢²¥´¨Ö, É ±¨¥ ± ± ÔËË¥±É Ö¤¥·´μ£μ ¶μ¤ ¢²¥-
´¨Ö, ±¢ ·±μ¢Ò° ¸±¥°²¨´£ ¤²Ö Ô²²¨¶É¨Î¥¸±μ£μ ¶μÉμ± , ©ridgeª- ÔËË¥±É ¢ Δφ−Δη
Ë²Ê±ÉÊ Í¨ÖÌ ¨ ¤·. „²Ö μ¶·¥¤¥²¥´¨Ö Ë §μ¢μ° ¤¨ £· ³³Ò Ö¤¥·´μ° ³ É¥·¨¨ ¨ ¶μ-
²μ¦¥´¨Ö ±·¨É¨Î¥¸±μ° ÉμÎ±¨ ±μ²² ¡μ· Í¨Ö³¨ STAR ¨ PHENIX ¡Ò²  ¶·¥¤²μ¦¥´ 
¨ ¢Ò¶μ²´¥´  ¶·μ£· ³³  Ô´¥·£¥É¨Î¥¸±μ£μ ¸± ´¨·μ¢ ´¨Ö (BES-I) ´  RHIC. �μ²Ê-
Î¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ± § ²¨, ÎÉμ ´¥μ¡Ìμ¤¨³μ ¥¥ ¶·μ¤μ²¦¥´¨¥ (BES-II). ‚ ¤ ´´μ°
· ¡μÉ¥ ¸¤¥² ´μ ¶·¥¤²μ¦¥´¨¥ ¶μ ¨§ÊÎ¥´¨Õ ¦¥¸É±¨Ì ±Ê³Ê²ÖÉ¨¢´ÒÌ ¶·μÍ¥¸¸μ¢ ¢
· ³± Ì ¶·μ£· ³³Ò BES-II. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ μÉ¡μ· ±Ê³Ê²ÖÉ¨¢´ÒÌ ¸μ¡ÒÉ¨°
¢ Ô±¸¶¥·¨³¥´É¥ ¸ Ë¨±¸¨·μ¢ ´´μ° ³¨Ï¥´ÓÕ ¶μ§¢μ²¨É ¶μ²ÊÎ¨ÉÓ ¶·¨ ¨Ì  ´ ²¨§¥
´μ¢ÊÕ ¨´Ëμ·³ Í¨Õ μ ¢Ò¸μ±μ¶²μÉ´μ° ¨ ¸¦ Éμ° Ö¤¥·´μ° ³ É¥·¨¨, ¨¸¸²¥¤μ¢ ÉÓ
Ô±¸É·¥³ ²Ó´Ò¥ Ê¸²μ¢¨Ö ¥¥ μ¡· §μ¢ ´¨Ö, Ê¸É ´μ¢¨ÉÓ Î¥É±¨¥ ¸¨£´ ÉÊ·Ò Ë §μ¢ÒÌ
¶¥·¥Ìμ¤μ¢ ¨ ¶μ²μ¦¥´¨¥ ±·¨É¨Î¥¸±μ° ÉμÎ±¨.
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Self-Similarity of Hard Cumulative Processes in Fixed Target
Experiment for BES-II at STAR

Search for signatures of phase transition in Au + Au collisions is in the heart of
the heavy ion program at RHIC. Systematic study of particle production over a wide
range of collision energy revealed new phenomena such as the nuclear suppression
effect expressed by nuclear modiˇcation factor, the constituent quark number scaling
for elliptic 	ow, the ©ridge effectª in Δφ−Δη 	uctuations, etc. To determine the
phase boundaries and location of the critical point of nuclear matter, the Beam Energy
Scan (BES-I) program at RHIC has been suggested and performed by STAR and
PHENIX Collaborations. The obtained results have shown that the program (BES-II)
should be continued. In this paper a proposal to use hard cumulative processes in
BES Phase-II program is outlined. Selection of the cumulative events is assumed
to enrich data sample by a new type of collisions characterized by higher energy
density and more compressed matter. This would allow ˇnding clearer signatures
of phase transition, location of a critical point and studying extreme conditions in
heavy ion collisions.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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INTRODUCTION

Experiments performed by the STAR, PHENIX, PHOBOS and BRAHMS
Collaborations at RHIC have shown that the nuclear matter with new properties
has been produced in the high-energy range

√
sNN = 62−200 GeV [1Ä4]. Among

the properties there is opacity characterized by the suppression of particle yields
at high pT and viscosity which is found to be so small that the matter looks like
ideal liquid rather than an ideal gas of quarks and gluons. The new state of matter
was named the strongly interacting quarkÄgluon plasma (sQGP). The QCD phase
diagram of nuclear matter is depicted in Fig. 1. Theory predicts how transitions
to sQGP depend on baryon chemical potential μB and temperature T . At low μB

and high T a cross-over transition occurs. At high μB and low T the transition
is of the ˇrst order. Hence, at intermediate values, a critical point should exist.
One can vary these conditions experimentally by altering the beam energy. The

Fig. 1. Phase diagram of nuclear matter in QCD framework [10]
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beam energy scan (BES) allows study of the QCD phase diagram close to the
QGP-hadron gas boundary.

Search for signatures of the phase transition and location of the critical
point in heavy ion collisions is the main goal of the BES Phase-I and Phase-II
programs at RHIC [5Ä11]. Establishing the existence of the critical point would
be a seminal step forward for QCD physics in the regime of strong coupling.
The ˇrst phase of the BES program started after the STAR proposal [7] with
data taking in the year 2010 at the energies below

√
sNN = 39 GeV. Now the

STAR Collaboration proposes a second phase of the program at RHIC (BES
Phase-II) to reˇne understanding of the phase structure of QCD matter [10]. A
similar program is suggested by the PHENIX Collaboration as well [11]. The
proposal [10] is for two years (2018 and 2019) of dedicated low energy running
at RHIC to make high-precision measurements of the observables that have been
found to be sensitive to the phase structure of QCD matter in the ˇrst phase of
the program.

The parameters which characterize different states of the produced matter are
energy and centrality of the collisions and type of the colliding nuclei. They
can regulate the density and temperature of the produced system and size of the
interaction region. To investigate such states, various measurable characteristics
such as the momentum and mass spectra and/or the correlation and 	uctuation
functions are utilized. Special interest is dedicated to observables related to the
	uctuations and correlations. Signiˇcant changes of these quantities are theoreti-
cally related to vicinity of critical phenomena. In this respect signiˇcant growth
of the correlations and 	uctuations at low energy is expected where a phase
transition should occur.

Different types of probes (high-pT hadrons, direct photons, jets, lepton pairs,
strange and heavy 	avor particles) play an important role in determining features
of the produced matter. Ratios of particle and antiparticle yields have been ex-
ploited to extract information on temperature and baryon chemical potential in the
framework of the thermo-dynamical and statistical models. The hydrodynamic
model was used for analysis of the elliptic 	ow and study of particle collectivity
(strongly multiple particle interactions) at the quark level. Results of analyses
of numerous experimental data obtained at RHIC have shown that various mea-
surable quantities demonstrate smooth behavior as function of the energy and
centrality of collisions over a wide range of transverse momentum (see [5Ä11]
and references therein).

It is generally considered that all physical systems should reveal discontinuity
in some characteristics describing their behavior nearby a phase boundary or a
critical point. Therefore, the concepts of ©scalingª and ©universalityª have been
widely developed to explain the critical phenomena [12Ä15]. Scaling implies that
systems near critical points exhibit self-similarity and are invariant with respect
to scale transformations. The universality of their behavior lies in the fact that
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vastly different systems behave in a similar way (they are described by the same
power law) near the respective critical point. The critical exponents in the power
laws are determined by the interaction symmetry and space dimension only.

The scaling behavior related to the ideas of self-similarity of hadron interac-
tions at a constituent level is manifested by z-scaling which is a fruitful concept
to study collective phenomena in hadron and nuclear matter [16Ä18]. The concept
of z-scaling [19Ä21] was used for analysis of inclusive spectra obtained at U70,
Sp̄pS, SPS, ISR, Tevatron and RHIC [22Ä28]. The spectra have revealed strik-
ing similarity over a wide range of energies when expressed by the variable z.
The scaling is treated as manifestation of the self-similarity of the structure of
the colliding objects (hadrons, nuclei), the interaction mechanism of their con-
stituents, and the process of constituent fragmentation into real hadrons. The
validity of z-scaling is conˇrmed in the region which is far from the boundary of
a phase transition or the region where a critical point can be located. Nevertheless,
z-scaling approach can be a suitable tool to search for phase transitions and the
critical point in hadron and nuclear matter. The parameters of the scaling, c, δ
and εF , have physical interpretation as the heat capacity of the produced matter,
the fractal dimension of the structure of hadrons or nuclei and the fractal dimen-
sion of the fragmentation process, respectively. Signatures of new phenomena
in strong interactive matter are assumed to be discontinuities of these parameters
and enhancement of c−δ correlation.

Analyses of the presently available RHIC data on particle spectra in p + p
and Au + Au collisions performed in the framework of z-scaling approach gave
us no direct information on existence of a phase transition or a critical point [22Ä
29]. No distinct change of the scaling parameters which would indicate vicinity
of the critical phenomena was observed. We consider therefore that study of
energy dependence of the parameters for the new class of events with cumulative
(strongly compressed) states of nuclei could give important information on phase
changes in the nuclear matter.

1. KINEMATICS OF CUMULATIVE PRODUCTION IN THE FIXED
TARGET MODE

The cumulative particles are particles produced in the kinematic region forbid-
den for free nucleonÄnucleon interactions (see [30Ä32] and references therein).
Such particles are only produced in the processes with participation of nuclei.
The cumulative effect has been traditionally studied at low transverse momentum
pT [33Ä35]. This corresponds to particle production in the backward hemisphere
in laboratory frame of reference. Another possibility to study the cumulative
processes is investigation of particles with high pT [36Ä39]. Study of the cumu-
lative processes is of great interest to search for signatures of phase transitions in
highly compressed nuclear matter.

3



Fig. 2. Diagrams of particle production in the central rapidity range ϑcms ≈ 90◦ (a),
forward ϑlab < 90◦ (b) and backward ϑlab � 180◦ (c) hemisphere

Figure 2 shows diagrams for inclusive particle production in the central
rapidity range as well as in the forward and backward hemispheres in P1 +P2 →
p + X process.

The momenta of the colliding and produced inclusive particles are denoted
by P1, P2 and p, respectively. The diagrams correspond to the particle production
in the collider (a) and ˇxed target (b, c) modes. In the collider mode, the particles
detected in the central detector barrel are produced mostly from the central inter-
action region. In the ˇxed target mode, the detected particles are mostly from the
beam (b) and the target (c) fragmentation regions, respectively. Figure 3 shows
the kinematic boundaries of pion production in the process P1 + P2 → π + X at√

sNN = 7.7, 9.2 and 20 GeV in the ˇxed target set-up.

The kinematic region forbidden for pion production in p + p processes is
the cumulative region. The area between pp and pd lines corresponds to the
single, between pd and dd lines to the double and outside of dd line to the
triple cumulation. The momentum of the produced pion grows with the collision
energy but is asymptotically restricted. For d + d processes at ϑlab = 180◦, the
maximal backward momentum is pmax = (M2

d − m2
π)/2Md. The cumulative

region for heavier nuclei is wider. It increases with the atomic weight as pmax ≈
AmN/2. Therefore, interactions of compressed nuclei can be studied over a
wide kinematic range. For heavy-ion interactions, however, the region near the
kinematic boundary is practically not reachable. The collisions of light and
medium nuclei are preferable in this respect.

The main physical motivation to investigate the cumulative processes is re-
lated to the assumption that cumulative regions correspond to the extreme regime
of particle production in which the nuclear matter is strongly compressed. The
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conclusion is based on the validity of the momentum conservation law and the
Heisenberg uncertainty principle. Both conditions strongly select the state from
which the cumulative particles are produced. Such processes are rare events. The
probability of production of cumulative states is usually small enough though not
zero. The cumulative effect (particle production in the cumulative region) is a

Fig. 3. Kinematic boundaries for the pion production in the backward hemisphere in p+p,
p + d, d + d collisions at

√
sNN = 7.7, 9.2 and 20 GeV in {pz, pT } plane
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quantum phenomenon. The uncertainty of the momentum of the particle produced
in the nuclear matter is related to the uncertainty of the size of the region in which
the particle was created.

In the most extreme case of a deep-cumulative region (the region near the
kinematic boundary of the reaction), the nucleus size is assumed to be compressed
to the size of a single nucleon. In such very rare processes the momentum of
the inclusive particle should be fully balanced by the momentum of a compressed
recoil system consisting of mutually slow moving constituents. The system in
this state is expected to demonstrate the property of collectivity and transition
regime from single to multiple constituent interactions. In this regime the limiting
fragmentation of the highly compressed nuclear matter should be observed.

2. z-SCALING

One of the approaches that can be useful to search for signatures of phase
transition in the cumulative region of particle production in the suggested BES
Phase-II program at RHIC is z-scaling [19Ä21]. The scaling has been suggested to
describe regularities found in inclusive hadron production in high energy protonÄ
(anti)proton and nucleusÄnucleus collisions [22Ä28, 40Ä43]. It manifests itself in
the fact that the inclusive spectra of various types of particles are described with
a universal scaling function Ψ(z). The function depends on a single variable z in
a wide range of the transverse momentum, registration angles, collision energies
and centralities. The scaling variable is expressed by the formula

z = z0Ω−1, (2)

where z0 and Ω are functions of some kinematic and dynamical variables:

z0 =
√

s⊥
(dNch/dη|0)cmN

, (3)

Ω = (1 − x1)δ1 (1 − x2)δ2(1 − ya)εF (1 − yb)εF . (4)

The quantity z0 is proportional to the transverse kinetic energy of the selected
binary constituent sub-process required for the production of the inclusive particle
m and its partner (antiparticle). The multiplicity density dNch /dη|0 of charged
particles in the central interaction region η = 0, the nucleon mass mN and the
parameter c completely determine the functional relationship of the dimensionless
variable z0. The parameter c has meaning of the ©speciˇc heat capacityª of the
medium produced in the collisions.

The quantity Ω is proportional to the relative number of the conˇgurations at
the constituent level which include the binary sub-processes corresponding to the
momentum fractions x1 and x2 of colliding hadrons (nuclei) and to the momentum
fractions ya and yb of the secondary objects just produced in these sub-processes.
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The parameters δ1 and δ2 are fractal dimensions of the colliding objects and εF

stands for the fractal dimension of the fragmentation process. The selected binary
sub-process, which results in production of the inclusive particle and its recoil
partner (antiparticle), is deˇned by the maximum of Ω(x1, x2, ya, yb) with the
kinematic constraint:

(x1P1 + x2P2 − p/ya)2 = M2
X . (5)

Here MX = x1M1 + x2M2 + m/yb is the mass of the recoil system in the
sub-process. The 4-momenta of the colliding objects and the inclusive particle
are P1, P2 and p, respectively. Equation (5) accounts for the locality of the
interaction at the constituent level and sets a restriction on the momentum frac-
tions x1, x2, ya, yb of particles via the kinematics of the constituent interactions.
A microscopic scenario of constituent interactions developed within the scaling
approach is based on dependencies of the momentum fractions on the collision
energy, transverse momentum and centrality.

The scaling variable z has a property of the fractal measure. It grows
in the power manner with the increasing resolution Ω−1 with respect to the
constituent sub-processes. The scaling function Ψ(z) is expressed in terms of the
experimentally measurable quantities Å the inclusive cross section Ed3σ/dp3,
the multiplicity density dN/dη, and the total inelastic cross section σin for the
inclusive reaction P1+P2 → p+X . It is determined by the following expression:

Ψ(z) =
π

(dN/dη)σin
J−1E

d3σ

dp3
. (6)

Here J is Jacobian for the transition from the variables {p2
T , y} to {z, η}. The

function Ψ(z) satisˇes the normalization condition:
∞∫

0

Ψ(z)dz = 1. (7)

Equation (7) allows us to interpret Ψ(z) as the probability density to produce the
inclusive particle with the corresponding value of the variable z.

3. SELF-SIMILARITY IN pp COLLISIONS

ProtonÄproton collisions provide the basis for analyzing more complicated
protonÄnucleus and nucleusÄnucleus interactions. Figure 4 shows spectra of light
hadrons produced in protonÄproton interactions in z-presentation. The kinematic
region covers a wide range of the collision energies, registration angles, and trans-
verse momenta. The scale factors are introduced to split the data into different
groups. We see a collapse of the data points onto a single curve. The solid line
is a ˇtting curve for these data. The derived representation demonstrates the uni-
versality of the shape of the scaling curve for different types of hadrons. Found
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Fig. 4. Inclusive spectra of hadrons produced in protonÄproton collisions in the
z-presentation. The symbols denote the experimental data obtained in the experiments
performed at CERN, FNAL and BNL (see [16, 20] and references therein)

regularity (universality of the shape of function Ψ(z) and its scaling behavior
in the wide kinematic range at constant values of the parameters δ, εF and c) is
treated as a manifestation of self-similarity of the structure of the colliding objects,
interaction mechanism of their constituents, and processes of fragmentation into
real particles. The fractal dimension εF of the fragmentation process varies for
different types of hadrons. The compatibility of the corresponding scaling curves
for single hadrons in the plane {z, Ψ} was obtained by the scale transformation
z → αF z, Ψ → α−1

F Ψ. The scale parameter αF depends on a 	avor only. The
normalization condition (7) is conserved under the transformation.

The scaling function Ψ(z) exhibits two regimes of scaling behavior: one in
the low-z and the other in the high-z region. The low-z region corresponds to
saturation of the scaling function with the typical 	attening out. The behavior
of Ψ(z) at low z depends mainly on the parameter c. The parameter is de-
termined from the multiplicity dependence of the inclusive spectra. The region
of low z (transverse momentum < 100 MeV) and of high multiplicity density,
is preferable to study collective effects and possible phase transition in hadron
matter. The region of high z (high transverse momenta) is characterized by the
power behavior of Ψ(z) ∼ z−β with the constant value of the slope parameter β.
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At high z, the observed power character of the scaling function points to self-
similarity in constituent interactions at small scales. The asymptotic behavior of
Ψ(z) imposes restrictions on the behavior of the cross sections at high pT . Note
that these restrictions can be used to perform the global QCD ˇt and construct
quark and gluon distribution functions in the regions where the experimental data
are missing [41, 43].

The parameters δ, εF and c introduced to construct the variable z are deter-
mined from analyses of many different sets of experimental data (see [19, 20, 22Ä
27, 40Ä43] and references therein). They are found to be constant and independent
of the kinematic quantities Å the collision energy, angle, transverse momentum of
the inclusive particle and multiplicity density at high energies. A possible change
of these parameters is assumed to be used as a signature of new phenomena in
the kinematic regions not yet explored experimentally.

4. SELF-SIMILARITY IN AA COLLISIONS

The phase transitions and other collective effects should show up more promi-
nently in a larger space volume in the collisions of heavy nuclei than in protonÄ
proton interactions. It is expected that they have in	uence on the production

Fig. 5. Inclusive spectra of pions produced in Au + Au collisions in z-presentation. The
data obtained by the STAR Collaboration have been used in the analysis (see [16] and
references therein)
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mechanisms of particles, i.e., interaction of nuclear constituents and fragmenta-
tion process in the ˇnal state.

Here we give a short review of the obtained results of AA data in z-scaling
approach. Figure 5 shows z-presentation of the spectra of π mesons produced
in Au + Au collisions at RHIC energies

√
sNN = 9.2, 62.4 and 200 GeV in the

central rapidity region |η| < 0.5 for different centralities [18, 25]. A consistent
description of the data presentation has been obtained by the condition that the
fractal dimension of the nucleus δA is expressed in terms of the nucleon fractal
dimension δ and the atomic number A as δA = Aδ [44]. It has been found
that the speciˇc heat (parameter c) is independent of the energy and centrality
of the collision and decreases with the increase of the atomic number of the
nucleus. A strong suppression of the function Ψ(z) with the increasing centrality
in nuclear collisions has been found for the centrality independent value of εAA.
The suppression is enhanced with increasing transverse momentum pT . It has
been found that the universal shape of Ψ(z) for A + A collisions can be restored
if a dependence of the fractal dimension εAA of the fragmentation process on the
event centrality (multiplicity density) is assumed. The dependence is taken in the
following form:

εAA = ε0(dNch/dη) + εpp. (8)

The value of εpp is the same as for protonÄproton collisions. The coefˇcient ε0

depends on the collision energy. The same type of behavior has been observed
for interactions of Cu,Au and Pb nuclei at the energies

√
sNN = 17.3, 62.4,

130 GeV [18, 25]. We thus assume that in A + A interactions, similarly as in
p+ p collisions, a discontinuity of the model parameters (speciˇc heat and fractal
dimensions) should indicate new critical phenomena.

5. DISCUSSION

Here we discuss a possibility of using z-scaling approach to search for critical
phenomena in relativistic collisions of heavy nuclei in more detail. The endeavor
for a unique description of the spectra of hadrons produced in A+A interactions
by the universal scaling function Ψ(z) gives a strong restriction on the parameters
of z-scaling. A sharp change (or discontinuity) of the fractal dimensions δA and
εAA and/or the ©heat capacityªc is proposed as a signature of new effects, in
particular, of the phase transition. Such effects can be, however, smeared by
the large constituent energy losses especially in the central collisions of heavy
nuclei. The growth of εAA with the collision centrality (multiplicity) corresponds
to the increased energy losses of the secondary particles in the produced nuclear
medium during their fragmentation. This adds to the difˇculties in determination
of the region where the phase transition or a critical point could exist.

The problem can be partially evaded in the cumulative region (x1A1,
x2A2 > 1). This is the case of the hard cumulative processes corresponding to the

10



region of particle production with high transverse momenta. Such processes have
not been investigated up to now. The transition into the cumulative region at ˇxed
centrality is considered as an essential condition for this type of searching for the
phase transition and localization of the critical point. The z-scaling predicts the
dependence of the energy losses on the collision energy and centrality, transverse
momentum, type of the inclusive particle, and order of cumulativity [16Ä18].
The cumulative region x1A1, x2A2 > 1 is practically achievable at relatively
low energies only (see Fig. 3). The decrease of energy losses with the increasing
pT is signiˇcant especially at lower energies and high transverse momenta which
corresponds to the cumulative and central rapidity region x1A1 ≈ x2A2 > 1.
Cumulative kinematics is also available in the beam or target fragmentation re-
gion (Fig. 2) in which case x1A1 � 1, x2A2 > 1 or x1A1 > 1, x2A2 � 1,
respectively. The corresponding values of momenta of the produced particles
are essentially different. For production in the backward hemisphere in the ˇxed
target mode, the momenta are substantially less than for the forward direction. In
this case, the background from the beam fragmentation decreases with increasing
the collision energy. This is the main advantage to study the rare processes Å
cumulative production in the backward hemisphere. The kinematic boundary and
hence the size of the cumulative range depends on collision energy. Therefore,
one can study different cumulative regions in the RHIC BES program [10, 11].

The constituent energy losses increase with energy and centrality of the colli-
sion and decrease as the transverse momentum of inclusive particle increases [24].
The essential problem is that the energy losses smear characteristic behavior of
experimental observables near a phase boundary and a critical point [16]. The
cumulative processes with high pT (hard cumulative processes) are, therefore,
the most preferable to search for signature of these critical phenomena. In this
region we expect discontinuity and strong correlation of the parameters δA, εAA

and c. The fractal dimension δA can be sensitive in particular to particle-like
	uctuations of the nuclear matter. The fragmentation properties of the particles
produced in the collisions of such 	uctuations in nuclei (	ucton collisions) could
in	uence the value of fragmentation dimension εAA. We expect that properties
of the compressed matter in cumulated nuclei could change the observed value
of the speciˇc heat c as well. We also assume that the fractal dimension δA will
grow as the nucleus cumulation increases. It should be greater for 	uctons (local
cumulations of the nuclear matter in the nucleus) than for the ordinary nuclei.
The additive property δA = Aδ found for interactions of uncompressed nuclei
can be violated as well. Due to 	uctons, the change of nuclear structure with
δA = Adδ, d > 1 is expected in the cumulative region.

Different scenarios of energy dependence of the fractal dimension δA and the
speciˇc heat c have been analyzed in [18]. Here we use values of the z-scaling
parameters for the scenario with energy-independent parameter c found in the
central Au + Au collisions at

√
sNN = 9.2 GeV to illustrate the pT -dependence
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of the momentum fractions x1, x2 and ya and the missing mass MX for pions
produced at ϑlab = 11.8−140◦. The laboratory angle ϑlab = 11.8◦ corresponds
approximately to the angle ϑcms ≈ 90◦ in the nucleonÄnucleon center-of-mass
system at this energy.

As seen from Figs. 6, a and 6, b, the fractions x1 and x2 increase with pT .
The double cumulative region (cumulation of both colliding nuclei) corresponds
to x1A1 > 1 and x2A2 > 1. This region reachable at pT ≈ 2 GeV/c for
ϑlab = 11.8◦ is suitable for study in the collider mode. The cumulative numbers
x1A = x2A ≈ 1 are equal to each other at this momentum. We would like to
emphasize that cumulation of the target (particle 2) increases with ϑlab. From
Figs. 6, a and 6, b one can see that the ˇxed target mode is best suitable for
study of the large cumulations of the target nucleus, especially in the backward
hemisphere. The cumulative region Ax1 → 0, Ax2 � 1 overlaps with the

Fig. 6. The dependence of the momentum fractions x1, x2, ya and missing mass MX on
transverse momentum pT for pion production in the central (0Ä10%) Au + Au collisions
at

√
sNN = 9.2 GeV and ϑlab = 11.8−140◦
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limiting fragmentation of the target. We found the cumulative number Ax2 ≈ 5
at the angle ϑlab = 140◦ and pT ≈ 1 GeV/c.

The increase of the fraction ya with pT and ϑlab is shown in Fig. 6, c. One can
see that the constituent energy loss ΔE/E ≈ 1 − ya decreases with the increase
of both pT and ϑlab. At pT = 1 GeV/c, the relative energy loss for ϑlab = 11.8◦

and 140◦ is equal to 70% and 30%, respectively. Therefore, large cumulation
(Ax2 � 1) with small energy losses (1 − ya) in the hard cumulative region
(pT � 0.5 GeV/c) in the backward hemisphere are considered to be preferable
to search for signatures of phase transitions. The corresponding dependencies
of the recoil mass MX on pT are shown in Fig. 6, d. The higher momentum of
the inclusive particle the stronger cumulation and the larger recoil mass. For the
momentum pT = 1 GeV/c, the mass MX ≈ 2.5 and 6.5 GeV at ϑlab = 11.8◦ and
140◦, respectively.

We would like to note that the most stringent condition in the cumulative
region is the multiplicity which can also be used to select events to control
the properties of the medium in which the 	ucton interactions take place. It
is expected that the transition into the cumulative region for events with high
multiplicity can involve additional selection of events with higher density of the
nuclear matter. Small energy losses with additional compression of the nuclear
matter can allow us to ˇnd more accurate localization of the critical point, de-
tection of the phase transition and determination of their boundaries on the phase
diagram.

CONCLUSIONS

A proposal to use the hard cumulative processes in BES Phase-II program
at RHIC was suggested. Selection of cumulative events is assumed to enrich
data sample by new type of events characterized by higher energy density and
more compressed matter. It allows us to ˇnd clearer signatures of new physics
phenomena. The transition into the cumulative region is considered as an essential
condition to search for the phase transition and localization of the critical point.
The hard cumulative production in the backward hemisphere in the ˇxed target
mode has a great advantage. The main one is that the background decreases with
increasing the collision energy. The method of data analysis known as z-scaling
was suggested to search for self-similarity behavior of the pion production in this
region. It was noted that the requirement of the universal description of the hadron
spectra in nuclear collisions at different energies and centralities gives restrictions
on the values of the model parameters of z-scaling and their dependences on
energy and multiplicity density. The parameters δA, εAA, and c interpreted as
the fractal dimension of the nucleus, the fractal dimension of the fragmentation
process, and the heat capacity of the produced medium are important ingredients

13



of physical scenario of nucleus interactions. A discontinuity of the parameters
and strong correlation of δA and c is assumed to play an important role in
hard cumulative region in the backward hemisphere and in the search of phase
transition and location of critical point of nuclear matter.
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