Energy scan in heavy ion collisions and search for a Critical Point
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Experimental data on inclusive spectra measured in heavy ion collisions at RHIC
and SPS over a wide range of the energy /snny = 9-200 GeV are analyzed in the
framework of z-scaling. A microscopic scenario of constituent interactions in the
framework of this approach is discussed. Dependence of the energy loss on the mo-
mentum of the produced hadron, energy and centrality of the collision, is studied.
Self-similarity of the constituent interactions in terms of momentum fractions is used
to characterize the nuclear medium by "specific heat" and colliding nuclei by frac-
tal dimensions. Preferable kinematical regions for search for signatures of the phase
transition of the nuclear matter produced in HIC are discussed. Discontinuity of
"specific heat" is assumed to be a signature of the phase transition and the Critical

Point.

1. INTRODUCTION

The measurements of particle spectra at the Relativistic Heavy Ion Collider (RHIC) led
to the discovery of the substantial suppression of hadron yields in nucleus-nucleus collisions
relative to the proton-proton data [1-4|. The suppression is observed in the region of high
transverse momenta, typically more than few GeV/c. It is related with the energy radiations
of the outgoing high-pr partons propagating through the dense matter formed in the central
collisions of heavy nuclei. The energy loss in the dense medium is substantially larger than
in the vacuum. As noted in [5], this can essentially modify the behavior of the system near
the Critical Point. In dependence on collision energy, the energy loss can differently smear

signals which could indicate to characteristic changes in the thermodynamic properties of
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the system. Therefore the Energy Scan Programm carried out at SPS [6] and RHIC [7] is
of great importance to search for and study of signatures of the phase transition and the
Critical Point of the nuclear matter produced in heavy ion collisions. In the contribution we
use z-scaling approach for estimation of the energy loss as a function of the collision energy,

transverse momentum and centrality.

2. Z-SCALING

A regularity of the hadron production in high energy proton-(anti)proton collisions, known
as z-scaling, has been established in papers [8, 9]. It manifests itself in the fact that the
inclusive spectra of various types of hadrons can be described by a universal scaling function.
It holds over a wide range of transverse momenta, registration angles, collision energies and

secondary particle multiplicities. The scaling function ¢(z) depends on the single scaling

variable
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are the functions of kinematic quantities. The value of zy is proportional to the transverse
kinetic energy /s of the constituent binary subprocess required for production of an in-
clusive particle (my) and its recoil partner (msy). The parameter ¢, which has the meaning
of the “specific heat” of the produced medium, determines the functional dependence of zj
on the multiplicity density dNu,/dnl|o of the charged particles produced in the central ra-
pidity region n = 0. The constant m is fixed at the value of the nucleon mass. Quantity
() is interpreted as a relative number of the constituent configurations which include binary
subprocesses corresponding to the fractions x; and x5 of colliding hadrons momenta and to
the momentum fractions y, and ¥, of the secondary objects produced in these subprocesses.
The selected binary subprocess, in terms of which the variable z is defined, is determined by

the maximum of Q(x1, z2, ¥4, ¥») With the kinematic constraint

(1P + 2o Py — p/ya)2 = M)Q( (4)



The mass of the recoil system in the production of an inclusive particle with the momentum

p is written in the following form
MX = lel —|—.CE2M2 +m2/yb. (5)

Equation (4) accounts for the locality of the constituent interactions and sets a kinematic
restriction on the momentum fractions 1, x2, ¥4, and y,.

The variable z has a property of the fractal measure. It diverges in the power like manner
with the increased resolution relative to the constituent subprocesses (x1, 2, Y4, ¥p — 1).
The parameters d; and 5 are the corresponding fractal dimensions of the colliding objects.
For nuclear collisions we set 012 = Aj 20, where J is the nucleon fractal dimension. The
parameter € stands for the fractal dimension of the fragmentation process. The parameter
¢ is interpreted as "specific heat" of the medium produced with the production of the in-
clusive particle. In pp collisions the parameters 0, ¢, and ¢ were found to be independent
of kinematic variables over the wide energy range /s = 19-200 GeV. The determination
of the fractions x1, za, Y., yp corresponding to the selected binary subprocess allowed us to
develop a microscopic scenario of the interaction at a constituent level. The dependencies
of the momentum fractions and the recoil mass My on the transverse momentum ps of the
inclusive particle, as well as on the energy and centrality of the collisions represent important
features of the constituent interactions.

The scaling function 1(z) is expressed in terms of experimentally measurable inclusive

cross section for the reaction P, + P, — p+ X. It can be written in the following form
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where 0y, is the total inelastic cross section, dN/dn is the multiplicity density of registered

particles and J is the Jacobian for the transformation from {p%, y} to {z,7}. The normal-

ization equation
(e}
JAC g
0
allows us to interpret 1)(z) as the probability density of production of the inclusive particle

with the corresponding value of variable z.



3. ENERGY SCAN IN AA COLLISIONS

The phase transition into the QGP state produced in the central collisions of heavy
nuclei is among most dramatic many body effects. This phenomenon is expected to be
manifested as a change in the properties of the system with modification of the constituent
interactions and subsequent fragmentation processes. At a microscopic level it is related with
dissipative parton dynamics by formation of the observed hadrons. The energy dissipation
significantly changes in ultra-dense nuclear environment characterized by high multiplicity of
the secondary particles. It depends on the collision energy and can be sensitive to the type of
the phase transition or location of the Critical Point on the phase diagram. Besides the energy
losses of the secondary partons in the produced medium the behavior of the multi-parton
system is characterized by thermodynamical quantities. One of the most important is specific
heat which reveals a discontinuity at the second-order phase transition of a thermodynamic
system. The effects can be however much diminished when smeared by the processes with the
large energy loss in the nuclear collisions. Nevertheless search for a unique description of the
hadron spectra expressed in terms of parameters which have analogy in the thermodynamic
quantities is of great importance. Possible change of the quantities corresponding to such
parameters could be studied in the Energy Scan Programs carried out at current relativistic
colliders [6, 7]. Such a change with the collision energy or multiplicity would indicate to a
phase transition or location of the Critical Point in AA interactions.

In this contribution we analyze the spectra of the charged hadrons produced in the central
collision of heavy nuclei in z-scaling approach. The analysis includes the data obtained at
different energies. Fig. 1 shows the pp-dependence of the spectra of the charged hadrons
produced in the central AuAu [1, 10-12| and PbPb [13] collisions at /sy = 9.2, 62.4, 130,
200 GeV and 17.3 GeV, respectively. The centrality is characterized by the corresponding
multiplicity density dNu,/dn|o of the charged particles produced in the mid-rapidity region.
The spectra cover a wide range of the transverse momentum, py = 0.35-10.8 GeV/c. The
yields change more than eight orders of magnitude in this range. The dependence on the
collision energy for the high and low momenta is demonstrated in Fig. 1la and Fig. 10,
respectively.

Fig. 2 shows the same data in z-presentation. The structure of the gold nuclei is char-

acterized with the fractal dimension da,a, = 197 - 9, where § = 0.5 has the same constant



value as in proton-proton collisions. The independence of 1(z) on the collision energy and
centrality for AuAu collisions at /syy = 62.4, 130, and 200 GeV is consistent with the con-
stant value of the specific heat cauay = 0.11 provided the multiplicity dependence of the

fragmentation dimension €5, in the following form
€AA = €o(dN§1A/d77) + €pp- (8)

The value of €,, = 0.2 has been obtained from z-scaling analysis of the charged hadrons
produced in pp collisions [8, 9]. Allowing the coefficient €, to be dependent on the collision
energy, one can obtain the identical 1(z) for pp and AuAu interactions for all centralities in
the considered energy range.

Correlation between the parameters ¢ and ¢ for AuAu collisions at \/syy = 9.2 GeV and
for PbPb collisions at y/sxy = 17.3 GeV was found. The restoration of the universal shape of
1(2) at these energies can be reached in two scenarios: I- cayay = 0.23, 6 = 0.5; cpppp, = 0.16,
9 = 0.5; and I - cayay = 0.11, 6 = 0.15; cpppp, = 0.11, § = 0.25. The first scenario (Fig.
2a) corresponds to the large and the second one (Fig. 2b) to the small (energy independent)
values of the "specific heat" c. The z-presentations of the spectra at ,/syy = 9.2 and
17.3 GeV are described by the same curve as for higher energies. The measured pp-range
of the spectra and the large errors at high pr do not allow us to discriminate between the
both scenarios. Measurement of the hadron distributions at \/syn =9.2 and 17.3 GeV versus
centrality for pr > 4 GeV/c is desirable to resolve the problem and to study the dependence
of the energy loss in this region. More detailed investigations could provide future analysis

of the spectra obtained by the Energy Scan Program at SPS [6] and RHIC [7].

4. ENERGY LOSS IN AA COLLISIONS

The microscopic scenario of the particle production based on z-scaling is used for estima-
tion of the energy loss of the produced particles in the nuclear medium. Energy loss during
formation of the inclusive hadron is given by the momentum fraction y,. It varies with the
transverse momentum, energy and centrality of the collisions. The value of ¥y, depends on
the fragmentation dimension e. The increase of exx with the multiplicity density (centrality)
in nuclear collisions is realted with a decrease of the momentum fraction y,. This corre-

sponds to the larger energy loss by formation of the inclusive hadron. On the other hand,



the energy loss depends on the traversed medium which converts it into the multiplicity of
the associated particles. The larger exn the more energy loss consumed to production of
secondary particles. In a such way the produced medium is characterized by the amount of
the energy loss.

Fig. 3a shows the dependence of the fraction y, on the transverse momentum of the
charged hadrons produced in the central AuAu collisions at /sy = 62.4,130,200 GeV
in the mid-rapidity range. The energy loss by the formation of the inclusive particle is
proportional to (1 —y,). As seen from Fig. 3a, the energy loss decreases with the increasing
momentum pr and increases with the collision energy. The similar trends (Fig. 3b) are
seen in AuAu and PbPb collisions at lower energies /sy = 9.2 and 17.3 GeV for the both
scenarios. The energy loss is smaller for the scenario I (the empty symbols) in comparison
with the scenario II (the full symbols). The energy loss in the central AuAu collisions at
pr = 4 GeV/c¢ was found (Fig. 3a) to be about 70%, 82%, and 87% at /s =62.4, 130, and
200 GeV, respectively. At the energy /sy = 9.2 (17.3) GeV and pr = 4 GeV/c the energy
loss in the central collisions is estimated (Fig. 3b) to be about 25% (40%) and 45% (55%)
for the scenarios I and II, respectively.

The recoil object in the constituent sub-process moving in the away side direction of the
inclusive particle is characterized by the recoil mass Mx. It depends on the momentum
fractions x; and x5 of the interacting hadrons (or nuclei) with the masses M; and Ms. The
dependence of My on y, and y, is determined by (5) with 12 = x12(ya, ys) given in [8].
This includes the dependence of My on the fractal dimensions d;, do, and €. The recoil
mass reflects an internal connection to the structure of the colliding objects, constituent
interactions, and process of formation of the individual hadrons. In the considered analysis
there are relations My = My = My, 61 = 03 = 64, and x1 >~ 5.

Fig. 4a shows the dependence of the recoil mass Mx on the transverse momentum of the
charged hadrons produced in the central AuAu collisions at \/syy = 62.4, 130, and 200 GeV
in the mid-rapidity range |n| < 0.5. All curves demonstrate growth with py which is followed
by a successive flattening. The values of the recoil mass reveal a characteristic increase with
the collision energy. The similar dependencies of Mx on pr in AuAu and PbPb collisions
at /sy =9.2 and 17.3 GeV for the scenarios I and II are depicted in Fig. 4b. Here, in
contrast to higher energies, one can see the sharp growth of My with pr in the range pr =

0.3-4 GeV/c without any indication on a flattening. The scenario with the large specific



heat (the empty symbols) corresponds to smaller values of My in comparison with the
scenario II (the full symbols). Consequently, the large specific heat scenario at the energies
Vsny = 9.2 and 17.3 GeV would reflect the production of more compact subsystems in the
constituent interactions with smaller energy loss.

The monotonous dependence of My with the collision energy demonstrated in Fig. 4a at
high \/snn is preserved in the scenario I at lower energies as well (Fig. 4b). It results from
the energy independent value of the fractal dimension § = 0.5. However in the region of large
pr, the values of Mx for \/syx = 9.2 GeV become larger than My for /syx = 17.3 GeV, as
indicated by the empty symbols in Fig. 4b. This behavior follows from formula (4) which
consists of two parts. At high energies the recoil mass is well approximated by Mx ~ ms /y,.
Al lower energy, the fractions xy, xo and ¥, become larger and the "constituent part" of
the recoil mass, x1 M| + x9M,, gets important. For heavy nuclei, the recoil mass becomes
dominated by the "constituent part", My ~ x;M; + xoM,, at very low /syn and high pr.
This trend is visible in Fig. 4b for the scenario II (the full symbols) in which Mx becomes
slightly larger at /syy = 9.2 GeV than at /syy = 17.3 GeV as pr increases. Here it is
related with the relative enhancement of the fractions x; and zy as follows from a decrease
of the fractal dimension .

The momentum fractions x; and x, characterize center-of-mass energy of a sub-process
which is the interaction of hadron constituents with the masses x{M; and z3M5. In the
symmetric nuclear collisions there is approximate relation x1A; ~ x9A, for the hadron
production at mid-rapidity. Fig. 5a shows the dependence of the momentum fraction x;A;
on the transverse momentum of the charged hadrons produced in the central AuAu collisions
at \/sxn = 62.4, 130, and 200 GeV in the mid-rapidity range. The similar trends (Fig. 5b) are
demonstrated for central AuAu and PbPb collisions at the energies /sy = 9.2 and 17.3 GeV
for two scenarios discussed above. All curves demonstrate growth of the momentum fraction
x1A; with pr and a characteristic decrease with the collision energy ,/syn. The scenario
with the large specific heat (the empty symbols in Fig. 5b) corresponds to smaller values
of £ Ay in comparison with the scenario I (the full symbols). This would correspond to a
larger values of the center-of-mass energies of the sub-processes at low /sxy in the scenario
IT, i.e. in the case when the constituent structure of the colliding nuclei is more smeared
(small 0).

The region x1 Ay, x9As < 1 corresponds to the production of an inclusive hadron in a free



nucleon-nucleon kinematics. The cumulative production of particles in nuclear collisions is
determined by the conditions z1A; or x9A; > 1. The double (or hard) cumulative processes
are defined by 1A, 2945 > 1. This corresponds to the hadron production in the nuclear
collisions with extra large pr. The cumulative processes are forbidden for free nucleon-
nucleon kinematics. As seen from Fig. 5 the cumulative region for hard processes can
be reached more easily at /sy = 9.2 and 17.3 GeV than at /sy = 62-200 GeV. At
high collision energies the free nucleon-nucleon kinematic boundary is far enough and is
experimentally not accessible. As demonstrated in Fig. 3, the energy loss AF ~ 1 — vy,
decreases with the increasing transverse momentum pr and is relatively small at low collision
energies. In that sense the hard cumulative region is of more preferable to study the hadron

production with small energy loss.

5. SEARCH FOR A CRITICAL POINT IN AA COLLISIONS

The Energy Scan Program at SPS [6] and RHIC [7] is aimed to determine the phase
diagram of the nuclear matter produced in heavy ion collisions. The search for location of
the Critical and Triple Critical Points is of special interest.

We assume, that localization of the Critical Point of the phase transition would be much
more effective for processes with smaller loss of energy. The large energy loss can cause a
"smearing out" of the behavior of parameters ¢, 6 and € close to the Critical Point. The hard
cumulative production is characterized by relatively small energy loss and therefore extremely
suitable for such type of investigations. The isolation of the interaction between constituents
allows us for a direct measurement of the invariant mass My, which for large pr is essentially
the mass of a cumulative recoil jet. In this region (hard cumulative processes), one can
investigate the structure of fluctons (the particle-like fluctuations of the nuclear matter)
and fragmentation processes induced by their collisions. Besides cumulativity, selection of
processes with large multiplicity is considered to be preferable to search for the Critical Point.
Multiplicity, as one of the experimentally measurable quantities, can be used to control the
properties of a medium in which the flucton interactions take place. Production of the
compressed matter in heavy ion collisions suggests using the special kinematic conditions
(x1A1,29A5 > 1) and centrality event selection (dNu,/dn|o > 250-300).

Under such conditions the discrimination between the above discussed scenarios with the



energy independent or enhanced "specific heat" ¢ at low collision energy requires more de-
tailed analysis of high-py processes in the central nuclear collisions within the range (\/sxy =
9-20 GeV.) Because fractal dimension 0 is sensitive to the behavior of the spectra at high
pr, the § — ¢ correlation is expected to be stronger in this region. Study of such correlation
could help to resolve possible enhancement of the "specific heat" of the produced matter

and shed some light on location of the Critical Point in this region.

6. CONCLUSION

The experimental data on the inclusive spectra of the charged hadrons produced in central
AuAu and PbPb collisions at energies /syn = 9.2, 62.4, 130, 200, and 17.3 GeV were
analyzed in the framework of z-scaling. The experimental data in z-presentation indicate
similarity as a characteristic feature of mechanism of the hadron production. This property
includes structure of the colliding objects, interaction of their constituents, and character
of the fragmentation process. The microscopic scenario of nucleus-nucleus interactions at a
constituent level in terms of the momentum fractions was used to estimate the energy loss
of the secondary partons passing through the medium produced in heavy ion collisions. It
was shown that the energy loss increases with the collision energy, and decreases with pp.

It was demonstrated that the universality of the shape of ¢)(z) of the hadron production
in AuAu collisions at /sy = 62.4, 130,200 GeV can be preserved for the constant value of
the "specific heat" cyuan = 0.11 for all centralities, provided the fragmentation dimension
€AuAu increases with multiplicity. The correlation between the parameters caua, and 0 with
change of their values at lower energies /sy = 9.2 and 17.3 GeV was found. Two scenarios
(with the large and small "specific heat") of the hadron production at these energies were
suggested. The scenarios differently describe behavior of the energy loss, recoil mass and
cumulative number (z1A4;) on the transverse momentum. It was noted that a preferable
kinematic region to discriminate between the both scenarios corresponds to measurements of
the charged hadron spectra in the cumulative region (pr > 4 GeV/¢, 21 A; > 1). We assume
that this is the region where the ¢ — § correlation should be strengthened and signatures
of existence of the Critical Point should be manifested more clearly. Therefore forthcoming
data of the Beam Energy Scan Program at SPS and RHIC are of great interest.

The obtained results may be exploited to search for the phase transition and the Crit-



ical Point and to study of new physics phenomena in the hadron production in heavy ion

collisions.
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Figure 1. The transverse momentum spectra of the charged hadrons produced in central AuAu and
PbPb collisions at different energies /sy = 9.2, 62.4, 130, 200, and 17.3 GeV, and the central rapidity

range in high (a) and low pp-range. The experimental data are taken from [1, 10-13].
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Figure 2. z-presentation of the transverse momentum spectra of the charged hadrons produced in central
AuAu and PbPb collisions at different energies \/syn = 9.2, 62.4, 130, 200, and 17.3 GeV, and the central

rapidity range. The experimental data are taken from [1, 10-13|. (a) - scenario I, (b) - scenario - II.
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symbols in (b) correspond to scenarios I and II of the hadron production, respectively.

: The dependence of the recoil mass My on the transverse momentum pr for the charged

hadrons produced in central AuAu and PbPb collisions in the central rapidity range
at different energies /sy = 62.4, 130, 200 GeV (a), 9.2, 17.3 GeV (b). The empty
and full symbols in (b) correspond to scenarios I and II of the hadron production,

respectively.

: The dependence of the fraction x1A; on the transverse momentum pp for the charged

hadrons produced in central AuAu and PbPb collisions in the central rapidity range
In| < 0.5 at different energies \/syy = 62.4, 130, 200 GeV (a), 9.2, 17.3 GeV (b). The
empty and full symbols in (b) correspond toscenarios I and II of the hadron production,

respectively.



