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CKeTUHIOBble 0COOEHHOCTH POXIECHHUS Y CTHI]
B A + A-cronknoBenusix H RHIC B z-nipefcTt BieHuu

ITpuBomsTCS HOBBIE PryMEHTHI B IIOATBEPXKACHHUE CYIIECTBOB HUS CBOICTB C MO-
Mofio0Ks B WHKJIIO3MBHOM POXIEHHM Y CTHIl B CTOJKHOBEHHSIX [IPOHOB U SIIEP BBI-
cokux sHepruil. Cp BHUB IOTCSI CKEMIMHIOBBIE 3 KOHOMEPHOCTH JAPOHHBIX CIIEKTPOB
B IPOTOH-TIPOTOHHBIX M SAPO-SAEPHBIX COYJ PEHMSIX B z-lpelcT BiaeHun. O6Cyxi -
eTcsd MUKPOCKOIMYECKUI CLIeH pUil MéX HU3M MOTEepb BHEPIHMM 4 CTHIl MU B P MK X
TEOpUH Z-CKeWInHr . [IpeAcT BIeHbI pe3yslbT Thl H JIM3 3KCIEPUMEHT JIbHBIX I H-
HBIX [0 [JPOHHBIM CIIEKTP M, nosydeHHbX H kol igep x @HAJI, LHIEPH u BHIL.

P 6or BemonHen B JI 6op Topum BhICOKMX ®Hepruii uMm.B.W.Bekcnep wu
A.M.b nmun OUSIN.
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Scaling Features of Particle Production in A + A Collisions
at RHIC in z-Presentation

New arguments in favor of self-similarity of the inclusive particle production
in high energy collisions of hadrons and nuclei are discussed. Scaling features of
hadron spectra from nuclear interactions are compared with the z-scaling observed
in p + p collisions. The microscopic scenario on the energy losses of particles in
the framework of z-scaling is discussed. The performed analysis is based on the
phenomenological study of data obtained at FNAL, CERN, and BNL.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energies, JINR.
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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
nucleus—nucleus collisions relative to proton—proton data [1]. 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-pr 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 vacuum.
Quantification of the effect in the final state is a difficult problem depending on
complicated calculations and model assumptions.

In this contribution we analyze hadron spectra measured in heavy ion colli-
sions at the RHIC and suggest microscopic interpretation of spectra suppression
in the framework of z-scaling. The approach is based on general principles valid
in p+p and A+ A interactions. Both systems represent collisions of extended
objects interacting in terms of their constituents. Production 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. The locality and fractality are applied to hard processes at small
scales. The principles are manifested by the z-scaling [2] observed in proton—
proton collisions at high energies. The scaling includes particle spectra for various
selection criteria with different multiplicities Ng,. The general principles apply
in the nucleus—nucleus interactions as well. We demonstrate that particle spectra
for different centrality classes in A+ A collisions with different multiplicity den-
sities dN¢ /dn manifest similar scaling behavior as in p+p collisions. Performed
analysis shows that this holds in a wide range of transverse momentum pr for
production of mesons and in the high-pr region for baryons.

1. SCALING VARIABLE z AND SCALING FUNCTION (z)
The transverse momentum distribution for the reaction

M+ My —mi + X ey



depends on the masses Mi, Ma, mi1, and 4-momenta P;, P»,p of the colliding
and inclusive particles. According to the internal conservation laws (for isospin,
baryon number, strangeness, etc.), production of the particle (mi) is usually
considered with simultaneous formation of its antiparticle (m2). We assign a
self-similarity parameter z for any inclusive particle with the 4-momentum p
produced in the collisions of hadrons and nuclei. The variable

z=si_/2/(W-m) (2)
is a ratio of the transverse kinetic energy si_/ % of an underlying constituent sub-
process consumed on production of the system (m;)+ (m2) and maximal relative
number W of such configurations of the colliding system, which can contribute
to the production of (m1) + (mz). The constant m is fixed at the value of nu-
cleon mass. Number of the configurations includes all conceivable constituent
subprocesses in reaction (1).

Relative number of the configurations containing subprocesses characterized
by the fractions z1,x2,ys, and y, of the corresponding 4-momenta (Fig. 1) is
written in the form

W= (dNCh/dn‘O)cQ(mlam%yavyb)a 3)

a1, 22, ya, ) = (1= 21)" (1= 22)" (1 = o) (1 = )" )
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Fig. 1. Hadron/nucleus interactions at the constituent level



The constituent subprocess which can contribute to the production of the
inclusive particle with the 4-momentum p is subject to the condition

(1Py + 2Py — p/ya)? = (21 My + 2o My + ma/yp)*. (5)

The underlying constituent subprocess, in terms of which the variable z is
determined, is singled out of reaction (1) exploiting the principle of maximal
entropy

S=IW (6)

under the condition (5). The fractions x1,xs3,¥y,, and y; corresponding to the
maximum of S are used for evaluation of W for every momentum p of the
inclusive particle. The obtained analytical formulae for x; can be decomposed
into two parts (x; = A; + x;) which contribute to production of (m1) and (ms),

respectively. The transverse kinetic energy si_/ ? has the form

81/2 = ya(S}\/Q —MiA1—Mo)dg) —my + yb(S;/2 —Mix1—Maxz) —ma, (7)
where sy = (AMPr+X2P)? and s, = (x1P1+x2P2)% Using the equation
D1 /Ya = D1 /yp of transverse momentum balance in the underlying subprocess,
expression (7) can be approximated by 51/ %~ (p24m2)Y 2y + (P2 +m3) Y 2=,
in the central interaction region.

As the entropy (6) is determined up to an arbitrary constant In W, the scaling
variable is defined up to the transformation z — Wy z. The constant Wy related
to absolute number of the microscopic configurations of the system drops out
from the description. On the basis of formulae (3), (4), (6), and in analogy with
the thermodynamical entropy for ideal gas,

S=cyInT+ RInV + const, )

we interpret the parameter ¢ as a «specific heat» of the produced medium. The
multiplicity density dN.y,/dn|o of particles in the central interaction region char-
acterizes a «temperature» of the colliding system. The factor €2 depends on a
relative volume and parameters 41, 02, €,, and €, relate to fractal dimensions in the
space of the momentum fractions {z1, 2, Y4,y . Further analysis is simplified
by the assumption that fragmentation of the scattered and recoil constituents is
characterized by the same parameter €, = €, = ¢ which depends on the type of
the inclusive particle. We also set mo = m; for all types of the inclusive hadrons.
The variable z = 2;Q2~! has character of a fractal measure which diverges with
increasing resolution. The divergent factor {2~1 describes resolution at which the
underlying constituent subprocess can be singled out of reaction (1).



The scaling function is expressed in terms of the experimentally measured
inclusive invariant cross section Ed®c/dp? and multiplicity density dN/dn as
follows: oA 5

mwsA1As _,d°c
V() = -l
(dN/dn)oinel dp

Here s is the square of the center-of-mass energy of the corresponding NN
system, A; and A, are atomic weights, oj,e) is the inelastic cross section, and J
is the corresponding Jacobian.

©))

2. 2-SCALING IN p+p COLLISIONS

Let us remind main features of the z-scaling in proton—proton interactions [2]
characterized by a proton fractal dimension § = §; = J7 in the initial state. We
have analyzed experimental data on inclusive cross sections of hadrons (hi, T,
K, Kg, p, A, ...) measured in p 4+ p collisions at FNAL, ISR, and RHIC.
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Fig. 2. The spectra of inclusive hadrons produced in p + p collisions in z-presentation

The data cover a wide range of 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. The energy, angular,
and multiplicity independence of the scaling function 1 (z) was established. It
gives strong constraints on the values of the parameters ¢, §, and €. It was shown
that the parameters are constant in the considered kinematic region. Non of the
parameters depends on multiplicity. The scaling is consistent with ¢ = 0.25 and



6 = 0.5 for all types of the analyzed inclusive hadrons. The value of € increases
with mass of the hadron. The shape of the scaling function 1 (z) is found to be
the same for different hadron species over a wide range of z. This is illustrated
in Fig. 2 where spectra of different hadrons are reduced to a single curve.

Here we have used a transformation z — apz which does not change the
shape of the scaling function in the log—log plot. The constants ay are ratios
of W{s for different particle species. The obtained result gives strong support
for the assumption that flavor independence of the scaling function v (z) could
be valid for particles with heavy flavor content as well. Similar applies to p + p
reactions with various multiplicity selection criteria for different centralities.

3. SCALING FEATURES OF PARTICLE SPECTRA IN A+ A COLLISIONS

We have analyzed data [1] on inclusive distributions of charged and identified
particles measured in Au+Au, Cu+Cu, and d+Au collisions at the RHIC. The
data for various inclusive particles and different centralities cover a wide range
of the transverse momentum. First, we exploit the experimental cross sections for
charged hadrons produced in the peripheral gold—gold collisions at the energies
V/snn = 63,130, and 200 GeV. The spectra are presented in dependence on the
variable z in Fig.3,a. Here the parameter ¢ = 0.2 was fixed at the same value
as obtained from the scaling analysis of the charged particles in p-+p collisions.
The fractal dimensions of the colliding nuclei 6; = d5 = 4 were determined in
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Fig. 3. a) Spectra of charged hadrons produced in p 4+ p and peripheral Au+Au collisions
at different energies in z-presentation. b) z-presentation of the charged hadron spectra in
Au+Au collisions for different centralities at \/syn = 200 GeV



accordance with the additive property 04 = AJ for p+ A interactions [2] with the
same value of 6 = 0.5 as for p+p data. The total multiplicity densities d N, /dnlo
of charged particles produced in A + A collisions have been used in formula (3)
for all types of inclusive hadrons produced in nuclear interactions. In the case of
proton—proton interactions, the corresponding multiplicity density dNcy/dnlo for
the non-single-diffractive p 4+ p events was used in (3) for comparative reasons.
Energy independence of z-presentation of the spectra in the peripheral Au+Au
collisions was obtained for cayay = 0.11. Moreover, as seen from Fig. 3, a, the
spectra in p 4+ p and peripheral Au+Au collisions coincide each other with good
accuracy in z-presentation.

With this preparation we calculate 1(z) for particle spectra with different
centralities characterized by different values of dN,/dn|o in Au+Au collisions.
The result shown in Fig. 3,b demonstrates clear suppression of z-presentation of
the spectra with increasing centrality in nuclear collisions relative to the z-scaling
observed in p + p interactions (solid line).

Figure 4,a shows that the same scaling behavior as for p + p collisions
can be obtained for Au+Au interactions for all centralities. It gives a specific
dependence of the parameter ¢ on multiplicity density. Similar holds for Cu+Cu
(Fig.4,b) and d+Au (Fig.5) systems for charged and identified (7=, K, ¢,...)
mesons (Figs.5,6) at various energies /syy = 62 — 200 GeV.

We note here that a deviation from the scaling behavior was found for
antiprotons and A baryons produced in the central Au+Au collisions for small
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Fig. 4. a) z-presentation of spectra of charged hadrons produced in Au+Au collisions at
vs$nn = 200 GeV for e dependent on multiplicities. Solid line represents z-scaling for
p + p collisions. b) The same for Cu+Cu interactions
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Fig. 5. a) z-presentation of spectra of 7~ mesons produced in d+Au collisions at \/syn =
200 GeV for different centrality classes. b) The same for K~ -meson production
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Fig. 6. a) z-presentation of spectra of K mesons produced in Au+Au collisions at
VSnn = 200 GeV for different centrality classes. b) The same for ®-meson produc-
tion

and moderate pr. This can be connected with a coalescence mechanism in the
produced medium. However, data on antiproton and A-baryon production indicate
scaling behavior in the high z region, where ¥ (z) for p + p and Au+Au coincide
each other (not shown here).

The requirement of maximal entropy (6) gives information on the momentum
fractions. The values of y, are considerably smaller than y,. This means that



momentum balance in the production of an inclusive particle from a subprocess
is more likely compensated with many particles with smaller momenta than by
a single particle with higher momentum moving in the opposite direction. The
value of y;, governs the recoil mass (5) in the subprocess. The fraction y,
characterizes energy losses in formation of the inclusive particle in the final
state. The larger energy losses the smaller y,. Typical dependences of y,
on the transverse momentum of the inclusive particle are depicted for different
energies in Fig. 7. One can see that production of an inclusive particle with high
pr is connected with larger energy losses in the central nuclear collisions as
compared with peripheral and p + p interactions. A comparison of Figs.7,a and
8, a demonstrates that the energy losses are larger in the central interaction region
than in the fragmentation region. Figure 8, b shows very small increase of energy
losses in d+Au system as compared with p + p collisions.
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Fig. 7. Momentum fractions of the scattered (y,) and recoil (y,) constituents carried

by (m1) and (m2) as function of pr of the inclusive particle at different energies and

centralities

To conclude, we have studied a self-similar pattern in hadron production
expressed via the z-presentation of pr-spectra in different colliding systems. The
self-similarity parameter z is a function of the multiplicity density of charged
particles dN¢ /dn|o which is different for various centralities and center-of-mass
energies. The variable z depends on the parameters ¢, d1, d2, and e, interpreted
as a «specific heat» of the produced medium, fractal dimensions of the colliding
objects, and a fractal dimension of the fragmentation process, respectively. For
p+p collisions, the parameters have been determined from the condition of simul-
taneous energy, angular, and multiplicity independence of the scaling function
1¥(z). Assuming self-similarity of nuclear interactions at the constituent level,
these requirements were extended to A+ A collisions for various centralities. It
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Fig. 8. The same dependences as shown in Fig.7 for the fragmentation region of Au+Au
collisions (a) and for the central region of d+Au collisions (b)

turns out that data on charged and identified hadrons can be described by a single
scaling form 1(z) provided c and € are changed. The obtained values ¢, = 0.25,
cdau = 0.23, ccucu = 0.14, and cayay = 0.11 of the «specific heat» decrease
with the system size. The fragmentation dimension € increases with the central-
ity as expressed by its linear dependence on the particle multiplicity density for
A+ A collisions. Exploiting the requirement of the self-similarity and maximum
entropy, we have quantified typical energy losses (the decrease of the fraction y,
and y;) of secondary partons in the colliding system. Performed analysis shows
that the energy losses increase with centrality and center-of-mass energy of the
collisions following specific dependences on the transverse momentum pp of the
inclusive particle.
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