E2-2009-40

M. V. Tokarev!, 1. Zborovsky?

SELF-SIMILARITY OF PION PRODUCTION
IN AA COLLISIONS AT RHIC

Submitted to the XXXIX International Symposium on Multiparticle
Dynamics, September 7-11, 2009, Belarus

'E-mail: tokarev@sunhe.jinr.ru
2Nuclear Physics Institute, Academy of Sciences of the Czech Republic,
Rez, Czech Republic; E-mail: zborovsky @ujf.cas.cz



Tok pes M. B., 36oposckuii 1. E2-2009-40
C mononobue poxjieHus: MMoHOB B AA-B3 umoneiicteusx H RHIC

IIpoBeneH H JU3 3KCNIEPUMEHT JIBHBIX J HHBIX [10 HHKJTIO3UBHBIM CEUEHUSIM POXICHUS MHU-
OHOB B PEJISITUBUCTCKUX CTOJKHOBeHMAX Tsxenbix noHoB H RHIC B p Mk x z-ckeinunr . Io-
K 3 HO, YTO CBOICTBO C MOIOROOHS FBIISETCS X P KTEPHOU OCOOEHHOCTBIO POXKIEHHS TMOHOB
IPH CTOJIKHOBEHHUSX si/iep BbICOKMX @Hepruil. OGOCHOBBIB €TCS CBSI3b C MOIIOZOOMS CO CTPYK-
TYpOH CT JIKUB IOIIUXCS sfiep, B3 MMOJEHCTBHEM NX KOHCTHTYEHTOB M MeX HHU3M MH IIpoLecc
¢p rMent muu. IIpetoxkeH MUKPOCKONHMYECKHI CIEH pHil B3 HMOAEHCTBUS SIep H ypOBHE
KOHCTUTYeHTOB. MccienoB H 3 BUCHMOCTh (opMbl (pyHKIME ) (2) U (p KT JIBHOH p 3Mep-
HOCTH €44 OT LIEHTP JIBHOCTH CTOJKHOBeHHUS. [loiydeHbl OLEHKH NMOTEph dHEPTHU IMOHOB B
cpele B 3 BIUCHMOCTH OT €ro IOIEPeYHOro UMITYJIbC , BHEPTUH M LEHTP JIbHOCTH CTOJIKHOBEHUS
auaep. OOcyxn erTcsd 3 BUCUMOCTh BETUYUHBI MOTEPh OT M CIUT O , H KOTOPOM IPOHCXOAUT
B3 MMOJEHCTBHE KOHCTUTYEHTOB. YCT HOBJIEHO YMEHBIIEHUE «YIENbHOH TeIIOEMKOCTH» siiep-
HOU Cpebl C POCTOM TOMHOIo HoMmep sup . IloiaydeHHBIE pe3ysibT Thl MOTYT OBITH HCIIOJb-
30B HBI JUIS TIOUCK ¥ M3YYEHHUs HOBBIX SIBIEHMI B MPOLECC X C POXACHUEM IHOHOB B pp- U
A A-CTONIKHOBEHHSIX BBICOKHX DHEPIHil MPU OOJBIIMX MHOXECTBEHHOCTSX.

P Gor Bemonxed B JI Gop Topuu (pu3MKM BBICOKMX dHepruii um. B.UW.Bekcinep u
A.M.B mmn OWIN.

Ipenpunt OGbeIUHEHHOTO UHCTUTYT SIIEPHBIX HccnenoB Huil. JyoH , 2009

Tokarev M. V., Zborovsky I. E2-2009-40
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 ¢ (z) and the fractal dimension €44 of the fragmentation process is
studied. Energy losses of particles in the final 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 specific 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
Energy Physics, JINR.
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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
nucleus—nucleus collisions relative to proton—proton data [1-4]. 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 the vacuum.
Quantification of the effect in the final state is a difficult 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 pp 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 identified hadrons in pp and
pp collisions. The scaling represents independence of the scaling function ¥ (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 N, [7]. The general principles can be applied to the nucleus—nucleus
interactions as well. Here we demonstrate that pion spectra for different centrality
classes in AA collisions characterized by different multiplicity densities d N /dn
exhibit similar scaling behavior as in pp collisions. This holds in a wide range
of the transverse momentum p7 and the collision energy +/s. The shape of the
function ¢(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 €44 of the fragmentation
process on the multiplicity density dN.,/dn allows us to restore the centrality



independent shape of ¢ (z) for AA collisions which is identical with the z-scaling
in pp interactions. The increase of €44 with the multiplicity density is connected
with larger energy losses of high-pr particles in the collisions of heavy nuclei.
The region of small pr is characterized by low values of the scaling variable z.
The single parameter ¢ which controls the behavior of ¢/(z) at low z is interpreted
as a «specific 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 v(z) for both hadron and nucleus collisions
are briefly described in Sec.2. The properties of ¢(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
briefly remind the basic ideas of this concept. It is assumed that the collision of
extended objects like hadrons and nuclei at sufficiently 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 §; and Jo.
The constituents of the incoming objects (hadrons or nuclei) with masses M7, M>
and momenta P;, P, carry their fractions x1, x5. The inclusive particle carries the
momentum fraction y, of the scattered constituent with a fragmentation charac-
terized by a parameter €¢,. A fragmentation of the recoil constituent is described
by the parameter ¢, and the momentum fraction y;,. Multiple interactions of con-
stituents are considered to be similar. This property reflects a self-similarity of
the hadronic interactions at the constituent level.

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

M+ My —mi + X ey
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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

(w1 My) + (w2 M) — (m1/ya) + (21 My + 22 Mo + ma/ys) )

of the constituents (z1M7) and (x2M>2) resulting in the scattered (mq/y,) and
recoil (x1 M7 +x2Ms+ma/yy) objects in the final state. The produced secondary
objects transform into real particles after the constituent collisions. The registered
particle with the mass m; and the 4-momentum p and its hadron counterpart,
moving in the opposite direction, carry the momentum fractions ¥y, and y; 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

(1P + 22Ps — p/ya)? = M%, 3)

where Mx = x1 M; + x9Ms + mo /yp. The associate production of (mg) 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, ¥4, and y, 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 d1, Jo and
€aq, €p, Tespectively. We connect the structural parameters with the corresponding



momentum fractions by the function
w1, 22, Yar yp) = (1 = 21)" (1= 22)° (1 = ) (1 — ). (4)

Physical interpretation of €2 is given by its proportionality to relative number of
all such constituent configurations in reaction (1) which contain the configuration
defined by the fractions x1,z2,y,, and y,. The function {2 plays the role of a
relative volume which occupy these configurations in the space of the momentum
fractions. It was found that the structural parameters §; and d» have constant
values at high energies. This holds for ¢, and €, in pp collisions as well. The
parameters are interpreted as fractal dimensions in the corresponding space of the
momentum fractions. For proton—proton collisions we set §; = d3 = 6. In the
case of nucleus—nucleus collisions there are relations §; = A;0 and 02 = A0,
where A;, Ay 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 €, = €, = € which depends on the type (F') of the inclusive
particle. For given values of § and ep, we determine the fractions z1, =2, y,, and
yp in a way to maximize the function Q(z1, 2, ya, ys), simultaneously fulfilling
condition (3). The momentum fractions z; and zy obtained in this way can be
decomposed as follows:

T1 =M +X1, T2=A+ X2, 5)

where A1 2 = A12(Yq,¥s) and x12 = X1,2(Ya, ysp) are specific functions [5] of
Yo and y. Using the decomposition, the subprocess (2) can be rewritten into a
symbolic form

1+ 22 — (A1 + A2) + (xa + x2)- (6)

This relation means that the A\ parts of the interacting constituents contribute to
the production of the inclusive particle, while the x 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 ¢ and er. The parameter er takes
effectively into account also prompt resonances out of which the inclusive particle
of a given type may be created. At fixed mass parameter mgo, larger values of
er correspond to smaller y, and y;, which in turn give larger ratios mo/y;, and
m1/Yq. In our phenomenological approach this means that production of the
inclusive particle (mq) and its counterpart (ms) 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 mo = mj.

2.2. Scaling Variable z and Scaling Function v)(z). The self-similarity
of hadron interactions reflects a property that hadron constituents and their in-
teractions are similar. This is connected with dropping of certain dimensional



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

1 do

o NUinel dz

Y(2) (7)
depending on a single self-similarity variable z. Here oj,e is an inelastic cross
section of reaction (1) and N is an average particle multiplicity. The variable z
is defined as follows:

2= 20071, ()
where
VSL
0= ——— 9
0 = [@Nejdnlo)em ®

and 2 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 (mz). The energy /s is
determined by the formula

V51 =T, + Ty, (10)
where
To = Yo (/52 — Mid — Mada) — my, an
Ty = yu(\/5x — Mix1 — Max2) — ma.
The terms

VEar =[NP+ XP)Y2 sy = [(a P+ xe )2 (12)

represent the energy for production of the secondary objects moving in the scat-
tered and recoil directions, respectively. The quantity dN.,/dn|o is the corre-
sponding multiplicity density of charged particles in the central region of reac-
tion (1) at pseudorapidity » = 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 [5-7]. The mass constant m is arbitrary and we fix it at the
value of nucleon mass.

The scaling function () is expressed in terms of the experimentally mea-
sured inclusive cross section Ed3c /dp?, the multiplicity density dN/dn at pseudo-
rapidity 7, and oj,e. Exploiting the definition (7) one can obtain the expres-
sion [5]



s _,d3o

/(/)(’Z) - (dN/dn)O'inel Edp37 (13)
where s is the square of the center-of-mass energy and J is the corresponding
Jacobian. The multiplicity density dN/dn 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/dn
from the pr spectra is described in [5]. The function ¢ (z) is normalized as

follows:

/OO Y(2)dz = 1. (14)
0

The above relation allows us to interpret the function ¢)(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 proton—proton interactions
characterized by a proton fractal dimension 6; = J2 = J in the initial state.
Experimental data on inclusive cross sections of charged and identified 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 ¥ (z) was
established. It gives strong constraints on the values of the parameters c, ¢, and
€. 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 § = 0.5 for all types of the analyzed inclusive hadrons. The value
of € increases with hadron mass [6].

Some results of the analysis are illustrated on the experimental data [9—
12] depicted by different symbols in Fig.2,a. The data cover large range of
the collision energies /sy, = 19—200 GeV and transverse momenta pp =
0.2—10 GeV/c of the produced hadrons. The distributions were measured in the
central interaction region at 6., = 90°. The scaling function ¢ (z) is shown in
Fig.2,b where the charged hadron spectra at different energies are «collapsed»
onto a single curve.

The behavior of ¢(z) is described by the power law, 1 (z) ~ 275, in the
asymptotic high-z (high-pr) region.
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Fig. 2. a) Transverse momentum spectra of the 7~ mesons produced in pp collisions at
VSnyn = 19— 200 GeV. Experimental data are taken from [9-12]. b) The corresponding
scaling function 9 (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 specific 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 /sy = 200 GeV. The spectra were taken at various
centralities characterized by different multiplicity densities d Ny, /dn|o of charged
particles produced in the central interaction region. They cover a wide range of the
transverse momentum, pr = 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 € = €, = 0.2 was fixed
at the same value as for scaling analysis of pions in the pp collisions. The fractal
dimension &4, of the colliding nuclei was determined in accordance with the ad-
ditive property 64 = AJ obtained for pA interactions [14] with the same value of
0 = 0.5 as for pp data. The corresponding total multiplicity densities d N, /dn|o
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 dN.,/dn|o 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 \/syn = 200 GeV in a) pr- and z-presentation for b) constant and
¢) multiplicity-dependent parameter eauau. 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 cayay, = 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 modifications of the
production mechanism by nuclear medium when compared with pp interactions.
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The influence of nuclei is included here with a drop-off in the «specific heat» ¢
from its value cp, = 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 1 (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, ¢, this can be achieved by the
parameter €44 allowing it to be a function of the multiplicity density dN.y/dn.
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Fig. 5. The inclusive spectra of negative pions produced in pp and PbPb collisions [16] for
different centralities at /sy~ = 17.3 GeV in a) pr- and z-presentation for b) constant and
¢) multiplicity-dependent parameter epnpp. The solid lines represent the scaling function
for pp collisions

For that purpose we have used the parametrization

€aa = €o(dNew/dn) + €pp (15)

with a suitable choice of the coefficient ¢g. For AuAu collisions at \/syy =
200 GeV we obtained ¢y = 0.0028. The increase of e with the multiplicity
density is connected with a decrease of the momentum fractions y, and y;. This
results in larger energy losses in the final 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 e 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 /syny = 62.4 GeV are shown in Fig.4. We have obtained ¢y = 0.0018
in this case.

The NA49 Collaboration measured the transverse momentum spectra of neg-
ative pions [16] in PbPb collisions at \/syny = 17.3 GeV. The invariant yields
were extracted as a function of the transverse momentum pr 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 pr- (a) and z-presentation without (b) and with (¢) centrality dependence of
epbPb. As seen from Fig.5,b the shape of the function ¢ (z) at eppp, = €pp
depends on centrality. The uniform shape can be restored with €9 = 0.0010 (15)
and cpppp = 0.11. The solid line shown in Fig. 5, ¢ corresponds to pp data at the
same energy.

The STAR Collaboration measured for the first time the identified particle
spectra in AuAu collisions at /s = 9.2 GeV [17]. The restricted data sample
(3000 events) allows one to compare the hadron yields, particle ratios or (pr)
to the same quantities obtained from SpS experiments at similar beam energies.
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Fig. 6. The inclusive spectra of negative pions produced in AuAu collisions [17] for
different centralities at /sy, = 9.2 GeV in a) pr- and b) z-presentation for constant
parameter €auau
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The transverse momentum distributions at different centralities cover the range
pr = 0.15 — 0.75 GeV/c and |n| < 0.5. The spectra of 7~ mesons in pp- 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 5,4, On centrality
in this pp-range. Sensitivity of the shape of ¥ (z) to the collision centrality is
expected to be enhanced for z > 1. A verification of the power law, 1(z) ~ 28,
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 /s,y = 9.2 GeV in the range pr = 2 — 3 GeV/c is therefore
desirable to study centrality dependence of the energy losses in this energy region.

S. 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 /s,y = 200 GeV and || < 0.5. The pion
yields measured over a range of pr = 0.2 —9.5 GeV/c at different centralities are
shown in pr- and z-presentations in Fig.7. The fractal dimensions for deuteron
and gold are 04 = 2J and da, = 1970, respectively. The «specific heat» of
the produced matter in this process is found to be ¢ = 0.23, what is nearly the
same as in proton—proton collisions (cp, = 0.25). This value does not depend
on kinematical parameters. Figure 7, c shows that centrality independence of the
shape of the function % (z) can be restored (the same shape for pp and dAu) if
the fractal dimension ega, of the fragmentation processes is assumed to be in the
form (15). An indication of the power behavior of v(z) is seen at high 2. The
values of the parameter ¢y depend on the system size and collision energy. We
have obtained €y(dAu) = 0.04 > €(CuCu) = 0.008 > €;(AuAu) = 0.0028 at
VSyn = 200 GeV. In this sense, the parameter €, 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 finite part zy and of the
divergent factor Q~!. The factor Q! depends on the momentum fractions z1, o
and y,, yp» Which carry the incoming constituents and the inclusive particle (1my)
with its counterpart (msy), respectively. The variable z is the scale-dependent
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Fig. 7. The inclusive spectra of 7w~ pions produced in dAu collisions [18] for differ-
ent centralities at /s, = 200 GeV in a) pr- and z-presentation for b) constant and
¢) multiplicity-dependent parameter €4a,. The solid lines represent the scaling function
for pp collisions

quantity. The principle of minimal resolution Q! allows us to fix the values
of the momentum fractions x1, 2, ¥y,, and ¥y, and single out the most effective
binary subprocess which underlies the inclusive reaction. The recoil mass My
characterizes dissipation of the recoil object moving in the away side of the
inclusive particle. The quantities y, 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 y, (a) and the recoil mass Mx (b) on the
transverse momentum pr for 7~ mesons produced in pp collisions at fcms = 90° and
different collision energies

T1,%2, Ya,Yp and the recoil mass Mx on the transverse momentum pr of 7~
mesons produced in pp, AuAu, and PbPb collisions are shown in Figs. 8—12.

6.1. Momentum Fractions versus py. 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 z; and x5 characterize amount
of the energy (momentum) of the interacting nuclei carried by their constituents
which undergo the binary collision (2). The fractions y, and ¥, 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 y, (a) and the recoil mass
Mx (b) on the transverse momentum of pions produced in pp collisions at
Vsyny = 19 =200 GeV and Ocms = 90°. As seen from Fig.8,a the energy
loss characterized by a deviation of the fraction y, from unity decreases with
the increasing momentum p7 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 py = 6/0.9 = 6.6 or 6/0.4 = 15 GeV/c at /s = 19 or
200 GeV, respectively. This quantitative comparison characterizes increase of the
energy losses with the collision energy. The recoil mass M x increases with both
the energy and pion transverse momentum in a way shown in Fig. 8, b.

14



Figures 9,a, 10,a, 11, a, and 12, a demonstrate the dependence of the momen-
tum fraction z; expressed in units of nucleon mass on the transverse momentum
pr of negative pions produced in AA collisions at \/ENN = 200, 62.4, 17,3,
and 9.2 GeV, respectively. The points correspond to data at 0.5 ~ 90°. Both
fractions x; and xo are equal to each other in this case. The fraction x; increases
with the transverse momentum pr and centrality. For fixed pp, 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 y, on the kinematical (pr, \/s) and dynamical (d Ny, /dn) variables.
They describe features of the fragmentation process. The fraction y, 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 y, demonstrates a monotonic growth with pr. It means that the energy losses
associated with the production of a high-pr pion are smaller than for the inclusive
processes with lower transverse momenta. The decrease of y, 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 definiteness a pion
produced in the central AuAu collisions (0-12%) at /sy, = 200 GeV which
has the momentum pr = 4 GeV. The pion was formed in the fragmentation of
the secondary parton produced in the constituent interaction with the momentum
pr = 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
Vsyn = 62.4 and 17.3 GeV, respectively. The fraction y, follows the general
trend, i.e., a decrease with the collision energy and centrality, and a growth with
the transverse momentum pr.

The fraction y;, 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 y; is much smaller than y, at high py. The small values of
yp 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 y; decreases with the increasing collision energy
\/s. Its dependence on pr and centrality is weak. Both fractions become equal to
each other, y, =~ yp, at low transverse momenta. The equality at low pr remains
preserved independent on +/s.

6.2. Mass of Recoil System versus py. The recoil mass Mx of the system
associated with production of the inclusive particle is defined by the expression

Mx = 1My + oMo + ma/ys. (16)

The quantity is proportional to the momentum fractions x; and zo of the inter-
acting objects with the masses M; and M. It has connection with the fractions
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Yo and y, via the dependences z12 = x1.2(Ya,ys) (see [5]) which include the
fractal dimensions §; and d5. The correlation between these quantities is reflected
in symmetry properties of the function ¢(z). The recoil mass Mx reflects there-
fore an internal connection to the structure of the colliding objects, constituent
interactions, and process of formation of the individual hadrons.
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Fig. 10. The dependence of the fractions A1x1 (a), ya (b), and the recoil mass Mx (c)
on the transverse momentum pr for 7~ mesons produced in pp and AuAu collisions at
different centralities. The symbols correspond to data measured at /syn = 62.4 GeV

and |y| < 0.5

Figures 9,c¢, 10,c, 11,c, and 12, ¢ 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 /sy, = 200, 62.4,

17.3, and 9.2 GeV. All curves demonstrate growth with pr which is followed
at \/syy = 62.4 and 200 GeV by a successive flattening. The dependences
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Fig. 11. The dependence of the fractions A1x1 (a), yo (b) and the recoil mass Mx (c)
on the transverse momentum pr for 7~ mesons produced in pp and PbPb collisions at
different centralities. The symbols correspond to data measured at \/syny = 17.3 GeV
and —0.3 <y < 0.7

reveal a characteristic increase with the collision energy. The growth of Mx with
pr is larger for nucleus collisions in comparison with its slight increase for pp
interactions. The values of Mx and their growth with pr 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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moving in the away side direction when the centrality of the nuclear collisions
increases.
pr = 4 GeV/c, the corresponding recoil masses Mx in the central AuAu and
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Fig. 13. The dependence of y, on z for 7~ mesons produced in central AuAu and PbPb
collisions at /s, = 200, 62.4, 17.3, and 9.2 GeV

PbPb collisions are equal to 3.5, 5.5, and 13 GeV at the energy /sy, = 17.3,
62.4, and 200 GeV, respectively.

6.3. Scale Dependence of Energy Losses. The developed microscopic sce-
nario of hadron production in nucleus—nucleus 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 ¢ and e. The energy losses by the creation of the inclusive
particle are described in terms of the momentum fraction y,. The dependence of
Yo 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
Yo (connected with energy loss) for central AA collisions at /s Ny = 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 (dy,/dz) for all energies is expected.

7. CONCLUSIONS

Experimental data on inclusive spectra of negative pions produced in AuAu
collisions at RHIC energies /s, = 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 /sy, = 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 nucleus—nucleus 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 «specific heat» of the medium produced in
heavy ion collisions was established to decrease with the increasing system size,
cpp = 0.25 > cqgau = 0.23 > coucu = 0.14 > cayau = 0.11. The values of
c are independent of the collision energy and centrality. The fractal dimension
dependence €44 = €o(dNew/dn) + €, 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-pp region (large z), the
scaling function manifests typical power behavior, ¥(z) ~ z~#, with a constant
value of the slope parameter 3. 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 specific manner with the collision energy
and centrality, and decreases with pr. 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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