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Spectra of negative particles in Au+Au collisions
from BES-I at RHIC and z-scaling
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Abstract. Negative particle yields in Au + Au collisions obtained by the STAR
Collaboration from BES-I at RHIC are analyzed in the framework of the z-
scaling approach. The spectra were measured over a wide range of collision
energy /syyv = 7.7-200 GeV and transverse momentum of produced particles
for different centralities at || < 0.5. The scaling behavior of the spectra as a
function of the collision energy and centrality in z-presentation is verified. The
constituent energy loss in dependence on the energy and centrality of collision
and transverse momentum of inclusive particle is estimated. New indication on
self-similarity of fractal structure of nuclei and fragmentation process is found.
A discontinuity of the model parameters - fractal and fragmentation dimensions
and specific heat - is considered from the point of view of a phase transition in
nuclear matter.

1 Introduction

Experimental results obtained at RHIC support the hypothesis that a strongly-coupled nuclear
medium with parton degrees of freedom, namely the Quark-Gluon Plasma (QGP), is created
in heavy-ion collisions in the high energy region +/syy = 62 — 200 GeV [1-3]. Among the
properties of the new medium there is opacity characterized by the suppression of particle
yields and viscosity which is found to be such small that the matter looks like an ideal liquid
rather than a gas of free quarks and gluons. The determination of features of the phase
diagram of nuclear matter created at various temperatures and energy densities is one of the
main goals of investigation performed in the heavy ion program at RHIC. Among other tasks
there is search for the existence and location of the phase boundaries and a critical point (CP)
of the QCD matter. It is considered that systems located nearby the boundary or CP should
reveal a discontinuity, enhancement and increased fluctuations and correlations in some of
their characteristics. However, there were found no clear indications of such a behavior in
the matter produced in nuclear collisions up to now. In order to resolve the problem, the
systematic study known as the Beam Energy Scan (BES) program of particle production in
Au + Au collisions over a wide range of centrality and energy was suggested. The first phase
of the program has been successfully performed (see [4] and references therein).
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In the paper we present new results of analysis of the BES-I STAR data on spectra of
negative hadrons produced in Au + Au collisions [5]. The analysis was performed in the
framework of the z-scaling approach [6, 7]. The scaling properties of the data z-presentation
and the characteristics of the constituent subprocess (momentum fractions, recoil mass and
energy loss) are studied in dependence on the energy and centrality of collisions.

2 Negative particle spectra from STAR BES-I

The transverse momentum distributions of hadrons produced in the high-energy collisions of
heavy ions reflect features of the constituent interactions in nuclear medium. The medium
modification (energy loss, recombination, coalescence, multiple scattering,...) affects the
shapes of the spectra. This allows to study properties of the created matter by variation of
the event centrality and collision energy. The STAR Collaboration measured pr spectra of
charged hadrons [5] at the energies +/syy = 7.7-200 GeV in the mid-pseudorapidity || < 0.5
for the centrality classes of (0—5)%, (5—10)%, (10—20)%, (20—40)%, (40—60)%, (60—80)%
over a wide momentum range 0.2 < py < 12 GeV/c.
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Figure 1. Inclusive spectra of negative hadrons produced in the most central (a) and peripheral (b)
Au+ Au collisions at /syy = 7.7—-200 GeV and |57| < 0.5. The symbols correspond to the experimental
data obtained by the STAR Collaboration at RHIC [5]. Error bars shown are statistical only

Fig. 1 shows the transverse momentum spectra at the energies +/syy =
7.7,11.5,19.6,27,62.4 and 200 GeV in the mid-pseudorapidity |17] < 0.5 for the most central
(0% — 5%) and the peripheral (40% — 60%) collisions. The errors shown are statistical only.
The spectra demonstrate the exponential and the power behavior in dependence of pr at low
and high /sy, respectively. As a function of the collision energy, the spectra show different
sensitivity to the momentum py for the most central and peripheral collisions, especially in
the high-pr range. One can see that, for the transverse momentum pr = 4 GeV/c, the dif-
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ference between the spectra at the energy +/syy = 7.7 and 200 GeV is about two orders of
magnitude.

3 z-Scaling approach

Here we briefly remind the basic ideas of the z-scaling approach [6, 7]. It is assumed that the
collision of two hadrons or nuclei at high energies can be considered as an ensemble of indi-
vidual interactions of their constituents. The gross features of an inclusive cross section of a
single particle can be expressed in terms of the kinematic characteristics of the corresponding
constituent subprocess. The elementary subprocess is considered as a binary collision of the
constituents with masses (x; M) and (x, M>) which result in the scattered and recoil objects
in the final state with masses (m,/y,) and (x; M, + x, M, + my/y;), respectively. The con-
stituents of the incoming hadrons (or nuclei) with masses M, M, and momenta P, P, carry
their fractions x;, x,. The produced secondary objects transform into real particles after the
constituent collisions. The registered particle with mass m, and the 4-momentum p carries
the fraction y, of the 4-momentum of the scattered constituent. Its hadron counterpart with
mass mj, moving in the opposite direction, carries the 4-momentum fraction y; of the pro-
duced recoil. The momentum conservation law in the constituent subprocess is connected
with the recoil mass My = (x; M + x, M, + my,/yp) of the recoil object as follows

(x1P1 + x2Py — plya)* = My. (1)

The associated production of the particle with the mass m,, ensures conservation of the ad-
ditive quantum numbers (the electric charge, baryon number, strangeness, charm, beauty).
Eq. (1) is an expression of the locality of hadron interaction at a constituent level. It poses
a constraint on the momentum fractions xi, x», y,, and y, which determine the constituent
subprocess.

The structure of the colliding objects and fragmentation of the systems moving in the
scattered and recoil directions are characterized by the structural parameters 6, 0,, and €,, €,
respectively. We connect the parameters with the corresponding momentum fractions xi, x»,
Y, and y,, by the function

Q= (1= x)"(1 = x)(1 = ya)“(1 = yp)®. @

Physical interpretation of Q is given by its proportionality to relative number of all such con-
stituent configurations in the inclusive reaction which contain the configuration defined by the
fractions x, X2, Y4, and y,. The function Q plays the role of a relative volume which occupy
these configurations in space of the momentum fractions. The structural parameters 1, ds,
€, and ¢, are interpreted as fractal dimensions in the corresponding space of the momentum
fractions. For the unpolarized proton-proton collisions we have ¢; = d, = . In the case of
nucleus-nucleus collisions there are relations §; = A;6 and 6, = A,8, where A;, A, are atomic
numbers. We assume that objects produced in constituent subprocesses in the scattered and
recoil directions have equal fragmentation properties which can be described by the same
parameter €. We set therefore €, = €, = €, where the subscript (F) denotes dependence on
type of the inclusive particle.

For given values of ¢ and er, the fractions x;, x;, y, and y; are determined in a way to
maximize the function Q(x;, X2, ¥4, Yp), simultaneously fulfilling condition (1). This maximal
Q is used in the definition (3) of the scaling variable z. The parameter € enables to take
effectively into account also prompt resonances out of which the inclusive particle of a given
type may be created. At fixed masses m, and m;, larger values of €r correspond to smaller y,,
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and y;, which in turn give larger ratios m,/y, and m;/y,. In our phenomenological approach
this means that production of the inclusive particle with mass m, and its counterpart with
mass my is a result of fragmentation from larger masses which mimic in a sense processes
with prompt resonances.

The self-similarity of hadron interactions reflects a property that hadron constituents and
their interactions are similar. The self-similarity parameter z is defined as follows

7=272Q7", 3)

where Q is maximal value of (2) with condition (1) and zo = /s, /[(dN/dnlo)°my]. The
quantity z is proportional to the transverse kinetic energy +/s, of the constituent subprocess
consumed on the production of the inclusive particle (m,) and its counterpart (m,). The sym-
bol my stands for the nucleon mass. The quantity dN,;,/dn|y is the corresponding multiplicity
density of charged particles produced in the central region of the inclusive reaction at pseu-
dorapidity = 0. The value of dN,;,/dn|o is raised to the power of c¢. The multiplicity density
in the central interaction region is related to a state of the produced medium. The parameter
¢ characterizes properties of this medium [7]. It is determined from multiplicity dependence
of inclusive spectra. The variable z is expressed via the momentum fractions (xi, X2, Y4, Yp),
multiplicity density, and the parameters d1, 02, €,, €, and c.

The scaling function (z) is expressed in terms of the experimentally measured inclusive
invariant cross section Ed>c/dp?, the multiplicity density dN/dn and the total inelastic cross
section o, as follows

b3 Ao
(dN/dT]) Tinel dp3 '

where J is Jacobian for the transformation from { pzT, y} to {z,n}. The Jacobian is a function
of kinematic variables characterizing the inclusive process. The multiplicity density dN/dn
in the expression (4) concerns particular hadrons species. It depends on the center-of-mass
energy and the production angles at which the inclusive spectra were measured. The function
¥(z) is normalized as follows

Y(2) = “

j(; Y(z)dz = 1. 5)

The relation allows us to interpret ¢(z) as a probability density to produce an inclusive particle
with the corresponding value of the self-similar variable z.

4 Self-similarity in Au-Au collisions

The idea of the BES programs at RHIC is to span the phase diagram of QCD matter from
the top RHIC energy to the lowest possible energy [4]. The aim is to search for the phase
boundary between confined and unconfined phases and location of a CP.

It is known [8, 9] that study of the critical phenomena is most preferable in terms of di-
mensionless variables. The use of such variables for a description of the phenomena related to
self-similarity of hadron interactions appears to be a useful concept. Important manifestation
of this concept is a notion of the scaling itself. The scaling in general means a self-similarity
at different scales. The approach based on the z-scaling suggested in [6, 7] is treated as
a manifestation of the self-similarity of structure of the colliding objects (hadrons, nuclei),
the interaction mechanism of their constituents, and the process of fragmentation into real
hadrons in the final state. We use the approach for the analysis of spectra of charged hadrons
obtained by the STAR Collaboration in the BES-I program [4] at RHIC.

The z-presentation of the spectra of negative hadrons [5] measured by the STAR Collabo-
ration in Au+Au collisions at /syy =7.7 and 39 GeV in the pseudorapidity window || < 0.5



EPJ Web of Conferences 204, 06001 (2019) https://doi.org/10.1051/epjcont/201920406001
Baldin ISHEPP XXIV

is illustrated in Fig.2. The different symbols correspond to the transverse momentum dis-
tributions for different centrality classes of the nuclei collisions. One can see a "collapse"
of the symbols representing the STAR data onto a single curve. The scaling function ¥(z)
changes more than ten orders of magnitude. The self-similarity variable z varies in the range
z = 0.1 —30. We have checked that the scaling is valid for all centralities and collision
energies in the range +/syy = 7.7 — 200 GeV.
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Figure 2. Inclusive spectra of negative hadrons produced in Au + Au collisions at +/syy = 7.7 (a)
and 39 GeV (b) for different centrality classes and || < 0.5 shown in z-presentation. The symbols
correspond to the experimental data obtained by the STAR Collaboration at RHIC [5]. The solid line is
a reference curve for p + p collisions

The solid curve depicts the z-scaling of 4~ particles produced in p + p interactions over
the range /s = 11.5 — 200 GeV, pr = 0.2 — 13 GeV/c and 8,.,,; = 90°. Tt corresponds to the
parameters 6, = 0.5, ¢,, = 0.25 and €,, = 0.2. Fig. 2 demonstrates approximate matching
of the symbols and the solid curve provided the fractal dimension €44 of the fragmentation
processes in the nuclear system depends linearly on the multiplicity density characterizing
different centrality classes of the nuclei collisions. It was found that the transverse momentum
spectra of negative hadrons produced in Au + Au collisions demonstrate energy independence
of ¥(z) over the analyzed kinematic range at constant values of the parameters 64 = Ad,,
caa = 0.11 and €,, = 0.2 for +/syy > 19.6 GeV.

5 Constituent subprocess

The momentum fractions x; and x, obtained from maximization of Q with the condition (1)
determine the energy of the underlying constituent subprocess. The fractions are equal to
each other (x; = xp) for particles detected at the angle 6., = 90° in the center-of-mass
system of Au + Au collisions.

Fig. 3 shows the dependence of Ax; on the transverse momentum pr of A~ hadrons pro-
duced in Au + Au interactions at +/syy =7.7 and 39 GeV in the pseudorapidity window
[nl < 0.5 for different centralities. The momentum fraction Ax; increases with pr and de-
creases with the increasing collision energy. We observe larger sensitivity of the fraction to
the centrality of collisions for higher +/syy. The kinematic limit of the inclusive reaction
is defined by the condition Ax; = Ax, = A. The regime Ax;,Ax, — A corresponds to the
configurations when almost all of the collision energy is carried by single constituents, which
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interact via the underlying subprocesses. An extremely strong cumulation of nuclei (com-
pression of hadron matter) takes place in this case. According to the ideas of hadron structure
at small scales envisaged in the z-scaling scheme, this would correspond to coherent multiple
interactions of partons trapped in the constituents which carry the large fractions of momenta
of the colliding nuclei. For the analysed STAR data, the fraction Ax, is larger than unity only
at the energy +/syy = 7.7 and 11.5 GeV in the high py tail of the spectra. The value of
Ax; = 1 corresponds to the kinematic limit for p + p reaction.
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Figure 3. The dependence of the momentum fraction Ax; on the transverse momentum pr of A~

hadrons produced in Au + Au collisions at the energy +/syy = 7.7 (a) and 39 GeV (b) for different
centralities and |r7| < 0.5

The momentum fraction y, is related with amount of the constituent energy loss and
its dependence on the collision energy and transverse momentum of the produced inclusive
particle. It has relevance to the evolution of the matter created in proton-proton or nucleus-
nucleus collisions. The quantity that has an immediate relation to the processes with energy
losses is the fractal dimension €44 in the z-scaling approach. Its value influences mostly the
momentum fraction y,. The relative energy loss of the scattered constituent with energy E,, is
given by the relation AE,/E, = (1-y,). Its dependence on the energy +/syy, the multiplicity
density of charged particles dehA /dn and the momentum pr of the inclusive particle gives
information on the medium created in the nuclear collisions and also on properties of the
fragmentation processes in the produced matter.

Fig. 4 shows the fraction y, as a function of the transverse momentum pr of 4~ hadron
produced in Au + Au collisions at +/syy =7.7 and 39 GeV at mid-pseudorapidity || < 0.5
for different centrality classes. The points demonstrate a non-linear monotonic growth of y,
with pr. This means that the relative energy dissipation associated with a high-py particle
is smaller than for the inclusive processes with lower transverse momenta. A decrease of y,
with the increasing collision energy corresponds to more energy dissipation at higher energies
when the charged particle multiplicity is higher. As seen from Fig.4, the fraction y, decreases
at a fixed collision energy and for a fixed momentum py of the produced particle, as the
centrality of collision becomes larger. It means that the more dense nuclear medium dissipates
larger amount of energy. A stronger sensitivity of y, to the centrality of collisions is found at
the higher energy +/syy =39 GeV in comparison to the sensitivity of y, at the lower energy
v/snyy =7.7 GeV. The points corresponding to y, for p + p collisions are located above the
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Figure 4. The dependence of the fraction y, on the transverse momentum py of 4~ hadron produced in
Au + Au collisions at the energy +/syy = 7.7 (a) and 39 GeV (b) for different centralities and |r7| < 0.5.
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Figure 5. The dependence of the recoil mass My on the transverse momentum pr of A~ hadron

produced in Au + Au collisions at the energy +/syy = 7.7 (a) and 39 GeV (b) for different centralities
and || < 0.5.

points for the Au + Au collisions for all py. It means that the energy loss is minimal in the
absence of nuclei.

The recoil object in the constituent subprocess moving in the away side direction of the in-
clusive particle is characterized by the mass Mx(x1, X2, yp) = X1 M| +xo M» +my/y;,. The mass
My has internal connection to the structure of the colliding objects, constituent interactions,
and fragmentation processes which lead to the production of the individual hadrons. The part
of the recoil mass proportional to m; is dominant for small values of y,. Its pr-dependence
is governed by the values of the fragmentation dimension €44.
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Fig. 5 shows the dependence of the recoil mass My on the transverse momentum of neg-
ative particles produced in Au + Au collisions at the energy +/syy = 7.7 and 39 GeV for
different centralities (0-5)% - (60-80)% in the central pseudorapidity region || < 0.5. As one
can see, the recoil mass increases smoothly with pr and +/syy. The centrality dependence,
clearly seen at +/syny =39 GeV, diminishes with the decreasing energy and at the energy
\sny = 7.7 GeV, the recoil mass My practically does not depend on the centrality of colli-
sions. The pr-dependence of My is influenced mainly by the momentum fraction y;, which
is much smaller than y,. Relatively small values of y, mean that the momentum balance in
the production of an inclusive particle is more likely compensated by many particles with
smaller momenta than by a single particle with higher momentum moving in the opposite
direction. Therefore the growth of My with +/syy corresponds to an evolution of the system
as its entropy increases.

6 Conclusions

Results of a new analysis in the framework of the z-scaling approach of the negative particle
spectra obtained by the STAR Collaboration in Au + Au collisions in the first phase of the
RHIC BES program were presented. The measured spectra cover a wide range of collision
energy +/syy = 7.7 — 200 GeV and transverse momentum pry = 0.2 — 12 GeV/c of pro-
duced particles at different centralities in the pseudorapidity range |7 < 0.5. The scaling
behavior of the spectra in z-presentation as a function of the collision energy and central-
ity was verified. The results presented for Au + Au collisions support the properties of data
z-presentation found in our previous analyses of the inclusive spectra of different hadrons pro-
duced in proton-proton collisions, which have been measured at the accelerators ISR, SPS,
Tevatron and RHIC.

The z-scaling approach was developed as a method of data analysis based on the fun-
damental symmetry principles such as the self-similarity, locality, and fractality of hadron
interactions at high energies. The approach was applied here for a description of hadron pro-
duction in heavy ion collisions. The scaling function ¥(z) and the self-similarity parameter z
are expressed via measurable quantities and some model parameters which allow physical in-
terpretation. The scaling variable z depends on three model parameters d4, €44 and ca4. The
parameters 04 and €44 characterize fractal structure of the colliding nuclei and fragmentation
processes in the final state, respectively. The third parameter, ca4, is interpreted as a "specific
heat" of the produced medium. It was found that the z-scaling is consistent with ca,, = 0.11
and 64 = 0.5A. The fragmentation dimension €44 increases with multiplicity density. The
scaling function ¥(z) reveals universality of shape and manifests two regimes of behavior -
the saturation at low-z and the power law at high-z range.

Some properties of the constituent processes were studied. A monotonic growth of the
momentum fractions Ax; and y, with pr was found for all collision energies and all cen-
tralities. The constituent energy loss as a function of energy and centrality of collisions and
transverse momentum of inclusive particle was estimated. The presented results support a
microscopic scenario of hadron production as formation of fractal-like objects in the medium
created in heavy ion collisions. The results extend the applicability of the self-similarity and
the fractality principle to the description of hadron production in nucleus-nucleus collisions.
Further detailed study is needed to search for a discontinuity of the model parameters - the
fractal and fragmentation dimensions and "specific heat", which is assumed as a signature of
critical phenomena (phase transition, CP) in nuclear matter. Based on the obtained results we
conclude that new confirmation of self-similarity of negative hadron production in heavy ion
collisions at RHIC energies was found.
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