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From the data on baryon production in heavy-ion collisions it is shown that a set of measurable functions exist,
one for each baryon type, that depends exponentially on transverse momenta up to the maximum values detected
for all collision energies ranging from the low end of the BNL Relativistic Heavy Ion Collider Beam Energy Scan
to the high end of the CERN Large Hadron Collider. The implied temperatures satisfy a scaling law in collision
energy with a universal exponent for all baryon types which is the novel discovery. A self-similar thermal source
is implied. Furthermore, it is shown how the scaling behavior depends on centralities. Those features in the data
are related to simple properties of light and strange quarks by use of the recombination model. Prediction of φ

meson production is made and then verified by existing data.
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I. INTRODUCTION

Data exist now on baryon production in heavy-ion colli-
sions for a wide range of collision energies from

√
sNN = 7.7

GeV to 5.02 TeV [1–12]. We show that they can be linked
by a scaling behavior in the entire range. That scaling law is
rooted in the data without modeling, and is characterized by
a universal scaling exponent, a pure number. No part of our
analysis of the data relies on any theoretical models. The main
purpose of this paper is to exhibit those phenomenological
facts in the data that has hitherto been unrecognized. It seems
that the behavior cannot easily be explained in the prevailing
theoretical understanding of the physics of heavy-ion colli-
sions. We can offer no satisfactory explanation, but regard the
new discovery worthy of presentation on its own merits, as
it deserves a collective effort to evaluate its significance and
implications.

In Ref. [13] we have reported on certain features of the
data on baryon production in heavy-ion collisions that showed
some regularity at energies

√
sNN = 0.0624, 0.2, and 2.76

TeV [2,4,5,8–11]. Some part of the measurement has been
extended to 5.02 TeV [1]. Now, with BNL Relativistic Heavy
Collider (RHIC) Beam Energy Scan (BES) data available
[6–11] we find that the same features persist down to 7.7 GeV,
as we shall describe below. The key to showing such features
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is in the use of a function constructed out of the measured
transverse-momentum (pT ) distribution. It is defined as

Bh(s, pT ) = mh
T

p2
T

[
dNh

2π pT d pT dy
(s, pT )

]
. (1)

The quantity inside the square brackets is the experimentally
measured inclusive distribution of hadron h at all azimuthal
angle ϕ and for rapidity y in the midrange. We use h to denote
baryons (b) or antibaryons (b̄) with b standing for (p,�,�,�)
collectively, or any one of the four, specifically. We shall use√

s to denote
√

sNN in units of TeV, i.e.,

√
s = √

sNN/1TeV, (2)

so that it is a dimensionless variable that is more suitable in
an expression of power-law behavior in

√
s. The transverse

mass is mh
T = (m2

h + p2
T )1/2, mh being the mass of h. The

prefactor in front of the square brackets in Eq. (1) has root
elsewhere [13], for which we do not digress here to explain.
For the present it should be understood that the prefactor
does not alter the character that Bh(s, pT ) is an experimentally
determinable quantity. The measured distributions, of course,
depend on centrality. We consider first the most central bin
(0–5 % or wider, as indicated), and then take up the subject of
centrality dependence after the scaling law is established.

Furthermore, these properties can emerge naturally in the
recombination model (RM) connecting to the simple prop-
erties of light and strange quarks. It should be pointed out
that the recombination model that we used to enlighten the
hadronization part of the problem is not essential to our pre-
sentation of the universal behavior in the data, but useful in
relating it to parton distributions. We also take φ meson to
demonstrate that the study presented in this paper is on the
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FIG. 1. (Left panels) Baryon spectra function Bh(pT , s); (right
panels) antibaryons spectra function Bh̄(pT , s). The centralities are
0–5 % for all collision energies except the following: 0–10 % for p
and p̄ at

√
sNN = 62.4 and 200 GeV, for � and �̄ at 2.76 TeV, and

for � and �̄ at 11.5, 19.6, 27, 39 GeV and 2.76 TeV, and 0–20 % for
� and �̄ at 62.4 GeV. The lines are the best fits with Eq.(3) for the
region pT < 3 GeV/c.

right track—by a prediction that can be actually verified by
existing data.

The paper is organized as follows. In Sec. II, we present the
empirical properties of the baryons and antibaryons spectra
for various centralities at BES energies as well as the CERN
Large Hadron Collider (LHC) and establish the scaling law
of the measured temperatures for them. We show how those
properties emerge naturally in the framework of the recombi-
nation model and the results of baryon spectra from RM in
Sec. III. In Sec. IV, we show some discussions on the results
and the prediction of φ production. Concluding remarks are
made in the final section.

II. NOTABLE FEATURES OF (ANTI)BARYON SPECTRA

Using the data from Refs. [1–12] for the distributions in
the square brackets in Eq. (1), we obtain the points in Fig. 1
for the most central bins (0–5 % or wider, as indicated) at all
energies

√
sNN where data exist. Each of the eight subfigures

TABLE I. Values of Th(s) in GeV/c determined from Fig. 1 for
listed

√
sNN in GeV vertically and h-type horizontally.

√
sNN /Th/h p p̄ � �̄ � �̄ � �̄

5020 0.42 0.42
2760 0.39 0.39 0.423 0.423 0.463 0.463 0.51 0.51
200 0.3 0.302 0.32 0.322 0.351 0.351 0.387 0.387
62.4 0.263 0.264 0.282 0.282 0.311 0.31 0.337 0.337
39 0.25 0.25 0.272 0.27 0.295 0.293 0.322 0.322
27 0.243 0.243 0.263 0.265 0.283 0.285 0.314 0.314
19.6 0.233 0.234 0.254 0.254 0.276 0.276 0.303 0.303
11.5 0.222 0.222 0.24 0.24 0.26 0.261 0.287 0.287
7.7 0.217 0.217 0.232 0.232 0.247 0.255 0.28 0.28

displays Bh(s, pT ) for h being b or b̄. The error bars, if not
visible, are smaller than the sizes of the symbols. The data
at 2.76 and 5.02 TeV are for p + p̄ [1,2]. Since our focus
in the paper will be on the pT dependence of Bh(s, pT ), not
on its magnitude, we assume here that the data for p and p̄
separately are half of the published data for p + p̄ so that
they can appear in Fig. 1 separately. The same is true with
how we treat the data at 200 GeV for � + �̄ [9]: they are
split equally for presentation in Fig. 1. The centrality bins are
indicated in the figure caption. The straight lines are fits to
be discussed below. It is remarkable how all points line up so
well along straight lines for all hadron types and for almost
all energies. Slight deviations from straight lines at high pT

for p and p̄ at 62.4 and 200 GeV are presumably due to the
effects of hard parton scattering, but why they do not show up
for higher energies is puzzling. Our concern in this paper is on
the universal properties at lower pT , so we leave aside those
issues here.

We fit the points in the region pT < 3 GeV/c by the solid
lines shown. Those lines are extended to higher pT to show
how well all the hyperon data fall on them. Quantitative
analyses below are based only on the slopes of those lines
determined by the pT < 3 GeV/c region. Specifically, we fit
the distributions by the equation

Bh(s, pT ) = Ah(s) exp[−pT /Th(s)]. (3)

We refer to the inverse slopes Th(s) as measured temperatures.
In using Eq. (3) to fit the data in Fig. 1, we have not relied on
any model; thus Th(s) are measured quantities. Their values
are given in Table I.

In Fig. 2 we show the values in Table I in a log-log plot
of Th(s) vs

√
sNN . We fit all the points of each h type by a

straight line, except the two lowest points of p and p̄. In the fit
we demand that all the lines have the same slope, with a result
that justifies that demand, since all the lines go through all the
points. The eight lines are summarized by one equation

Th(s) = Th(1)
√

s
β
, β = 0.105, (4)

in terms of the dimensionless variable
√

s defined in Eq. (2).
The parameters Th(1) are adjusted for each h, while β is
the universal scaling exponent determined by the best fit for
all h. Evidently, the measured temperature Th(s) depends on
collision energy

√
s according to a power law that is invariant
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FIG. 2. Measured temperatures Tb(s) in (a) and Tb̄(s) in (b) at
different collision energies. The lines are from a simultaneous fit of
all points using Eq. (4) with a common β, excluding the p and p̄
points at

√
sNN = 7.7 GeV.

from
√

sNN = 10 GeV to 5 TeV. The power-law behavior in
Eq. (4) was introduced in Ref. [13], but is now shown to have
broader generality. It is valid over a wide range of three orders
of magnitude in

√
s for all h, and that β is independent of

h. Again, the result is contained entirely in the data without
any model input. This is an unexpected phenomenological
property never seen before in any other areas of high- or
low-energy collisions. For example, the transverse momentum
spectra of identified particles produced in pp and pp̄ colli-
sions were widely studied with Tsallis distribution in literature
[14–16]. The temperature parameter in Tsallis distribution
versus collision energy was analyzed in detail, but no such
scaling behavior was found. Thus, there must be dependence
on centrality, a topic to be discussed below.

The values of Th(1) for � and � are 0.382 and 0.416
GeV/c, respectively, while Th(1) for p and � are notationally
abbreviated by T1,2, which will be needed below:

T1 = Tp(1) = 0.353 GeV/c, T2 = T�(1) = 0.457 GeV/c.

(5)

Scaling behavior such as the power law in Eq. (4) is gen-
erally referred to as self-similarity [17–19]. In geometrical
patterns they are called fractals. Here, it suggests that the
dynamical origin of the production of those heavy hadrons is
invariant under the change of collision energy. That seems to

depart from our conventional understanding of the formation
of quark gluon plasma in heavy-ion collisions. The observ-
ables usually studied are on pions and other low-mass mesons,
which are abundantly produced and display the properties of
a hot and dense medium whose expansion can be investigated
in hydrodynamics [20–26]. There is no invariance in

√
s that

is generally known. Our results seem to suggest that the pro-
duction of baryons and antibaryons originates from the core
of the hot medium that has universal features and differs from
the part where pions are produced. Exponential behavior in
pT is traditionally regarded as evidence of thermal source.
As stated in Ref. [13], the contributions from the resonance
decays and fragmentation products are dominant for low-mass
mesons at pT < 2 GeV/c, so the scaling behavior does not
work for them. Furthermore, since the expansion process of
hot medium is mainly in the longitudinal direction, there is
no dynamical mechanism in later time to propel partons in
the transverse direction, which is our focus in the central ra-
pidity region. Thus, the high pT baryons that we consider are
produced at early time, whereas the low pT pions are mainly
produced throughout the collision process, especially at late
time as the quark-gluon plasma converts to hadrons due to
confinement. High pT jets rarely fragment to baryons because
of their higher masses. The hot core that we speculate as the
source of those high-pT baryons is therefore envisioned to be
formed at the early stage of the collision process when the
whole system is dense and hot. Spatially, the core must be in
the overlapping thin disk in the initial state. What is important
is not the spatial position but the temporal aspect: the core
must exist for only a short period at early time when the
whole system is hot. The associated physics must be entirely
different from hydrodynamics at later time. Here, we have
found indications that the thermal system possesses properties
of self-similarity, although we have not yet established a con-
nection between the thermal source and the observed hadrons.
That connection is the problem of hadronization.

We now consider the centrality dependence of the universal
behavior expressed by Eqs. (3), (4). The data points are shown
in Fig. 3 for baryons and Fig. 4 for antibaryons. Horizon-
tally, the subfigures show centrality varying from 10–20 %
to 40–60 %. Vertically, the subfigures show the hadron type
changing from p to � and from p̄ to �̄. In each subfigure
the collision energies vary over the entire range, as indicated
in the subfigure for symbols, but for some hadrons the data
are not yet available for certain centralities and energies. The
straight lines are plots of Eq. (3) with Th(s) as given in Table I
but with their normalizations adjusted to fit the lowest two pT

points of each set. We observe that while the lines remain to
be excellent fits for centrality bins 10–20 % and 20–30 %,
they begin to miss some data points at higher pT for more
noncentral bins, especially with hyperons at lower energies.
For 40–60 % all data points have steeper slopes at RHIC en-
ergies and below, compared to the straight lines. In Fig. 5 we
show the very peripheral collisions at 60–80 % where all data
points at all energies have steeper trend than the lines. Clearly,
the implication is that the universality behavior deteriorates in
noncentral collisions beginning at 30%. Steeper slope means
lower temperature. That is a reasonable property for smaller
systems generated by less overlap of the colliding nuclei.
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FIG. 3. Baryon spectra function Bh(s, pT ) at different collision centralities and collision energies as indicated, except for the following: in
(e) 20–40 % at 62.4, 200 GeV and 2.76 TeV; in (f) 20–40 % at 200 GeV and 2.76 TeV; in (g) 20–40 % at 62.4, 200 GeV and 2.76 TeV; in
(l) 40–80 % at 62.4 GeV. The normalizations of straight lines are adjusted to fit the lowest two pT points, but their slopes are as specified in
Table I.

III. QUARK RECOMBINATION

The thermal source that is relevant to our observables can-
not be a hadron gas, since protons and �s do not interact
effectively to maintain thermal contact. The fact that the val-
ues of the measured temperatures, Th, depend so regularly on
the strangeness of the baryon type suggests that the thermal
source must be at the partonic level, where only two types
of quarks (light and strange) need to be considered here and
they can interact effectively through gluon exchange, pair
annihilation, and creation. The hadronization of quarks to
form baryons at intermediate pT can be well described by
the recombination/coalescence models [27–32], which have
been successful in explaining the large p/π ratio [10,28,33–
36] and charmed hadrons ratio �c/D0 [37–39]. Furthermore,

the quark number scaling (QNS) of hadronic transverse mo-
mentum spectra in pp, pA, and AA collisions is also a direct
consequence of quark recombination model [40–43]. We note
that the formulation of our recombination model is approxi-
mately consistent with the one in the recombination model of
Refs. [41–43] when the thermal components are considered
only, which is the case in this paper, see Eqs. (11) and (13)
below.

The invariant distribution in the recombination model
(RM) [27–29], averaged over all ϕ at midrapidity, is

p0 dN̄h

d pT
=

∫ (
3∏

i=1

d pi

pi

)
F (p1, p2, p3)Rh(p1, p2, p3, pT ),

(6)
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FIG. 4. Same as for Fig. 3 but for antibaryons.

where F (p1, p2, p3) is the parton distribution of the three
quarks (with momenta pi) that are to recombine through the
function Rh(p1, p2, p3, pT ) in producing the hadron h. For
a thermal source of the partons, we assume a factorizable
distribution

F (p1, p2, p3) =
∏
j∈h

pi
dNj

d pi
=

∏
j∈h

Cj pi exp (−pi/Tj ), (7)

where the products are for j to range over three terms de-
pending on the h-type, i.e., h = {qqq, qqs, qss, sss} for the
strangeness number of h being ns = {0, 1, 2, 3}, respectively;
each of the three terms depends successively on pi with i =
{1, 2, 3}. Tj can be either Tq or Ts. For the recombination
function we adopt the simplest form on the assumption that

each of the quarks in h has momentum 1/3 of the hadron

Rh(p1, p2, p3, pT ) = gh

3∏
i=1

δ

(
pi

pT
− 1

3

)
(8)

with gh being just a constant. Substituting Eqs. (7) and (8) into
Eq. (6) we obtain

p0 dN̄h

d pT
= Ah p3

T e−pT /Th , (9)

where Ah = gh
 jCj and

1

Th
= 1

3

∑
j

1

Tj
= 1

3

(
3 − ns

Tq
+ ns

Ts

)
. (10)

In Ref. [13], it was emphasized that Tq and Ts refer to the
inverse slopes of the theoretical thermal partons distributions.

064907-5



ZHU, ZHENG, DA, GONG, YE, LIU, AND HWA PHYSICAL REVIEW C 107, 064907 (2023)

10-12

10-10

10-8

10-6

10-4

10-2

100
62.4 GeV/102

39 GeV/103

1 2 3 4 5
10-12

10-10

10-8

10-6

10-4

10-2

100

102

B
h [(

G
eV

/c
)-3

]

5.02 TeV*10
2.76 TeV
200 GeV/10

10-14

10-12
10-10
10-8
10-6
10-4
10-2

11.5 GeV/106

7.7 GeV/107

1 2 3 4 5
10-14

10-12
10-10
10-8
10-6
10-4
10-2
100

B
h [(

G
eV

/c
)-3

]

27 GeV/104

19.6 GeV/105

10-14

10-12

10-10

10-8

10-6

10-4

10-2

1 2 3 4 5
10-14

10-12

10-10

10-8

10-6

10-4

10-2

B
h [(

G
eV

/c
)-3

]

1 2 3 4 5
p

T
 (GeV/c)

10-10

10-8

10-6

10-4

0 1 2 3 4 5
p

T
 (GeV/c)

10-12

10-10

10-8

10-6

10-4

B
h [(

G
eV

/c
)-3

]

FIG. 5. Baryon spectra function Bh(s, pT ) at different collision
energies for the centrality of 60–80 %, except 60–92 % for p and p̄ at√

sNN = 200 GeV. The normalizations of straight lines are adjusted
to fit the lowest two pT points, but their slopes are as specified in
Table I.

For |y| < 0.5 we replace p0 by mh
T , and get

dN̄h

pT d pT
= p2

T

mh
T

Ahe−pT /Th . (11)

This is to be identified with the experimental quantity
inside the square brackets in Eq. (1). We now see the ori-
gin of the prefactor in Eq. (1) that results in Eq. (3). Note
that in the use of RM above we have assumed validity at
any

√
s so long as the parton model is valid. The hadron

production from Au + Au at
√

sNN = 62.4, 200 GeV and
Pb + Pb at

√
sNN = 2.76 and 5.02 TeV have been studied in

our earlier works [28,29,44]. Here, we extend the investigation
to the lower collision energies. For baryon production the
component thermal-thermal-thermal (TTT) recombination is
prevalent at pT < 2 GeV/c which corresponds to Eq. (11).

Figure 6 shows our results for the transverse momentum
spectra of four baryons, i.e., p, �, �, and �, in Au + Au
collisions at

√
sNN = 39, 27, 19.6, 11.5, and 7.7 GeV for

various centrality classes, respectively. We emphasize that for
thermal partons the inverse slopes Tq and Ts are independent
of centrality. So the unknown parameters are just the two
normalization factors, C and Cs, whose values are given in
Table II, to describe the four baryons simultaneously for each
centrality. Evidently, the agreement with the data for p, �,
�, and � in Fig. 6 is good within 2 GeV/c. For hadronic
pT > 2 GeV/c, the contributions from shower partons cannot
be ignored. Therefore, the other recombination components
(i.e., TTS, TSS, and SSS) should be included. Again, the
success of the RM implies that the thermal source relevant
to our observables is at the partonic level.

IV. DISCUSSION AND A PREDICTION

The s dependence in Eq. (3) is an experimental finding,
in which we have focused only on Th(s). Applying Eq. (10),
obtained in the RM, to the phenomenologically determined
Eq. (4), we can write

√
sβ

Th(s)
= 1

T1
− ns

3

(
1

T1
− 1

T2

)
, (12)

where T1 and T2 are defined in Eq. (5). Since ns = 0 for proton,
we have from Eq. (10) Tq = Tp, so Tq(1) = T1. Similarly, since
ns = 3 for �, we have Ts = T�, which leads to Ts(1) = T2.
The left-hand side (LHS) of Eq. (12) is a representation of
the data on the hadrons, while the linear dependence on ns on
the right-hand side (RHS) is derived from our model with T1,2

referring to quark temperatures. That relationship can be put
to test, as we do in Fig. 7, in which Table I has been used
to determine the data points. Evidently, those points are close
to the straight line, which is drawn in accordance to the RHS
of the above equation. The excellent agreement between data
and model is quantified by the ratio (data/model) that shows
deviation from 1 to be less than 3% for all energies.

It is intuitive that the value of β is positive, and not large.
However, it is hard to imagine the origin of how the 66 num-
bers in Table I can be organized vertically by one number, β.
By comparison, the horizontal organization by two numbers,
T1,2 is trivial in the RM. All the baryons and antibaryons are
produced from a thermal source of q and s quarks and their
antiquarks. The RM relates the measured temperatures in the
hadronic spectra of b and b̄ to the temperatures of the parton
source.

We note that the parton distribution in Eq. (7) makes no
explicit reference to the quark masses. Although gluons seem
to play no explicit role in the recombination formula (6),
it should be understood that in the formulation of the RM
the gluons have always been assumed to convert to quark-
antiquark pairs before hadronization. The light and strange
quarks exchange energy readily through gluons to form the
thermal core. The a posteriori knowledge that Tq,s(s) are
self-similar suggests a common mechanism that generates the
thermal core independent of

√
s, so long as it is high enough.

To have that mechanism to start working at
√

sNN as low as
8 GeV was certainly unexpected. Unfortunately, since energy

064907-6



UNIVERSAL ENERGY DEPENDENCE OF MEASURED … PHYSICAL REVIEW C 107, 064907 (2023)

10-6

10-4

10-2

100

7.7 GeV

(e)

1 2 3 4 5

10-6

10-4

10-2

100

11.5 GeV

(d)

1 2 3 4 5

10-6

10-4

10-2

100

(c)

19.6 GeV

1 2 3 4 5

10-6

10-4

10-2

100

(b)

27 GeV

1 2 3 4 5

10-6

10-4

10-2

100

102

0-5%

10-20%/10

20-30%/10 2

30-40%/10 3

40-50%/10 4

39 GeV

(a)

10-10

10-8

10-6

10-4

10-2

100

(j)

1 2 3 4 5

10-10

10-8

10-6

10-4

10-2

100

(i)

1 2 3 4 5

10-10

10-8

10-6

10-4

10-2

100

(h)

1 2 3 4 5

10-10

10-8

10-6

10-4

10-2

100

(g)

1 2 3 4 5

10-10

10-8

10-6

10-4

10-2

100

102

(f)

10-10

10-8

10-6

10-4

10-2

(o)

1 2 3 4 5

10-10

10-8

10-6

10-4

10-2

(n)

1 2 3 4 5

10-10

10-8

10-6

10-4

10-2

(m)

1 2 3 4 5

10-10

10-8

10-6

10-4

10-2

(l)

1 2 3 4 5

10-10

10-8

10-6

10-4

10-2

100

d
2 N

/2
p

Tdp
Tdy

 [(
G

eV
/c

)-2
]

(k)

1 2 3 4 5
p

T
 (GeV/c)

10-8

10-6

10-4

10-2

0-60%
10-60%/10

(t)

1 2 3 4 5
p

T
 (GeV/c)

10-8

10-6

10-4

10-2

(s)

1 2 3 4 5
p

T
 (GeV/c)

10-8

10-6

10-4

10-2

(r)

1 2 3 4 5
p

T
 (GeV/c)

10-8

10-6

10-4

10-2

(q)

0 1 2 3 4 5
p

T
 (GeV/c)

10-10

10-8

10-6

10-4

10-2

100 0-10%
10-20%/10

20-40%/10 2

40-60%/10 3

(p)

FIG. 6. Transverse momentum spectra of baryons (p, �, �, �) from the recombination model in Au + Au collisions at
√

sNN = 39, 27,
19.6, 11.5, and 7.7 GeV for different centrality classes as indicated, except 40–60 % for � and � (full diamonds) in the subfigures from (f) to
(o). The spectra for centralities other than 0–5 % (0–10 %) are scaled for clarity as shown in the figure. The experimental data are taken from
Refs. [6,7].

dependence has never been an essential concern of the parton
model which is based on the scaling behavior of inclusive
distributions, it is questionable whether the mechanism for the
production of a self-similar thermal core, characterized by a
universal scaling exponent, β, can be found within the parton
model.

Despite the lack of a quantitative model for the production
of a thermal core, we want to demonstrate that the study
presented here is on the right track—by a prediction that can
actually be verified by existing data. From our knowledge
about the s quark source, we can calculate the pT spectra of
the φ meson. Actually, in Ref. [13] we have discussed the
empirical properties of φ spectra at

√
sNN = 0.0624, 0.2 and

2.76 TeV, as well as the �/φ problem in details. Now let us
check whether the φ spectra at lower BES energies still follow
the similar behavior. Since φ consists of ss̄ pair, we modify
Eqs. (7) and (8) for just two partons and get

p0 dN̄φ

d pT
= Aφ p2

T e−pT /Tφ , (13)

where Aφ = gφC2
s . The temperature Tφ is given in the RM by

Tφ (s) = Ts(s) = T2
√

s
β
, T2 = 0.457 GeV/c. (14)

To check this prediction, we define a meson function similar
to the baryon function in Eq. (1)

Mφ (s, pT ) = mφ
T

pT

[
dNφ

2π pT d pT dy
(s, pT )

]
. (15)

Note that the prefactor above differs from that in Eq. (1)
because of the difference between Eqs. (9) and (13). We
can use the data for φ distributions in central collisions at
various energies [3,7,12] for the quantity inside the square
brackets and obtain Fig. 8(a). The lines are best fits for the
region pT < 3 GeV/c; yet by extension they show good fit of
all the experimental points, exhibiting exponential behavior
up to the maximum pT measured. We therefore can use the
formula

Mφ (s, pT ) = Aφ (s) exp[−pT /Tφ (s)] (16)
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TABLE II. Parameters C and Cs for Au+Au collisions at√
sNN = 39, 27, 19.6, 11.5 and 7.7 GeV, respectively.

√
sNN [GeV] centrality C [(GeV/c)−1] Cs [(GeV/c)−1]

0–5 % 38.56 11.63
10–20 % 31.88 10.26

39 20–30 % 28.85 7.51
30–40 % 24.74 6.14
40–60 % 18.68 4.20
0–5 % 43.44 11.63

10–20 % 36.32 9.97
27 20–30 % 30.64 8.04

30–40 % 25.97 5.94
40–60 % 22.11 5.04
0–5 % 45.71 10.50

10–20 % 39.12 8.81
19.6 20–30 % 33.71 7.36

30–40 % 27.32 6.23
40–60 % 23.77 4.48
0–5 % 55.08 10.93

10–20 % 45.73 7.66
11.5 20–30 % 39.10 6.42

30–40 % 32.99 5.42
40–60 % 26.76 3.43
10–60 % 7.66
0–5 % 60.98 9.07

10–20 % 51.15 7.51
7.7 20–30 % 42.45 5.94

30–40 % 37.45 4.97
40–60 % 29.74 3.25
0–60 % 7.40

to describe that behavior and show the measured values of
Tφ (s) as points in Fig. 8(b). The solid line is a best fit of all
those points that yields

Tφ (s) = Tφ (1)
√

s
β
, Tφ (1) = 0.46 GeV/c, β = 0.105.
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√

s
β
/Th(s) vs (a) number of s quarks in b and (b) of s̄

antiquarks in b̄. The data points are from Table I, while the line is
drawn according to Eq. (12).
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FIG. 8. (a) Meson function Mφ (s, pT ) from data at 0–10 % cen-
trality for all collision energies except 62.4 GeV (0–20 %). Lines
are best fits of the data points for pT < 3 GeV/c. (b) Points are the
inverse slopes Tφ (s) from the left panel. Solid line is best fit of those
measured temperatures, compared to the prediction (dashed) from
Eq. (14).

It agrees excellently with the dashed line that represents our
prediction according to Eq. (14). We have hereby presented
evidence in support of the reliability of the power-law behav-
ior that we have found to describe the thermal source of light
and strange quarks.

V. SUMMARY

In conclusion, we have found in heavy-ion collisions a
quantity that can reasonably be called measured temperature,
which is the inverse slope of an exponential behavior in trans-
verse momentum, independent of any theoretical model. That
temperature Th(s) possesses a scaling behavior,

√
sβ , that is

universal across all hadron types h. The observed universality
is valid only for central collisions with violation beginning
to occur at 30–40 % centrality. The scaling exponent β is
indeed a constant number, 0.105, regardless of whether the
collision energy is high or low. Finding a universal constant
in high-energy collisions rarely occurs. We do not have at this
point any explanation for its existence. No model has been
used in our data analysis. We present this finding as a re-
markable phenomenological property in heavy-ion collisions
to be considered by the community for further experimental
and theoretical investigation.

We end by making some comments looking forward. They
are model dependent and should therefore not affect the cred-
ibility of the phenomenological features presented above, but
may be regarded as our speculation on what those features
may imply from the present viewpoint. The central element
of the results of our study is that hyperon production shares
the same properties as proton production; thus variations in
strangeness and large differences in baryonic masses are not
distinctive barriers for universality. Furthermore, baryons and
antibaryons share essentially the same characteristics. These
are not the properties usually ascribed to an equilibrated
hadronic gas assumed to form at the end of hydrodynami-
cal expansion following heavy-ion collisions. An equilibrated
hadronic gas consists of mainly low-mass hadrons, mostly
pions, few protons, even fewer antiprotons due to pp̄
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annihilation and rarely hyperons. However, for a partonic
system consisting of light (q) and strange (s) quarks and their
antiquarks (q̄ and s̄), those universal properties that we de-
scribe here are consequences of partonic interactions through
gluon exchanges, qq̄ and ss̄ annihilation and creation, pro-
vided that the system is in a state of thermal energy higher
than the rest masses of quark pairs. From Table I we see that
all values of Th are well above the qq̄ and ss̄ masses (mq = 5
MeV, ms = 100 MeV) even at the lowest BES energy. Thus
we are led to interpret the observed universality behavior as
being due to the formation of a hot thermal system of partons,

from which baryons and antibaryons are formed through re-
combination [13,27–32].
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