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Recent beam energy scan experiments at the BNL Relativistic Heavy Ion Collider by the STAR Collaboration
[Phys. Lett. B 827, 137003 (2022) and Phys. Rev. Lett. 128, 202303 (2022)] found that hadronic interactions
dominate the collective flow and the proton cumulant ratios are driven by baryon number conservation in a region
of high baryon density in

√
sNN = 3 GeV Au+Au reactions, indicating that the dense medium formed in such

collisions is likely hadronic matter. Within an updated a relativistic transport model with momentum dependent
isoscalar and isovector single-nucleon mean-field potentials corresponding to different symmetry energies at
suprasaturation densities, the n/p, π−/π+, K0

s /K+, �−/�+, and �−/�0 ratios are studied for central Au+Au
collisions at

√
sNN = 3 GeV, where the maximum central density reaches about (3.6–4.0)ρ0. The doubly strange

�−/�0 ratio is found to have the strongest sensitivity to the variation of high-density nuclear symmetry energy.
Thus, the �−/�0 ratio in relativistic heavy-ion reactions at

√
sNN ∼ 3 GeV may help probe sensitively the poorly

known symmetry energy of dense neutron-rich matter critically important for understanding various properties
of neutron stars.

DOI: 10.1103/PhysRevC.106.024902

I. INTRODUCTION

Nuclear symmetry energy Esym(ρ) at density ρ measures
the energy cost to make nuclear matter more neutron rich. It
is critically important for understanding the evolution of QCD
phase diagram with isospin asymmetry in general and proper-
ties of neutron stars in particular [1]. Indeed, much progress
has been achieved in constraining the Esym(ρ) around and
below the saturation density ρ0 of nuclear matter using com-
bined information from nuclear theories, terrestrial nuclear
experiments, and observations of neutron stars using various
messengers over the last two decades, see, e.g., Refs. [2–13]
for reviews. The Esym(ρ) is normally Taylor expanded or
simply parametrized as

Esym(ρ) = Esym(ρ0) + L

(
ρ − ρ0

3ρ0

)

+ Ksym

2

(
ρ − ρ0

3ρ0

)2

+ Jsym

6

(
ρ − ρ0

3ρ0

)3

, (1)

where the magnitude Esym(ρ0), slope parameter
L = [3ρdEsym/dρ]ρ0 , curvature parameter Ksym =
[9ρ2d2Esym/dρ2]ρ0 , and skewness parameter Jsym =
[27ρ3d3Esym/dρ3]ρ0 at the saturation density ρ0 of nuclear
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matter are used to characterize the density dependence
of nuclear symmetry energy. Quantitatively, surveys of
about 100 analyses of various data in the literature found
that most of them gave Esym(ρ0) and L scatter around
Esym(ρ0) = 31.6 ± 2.7 MeV [14,15] and L = 57.7 ± 19 MeV
[14–16] with some exceptions, respectively. However,
determining the high-density behavior of Esym(ρ) has
been found extremely challenging. On one hand, it is
very encouraging to see that the magnitude of Esym(ρ)
at 2ρ0 from analyses of heavy-ion reaction experiments
[17,18] and studies [19–32] of multimessengers from recent
neutron star observations [33–35] as well as calculations
based on the state-of-the-art nuclear many-body theories
employing chiral effective interactions [36,37] start to
merge around Esym(2ρ0) ≈ 51 ± 13 MeV [16]. On the
other hand, theoretical predictions for Esym(ρ) at higher
densities diverge [12] and the results [9,29,30] extracted
from both heavy-ion reactions and the latest observation of
PSR J0740+6620 with mass 2.08 ± 0.07 M� by NICER
spans from being superstiff [the Esym(ρ) increases faster than
ρ] to supersoft (quickly decreases to zero). Quantitatively,
the Ksym characterizing the Esym(ρ) around 2ρ0 from 16
new analyses of neutron star observables was determined
to be about Ksym ≈ −107 ± 88 MeV while the Jsym

characterizing the Esym(ρ) above about (2.5–3.0)ρ0 is
largely unconstrained [16]. In fact, many interesting physics
questions regarding the high-density Esym(ρ) as well as
the possible hadron-quark phase transition, fundamental
symmetries, and kaon condensation in the cores of neutron
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stars are strongly intertwined [38–41]. Thus, the high-density
behavior of Esym(ρ) has long been regarded as one of the most
uncertain parts of the dense neutron-rich matter equation of
state (EOS) [38,42]. Its determination is expected to have
significant impact on understanding the QCD phase diagram
of dense neutron-rich matter.

Indeed, there are strong interests in probing the high-
density Esym(ρ) as an integral part of the science missions
of several relativistic heavy-ion reaction facilities under con-
struction, see, e.g., Refs. [43–46] for preliminary plans to
carry out such studies at HIAF/China, FAIR/Germany, and
NICA/Russia. One of the critical prerequisites for realizing
this scientific goal is to find potential observables that are
sensitive to the variation of high-density Esym(ρ) within its
currently known uncertainty range. The isospin asymmetry
of nucleonic component of dense matter formed in heavy-ion
reactions varies with beam energy and once the quark decon-
finement happens the Esym(ρ) loses its physical meaning. It
is thus particularly useful to probe the high-density Esym(ρ)
in heavy-ion reactions that create hadronic matter as dense as
possible but not high enough to form the quark-gluon plasma
(QGP) yet. Of course, one wishes to make the dense matter
as neutron rich as possible using probably high-energy ra-
dioactive beams. Very interestingly, the STAR Collaboration
found recently that the quark-scaling signature in collective
flow disappears and all collective flow data can be well de-
scribed by hadronic transport models using nuclear mean-field
potentials in

√
sNN = 3 GeV Au+Au reactions. Moreover, the

measurements of proton high-order cumulants imply that the
QCD critical region, if created in heavy-ion collisions, could
only exist at energies higher than 3 GeV. These findings imply
that the dense medium formed in

√
sNN = 3 GeV Au+Au

collisions is likely hadronic matter [47,48].
In this work, we explore in the aforementioned reac-

tions studied by STAR potential observables for studying
the high-density Esym(ρ) using a relativistic transport (ART)
model [49,50]. The latter has been extensively used and
continuously improved in several aspects [51–56] over the
years as the hadronic afterburner in the publicly available
a multiphase transport (AMPT) package [57] for simulating
relativistic heavy-ion collisions from the BNL Relativis-
tic Heavy Ion Collider beam energy scan (RHIC-BES) to
CERN Large Hadron Collider (LHC) energies, see Ref. [58]
for a recent review. To investigate effects of high-density
Esym(ρ) on relativistic heavy-ion reactions, we incorporated
in the ART model the momentum dependent isoscalar and
isovector single-nucleon mean-field potentials [59] that have
been previously used extensively by some of us in studying
many topics of isospin physics in nuclear structures, low-
intermediate energy heavy-ion reactions, and properties of
neutron stars [5]. We found that the doubly strange �−/�0

ratio is the most sensitive observable to the variation of high-
density Esym(ρ) compared to the n/p, π−/π+, K0

s /K+, and
�−/�+ ratios in

√
sNN = 3 GeV Au+Au reactions.

II. AN UPDATED ART MODEL WITHIN AMPT

The ART afterburner in the latest AMPT package simulates
the dynamical evolution of the phase space distribution func-

tions of nucleons, �(1232), N∗(1440), N∗(1535), �, �, �, �,
π , ρ, ω, η, K , K∗, φ, and deuteron. Many scatterings among
these particles and the corresponding inverse reactions are
included, see Refs. [56,57] for details. In the present work, the
Woods-Saxon nucleon density distribution and local Thomas-
Fermi approximation are used to initialize the position and
momentum of each nucleon in the projectile and target [60].
As in the original ART code, the test-particle method is used
to evaluate the density matrices and mean-field potentials for
nucleons, baryonic resonances, K , �, �, �, and � as well
as their antiparticles. For studying isospin physics especially
the high-density Esym(ρ) with relativistic heavy-ion collisions,
we adopt the following isospin and momentum dependent
nucleon potential [59]:

U (ρ, δ, �p, τ ) = Au(x)
ρτ ′

ρ0
+ Al (x)

ρτ

ρ0

+ B(
ρ

ρ0
)σ (1 − xδ2) − 8xτ

B

σ + 1

ρσ−1

ρσ
0

δρτ ′

+ 2Cτ,τ

ρ0

∫
d3 �p′ fτ (�r, �p′)

1 + ( �p − �p′)2/�2

+ 2Cτ,τ ′

ρ0

∫
d3 �p′ fτ ′ (�r, �p′)

1 + ( �p − �p′)2/�2
, (2)

where ρ0 denotes the saturation density, τ, τ ′ = 1/2(−1/2)
for neutron (proton). The parameter x was introduced to
mimic different forms of Esym(ρ) predicted by various nu-
clear many-body theories without changing any property of
the symmetric nuclear matter and the magnitude of Esym(ρ)
at ρ0. It is a phenomenological potential based on Gogny-
Hartree-Fock (GHF) predictions with parameters constrained
by empirical properties of nuclear matter at ρ0 as well as
isoscalar and isovector single-nucleon optical potentials at ρ0,
see, e.g., Refs. [5,61] for reviews. With x = 1, the single-
particle potential and the corresponding EOS reproduce the
default GHF prediction [59]. The above single-particle po-
tential has been used previously in the isospin-dependent
Boltzmann-Uehling-Uhlenbeck (IBUU) transport model for
studying isospin physics with low-intermediate energy heavy-
ion reactions [62,63]. IBUU analyses of isospin diffusion
experiments in Sn+Sn reactions at Ebeam/A = 50 MeV indi-
cates that the parameter x is between x = 0 and x = −1 at
densities below about 1.2ρ0 [64] while analyses of the π−/π+
ratio from Au+Au reactions at Ebeam/A = 400–1000 MeV
prefer x = 1 leading to a supersoft Esym(ρ) at densities around
(1.5–2.5)ρ0 [65]. On the other hand, some other observables
in similar reactions have found indications that the Esym(ρ)
around (1.5–2.5)ρ0 might be stiff and closer to that with
x = −1 [17,18]. In this exploratory study, we thus use x = 1
and x = −1 as two limiting cases. The corresponding two
Esym(ρ) functions are compared in the upper inset of Fig. 1.
Specific values of other parameters used in this work in the
single-particle potentials of Eq. (2) can be found in Ref. [60].

The form of kaon potential was taken from Ref. [66] while
no mean-field potential is used for pions. For strange baryons
�, �, �, we adopt the quark counting rule asserting that these
strange baryons interact with other baryons only through their
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FIG. 1. Evolutions of central compression densities (a), yields of
�− and �0 (b), and the ratios of �−/�0 (c) in central Au+Au reac-
tions at

√
sNN = 3 GeV with soft and stiff symmetry energies. The

upper inset in (a) shows the density dependences of the symmetry
energy with parameters x = 1 (soft) and x = −1 (stiff) in Eq. (2).
The middle inset in (a) shows the evolution of the isospin asymmetry
(n/p)like in a single central cell of 1 cubic Fermi.

nonstrange (2/3, 2/3, 1/3) constituents [67,68]. Moreover,
we use the known decay branching ratios of different isospin
multiplets of these strange baryons to determine the relation-
ships of their mean-field potentials with those for neutrons and
protons. Putting these assumptions together, we have

U� = 2/3(1/3Un + 2/3Up),

U�− = 2/3Un,

U�0 = 2/3(1/3Un + 2/3Up),

U�+ = 2/3(1/2Un + 1/2Up),

U�− = 1/3(1/3Un + 2/3Up),

U�0 = 1/3(1/3Un + 2/3Up). (3)

To describe the doubly strange � production at low ener-
gies, besides the strangeness exchange reactions K̄ + Y ↔
π + � (Y= � or �) that are already in the AMPT package,

the isospin-averaged cross sections are used for simulating
the Y + Y ↔ N + � reactions and � productions via the
Y + N → N + � + K processes [55,69–71].

III. PROBING HIGH-DENSITY SYMMETRY ENERGY
WITH HADRON ISOSPIN MULTIPLET RATIOS

It is known that the strength of isovector interactions
are relatively weak compared to the isoscalar ones and the
isospin asymmetry reachable in heavy-ion reactions is small.
Moreover, theoretically there are still many unknowns about
the isovector nuclear interaction especially at suprasaturation
densities. Thus, the study of isospin physics in heavy-ion
reactions and the search of their experimental signatures are
currently suffering from some essentially unavoidable model
dependences. Nevertheless, it is interesting to note that some
transport model developers and users have been carrying out
systematically the transport model evaluation project over the
last few years to better understand and possibly reduce the
model dependencies, see, e.g., Ref. [72] for the most recent
review of these efforts. Certainly, there is a strong interest in
the community to find strong and clean experimental observ-
ables sensitive to the variation of Esym(ρ) at suprasaturation
densities.

Since strange mesons or baryons are rarely absorbed by
the surrounding medium, they have long been recognized as
particular useful probes of the dense matter EOS [73–83]. In
particular, kaons have been thoroughly studied in the literature
[74–79]. The singly strange � and � hyperons have been
studied by the E895 and FOPI Collaborations [68], and their
connections to the nuclear EOS were explored theoretically
[80,84,85]. The doubly strange � production in heavy-ion
collisions has also been continuously studied over the last
20 years [51–55,69–71,86–88]. The � hyperon comes mainly
from collisions of two singly strange particles. Its fraction in
the central cell of the participant region is more than twice
that of K+ or � + �0 [83]. It may thus have a significant
advantage over singly strange hadrons in probing the EOS
of dense matter [83]. However, its dependence on the EOS
is less known and the elementary cross sections of its reac-
tion channels suffer from larger uncertainties. To probe the
Esym(ρ) at suprasaturation densities, we shall focus on the
�−/�0 ratio in comparison with the isospin multiplet ratios
of other particles, namely, the n/p, π−/π+, K0

s /K+, and
�−/�+ ratios. These ratios will naturally reduce effects of
uncertainties due to both the symmetric nuclear matter EOS
and the elementary reaction cross sections. We notice that
some of these ratios have been used previously in probing the
high-density Esym(ρ) in heavy-ion collisions at lower beam
energies, see, e.g., Ref. [5] for a review.

To understand qualitatively why the ratios of isospin mul-
tiplets mentioned above are useful for probing the Esym(ρ),
it is useful to first recall a few well-known relationships of
isospin asymmetric nuclear matter and expectations for some
of the particle ratios based on statistical models. In cold
isospin asymmetric matter of isospin asymmetry δ ≡ (ρn −
ρp)/(ρn + ρp), the energy density ε(ρ, δ) ≈ ρ[ESNM(ρ) +
Esym(ρ)δ2], where ESNM(ρ) is the average energy per nu-
cleon in symmetric nuclear matter (SNM). The chemical
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potentials of neutrons/protons (n/p) are determined by
μn/p = ∂ε/∂ρn/p. The resulting difference in neutron-proton
chemical potentials is μn − μp = 4Esym(ρ)δ, relating isospin
multiplet ratios in statistical models with the symmetry en-
ergy. At a finite temperature T for finite systems, besides
the above and a Coulomb potential there are thermal terms
related to ρn − ρp and ρn/ρp in the expression of μn − μp

[89]. These results have two important implications for the
present work. First, considering two connected regions at av-
erage densities ρ1 and ρ2 formed during heavy-ion reactions,
chemical equilibrium conditions (same chemical potentials
in the two regions for both neutrons and protons) lead to
Esym(ρ1)δ(ρ1) = Esym(ρ2)δ(ρ2). It is the physics origin of the
so-called isospin fractionation, namely, in a region where the
Esym(ρ) is higher, the isospin asymmetry δ there will be lower.
For example, in the liquid-gas phase transition region since the
Esym(ρ) continuously increases with increasing density, the
gas phase is expected to be more neutron-rich than the liquid
phase [90–94]. At suprasaturation densities, the Esym(ρ) could
either increase (stiff) or decrease (soft) with density, then the
corresponding δ (n/p ratio) would be lower or higher.

Second, it is well known that the primordial π−/π+ ra-
tio from the first-chance production channels through baryon
resonances is proportional to (N/Z )2 where the N and Z
are the neutron and proton numbers of the reaction system
[95]. While in statistical models [96,97], the π−/π+ ratio is
proportional to exp[2(μn − μp)/T ] which is approximately
(n/p)2 at freeze-out of the reaction. Thus, the π−/π+ ratio is
expected to be sensitive to the density dependence of Esym(ρ)
[42]. This dependence on Esym(ρ) will be carried over to the
subsequent reactions involving pions. In particular, the singly
strange particles are produced mostly through collisions in-
volving energetic pions and their subsequent scatterings will
produce the doubly strange particles. The ratios of the strange
isospin multiplets are thus also expected to carry useful in-
formation about the Esym(ρ). As these particles can escape
with little final state interactions compared to pions, they
may carry more reliable information about the Esym(ρ) at
suprasaturation densities. More specifically, it was shown in a
thermal model for particle production in relativistic heavy-ion
collisions [55] that �−/�0 = �−/�0 = �0/�+ = N/Z =
exp[(−μc)/T ], where the μc is the charge chemical poten-
tial. As discussed earlier, the μc contains the μn − μp =
4Esym(ρ)δ, a Coulomb potential and thermal terms. Thus, po-
tentially they can all carry some useful information about the
high-density symmetry energy. Of course, the reality might
be significantly different from the above expectations based
on the physics intuitions and idealized models. Moreover, the
expectations based on thermal models do not provide a rank
of the Esym(ρ) sensitivities of these observables. Therefore,
simulations based on transport models are invaluable.

IV. ART MODEL PREDICTIONS

A. Isospin asymmetry of hadronic matter in
relativistic heavy-ion collisions

In relativistic heavy-ion collisions, the nucleonic isospin
asymmetry in the projectile and target is quickly converted

to isospin asymmetries of newly produced particles. As a
measure of isospin asymmetry of baryonic matter we count
neutron-like and proton-like particles using the branching ra-
tios of the decay channels of baryon resonances and hyperons
according to

nlike = n + �− + �− + 1/2�+

+ 1/3
(
�+ + N0

1440,1535 + � + �0 + �− + �0
)

+ 2/3(�0 + N+
1440,1535),

plike = p + �++ + 1/2�+

+ 2/3
(
�+ + N0

1440,1535 + � + �0 + �− + �0
)

+ 1/3(�0 + N+
1440,1535).

In Fig. 1, the ratio (n/p)like (the middle inset of the upper
panel) in a central cell of 1 fm3 and the central density are
shown as functions of time in the central Au+Au collisions at√

sNN = 3 GeV with the two Esym(ρ) functions shown in the
upper inset. It is seen that the (n/p)like decreases quickly in
the earlier phase as new particles, such as pions, carry away
a large fraction of the initial isospin asymmetry of the reac-
tion system. During this period, the (n/p)like ratio is largely
independent of the Esym(ρ) used. After about 5 fm/c, appre-
ciable Esym(ρ) effects start showing up. The (n/p)like with the
soft Esym(ρ) (with x = 1) is obviously higher than that with
the stiff symmetry energy. In the later stage, the central cell
becomes a low density region where the isospin asymmetry
becomes higher as one expects from the isospin fractiona-
tion mechanism. The maximum compression reached is about
3.6ρ0, lower than that from using a momentum-independent
single particle potential with approximately the same incom-
pressibility as the momentum-dependent part of the potential
is repulsive [50]. We notice that the symmetry energy has
negligible effects on the compression as the isospin asymmet-
ric pressure is much smaller than the SNM pressure at the
high densities reached. There is at present a huge debate in
the compact star community on the critical baryonic density
above which it is realistic to suppose that quark deconfinement
might occur. Very interestingly, our results shown in the upper
panel of Fig. 1 enable us to translate the recent findings by
the STAR collaboration [47,48] into an estimate of the lower
boundary for this critical density, i.e., about 3.6ρ0.

B. The �−/�0 ratio as a probe of Esym(ρ) at
suprasaturation densities

The �− and �0 yields and their ratio are shown as func-
tions of time in panels (b) and (c) of Fig. 1. Both yields
saturate at about t = 20 fm/c while their ratio already sat-
urated much earlier around 10 fm/c. It is seen that the �

production has evident isospin and symmetry energy effects.
The yield of �− with the soft symmetry energy is significantly
larger than that with the stiff one. While for the yield of �0,
the soft symmetry energy gives a somewhat smaller value
compared with the stiff one. These isospin dependences can
be understood from the most relevant chain reactions leading
to the �−,0 production through the ��−,+ → �−,0 reaction
channels. Since pions involved in the π−,+N (n, p) → �−,+
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FIG. 2. Kinetic energy (a) and transverse momentum (b) distri-
butions of the doubly strange baryon �−/�0 ratio in the central
Au+Au reactions at

√
sNN = 3 GeV with the stiff and soft symmetry

energies, respectively. The curves are used to guide the eye and the
error bars are statistical in nature.

reactions are mostly from nn(pp) → π−,+ scatterings, one
has effectively the dominating path nn(pp) → �−,0. As dis-
cussed earlier and shown in the upper window of Fig. 1, a
soft Esym(ρ) at suprasaturation densities make the compressed
region more neutron-rich, leading to more (less) �−(�0)
production there. Based on statistical models, one then ex-
pects a higher �−/�0 ratio. Indeed, as shown in Fig. 1(c),
the soft Esym(ρ) with x = 1 leads to an about 30% higher
�−/�0 ratio compared to the stiff one (x = −1). This effect
can also be seen clearly in both the kinetic energy and the
transverse momentum spectra of the �−/�0 ratio as shown in
Fig. 2.

Although the �− yield itself also shows significant sensi-
tivity to the Esym(ρ) as shown in the middle panel of Fig. 1,
currently large uncertainties in calculating and measuring it
may prevent us from using the � yield as a reliable EOS mes-
senger. The significant advantages of using the �−/�0 ratio
over the single �− yield are the cancellations of some of the
uncertainties (i.e., those related to the collision centrality and
isoscalar parts of the � potentials). When using the �−/�0

ratio, besides the �− that has been detected experimentally,
one needs to reconstruct the �0 yield via the �0 → � + π0

(� → p + π−, π0 → 2γ ) channels.

C. The n/p, π−/π+, K0
s /K+, and �−/�+ ratios

As mentioned earlier, probing nuclear symmetry energy
around (1–2)ρ0 by using heavy-ion collisions has been ongo-
ing for the last two decades. The neutron to proton ratio n/p
of pre-equilibrium nucleons and the π−/π+ ratio are among
the most studied observables [5]. Therefore, it is interesting
to investigate if these observables are still sensitive to the
Esym(ρ) in heavy-ion collisions at RHIC-BES energies and
how they compare with the �−/�0 ratio discussed above.
Figure 3 shows the kinetic energy spectra of the n/p, π−/π+,
K0

s /K+, and �−/�+ ratios with the same two Esym(ρ) func-
tions. It is seen that while the n/p and π−/π+ ratios at high
kinetic energies still show appreciable Esym(ρ) effects (∼5%),
the effects are much smaller than those in heavy-ion reactions
at lower beam energies [5]. From the isospin fractionation
picture discussed earlier with a stiff Esym(ρ) at suprasaturation
densities, the high (low) densities region is expected to be
less (more) neutron rich, compared to the results with a soft
Esym(ρ) function. The final n/p ratio shown is for free nucle-
ons. It is expected to be higher with the stiff Esym(ρ) function.
Interestingly, the π−/π+ ratio with the stiff symmetry energy
is also higher than that with the soft one. Such behavior con-
tradicts to that found at low beam energies. For example, in
central Au+An reactions around Ebeam/A = 400–1000 MeV,
a stiff Esym(ρ) leads to a lower π−/π+ ratio reflecting directly
the isospin asymmetry of the compressed phase [42,98]. At
lower beam energies, most pions created are not energetic
enough to induce secondary reactions to produce hyperons.
Without passing the isospin information to hyperons, those
pions survived the final state interactions do carry direct infor-
mation about the isospin asymmetry of the compressed region.
As we shall discuss next, this picture is changed when pions
are main participants in creating strange mesons and hyperons
at higher beam energies.

From panels (c) and (d) in Fig. 3, one sees that while the
Esym(ρ) effects on the K0

s /K+ ratio are not more than 6%

FIG. 3. The kinetic energy distributions of n/p, π−/π+, K0
s /K+, and �−/�+ ratios in the central Au+Au reactions with stiff and soft

symmetry energies at
√

sNN = 3 GeV.
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it affects the �−/�+ ratio as much as 20% at low kinetic
energies. Since the nn(pp) → �−,+ dominates through the
intermediate step π + N (n or p) → �, the Esym(ρ) informa-
tion carried by the primordial pions is passed to the �−/�+
ratio. These � hyperons mostly have low kinetic energies
as a result of the reaction kinematics while the more en-
ergetic ones are produced through reactions involving two
baryons that carry less isospin information than the primor-
dial pions. As we discussed earlier based on the baryon
resonance or statistical model, the primordial π−/π+ ratio
is expected to be proportional to (n/p)2

like of the participant
region. The later is higher with the softer (x = 1) Esym(ρ)
as shown in the middle inset of Fig. 1. After the energetic
pions have been converted to strange mesons and hyperons,
the ones left over will have a reduced π−/π+ ratio as shown
in panel (b). While the opposite is expected for the newly
produced particles through the scatterings involving pions.
Indeed, the K0

s /K+ and �−/�+ ratios are higher with the
softer (x = 1) Esym(ρ) as shown in panels (c) and (d) of
Fig. 3.

The K0
s /K+ and �−/�+ ratios have been proposed as

sensitive probes of the Esym(ρ) since they are produced in the
high density phase with little subsequent interactions [77,80].
The relatively larger Esym(ρ) effects on the �−/�+ ratio in-
dicates that it might be a more suitable probe of the Esym(ρ) at
suprasaturation densities using heavy-ion reactions at RHIC-
BES energies, provided the high energy neutral particles,
neutrons, and γ rays, can be detected.

V. CONCLUSIONS

Using an updated ART model within the AMPT package
by incorporating isospin and momentum-dependent hadronic
mean fields, we explored observables that are sensitive to the
high-density symmetry energy in

√
sNN = 3 GeV Au+Au re-

actions. We found that the doubly strange baryon ratio �−/�0

is particularly useful for the stated purpose in comparison
with the n/p, π−/π+, K0

s /K+, �−/�+ ratios that have been
proposed previously in heavy-ion collisions at lower beam
energies. Given the recent finding by the STAR Collaboration
that the dense medium formed in such collisions is likely
hadronic matter, the results of our study reported here are
useful for probing the symmetry energy of dense hadronic
matter near the onset of quark deconfinement.
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