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The charged pion multiplicity ratio in intermediate enetggavy-ion collisions, a probe of the
density dependence of symmetry energy above the satugaiiot) has been provenin a previous
study to be extremely sensitive to the strength of the isiovég1232) potential in nuclear matter.
As there is no current knowledge, either from theory or expent, about the magnitude of this
quantity, the extraction of constraints for the slope ofsimmetry energy at saturation by using
exclusively the mentioned observable is hindered at ptekesshown that, by including the ratio
of averagepr of charged pion$p(T"+))/<p(T"F)> in the list of fitted observables, the noted problem
can be circumvented. A realistic description of this obable requires the accounting for the
interaction of pions with the dense nuclear matter enviremrembodied by the so called S and P-
wave pion optical potentials. This is performed within theniework of a QMD transport model
that enforces the conservation of the total energy of thieeesyand incorporates information about
these potentials gained by the experimental study of piatoms and pion-nucleus scattering
and also from theoretical hadronic models and chiral pedtion theory. A symmetry energy
with a value of the slope parameter L > 50 MeV is favored, atcbnfidence level, from a
comparison with published FOPI experimental data. Futkpeemental measurements of pionic
observables will present the opportunity of extracting aemrecise constraint for the symmetry
energy stiffness by restricting the comparison to low motmenpions and reducing the model
dependence induced by uncertainties in the density depead# the pion optical potential by
studying also heavy-ion collisions of isospin symmetricleu
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1. Introduction

Pions produced in intermediate energy heavy-ion collsiwawve been shown to provide promis-
ing means for the study of the isovector part of the equatiostaie of nuclear matter (asy-EoS),
commonly known as the symmetry energy (SE). In particule,ratio of multiplicities of charged
pions (PMR) has been demonstrated to be sensitive to thétydelependence of the SE in the
supranormal density region while uncertainties in thedatas part of the equation of state are
suppressed [1].

Attempts to constrain the density dependence of the SE riicpkar its slopel at saturation,
using this observable have made use of existing experiindata for pion production in central
(b<2.0 fm)197Au+'"Au collisions at an impact energy of 400 MeV/nucleon due tdFOollab-
oration [2, 3]. Studies performed making use of differerdilable transport models have resulted
in an inconsistent picture: constraints on the high derdi#yendence of the SE ranging from a
very soft to a stiff one have been extracted [4, 5, 6], or ex@Beansitivity on the slope parameter
has been reported [7]. Additionally, most models have led tontradiction between the /"
multiplicity ratio and neutron/proton elliptic flow ratiocgacted constraints for the SE stiffness.

Efforts to understand this discrepancy by studying the chp&in-medium modifications of
the pion-nucleon interaction, the kinetic part of the SEtehe neutron skin thickness, or particle
production threshold shifts due to the inclusion of selérgy contributions on the PMR value have
proven, from a quantitative point of view, largely unsusfak Studies of the impact of self-energy
contributions in the energy conservation constraint tipgears in the collision term of transport
equations have however proven more fruitful [8, 9]. Theydl¢a shifts of particle production
thresholds inside a dense nuclear medium and impose thergatisn of the total energy of the
participants of a binary collision. Regarding the impactRMR, a stiff asy-EoS leads to a higher
value for this observable than a soft choice does. This ipposition with the situation when these
effects are not taken into account.

Requiring that the total energy of the entire system be goaddeads to an enhancement of
the impact of self-energies (or equivalently potentialrgies in nuclear matter) on particle produc-
tion thresholds [10] leading to important modifications mirpmultiplicity predictions, particularly
for the m meson, while maintaining the sensitivity of the PMR to SEgigndependence. As a
result, constraints for its stiffness in agreement withsthextracted from elliptic flow observables
can be obtained within the scenario of total energy consiervaf the system for the standard
choice for theA(1232) potentials in nuclear matter. A strong dependenciefresults on the
strength of the isovectdx(1232 potential in nuclear matter has however been reported. @toin
the fact that the magnitude of this quantity is presentlynawkn, the extraction of information on
the asy-EoS solely from PMR is consequently hindered aeptes

The contribution was devoted to presenting the results efent study [11] which extends the
analysis performed in Ref. [10] to the averggeratio of charged pion$p(T"+)>/(p(T"F)> (PAPTR).

It is shown that by using the two observables, PMR and PAP®Rstcaints for both the symmetry
energy stiffness and strength of the isoved¢1232) potential can simultaneously be extracted
from available experimental data. To achieve that goalntleelel of Ref. [10] has further been
improved by accounting for the interaction between piort @nse nuclear matter, described by
the so called S and P-wave pion optical potential. The ptga®eeding contribution provides
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a short account of the implemented modifications to the parismodel and the most relevant
results obtained in connection to constraining the demgpendence of SE. All the findings of the
reported study are presented in great details in Ref. [11].

2. Themode€

Heavy-ion collision dynamics is simulated using an upgdadersion [10] of the Tubingen
guantum molecular dynamics Model (QMD) transport modedlltiws the enforcing of conserva-
tion of the total energy of the system during an event, byuidiclg potential energies in the energy
conservation constraint imposed when determining the itz of a 2-body scattering, decay or

absorption process,
Z\/pszrmszrUj :z\/pinrszrUi, (2.1)
] ]

both indexes running over all particles present in the sysied corresponding, from left to right,
to the final and initial states of an elementary reaction.s Huenario has been referred to as the
“global energy conservation” (GEC) scenario in [10]. Adulially, the “local energy conservation”
(LEC) and “vacuum energy conservation” (VEC) scenarioetzeen introduced. They correspond
to the situation when only the potential energies of theiglag directly involved in the 2-body
scattering, decay or absorption process are accountedh fibrei energy conservation constraint
and when the potential energies of particles in the mediwerigaored in the collision term [10],
respectively .

The Gogny-inspired parametrization of the equation ofestdtnuclear matter [12] has been
selected to describe the mean-field experienced by a nuelefimite density. It leads to a mean-
field nucleon potential,

N P o (P12 Pt
Ulp.BP.TX) = A+ A +B( ) (L3 —8rx =B o (22)
2Crr 3=/ fr (ra ﬁ/) ZCTT’ 3=/ fr’ (?7 ﬁ,)
o J s 1+ (p-P2A " o J 1+ (p— p)2/A2’

that displays besides densitg)(and isospin asymmetry3] also a momentump) dependence in
both the isoscalar and isovector componem)s The parametex has been introduced to allow
for adjustments of the symmetry energy stiffness. Negati positive values of this parameter
correspond to a stiff and a soft density dependence, régplgciThe values of th€;;, C;» andA
parameters are determined by optimally reproducing the embum dependent part of the Gogny
interaction [12]. This results in an effective isoscalacleon mass of Oy and a neutron-proton
effective mass splitting of approximately (.4t saturation density. The remaining parameters are
determined from the location of the saturation poj)( binding energy at saturation, magnitude
of the symmetry energy at saturatiog£30.6 MeV) and value of the compressibility modulus
(K=245 MeV).

The expression of the potential 8{1232) and heavier baryonic resonances in nuclear matter
is derived under the assumption that it is given by the weigllaiverage of that of neutrons and pro-
tons, the weight for each charge state being equal to theesgfizhe Clebsch-Gordon coefficient
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for isospin coupling in the proced#s— 7. It can be cast in the following form,

Vi = W+(3/2)W
Vo = W+(1/2)V
Var = W—(1/2)V
Vars = Vn— (3/2)W,

(2.3)

whereVy andV, are the isoscalar nucleon potential and the difference dmtvihe potentials of
two neighboring isospin partners respectively. It can beashthatV,, =8, with the definition
0=(1/3)(Vn-Vp). By varying the magnitude of, different scenarios for the strength of the isovector
baryon potential can be explored. The choidgs-29, -9, 0, 4, 20 and 3 have been used in this
study.

The interaction of pions with the dense nuclear environneatcounted for by including the
effect of the so called S and P-wave pion optical potentialthé transport equations. A widely
used parametrization for these quantities, introducedrims@&n and Ericson, reads

2 - a(r) i]

Vopt(r) = — | —q(r)+ 0

u 1+ 4ma(r) 24)

where

q(r) = &x(bop +b1Bp) + €2Bop?,
a(r) = & *(cop+caBp) + & H(Cop? +C1BP?).

Here u is the reduced mass of the pion-nucleus system whikethe Lorentz-Lorentz correction
parameter which accounts for the impact of short-rangesonehucleon correlations on the poten-
tial. The extra parameters are defined as folloggs:1+m;/my, €2=1+my/2my, with m; andmy
the -meson and nucleon masses respectively. The paranh_)@te_lﬁsandBo determine the strength
of the Swave part of the interaction, while tiewave term is described by the ones labalg,
Co andC;. Their values are determined from a comparison to expetaheata for bound states
of pionic atoms and elastic pion-nucleon scattering [13]j.eXtraction of their values from a com-
parison with theoretical effective hadronic models usuadizeals a missing strength in the P-wave
component of the latter. Parameter set values used in thentstudy can be read from Table. 1l in
Ref. [11]. They are a subset of those listed in Ref. [13] anteveelected in order to cover with a
minimum number of parameter sets the uncertainties in theityedependence of these potentials.
These potentials need to be extrapolated at energies fae dbose probed in pionic atoms
in order to be applicable to heavy-ion related studies. Thigarticularly true for the P-wave
component which shows a strong energy dependence alreadyafitenergies, as induced by the
energy dependence of ti€1232) decay width. To that end we mirror the energy deperelen
a theoretical P-wave potential model [14], based on a Iqmaitaximation of the delta-hole model,
that allows a good description of elastic pion-nucleus dat& pion kinetic energies of about 300
MeV. In practice, this is achieved by multiplying tiRewave part of the potential of Eq. (2.4) by
the form factor,

F(p?) = 1.0— 3¢ /N2 + i/ NS
10— p2/N2+ pb/AS

(2.5)
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Figure 1:  Average pr ratio of charged pions as a function of the stiffness parametin central
197Au+197Au collision at an impact energy of 400 MeV/nucleon. Resiifisthe VEC (dashed-dotted
curves), LEC (dashed curves) and GEC scenarios are prdsdraethe case of the GEC scenario results
for two strengths of the Coulomb interaction are shown: the of Ref. [10] (dashed-double-dotted curves)
and the one used in this study (full curves). The FOPI expemial result for the PAPTR [2] is depicted by
a horizontal band.

with Ay = 0.55 GeV andA\,; = 0.22 GeV. For the S-wave component of the pion optical poten-
tial the energy dependence is less pronounced and for tlaenpéiizations extracted from pionic
atom data it is completely ignored. Alternatively, a partimation of the S-wave potential, con-
structed by using results from chiral perturbation thedry, [17], effective hadronic models [15]
and experimental pion-nucleus scattering [18], can be asedtifeatures also a moderate energy
dependence

B — 3, L, 3\
bo(w) = —0.010~0.00016w, by = b — - (b +2bf) (7p>
B 0.6116 p —
bi(p) = o.088(1+ b, po)’ by = by. (2.6)

Here w denotes the pion kinetic energy and the potential parasbgeandb; are expressed in
units of [mz1].

3. Selected results

The impact that the various energy conservation scendnmiesly described in Section 2, have
on averagepr ratios of pions is presented in Fig. (1). VEC and GEC scersinlations reveal
values of PAPTR that overshoot the experimental FOPI rg&jitly 10-20%. On the other hand the
LEC scenario leads to PAPTR values below their experimerttahterpart by at most 10%. The
impact of local energy conservation (as compared to VECheasefore much more pronounced
for PAPTR than for multiplicity ratios, while the differeacbetween LEC and GEC scenarios is
equally dramatic for these two observables. A moderatertkpee of PAPTR on the SE stiffness
is also demonstrated, a softer asy-EoS leading to a higheir R&or the VEC and GEC scenarios
and the opposite for LEC.
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Figure2: Sensitivity of the extracted constraints for the stiffnpasametex and strength of the isovector
A(1232) potential/, to different choices for th&wave (left panel) an&-wave (right panel) pion potentials.
The calculations help quantify the impact of uncertainirethe energy and density dependence of these
potentials on the quantities of interest. The case for wipicm potential contributions are completely
omitted ("no pion pot“) or only th&s-wave component is included ("only S Eff Mod*) are also shdiaft
panel). Result for a version of tfRewave potential with the gradient terms omitted is also sih¢\® Batty-1

no grad” in the right panel).

The impact of each of the pion optical potential componentpion multiplicities, pion av-
erage transverse momenta and their corresponding ratstgdied in great detail in Ref. [11]. It
is found that while their impact on PMR is only moderate iratee terms, their omission would
lead to uncertainties in the extracted values of the slopkthe symmetry energy of as much as 50
MeV for certain fixed values of the isovectd(1232) potential strength. The impact of the S and
P-wave pion potentials on PAPTR amounts to about 20% and &8pectively and their inclusion
is crucial for reaching an agreement with the experimeraéles A similar statement holds true
when comparing to experimental data for the absolute aedragsverse momenta.

The results presented in Fig. (1) demonstrate the semgiti’/PAPTR to the asy-EoS stiffness,
even though it is not a pronounced as for PMR. Owing to a diffedependence on the strength
of the isovecto’r(1232) potential [11], the two observables can be used samebusly to extract
constraints for both quantities of interest. This is dentraed in Fig. (2) where thedi.confidence
level (CL) contour plots of the quantity?/dof determined by comparing theoretical and experi-
mental results for the observables PMR and PAPTR for diftecoices for the pioswave (left
panel) and?-wave (right panel) potentials are plotted.

The experimental values for PMR and PAPTR cannot be repsutisienultaneously if contri-
butions due to the pion optical potential are omitted (lefhg@l of Fig. (2)). In fact, most of the
probed parameter space lies outside tbeC3. region (curve labeled “no pion pot”). By including
the S-wave potential the situation improves consideratilyve labeled “only S Eff Mod”). The
inclusion of the P-wave potential has a clearly noticealfleceonly on the favored value for the
strength of the\(1232) isovector potential. The extracted constraintsvd@vever a pronounced
sensitivity to the parametrization, and hence density niég@ece, used for the S-wave potential. Its
energy dependence impacts mostly the extracted condivaihie strength of the isovectd(1232)
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Figure3: Comparison of theoretical transverse momentum spectrhasfied pions (left panel) and trans-
verse momentum dependent PMR (right panel) in mid-cef¥falu+1%7Au collisions at an impact energy
of 400 MeV/nucleon to the FOPI Collaboration experimenghd19]. The effective mod&-wave and the
Batty-1 P-wave pion potentials have been accounted for in the simonist

potential (compare full and double-dashed-double-dattedes in the left panel of Fig. (2)).

The sensitivity of the extracted constraints for the SHregs to the parametrization used
for the P-wave potential is presented in the right panel af. 2). The uncertainty on the ex-
tracted value of the slope parameles of the order of 20 MeV (compare the contour plots for the
“Batty-2", “Konijn-2", “SM-1" and “SM-2" P-wave parametrations [13]), much less than the one
induced by uncertainties in the density dependence of thvav@- potential. A similar conclusion
holds true for the extracted constraint for the strengthefisovector\(1232) potential. Density
gradient terms of the P-wave potential are shown to haveemtdtie impact only on this latter quan-
tity. Additionally, it is shown that higher precision expeental data have the potential to lead to a
considerably more precise constraint for the stiffnese@bisy-EoS. This is achieved by artificially
reducing the uncertainties of the existing experiment&h dler PMR and PAPTR to from 9% to
3% and from 2.5 % to 1.5% respectively (compare full and denalsished-double-dotted curves).

In Fig. (3) a comparison of the transverse momentum spenttidransverse momentum de-
pendent PMR with their experimental counterpart is preskniEor these cases the strength of the
isovectorA potential has been set¥=0.5  in agreement with the favored constraints presented
above. The description of the experimental data for the éormbservable is qualitatively good, the
discrepancy between theory and experiment showing hoveenagher pronouncepr dependence.
This is enhanced for the case of the dependent PMR, the extracted constraint for the stiffness
parametex depending strongly on the chosen window in transverse mtumeril he result under-
lines the importance of energy dependence of the pion patersed in simulations and which is
currently accurately known only for small values of the pmamentum. To circumvent this prob-
lem a comparison of theoretical predictions and future expental data will have to be restricted
only to pions of low momenta. For this case only, extrapofatiof the pion potential extracted
from pionic atom experiments will be fully justified.
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4. Concluding remarks

The presented study has demonstrated that the extractmonsfraints for the symmetry en-
ergy stiffness from pionic observables measured in intdiate energy heavy-ion collisions is
viable. In order to circumvent the earlier noted problem oknown strength of the isovector
A(1232) potential in nuclear matter, the list of observalblas been extended to include both the
pion multiplicity ratio and the averager ratio. To convincingly describe the latter, contributiaris
the S and P-wave pion optical potentials have to be accodoted the transport model of choice.
In agreement with results of a previous study, the conservalf the total energy of the system is
of crucial importance as well. With these ingredients ircpla consistent description of the avalil-
able experimental data is possible and meaningful constréor the slope of the symmetry energy
can be extracted, with > 50 MeV at Io confidence level. A rather strong model dependence,
originating from uncertainties in the density and energyestelence of the pion potentials, of the
extracted constraints is however evidenced. The lattebeaadleviated by restricting the study to
low momentum pions, while for the former the study of heaay-¢ollisions of isospin symmetric
nuclei may prove helpful.
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