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Medium modification of pion production in low-energy Au+Au collisions
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There is a major mismatch between the charged-pion yields in Au+Au collisions at low energies calculated
by various transport models and the experimental measured values from the HADES Collaboration. In this work,
reasonable improvements on the equation of state, in-medium modification of cross sections, and the influence
of the nuclear potential for A resonances will be investigated in the framework of the GiBUU transport model.
As a result, we demonstrate that theoretical calculations can indeed describe the charged-pion yields measured
by HADES for Au+Au collisions rather well, but that a mismatch then remains between calculations and data
for the yields of neutral pions extracted from dileptons within the same experiment.
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I. INTRODUCTION

In the paper by Adamczewski-Musch et al. [1] the HADES
Collaboration showed that transport models systematically
overpredict measured pion yields. Every transport code was
found to overshoot the rapidity and p,; spectra by nearly a
factor of two. In principle, this problem has been known
already for almost 30 years [2-7]. It is disturbing for a few
reasons. Due to their low mass, pions play an important role in
many theoretical models (see, e.g. the classic text in Ref. [8]).
Assuming two flavors of massless quarks, for example, QCD
exhibits a chiral symmetry, which, when spontaneously bro-
ken, gives rise to three massless Nambu-Goldstone bosons.
These are identified with the three pions to explain why
they are the lightest hadrons, and hence commonly produced
more abundantly than others in heavy-ion collisions. Thus
pion production is important from an experimental as well
as a theoretical point of view. For the system considered by
HADES in Ref. [1], Au+Au at an incident energy of Eyi, =
1.23 A GeV, a mismatch between measured and calculated
pion multiplicities by not quite a factor of two but on the 50%
level was reported in Ref. [9]. Nevertheless, one has to require
that transport models reproduce the most frequent particles
better than that. It seems therefore very important to develop a
framework that can describe the HADES findings and provide
an improved theoretical understanding.

As the conventional assumptions and modes typically em-
ployed in transport codes have failed to reproduce the data,
new approaches to describe medium modifications of pion
production are needed. Indeed, Godbey et al. in Ref. [10]
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found a prescription to reproduce the correct pion numbers
whereby density-dependent suppression factors were applied
on the cross sections for each of the charged pions. While
this method is phenomenologically certainly successful, the
underlying assumption of an exponential suppression with
density is currently lacking a sound theoretical basis. More-
over, it seems particularly unclear why an isospin dependent
suppression factor should need to be introduced in an other-
wise isosymmetric theory.

Here we will therefore compare an isospin-symmetric
implementation of this suppression prescription with an
alternative approach based on modifications of cross sec-
tions through effective in-medium masses [11,12]. We will
first demonstrate that neither of these changes alone are then
sufficient to describe the charged-pion yields measured by
HADES. In combination with a physically motivated modi-
fication of the baryonic potential for A resonances, relative
to that for nucleons, however, the effective mass suppression
of cross sections is able to describe the charged-pion yields
measured by HADES rather well, and no ad hoc suppression
factors are needed.

Because the suppression of cross sections by effective
in-medium masses is sensitive the equation of state (EOS)
of nuclear matter, on the other hand, another important
prerequisite for a quantitative description of charged-pion
yields is the right choice of this EOS, of course. Using
the relativistic mean-field (RMF) mode of the Giessen—
Boltzmann-Uehling-Uhlenbeck (GiBUU) transport model,
we therefore compare various popular EOS’s from the non-
linear (NL) Walecka model. The perhaps most commonly
used choice in GiBUU transport simulations of heavy-ion
collisions is the set NL2 by Lang et al. [13], for example. It
corresponds to a rather soft EOS, and the resulting effective-
mass suppression is not quite strong enough. Interestingly,
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our results for the charged-pion yields from this comparison
instead favor parameters by Liu et al. [14], which happen
to best satisfy currently available astrophysical constraints,
especially those from neutron star mergers [15,16], at the
same time.

The structure of this paper is as follows. In Sec. I we
review the RMF mode of the GiBUU transport model. Al-
though most of this can be found in the review of Ref. [17], it
helps to recall the assumptions and implementations relevant
for the modifications implemented in this project. We then
first focus on comparing different equations of state against
astrophysical constraints and identifying the one by Liu et al.
[14] as the presently best choice, before we introduce our
in-medium modifications. How these modifications affect par-
ticle production and baryon densities is explored in Sec. III.
Then in Sec. IV a summary of the results shows how different
modifications compare to experiments. These are the FOPI
experiment for proton and pion data [18,19], and HADES for
pions [1] and dielectrons [20]. A summary of our findings is
given in Sec. V.

II. MEDIUM MODIFICATIONS

A. Relativistic mean-field theory

In the present work, the propagation of particles is carried
out using a relativistic mean field (RMF) for the equations of
motion. Its workings are elaborated here, as it might be less
common than nonrelativistic Skyrme-like potentials typically
used in heavy-ion collisions. More details can be found in the
GiBUU review paper [17]. The Lagrangian is given by

L ZE{V,U. I:iaﬂ — 8o — ng'pH - g(l + T3)Aui|

1 1
—my — gga}w + Eaﬂaa“a —U(o)+ Emia)z
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including Dirac-spinors i for the isodoublet of nucleons with
mass my, a scalar field o, as well as isoscalar and isovector
vector fields w and p. The self-interactions of the scalar field
are parametrized by

U(o) = ymyo® + 5820° + jgs0™, 2
with additional coefficients g, and g;. The meson-nucleon
couplings g, &, &+, and the mass m,, of the scalar field in the
Lagrangian (1) are determined by the equation of state (EOS)
at hand, while the values of m, and m,, are conventionally
kept fixed at the masses of the physical p and @ mesons. As
usual, t are the Pauli matrices for isospin, A" is the elec-
tromagnetic field and F,,, = d,A, — 9,A,, the corresponding
field-strengths tensor. The Lagrangian (1) leads to the equa-
tions of motion for the Dirac spinor v,

[W(l’a“ — 8o — 8T p" — g(l + r3)A”>

—my —gaa}w =0, 3

for the isoscalar scalar field o,

dut0 + 229 e s, @
for the isoscalar vector field w,
moo” = gujp, (5)
for the isovector vector field p,
myp’ = g,jj, (6)
and for the electromagnetic potential A,
0,0"A" = 4mej!. @)

Instead of the explicit Dirac spinors of Eq. (3), the evaluations
in GiBUU are formulated in terms of the corresponding par-
ticle distribution functions f;(x, p), which also determine the
right-hand sides in the equations of motion above (with ki-
netic momenta p* and effective masses m*, as defined below).
These are the scalar density,

Ps = (271 8 Z
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the baryon density,
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the isospin current,
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and the charge current,
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Here, 7:3 = 1:,:? =1, 1:3 = tg = —1, and g = 2 accounts for

the spin degeneracy. Note that there are no kinetic terms for
the vector fields w and p in Egs. (5) and (6), which are thus
directly proportional to the baryon and isospin currents. This
reflects the fact that these are the corresponding Hubbard
fields to represent the short-range interactions between nu-
cleons whose strengths only determine the ratios m,,/g, and
m,/g,. As such these auxiliary fields do not necessarily have
to be interpreted as the propagating physical vector mesons,
and choosing their masses for the values of m, and m, is
only a common convention that then defines the dimensionless
couplings g, and g,.

Moreover, neglecting isospin-mixed nucleon states, the
first two components of the isospin current in Eq. (6) are
set to zero, ie., j;' = j’ =0, and only p>" o j;" needs
to be calculated. Finally, the last equation of motion relates
the electromagnetic current j? to the electromagnetic field
(in the Lorenz gauge). As convenient kinematic quantities in
the definitions of the currents one furthermore introduces the
effective nucleon mass

my =my +S (12)
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and its kinetic four-momentum

pr=p-V, (13)

with scalar and vector fields given by
S =g.0, (14)
V' = g0’ + 8,737 + g(l +THA. (15)

By assuming plane-wave solutions to the Dirac equation, (3),
one then obtains the dispersion relation for the nucleons in the
form

(P*)? — (my)* = 0. (16)

Although here only given explicitly for the nucleons, this
RMF prescription is applied to all baryons. The electromag-
netic potential is included for all particle species.

B. Equations of state

The nuclear EOS’s needed for our purposes relate vari-
ous thermodynamic observables to the density of symmetric
nuclear matter. They are all fixed to yield a binding energy
per nucleon of E/A = —16 MeV at the saturation density
0o = 0.16 fm~>. In other aspects they can and do differ quite
substantially, however. The historical reasons for this are that
they have originally been devised for different purposes. To
study heavy-ion collisions with transport simulations, for ex-
ample, Lang et al. [13] devised parameter sets specifically
suitable for this task, while Lalazissis et al. [21] needed a
different set to mainly work on nuclear structure models, and
Liu et al. [14] have put the emphasis on investigating the
influence of isovector scalar fields with yet another EOS.
Hence the EOS’s by Lang are typically expected to be more
applicable for a dynamic description of heavy-ion collisions,
while the Lalazissis EOS is considered to better describe
nuclear ground states. The EOS of Liu et al. is also used by
Godbey et al. in Ref. [10].

Constraining the nuclear EOS from astrophysical observa-
tions, especially on neutron stars has a very long history. For a
rather recent review we exemplarily refer to Li et al., Ref. [15],
and the comprehensive list of references given therein. One
main emphasis thereby currently is to further constrain the
symmetry energy from current and future neutron-star merger
events, which provide new data not only on neutron-star
masses and radii but also on more complex observables such
as their tidal deformability. For our purposes we actually only
need the EOS of symmetric nuclear matter, which has been
studied even more abundantly and is also much more well
constrained than the symmetry energy. To be specific, for the
comparison of our RMF EOS’s we use the reference band of
the 68% confidence interval from astrophysical observations
for the EOS of symmetric nuclear matter provided, e.g., in a
recent compilation by Xie et al. in Ref. [16]. This comparison
is shown in the top panel of Fig. 1, where the binding energies
per nucleon are plotted together with this reference band over
the density in units of the saturation density of symmetric
nuclear matter for various EOS’s implemented in GiBUU. The
bottom panel of Fig. 1 shows the corresponding behavior of
the density dependent effective masses for the same EOS’s
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FIG. 1. The binding energy per nucleon and the effective mass
as a function of nuclear density for various EOS’s [13,14,21]. The
red band in the plot of the binding energies shows the reference from
astrophysical constraints [16].

in matching colors. The coefficients from Eq. (1) required to
reproduce the EOS’s by Liu and NL2 by Lang are listed in
Table I.

Starting from saturation, where the nuclear incompressibil-
ity, cf. Table I, which determines the curvature at pg, perfectly
agrees with the extrapolated value of K =240+ 20 MeV
from compression-mode giant resonances in doubly magic
finite nuclei [22], we observe that the EOS by Liu et al. from
Ref. [14] continues to lie right in the middle of the one-sigma
confidence interval of the reference curve for all densities up
to 4pp in Fig. 1. We will therefore mainly consider this EOS
by Liu et al. from now on. Compared to that, the softer EOS
with the NL2 parameters by Lang et al., commonly used in
transport codes, is close to the lower edge of the confidence
band for the binding energy. More significantly for our pur-
poses, the falloff of the effective mass with density is a lot
weaker than it is with the Liu EOS, as seen in the ratio m*/m
of the bottom panel in Fig. 1. One therefore expects that the
density-dependent suppression of cross sections by effective
masses is less effective with the NL2 Lang parameters than
with those for the Liu EOS. We will show examples of results
where this makes a noticeable difference below.
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TABLE I. Parameter sets for the EOS’s by Liu [14] and NL2 by Lang [13] together the resulting nuclear incompressibility K and effective
nucleon mass mjy; (in units of their vacuum mass my) both at saturation.

EOS K( MeV) my /my 8o 8o 8o 82( GeV) 83 mg( MeV)
Liu 240 0.75 8.958 9.238 3.769 —4.681 —30.909 550
Lang, NL2 210 0.83 8.5 7.54 0.0 -9.939 —6.26 550.5

C. Cross-section modifications

As mentioned above, transport theoretical calculations
overestimate the experimentally measured pion yields in
heavy-ion collisions. There are multiple ways to change this.
The two main strategies of medium-modifying cross sec-
tions that we compare in this work are described next.

1. Exponential suppression

One way to reduce pion yields is the exponential sup-
pression of cross sections with density in the spirit of
Refs. [10,23]. Here the NN — NA and NN — NN cross
sections are multiplied by a common factor, i.e., the same for
all isospin channels,

f = exp=a (p/pp)?), (17)

with constant @ and S, where the exponent 8 was intro-
duced for more generality. The underlying assumption is that
pion distributions can be modeled with this density-dependent
suppression. In our investigation we have tested various val-
ues of B and eventually concluded that 8§ = 1 can be used
to describe the data sufficiently well, with only varying the
strength of the exponential suppression with density by ad-
justing the prefactor . To maintain detailed balance, the
factor f is also included in the cross section of the back
reaction NA — NN and in the rate of pion absorption by two
nucleons tNN — NN.

In this way, the suppression (equally) affects the two dom-
inant channels for pion production. A certain drawback of
this method of medium modification on the other hand is that
pions are then produced at increased rates by other processes,
mainly NN — NR, where R is a higher resonance. While this
counteracts the overall reduction of pion numbers to some
extend, the method is nevertheless reasonably effective to
describe the measured pion yields.

2. Effective masses

An alternative mechanism for medium modification of
cross sections is provided by the suppression through effec-
tive masses. To calculate heavy-ion collisions effectively, one
needs to incorporate cross sections for the myriad of different
events. One can derive from QFT that the differential cross
sections in vacuum are given by

e
doiy iy = (Q2m)*'8® (1’1 +p2— ZPi)
=1

niny ]_[fv=1 n;

Mizr2.n1? Svr.w
411, RYSEENT Y

y
x ]_[Ai(pi>ﬂ, (18)
ity Qm)32p?

where S is a symmetry factor to take into account that one
cannot distinguish identical particles, i.e., it introduces a fac-
tor of 1/n! for each set of n identical particles in the final state,
and

Ly = V(pip2)? — (mymy)? (19)

is the flux factor. For Dirac fermions the spin-averaged parti-
cle spectral function is defined as

1
A(p) = =5 0(po) trlIm S (p)y°] (20)

with Dirac matrix y° and the retarded Green’s function
S™(p). For mesons an additional factor of 2 p? is included in
the definition of A(p) so that the normalization is in both cases
given by

oo
f dp’A(p) = 1. (1)
0
Moreover, note that 91 is the matrix element used in the
Bjorken-Drell convention, which is related to the PDG con-
vention M by

1, Jj is boson,
Mip =My l_[ Vi = {zm,., Jj is fermion.
j :

It is important to keep in mind at this point that not every
cross section can be calculated like that from first principles.
Many have to be taken from experiment and many arise from
educated guesses, when there is not enough data or underlying
theory to proceed otherwise.

For the processes relevant to our study, particle number and
density are not close to vacuum anymore. Hence it is plausible
to introduce some in-medium modifications. There have been
many suggestions of how to apply these modifications, the
prescription described here is the cross-section modification
by the effective mass. Following Ref. [17], for the in-medium
cross section one first writes,

N’ n*n* HN, , i’lik
dofy Ly = Q@)*8D | pi+ p2 — Zpi %
e 12

X Mo N> Sio

N’ 4

d*p;
AP —=—> 22
« 1;[ ) Gy (22)
with a corresponding in-medium flux factor
Iy = \Jips? — mim3 )2, 23)

Evidently, Eq. (22) is almost identical to Eq. (18), except
that it contains effective masses and momenta (njf is analo-
gously defined as 2m_’]k. for fermions). In fact, this is why the
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Bjorken-Drell convention is used: The matrix element does
not need to be in-medium modified, only the other factors are
changed. Note, however, that the § function has to have the
actual four momenta of the particles, as required by energy
and momentum conservation.

The trivial suppression of cross sections by the effective
masses has been shown to account for the major part of the
difference between nucleon-nucleon cross sections in vacuum
and in nuclear matter [11,12]. The simple approximation to
keep 901 constant in the medium is therefore superior to as-
suming a constant M instead.

The Bjorken-Drell convention of the matrix element on the
other hand leads to another problem, as it depends on the
so-called free center-of-mass (c.m.) energy of the system and
thus on the free four-momenta of the colliding particles, while
only the kinetic four-momenta are available in the medium.
In other words the existing potentials have to be taken into
account when calculating the available energy of the system.
Thus the c.m. energy has to be modified as well. One option,
which many transport codes (including GiBUU in Skyrme-
like mode) use for hadron-hadron reactions, is the free c.m.
energy

Stree = (P1.free + p2,free)2s (24)

with free momenta

Pfree = (V m? +P2, P) (25)

This prescription assumes that the potential acts as a back-
ground field, which does not affect reaction rates. A drawback
of this method is that it cannot account for in-medium thresh-
olds for particle production. One therefore uses a different
prescription, namely

Stree = N5* — (m} —my) — (m5 — my) (26)

with s* = (p} + p5)?. To show that this prescription conserves
in-medium thresholds, one has to start from the assumption,
that the sum of vector fields V stays the same before and
after the collision, i.e., that V| + V, = vazl V:. One may then
replace all four momenta in the § function in Eq. (22) by the
corresponding kinetic momenta as well. This is done in the
GiBUU code mainly for technical reasons anyway. With this
replacement, the cross section therefore becomes proportional
to the N-body phase-space volume element,

dofy iy < d®y(p] + P3Pl py),  (27)

when the outgoing particles are on their in-medium mass shell
as defined by Eq. (16). For completeness, the phase-space
volume element itself is here defined as usual by

d3P1 d3PN
doyN(P; p1,...,pN) =
NS A M ey T ey,
x WP —p—---—py). (28)

Next, one analogously defines the in-medium excess en-
ergy Q" = +/s* — vazlml* and the in-medium threshold

condition
0*>0 29)

then follows immediately from Eq. (27). Hence it makes sense
to first define the in-medium invariant energy as

N’ N’
e = 0"+ Y mi=~/s* =Y (mf —m).  (30)

i=1 =l

Unfortunately, however, this last equation is hard to compute,
as the final particles are not known initially, but produced
during the collision. To overcome this problem a second
assumption is made, namely that the sum of initial scalar
fields also equals the sum of final scalar fields, i.e., that
S1+5 = vazl S;, as well. This then finally allows us to
rewrite Eq. (30) into Eq. (26). Note that the two assump-
tions needed in this derivation, namely V| + V, = Zf\l v Vi
and S1+ S, = vazl S;, are usually fulfilled in the present
simulations, where all baryon-meson couplings are set equal
to the nucleon-meson coupling, and the action of the mean
fields on mesons is neglected. Cases when the assumptions do
not hold will always be explicitly mentioned and explained
below.

All in all it is now possible to calculate the in-medium cross
sections for different final states in baryon-baryon collisions.
If the final particles are assumed to be on their mass shell,
the relation between in-medium and vacuum cross sections is
given by

Gsz—wz'...N'(\/s_*) = F o135 10 n (VStree) (31

with the free c.m. energy given by Eq. (26), and modification
factor

ninzny, .. 05 Ly Oy (Vs*smi, ..., my,)

F= = :
mnany ... oy I ®ne(/Strees M, - . ., M)

(32)

It contains all factors in Eq. (22) that depend on kinetic mo-
menta and effective masses, including the N-body phase space
volume, which is the integrated infinitesimal one in Eq. (28),

OyM;my, ..., my) = /dCDN(PQPla ey PN)s (33)

with the mass-shell conditions P> = M? and p? = m?. For
baryon-baryon scattering, Eq. (32) assumes the form
mimr
Fou 21, (34)
mumy L om

which explicitly shows how the ratios of effective to bare
(Dirac) masses lead to the in-medium suppression of cross
sections.

Note that not all cross sections need to be modified. As
argued previously in the literature, cf. Refs. [24-26], we leave

054901-5



KUMMER, GALLMEISTER, AND VON SMEKAL

PHYSICAL REVIEW C 109, 054901 (2024)

the elastic channels untouched, and only modify inelastic
cross sections. Moreover, assuming that the NN <> NA and
NN < NN reactions dominate the inelastic collisions, we
only modify these cross sections. First of all the procedure
is then directly comparable to the prescription with expo-
nential suppression factors described in Sec. IIC1 above.
Second, for cross sections involving higher resonances it can
be assumed that they are governed by short-range interactions
(heavy-meson exchanges) for which in-medium effects can be
neglected.

3. Delta-potential modification

Another aspect that possibly needs to be refined is the
baryon potential. The free c.m. energy of (26) can be
rewritten as

A/ Sfree = \/S_* - Sﬁna (35)

where Sg, is the sum of scalar potentials acting on the final
particles, and +/s* is the invariant energy of the colliding
particles including their vector potentials.

Phenomenologically, the potential of the A(1232) reso-
nance in nuclei should be on the order of —30 MeV [8], see
also the comment in Ref. [27], and hence by a about a factor
of 2/3 less than that of nucleons,

Up ~ —30 MeV = 2 Uy. (36)

Thus, reducing the scalar and vector potentials of the A(1232)
by this factor 2/3 compared to those of the nucleons, the
production of delta’s is penalized compared to the default of
using the same potentials for A resonances and nucleons. In
the spirit of Kosov ef al. [28], these modifications are applied
by changing the couplings to the scalar and vector fields. For
this purpose we define the ratios

gs 8y

r¢== and ry = —, (37)
8s 8v

where gg and gy are the couplings of the nucleons to the
scalar field S and the vector field V, while g and g, are the
corresponding couplings of the A to S and V.

In order to explore the effect of reducing the A potential in
the nuclear medium, we will simply set rg = ry = 2/3 in our
comparisons below. While this is most readily implemented
in the computations, there is a slight inconsistency with this
prescription, however. As mentioned above, the in-medium
cross sections are computed from Eq. (22) with the Dirac
delta function evaluated from the kinetic four-momenta p*
for technical reasons. Strictly speaking, this is only valid
when ry = 1, however, because momentum conservation is
not strictly valid for NN <> NA otherwise. Although we do
not expect this to have a quantitatively important effect, the
precise extend to which it matters should certainly be assessed
at some point. If necessary, a possible further improvement
might then be to only modify the scalar potential, i.e., to
keep ry = 1 and obtain Uy >~ —30 MeV by only adjusting

rs appropriately. We will leave this possibility be explored in
the future.

III. MODEL PREDICTIONS

After our detailed comparisons, as described in Sec. II B,
we have mostly used the EOS by Liu ef al. [14] in our sim-
ulations. The results labeled as “default” in the figures were
obtained with vacuum cross sections for comparison. The two
kinds of in-medium modifications are denoted in the figures as
follows: In the results labeled as “a = 2.0” we have used the
exponential suppression described in Sec. Il C 1 with a factor
a =2.0 in Eq. (17). The in-medium modified results with
the suppression of the cross sections from the effective Dirac
masses, as defined in Sec. II C 2, for the processes NN <> NA
and NN <> NN are denoted by “o ,.” An additional label
“rs,v” indicates that this was combined with a modified A
coupling to scalar and vector mean-fields, with the default
value rgy = 2/3, as described in Sec. I1C 3.

In order to demonstrate, qualitatively, how the in-medium
modifications affect nuclear densities and collision rates, we
have run a few simulations for Au+Au at the HADES inci-
dent energy of 1.23 A GeV with zero impact parameter, where
we expect the largest effect. Less central events will have
fewer participants and more spectators and thus dilute the
differences between the different results. The total numbers
of nucleons, delta’s, and pions over time are shown in Fig. 2.
The number of nucleons first decreases through collisions,
as other hadrons are being produced by inelastic processes,
before back reactions and particle decays finally lead to an
increase of nucleon numbers again. Delta’s are the resonances
of lowest mass and are produced more abundantly than others.
Moreover, because they are of particular importance for pion
production, they deserve special attention. Since they are not
present in the nuclei at the beginning, they have to be cre-
ated during collisions. Hence, their numbers increase from
zero until decays and back reactions destroy almost all the
delta’s towards the end of the simulation again. The medium
modifications are effective in reducing their production and
consequently the A yield. The nucleon numbers reflect this
behavior as well: When fewer of the most abundant reso-
nances are being produced, more nucleons survive and the dip
in the top panel of Fig. 2 is less pronounced. However, the
difference gets somewhat mitigated by the enhanced produc-
tion of higher resonances. Over the relevant time scales during
the heavy-ion collision, pions can be assumed to be stable
particles, whose numbers can only be reduced by inelastic
collisions. Their production vastly outweighs such processes,
however, so it is no surprise that pion numbers only increase
over time, here. Just as for the delta’s, the in-medium modi-
fications reduce their yields as expected. Note, however, that
the different modifications have different effects on the timing
of delta and pion formation: Compared to the modification via
effective masses and A potential, the exponential suppression
has its A-multiplicity peak delayed by about 1.6 fm/c. This
is due to the pion capture 7N — A, which reduces pion num-
bers in favor of delta’s. The modification of the A-potential
coupling makes it less likely for delta’s to form, so that pion
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FIG. 3. Central baryon density in units of the nuclear den-
sity pg = 0.16 fm~* throughout the collision. The vertical line at
t =12 fm/c corresponds to the moment of overlap of both nuclei,

thus the moment of maximum density.

at t = 12 fm/c, when the centers of mass from both nuclei

coincide. After that the density rapidly decreases again, until
it approaches zero asymptotically. The evolution of the central

30 40 50 60

FIG. 2. Particle numbers of nucleons, delta’s, and pions over
time (note the different scales for different particle multiplicities on
the y axis, and the offset in that for the nucleons).

capture is slightly suppressed. In the end, delta’s decay into
pions, A — wN, and the exponential suppression gives a
2.6 fm/c delay for pion numbers as compared to the cross-
section modification via effective masses and A potential.
The central baryon density is calculated in the center of
mass of the system. At the start of the simulations, the nuclei
are well separated and the central density is far below the
nuclear saturation density of py = 0.16 fm 3. As the two Au
nuclei collide, the density increases rapidly up to a maximum

baryon density over time during this process is shown in
Fig. 3. Note that the baryon density is not symmetric around
its maximum, because stopping slows particles down, which
causes the expansion to be slower than the compression.
Both types of medium modifications lower the central density
significantly, e.g., from 2.82 p/py without modifications to
2.54 p/ po with the exponential suppression, which amounts to
a 10% decrease. An explanation for this is that less stopping
occurs with the reduced cross sections in the medium. Less
stopping on the other hand means that the nuclei become more
transparent to the nucleons in the reaction zone, which are thus
more likely to move past one another instead of accumulating
in the center region and increasing the density. The effects of
the medium modifications on stopping are discussed in more
detail in the next section as well.

At the beginning of the collision only nucleons are present,
all other hadrons are being produced by collisions during
the reaction. Studying the collision rates can therefore pro-
vide an intuitive understanding of the final results. The net
collision rates, i.e., reaction minus back reaction, for the
modified processes are compared to the default rates, using
vacuum cross sections, in Fig. 4. Both types of medium
modifications significantly reduce the production of A and
7 from the processes NN — NA and NN — NNm. The
exponential suppression factors of Sec. IIC1 in fact al-
most completely suppress these processes, while the effective

masses of Sec. II C 2 yield net collision rates somewhere in the
middle between the default and the exponentially suppressed
ones.
One might now wonder how total pion numbers can be so
similar in both modification scenarios, when the exponential
suppression is so much stronger here. The answer lies in the
production of higher resonances. As Fig. 4 also shows, both
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FIG. 4. Comparison of net collision rates for NN — NA,
NN — NNm, NN — NR, and NN — AA without (default) and
with in-medium modifications.

modifications increase the production of resonances heavier
than the A, which are collectively labeled R here, in process
NN — NR. This is a direct consequence of our modifications,
as more nucleons are present to react and the production

of higher resonances becomes more likely if the previously
dominant reaction channel is depleted. Because this is more
strongly so with the exponential suppression than it is with
the effective masses, see above, the higher resonances are
produced even more abundantly with the former as well.

The double delta production, NN — AA, in the bottom
panel of Fig. 4 is more interesting. As effective as the
exponential suppression factors are, in NN — NA and
NN — NN above, here especially the vastly reduced colli-
sion rate in the channel NN — N A, cf. the top panel in Fig. 4,
leads to a strong increase in NN — AA, for the same reason
as it does in the production of the higher resonances. This is of
course unphysical, and due to only reducing the two dominant
channels for pion production with the exponential suppression
factors. As we can see here, the rate of double delta production
in the bottom panel then almost reaches the size of that of a
single delta in the top panel of Fig. 4. This clearly demon-
strates that the strategy of simply suppressing, by explicit
factors, the in-medium cross sections of the two dominant
pion-production channels alone needs to be amended, if it is
further pursued in the future.

While the same should be true, in principle, also for the
suppression via the in-medium effective masses, here this is
overcompensated by the reduction of the A potential in the
nuclear medium, cf. Sec. II C 3. While the effective mass mod-
ification alone would enlarge the double delta production rate
slightly, although not nearly as much as the exponential sup-
pression does, the reduced A couplings to scalar and vector
mean fields in total clearly lead to a suppression of the double
delta production rate as well, as compared to the unmodified
default one. The combined effect of effective masses and
reduced A couplings therefore yields the overall more realistic
phenomenological description in this regard.

IV. COMPARISON WITH EXPERIMENTAL DATA

We compare our calculations to two experiments, namely
HADES [1] and FOPI [18,19]. The pion yields by HADES
provided the original motivation for our study, and their di-
electrons serve as a good benchmark for our transport model,
in addition. The FOPI Collaboration measured pions and
protons, whereby especially the latter are ideally suited to
calibrate the mean-field potentials.

A. Nucleons and pions from FOPI

The data for nucleons and pions obtained by the FOPI
Collaboration are presented in the papers by Reisdorf et al.
[18,19]. In the experiment ' Au projectiles were collided
with stationary '"’Au targets with a kinetic energy of
400 MeV and 1.5 GeV per nucleon, respectively. The FOPI
measurements are particularly valuable here, because they
include cumulated protons instead of clusters like deuterons
or helium-nuclei, which GiBUU cannot produce. Hence the
predictions from our model are directly comparable to the
data. The FOPI Collaboration present their data as functions
of longitudinal and transverse rapidities, y, and y,. The first
one corresponds to the usual definition of rapidity along the
beam axis, while the second one measures the rapidity in a
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FIG. 5. Proton rapidity spectra without (default) and with in-
medium modifications (see text) for beam energies of 0.4A GeV
(top) and 1.5A GeV (bottom) compared to the experimental data
from Ref. [18].

direction that is transverse to the beam axis in the laboratory

[19],!
1 E 1 E
— —In E+p: , ye=-In L . (38)
2 E —p, 2 E —p,

Moreover, the data published in Ref. [18] is represented in
terms of a normalized rapidity y?”) = Y(z.x)/Yproj» relative
to the projectile’s rapidity yyr; in the c.m. frame. Finally,
only central events were considered, with a scaled impact
parameter b° = b/bpay of values up to b° = 0.15, which cor-
responds to impact parameters of up to b = 2.0 fm when
bmax = 1.15(Ap —i—AT)% fm is used as conventional for the
maximum impact parameter.

The rapidity spectra of protons for both beam energies are
shown in Fig. 5. As seen there, our transport calculations
(based on the EOS by Liu et al.) describe the experimental
data by and large rather well, even with the default vacuum
cross sections. If anything, the in-medium modifications ac-
cording to the two different prescriptions both tend to yield
slight improvements. The agreement between calculations
and data is improved in particular in the longitudinal direc-
tion at midrapidity, where the curves are less peaked with
the in-medium modifications. This implies that less stopping
occurs in the collisions, which is expected when the cross
sections are reduced by the in-medium modifications. Com-
paring the forward/backward regions with the midrapidity
region, we furthermore observe that the best overall descrip-
tion is obtained with the effective masses and reduced A
couplings, especially at the higher of the two energies, where
the finite-density effects in the nuclear medium start to matter

'The name “transverse rapidity” for y, might potentially be mis-
leading here, because it neither refers to the transverse momentum
p. nor the reaction plane, but solely to a fixed laboratory x direction
perpendicular to the beam axis.

1.5 A GeV
Liu
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FIG. 6. Side flow obtained with the EOS by Liu et al. [14] with
or without in-medium modifications for beam energies of 0.4 A GeV
(left) and 1.5 A GeV (right) compared to the experimental data from
Ref. [18]. MUL and ERAT are the two prescriptions used by FOPI
to determine the impact parameter.

in the first place. The transverse rapidity spectra remain al-

most unaffected by the in-medium modifications, with minute

changes only at the higher energy, which are consistent with

the reduced stopping observed in the longitudinal rapidity

distribution when the in-medium cross sections are applied.
A more complex observable, which is believed to be sen-

sitive to the EOS, is the scaled directed flow, also called side

flow, as introduced by FOPI [18] and given by

i sgn(y)Zu

pgdir = 5xd1r »  DPxdir = %’ (39

lem

where the sums run over all charged particles with Z < 10,
excluding pions. Here u;cn, is the spatial part of the center
of mass four-velocity of the projectile. Z the charge of a
fragment, y its (longitudinal) rapidity, and u, = B,y its four-
velocity projected onto the reaction plane. In Figs. 6 and 7
the side flow is plotted for our two main EOS’s, the one by
Liu and NL2 by Lang, over the scaled impact parameter and
compared to the FOPI data.

The first observation here again is that the in-medium
modifications hardly have any effect at all at the lower beam
energy of 400 A MeV, independent of which of the two EOS’s
is used in the calculation. The inelastic collisions that are
suppressed by the in-medium cross sections do not matter
much, and the influence of the mean fields can therefore be
studied more clearly at this lower energy. In particular, we
thereby clearly see that the EOS does have an important ef-
fect on the side flow there (independent of which in-medium
modifications are applied): While the results from the EOS
by Liu et al. [14], with or without in-medium modifications,

400 AMeV o ¢ o. 1.5 A GeV
016 /_i__ ------- - e NL2
0.12{,° Sy

og;_o 08 o ERAT

R R default
0.04 —— Opnfsv
——— a=2.0
0'000 0.2 0.4
bO

FIG. 7. Same as in Fig. 6, but with NL2 by Lang ef al. [13] used
for the EOS instead.
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agree quite well with the data at 400 A MeV, see the left
panel of Fig. 6, those obtained with NL2 by Lang et al. [13]
significantly underestimate this same data, cf. the left panel in
Fig. 7.

At the higher energy of 1.5A GeV the calculated side flow
with the Liu EOS is larger than that with NL2 by Lang, as
well. With vacuum cross sections one would in fact conclude
that the latter yields the better description of the data in this
case. On the other hand, the in-medium modifications now
start to play a more important role in reducing the side flow
at this energy, where more inelastic collisions occur, so that
the best overall description of the data, for both energies and
including the in-medium effects, is again obtained with the
Liu EOS, which in all cases produces more side flow than
NL2 by Lang.

Because the transverse flow should be rather insensitive to
the nuclear incompressibility K [29], one would not attribute
these differences as predominantly being due to the only
slightly larger K = 240 MeV of the Liu EOS as compared
to K =210 MeV for NL2 by Lang, cf. Table I. In fact, in
Ref. [30] it was argued that the effective mass can have a
stronger effect than the incompressibility, at least at the higher
energy, because flow is mostly governed by the stiffness at
larger densities, which is in turn closely related to effective
mass and barely dependent on the incompressibility [31].
Physically, the smaller effective mass of my = 0.75my at
saturation in the Liu EOS (as compared to my, = 0.83 my with
NL2 by Lang) requires larger vector repulsion, which is here
generated by the combined effect of the w and p couplings, cf.
Table I.

The FOPI Collaboration have also published the
transverse-momentum spectra for pions [19] at the beam
energy of 1.5AGeV and for »° < 0.15. Comparisons of
our calculations, using the Liu EOS with and without
in-medium modifications, with these data are shown in
Fig. 8. The GiBUU calculations using the Liu EOS with
vacuum cross sections agree reasonably well with the lowest
measured data points at p, ~ 100—150 MeV (note that the
points below 100 MeV in the published data have been
extrapolated). While the integrated pion yields (even with
the uncertainty of extrapolation at low transverse momenta)
are described correctly by GiBUU in the default setup, the
in-medium modifications lead to some underprediction of
the experimental total yields. Especially the low-momentum
pions, which dominate the integrated yields are reduced
too much to be consistent with the data. In the range
of p, =~ 200-400 MeV on the other hand, the in-medium
modified results can describe the experimental data quite well,
while towards higher p, the slope of the calculated spectra
eventually gets too hard as compared to the experimental
results.

B. Pions from HADES

For the HADES experiment, Au+Au heavy-ion collisions
were performed at an incident energy of 1.23A GeV and
pion spectra were published by Adamczewski-Musch et al.
[1]. Right off the bat, the pion multiplicities are significantly
lower than measured by FOPI, which was also discussed by
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FIG. 8. transverse-momentum spectra of negatively (top) and
positively (bottom) charged pions compared to FOPI data at
1.5A GeV [19] for the Liu EOS with and without in-medium modifi-
cations. The data points shown as empty circles for momenta below
100 MeV were not measured but extrapolated.

both collaborations [1,32]. The following comparisons of our
GiBUU calculations to the experimental spectra are for the
innermost 10% centrality class of events [33]. As shown in
Fig. 9, one observes that both methods of in-medium modifi-
cations reduce the pion yields and the corresponding rapidity
curves then agree almost perfectly well with data, in particular
the one with effective masses and reduced A couplings.

For the latter, it is important to note that it is the interplay
between the reduction of the in-medium cross sections by
the effective masses and the modification of the A potential,
which only together produce the required reduction of the
charged pions. This is illustrated in Fig. 10, where the same ra-
pidity spectra are compared to separately either only using the
reduced in-medium cross sections from the effective masses
or only the modification of the A potential. Especially the
effective masses alone hardly reduce the unmodified default
yields, but also the effect of the reduced A couplings alone is
by far not enough. The combined effect of both modifications
together is in fact considerably stronger than one might expect
from the individual ones.

Another general aspect worth mentioning is that the ra-
tio 7~/ is very robust in all our calculations (with the
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FIG. 9. Rapidity spectra of negatively (top) and positively (bot-
tom) charged pions for the Liu EOS with and without in-medium
modifications compared to the experimental data from HADES in
Ref. [1].
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Coulomb potential in effect for all charged particles). Already
the default GiBUU calculation without any of the in-medium
modifications yields a 7~ /7T ratio very close to the exper-
imentally measured one (although the absolute numbers are
off by about 50%). The in-medium modifications lead to a
reduction of both charged-pion species, but leave their ratio
by and large unaffected.

For comparison, the same rapidity curves as in Fig. 10
but now with NL2 by Lang et al. [13] used for the EOS are
shown in Fig. 11. First, this shows that the rapidity curves with
vacuum cross sections are almost identical for both EOS’s.
The individual modifications by the m*/m suppression and
the reduction of the A potential separately both have similar
effects, too. Remarkably, however, their combined effect is
considerably smaller than it is for the EOS by Liu et al.
[14]. Again, the main difference between the two EOS’s is
the smaller m*/m with the Liu EOS. In fact, the m*/m effect
on the charged-pion rapidities with NL2 Lang is even slightly
smaller than it is with the Liu EOS. When taken together with
the reduction of the A potential, this perhaps unsuspicious
looking difference is apparently enough to produce a sufficient
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FIG. 10. Rapidity spectra of charged pions, upper (lower) set
for 7~ (m), without in-medium modifications (default) compared
to separately only either introducing the m*/m suppression or the
modified A potential, together with their combined effect (solid red)
as in Fig. 9.

suppression, in a nonlinear fashion, so that only with the Liu
EOS the GiBUU calculations with these in-medium modifi-
cations perfectly match the charged-pion rapidity spectra as
measured by HADES.

Similar conclusions are obtained for the exponential sup-
pression with « = 2.0 of the dominant pion-production cross
sections with density as described in Sec. II C 1: This prescrip-
tion works for both pion species as well, cf. Fig. 9 for the
calculation using the Liu EOS, with similar results obtained
using NL2 by Lang. Importantly, with Coulomb potentials
included, also the 7~/ ratio again agrees with the exper-
imental data in all calculations, with or without in-medium
suppression. This is in contrast to the results of Godbey et al.
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FIG. 11. Same as in Fig. 10, but with NL2 by Lang et al. [13]
used for the EOS instead.
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FIG. 12. transverse-momentum spectra of negatively (top) and
positively (bottom) charged pions for the Liu EOS with and without
in-medium modifications (see text) compared to the experimental
data from HADES in Ref. [1].

[10], where the factor o needed to be isospin dependent in
order to overcome the problem of starting with a wrong ratio
already without modifications.

The comparison between calculated and measured
transverse-momentum spectra from HADES is shown in
Fig. 12. As before, the default GiBUU calculation with
vacuum cross sections is compared to the exponential
suppression and the combined effective mass plus A-potential
modification. The p, spectra calculated with the default
GiBUU setup overestimate the experimental data over the
entire range of p, more or less uniformly. Especially the
slope of the 7+ spectrum is in fact described quite well.
The transverse-momentum spectrum of the 7~ falls off too
rapidly at very low p, and is a bit too hard at high p, in the
default calculation.

One can furthermore see that both types of in-medium
modifications explored in this study particularly reduce the
pion multiplicities in the lower transverse-momentum region.
The effects of the in-medium modifications are most visi-
ble for transverse momenta p; < 300 MeV, while pions with
p; > 500 MeV remain nearly unaffected. Predominantly re-
ducing low-p, pions, the calculated spectra get by and large
a bit harder by the in-medium modifications, so that their
slopes in fact reproduce the experimental ones less well

20 T T
o e Hades
Oax'syv E
15 oa=2.0 n_ i
E I ]
= 10
5 L i
O L L L L L
50 100 150 200 250 300 350
< Apart )

FIG. 13. Integrated charged-pion multiplicities for both types of
in-medium modifications (with Liu EOS) over the expected numbers
of participants for the various centrality cuts [33] compared to the
experimental data from Fig. 7 in Ref. [1].

than in the default calculation. Qualitatively, this harden-
ing of the transverse-momentum spectra by the in-medium
modifications is in line with our comparison to the pion
spectra measured by FOPI, as described in the previous
section.

Similarly, for the 7~ at very low p;, where the spectrum
falls off too rapidly in the default calculation here already, the
additional in-medium reduction is too strong. The problem
that the experimentally measured 7~ spectra at very low p,
are not well described remains, and if anything, the in-medium
modifications make it worse. An agreement as well as in
the case of the rapidity spectra can therefore not quite be
obtained between the measured and calculated transverse-
momentum spectra of the pions. The differences between the
two types of in-medium modifications are not very signifi-
cant, and this conclusion is not special to us using the Liu
EOS here, either. Overall, however, both types of in-medium
modifications are effective in reducing the pion yields consid-
erably and thus provide a significantly improved description
of the experimental data as compared to earlier transport
calculations.

The detailed comparisons of pion yields as functions of
rapidity or transverse momentum described so far were all
done for the (0-10 %) most central bin of the experimental
data, where the in-medium effects are expected to be largest.
For the integrated yields we have implemented centrality cuts
as described in Ref. [33]. More specifically, the experimental
centrality cuts trigger on the number of participants Ap,, and
in this way on the effect of the medium. In line with our
original motivation for this analysis, cf. Fig. 7 in Ref. [1],
we have therefore also calculated the total multiplicities of
charged pions as functions of Ap,; and compared those to
experimental data from HADES in Ref. [1]. The results for
the two different types of in-medium modifications (both with
the Liu EOS) are shown in Fig. 13. One can see clearly
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FIG. 14. The ratio of calculated multiplicities of w° over the
average (m+ + 77)/2 as function of centrality [33].

that both the exponential suppression of the the in-medium
cross sections for the dominant pion-production channels and
that by the effective masses plus reduced A potential capture
the size dependence of the interaction region extremely well.
There is no way to favor one over the other in terms of
the quality of the description of these integrated pion yields.
Unlike the transport model calculations included in Fig. 7
of Ref. [1], they both yield total pion multiplicities that are
consistent within errors with the experimental data, for both
charged-pion species and for all centralities.

Finally, because the colliding system is strongly charge
asymmetric, the numbers of the different pion charge states
can depend on the interacting system size and thus on the im-
pact parameter. While the number of positively and negatively
charged pions can in general be very different, the number of
neutral pions is often assumed to be well approximated by
the average of the two charged-pion states. The quality of this
assumption is assessed in Fig. 14, where the ratio of neutral
pions over this average is shown for the different centralities
as obtained from our GiBUU calculations with and without
the in-medium modifications. First, one can see clearly that
this ratio always remains close to unity. In particular, our
calculations confirm that the average number of positively and
negatively charged pions is a valid proxy for that of the neutral
ones, at the level of a few percent, and this approximation
remains robust with the in-medium modifications included.
Moreover, the dependence on the system size is weak and can
be neglected as an even smaller effect.

C. Dileptons from HADES

As the final observable in this study, we compare our
GiBUU calculations with the dielectron spectra measured by
HADES. For Au+Au at 1.23AGeV these were published
by Adamczewski-Musch et al. in Ref. [20]. Our results for
the invariant-mass spectrum of dielectrons with the impact
parameter distribution corresponding to 0—40 % centrality are
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FIG. 15. Invariant-mass spectra of dielectrons for the Liu EOS
with and without in-medium modifications of the cross sections com-
pared to data from Ref. [20]. No in-medium broadening of the p
resonance or pn bremsstrahlungs corrections were included as in
Ref. [9], to isolate the effects of an in-medium suppressed pion
production here. The insert zooms in on the 7%-Dalitz region using a
linear scale for the plot range.

compared to the HADES data in Fig. 15. Details of the
dilepton calculations with GiBUU can be found in Ref. [9].
While the main emphasis of this reference was the effect of
the collisional broadening of the p meson, here we focus on
the in-medium suppression of pion production and have there-
fore deliberately used the vacuum p-meson spectral function
in the calculations.’

As seen in Fig. 15, the effects of the in-medium modifica-
tions of pion production on the full invariant-mass spectrum
are overall by and large very minor. While there are slight
differences in the relative contributions of the various compo-
nents, the sum of all these components shown here remains
nearly unaffected by the in-medium modifications, especially
when using the effective masses plus A-potential reduction to
suppress pion production.

Most interesting for our purposes here is the region around
the 7%-Dalitz peak, which is highlighted in the insert of
Fig. 15. With the in-medium modifications applied in this
study, we observe a suppression of the °-Dalitz decay com-
ponent in this region. This is not unexpected. As long as the
70 yields agree with the average of the charged pions, as
shown in the previous subsection, suppressing one without

The default calculation here corresponds to “vac. p” in Fig. 20(a)
of Ref. [9] without the pn bremsstrahlungs correction, and with
the Liu EOS instead of NL2 by Lang used there. It was explicitly
demonstrated in Ref. [9] that the collisional broadening of the p
together with this correction can fully account for the mismatch be-
tween calculation and data in the invariant mass range from roughly
0.2 GeV up to the p mass.
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the other is not possible. This is worrisome, however: In the
best available previous transport calculations of these dielec-
tron spectra in Ref. [9] the invariant-mass spectrum in this
region, where it is dominated by the 7°-Dalitz decay com-
ponent, was in fact described quantitatively well, although
the charged-pion yields were overestimated by about 50%.
Therefore, when the in-medium modifications applied here
are effective in reducing the total pion numbers, without
affecting the ratio of neutral to charged ones, we must in-
evitably get too few dielectrons from the 7°-Dalitz decay
to describe this region of the experimental data. It seems
that solving the first problem, reconciling the calculated
charged-pion yields with the experimentally measured ra-
pidity and to some extent also their transverse-momentum
spectra, as shown in the last subsection, reveals a new
problem. There is now something missing in the -
Dalitz region of the dielectron rates. For now it seems
impossible to get the correct number of dielectrons in the
Dalitz region and the correct charged-pion yields at the
same time.

V. CONCLUSIONS

As shown in Ref. [1], previous transport-model calcula-
tions have so far drastically overpredicted the experimentally
measured pion yields. The goal of this paper was to solve
this pion puzzle by adjusting the underlying physics of the
collisions to in-medium conditions.

Using the relativistic mean-field (RMF) mode of the
Giessen—Boltzmann-Uehling-Uhlenbeck (GiBUU) transport
model in this paper we have first reconsidered the avail-
able equations of state in light of recent compilations of
astrophysical constraints, which allowed us to identify the
EOS by Liu et al. [14] as the almost ideal choice that
presently best satisfies these phenomenological constraints.
With this essentially settled, we have then introduced three
different methods for the in-medium modification of pion
production.

The first and perhaps most obvious one is to simply
multiply the cross sections of the dominant pion-production
channels NN <> NA and NN < NN by density-dependent
exponential suppression factors in the spirit of an earlier study
by Godbey et al. [10]. This works for us as well, with the
important difference that in contrast to Ref. [10] we do not
need these factors to be isospin dependent. The likely reason
is that the experimental ratio of the charged pions is repro-
duced in our default GiBUU calculations already, without any
of the in-medium modifications studied here. Therefore, our
in-medium suppression of pion production can very well be
isospin independent.

A more physically motivated in-medium suppression of
the pion-production cross sections is provided by the effec-
tive Dirac masses in the medium, which have previously
been shown to account for the major difference between
nucleon-nucleon cross-sections in vacuum and in nuclear
matter [11,12]. Finally, as the third modification, we have
reduced the couplings of the A to the scalar and vector mean
fields by a common factor of 2/3 as a simple realization
of the reduced strength of the A potential relative to that

of the nucleons in nuclei [8,27]. Except for a demonstration
of their individual effects, we have mostly used the effec-
tive masses together with the reduced A couplings at the
same time.

We have compared our calculations to experimental data
from FOPI [18,19] and HADES [1,20]. As a first check,
we have made sure that GiBUU can accurately describe the
spectra of cumulated protons published by the FOPI Collab-
oration [18]. These are particularly valuable for our purposes
because GiBUU does not produce clusters, but only protons.
One first observation from the proton rapidity spectra is that a
soft EOS is needed. This is most evident at lower energies
(400 AMeV) where the effects of the mean fields can be
studied most cleanly, and the stiff EOS’s from our compar-
ison can immediately be ruled out. As an example where
this sensitivity to the EOS is seen very clearly is the side
flow, which favors the EOS by Liu et al. [14] that, as men-
tioned above, best satisfies the astrophysical constraints at the
same time.

That both types of in-medium modifications of pion pro-
duction do what they have been designed to do (with the
Liu EOS) is seen most clearly in the integrated pion yields
where our calculations agree with the data of Ref. [1] for both
charged pions and all centralities, cf. Fig. 13.

The transverse-momentum spectra of pions, as measured
by FOPI and HADES, naturally also reflect the reduction of
pion yields due to our in-medium modifications. Although the
FOPI yields are significantly higher than those from HADES,
which was also discussed by the HADES Collaboration in
Ref. [1], they both show, however, that the in-medium modi-
fications in our calculations tend to reduce low p, pions more
than those at high p;, which remain almost unaffected. As
a result, the in-medium modifications studied here generally
lead to hardening of the transverse-momentum spectra of the
pions, which is not supported by the data and which should be
addressed in the future.

Their rapidity spectra as obtained by HADES, on the
other hand, are described very well. In particular, with the
exponential suppression we do not need different factors for
positively and negatively charged pions, as mentioned al-
ready. Our comparisons here slightly favor the second type
of suppression of pion production, however, from effective
in-medium Dirac masses and reduced A potential. Using these
together with the Liu EOS we obtain a nearly perfect agree-
ment with the experimental data. It is thereby important to
modify the cross sections for NN <+ NA and NN < NN
and to reduce the A couplings to scalar and vector mean
fields. We have demonstrated that the combined effect of the
two is surprisingly much stronger than that of the individual
modifications. To combine the two modifications is also im-
portant for the 7~ /7 ratio. These two modifications together
furthermore provide an intuitive theoretical understanding of
the underlying physical mechanisms. And again, the nearly
perfect description of the pion rapidity spectra singles out
the EOS by Liu er al. as best satisfying the astrophysi-
cal constraints and best describing the HADES data at the
same time.

As by Murphy’s law the main cause of problems is solu-
tions, solving the pion puzzle by our in-medium modifications
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to pion production creates a new problem here as well: Com-
paring our transport calculations with the dielectron spectra
measured by HADES [20] we now observe that the strength
in the invariant-mass region of the 7 °-Dalitz decay goes down
as well. At the moment, we are left with the conundrum that
the dilepton yields in the 7°-Dalitz region are underestimated,
if the multiplicities of the charged pions match the experiment,
while the traditionally overestimated pion yields, without in-
medium modifications, lead to a sufficient strength in the
%-Dalitz region to describe the HADES dilepton data.
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