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Abstract. We report on construction of a modern multi-fluid approach to heavy-
ion collisions at FAIR/BES energies (MUFFIN) and show the reproduction of
basic experimental observables in Au-Au collisions in the RHIC Beam Energy
Scan program. We also show the pr-differential and pr-integrated polarization
of (anti-)A hyperons. In MUFFIN simulations, we observe a strong splitting
between polarizations of A and anti-A. The splitting is driven purely by a finite
baryon chemical potential.

1 Introduction

One of the key objectives of heavy-ion collision experiments at center-of-mass energies rang-
ing from a few to a hundred GeV is to explore the characteristics of the dense baryonic matter
that is formed, particularly its equation of state (EoS) and transport properties. The fluid dy-
namic approach plays a crucial role in this endeavor, as it allows for the flexible incorporation
of different equations of state.

This approach has proven highly effective in describing nucleus-nucleus collisions at high
energies, specifically for 4/syn = 200 GeV and above. At these energy scales, the evolution
is typically divided into two stages: the initial state, where hard scatterings occur and lead to
the isotropization or effective fluidization of the system, followed by the fluid phase, which
is governed by fluid dynamical equations.

At lower energies, however, modeling heavy-ion collisions presents a distinct challenge.
The Lorentz contraction of the colliding nuclei is weaker, requiring up to several fm/c for the
nuclei to fully pass through one another and for all primary nucleon-nucleon (NN) scatterings
to take place. In the meantime, a dense medium may already form in regions where the
first NN scatterings have occurred, even while some nucleons are still approaching their first
interactions.

Multi-fluid dynamics offers an elegant, albeit phenomenological, method to account for
the complex space-time evolution of nucleus-nucleus collisions at intermediate energies. In
this approach, the incoming nuclei are approximated as two blobs of cold, baryon-rich fluids.
The collision is then modeled as an interpenetration of these fluids, which are decelerated by
frictional forces. The energy and momentum lost due to friction is used to generate a third
fluid, representing the particles produced during the reaction.
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In the following, we present a small selection of the basic observables, as well as polariza-
tion observables, computed in the MUFFIN (MUIti Fluid simulation for Fast IoN collisions)
model. For a detailed description of the model and a broader set of key observables — such as
rapidity distributions and transverse momentum spectra of various hadron types — we direct
the reader to [1].

2 Multi-fluid model

Dynamics of heavy-ion reactions in the multi-fluid model (3-fluid model specifically) is
desrcibed by a set of coupled local energy-momentum and baryon charge (non-)conservation
equations:

auTy (x) = =Fy(x) + Fy,(0),
9, T{" (%) = —=F{(x) + Fy (), )]
0, TH" (x) = F(x) + F{(x) = Fp (x) = Fy(x),

OuNE () = 0,

each equation represents evolution of a fluid with a source term describing local energy-
momentum exchange with the two other fluids. The indices “p” and “t” stand for projectile
and target fluids which represent the original nuclei, and “f” stands for the fireball fluid, which
represents meson-dominated medium created in the collision. Projectile and target fluids are
initialised as moving blobs with local rest frame energy &y and baryon n( densities equal to
those of ordinary nuclear matter, whereas the fireball fluid is empty at the beginning.

The first three equations (1) summed together correspond to exact energy-momentum

conservation of the entire system:
0| TH (o) + T () + T}”(x)] =0.

The functional form of the friction terms is derived from the energy and momentum transport
in NN and N collisions using kinetic theory. The friction terms are then scaled to take into
account for shortcomings of the derivation e.g. emergence of the QGP phase. The scaling
also allows for a better fit to the experimental data.

3 Results and discussion

Due to space limitations, only a selection of basic observables pertaining to collision energy
range /sy = 7.7...19.6 GeV is presented here. For the basic observables in a broader col-
lision energy range the Reader is again referred to [1]. Figure 1 shows pseudorapidity distri-
butions of all charged hadrons, rapidity distributions of net protons and transverse momentum
distributions of pions, kaons, protons and protons in Au-Au collisions at /sy = 19.6 GeV.
Due to the lack of experimental data from STAR, the rapidity distribution of net protons is
compared to an older experimental data from NA49 experiment at SPS, with somewhat dif-
ferent collision system (Pb-Pb) at collision energy +/sxy = 17.3 GeV per nucleon pair, which
we consider being close enough to Au-Au collisions at /sy = 19.6 GeV.

Overall, MUFFIN reproduces the shapes of both the dN.,/dn and net proton distributions
while slightly missing the magnitudes of both. The shape of net proton distribution from
NA49 experiment is reproduced well, which indicates a correct amount of baryon stopping
in the present version of the friction terms. The transverse momentum distributions are re-
produced generally well, with a notable exception of anti-proton ones, where the spectra are
flatter than the data.
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Figure 1: A selection of experimental observables from MUFFIN for Au-Au collisions at
Vsny = 7.7 GeV: pseudorapidity distributions of all charged hadrons compared to PHO-
BOS data [2] (top left panel), rapidity distributions of net protons compared to NA49 data at
17.3 GeV [3] (bottom left panel) and transverse momentum spectra of positive pions, kaons,
protons and anti-protons compared to STAR data [4] (right panels).
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Figure 2: Transverse momentum dependent polarization of A hyperons from MUFFIN, com-
puted at mid-rapidity for 20-50% central Au-Au collisions at /sxy = 7.7 GeV. The panels
show the polarization component along the total angular momentum (left), and along the
beam direction (right).

Next, we turn to hyperon polarization observables. Mean polarization of A hyperons
at mid-rapidity is evaluated at the hypersurface of particlization according to the formula
from [5], including shear-spin coupling introduced in [6]. No re-adjustment of the model
parameters has been done for those observables, which can be therefore considered as a
prediction from the model.
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Figure 2 shows components of the polarization vector in the direction of the total angular
momentum (on the left) and in the direction of the beam (on the right). MUFFIN simulation
for this figure corresponds to 20-50% central Au-Au collisions at /syy = 7.7 GeV.

Figure 3 shows momentum-averaged (sometimes referred to as “global”) polarization of
A and anti-A hyperons, computed for 20-50% central Au-Au collisions at different collision
energies. The results from MUFFIN are shown with solid lines, whereas the results published
in [7] using conventional “sandwich-type” hybrid model UrQMD+vHLLE [8]. MUFFIN
simulations hit the ballpark of the experimental data points and result in a strong A - anti-A
splitting, with stronger polarization of A hyperons. This seems to be in apparent contradiction
to the original results from the STAR experiment [9]. The updated polarization measurements
presented by STAR at the SQM2024 conference, however, show a splitting which is much
more consistent with zero within the error bars.
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