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Physics Shopping List for Intermediate-Energy HI Collisions

@ Bulk isovector properties of nuclear matter up to 2pg
- symmetry energy
- isovector component of proton and neutron mean fields w/p-dependence
or isovector m*
- isospin conductance/diffusion
- uncertainty quantification in conclusions

@ Improved constraints on isoscalar properties of nuclear matter and connection
to neutron stars
- pressure as a function of density up to five times the normal density
- role of momentum dependence of isoscalar mean fields and in-medium
cross sections &z’

- new observables such as triple-differential momentum distributions FRIB
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Physics Shopping List for HI Collisions Cont.

@ Refined understanding of bulk properties
- pressure and energy at finite temperature and connection to neutron-star
mergers
- connection to effective field theory
- role of off-shellness in in-medium subthreshold production of mesons
- role of fluctuations and correlations in central-reaction dynamics

@ Advances in transport theory
- implementation of aspects of chiral effective theory
- structure effects in initial conditions
- mechanisms of cluster production

- off-shell transport &z’m
- fully quantal transport applicable down to Coulomb barrier FRIB
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Cold EOS Breakdown
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Intermediate-Energy Heavy-lon Collisions
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Transport Theory

Phase-space characteristics of hadronic degrees of freedom followed in
semiclassical transport theory

Besides EOS uncertainties include:

@ Dependence of mean fields on density, momentum and nonequilibrium
features of phase-space distributions

@ In-medium interaction rates

@ Space-time nonlocalities in collisions — impact on entropy

@ Off-shell effects

@ Optimal observables for testing individual uncertainties %
4
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Example: Mean-Field p vs p Dependence
Impact of centrality and momentum bracket on flow may be used to resolve these

dependencies:
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EOS and Flow Anisotropies

EOS assessed through reaction plane anisotropies characterizing particle
collective motion
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Symmetric Matter
00000000

EOS and Flow Anisotropies

EOS assessed through reaction plane anisotropies characterizing particle
collective motion

Hydro? Euler eq. in v = 0 frame: mNp% V=-Vp
where p - pressure From features of v, knowing At, we may learn about
p in relation to p X (fm)
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Symmetric Matter
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Sideward Flow Systematics

Deflection of forwards and backwards moving particles away from the beam axis,

within the reaction plane
Au + Au Flow Excitation Function
Note: K used as a label

PD, Lacey & Lynch
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2"4-Order or Elliptic Flow

Another anisotropy, studied at midrapidity: 2 AGeV
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Constraints on EOS
Au+Au flow anisotropies: p ~ (2 — 4.6)pg
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Subthreshold Kaon Production
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Combination/Consistency of the Constraints?
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Symmetric Matter
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Flow Probing Vicinity of pg

Le Fevre et al. NPA945(16)112
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Symmetric Matter
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Le Fevre et al. NPA945(16)112
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Flow in SMASH

Oliinychenko, Sorensen et al. arXiv:2208.11996, PRC in press
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Symmetry Energy
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Isospin Diffusion: Low-p Symmetry Energy
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Symmetry Energy
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Supranormal Densities: Baryon Differential Flow
Russotto et al. PRC94(16)034608 Au+Au @ 400MeV/u, neutron measurements w/LAND
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Symmetry Energy
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Constraints from Charged Pion Yields
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HIC vs World
000

Combined Inferences HIC + Structure + Astrophysics
HIC(FOPI),HIC(DLL)
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HIC vs World
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Analysis by Huth et al.

Constraining neutron-star matter with microscopic and macroscopic collisions

Bayesian combinations Huth, Pang et al. Nature 606(22)276
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HIC vs World
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Huth et al: Theory vs Heavy lons
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Conclusions
[ ]

Conclusions

@ Heavy-ion collisions allow to dial densities for studying EOS, by changing
beam energy
@ Window in the energy that addresses the densities around 2pg, where the
collisions are particularly called for, is actually easier from the standpoint of
transport than either significantly lower or significantly higher energies
@ FRIB should deliver a wider range of exotic projectiles, at intensities needed
for heavy-ion experiments focussed on EQS, than any other accelerator in the
world in the foreseeable future
@ More refined observables are needed for more stringent EOS constraints
(PD 3D: need beam separation from products)
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Paradigm: Triple-Differential Yields from Data
Distributions for Fixed Direction of Reaction Plane from Theory and Experiment
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Side Splash in Hydrodynamic Calculations
Matter dispersed in the final stage, but most likely direction of motion away from
the beam, e.g., in the calculations by Buchwald for Nb + Nb at 400 MeV/nucl
Stécker&Greiner Phys.Rep. 137(86)277
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Ar + KCl @ 1.8 GeV/nucl

Strébele PRC 27(83)1349
495 events from Streamer Chamber, b < 2.4 fm
PD&Odyniec PLB 157(85)146
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Side-Splash: Experiment vs Theory
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