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EIC fixed-target program: from cold nuclei to dense QCD matter
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What do we want to extract from low-energy A+A?

» Goal: use A+A collisions to constrain properties of dense QCD matter.
» Key physics targets:
» onset of collective behavior and possible deconfinement

» baryon stopping and conserved-charge transport

» finite-density EoS and transport coefficients
» role of hadronic evolution and spectators
» non-critical baselines and possible critical fluctuations

» Challenge: Measured observables contain entangled contributions from

CNM + baryon stopping + hydrodynamic response + hadronic transport +

possible phase-structure effects




p + A as a calibration system for A + A 4

(A + A) — prefactor - (p + A) # QGP

» p+ A isnota direct subtractionforA + A

» Instead, p + A calibrates the non-QGP ingredients: CNM eftects, baryon stopping,

nadronization in nuclear matter, small-system correlations.

» A consistent model should describe p + A before using A + A to extract dense-medium properties.
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Low-energy fixed-target collisions 5

Top RHIC and LHC energies Low-energy fixed-target collisions

i» hydrodynamic simulations benetfit 1» these simplifications break down: |
t from: { ] '

} nB#OI

» ny ~ 0 near mid-rapidity, o
» strong longitudinal structure,

» approximate boost invariance, . -
» finite nuclear crossing time,

» short pre-equilibrium stage, |
» hadronic and spectator effects,

» and QGP-dominated evolution. | N
» and possible critical effects.



Relativistic hydrodynamics

» At high energy, a common minimal framework evolves
Uy __
J,T" =0

» At finite density, the hydrodynamic system must include conserved-charge
currents:

0,T"" =0
oN; =0, N;y=nu*+V, , q€{B,0,S}

» Additionally, the simulation requires

EoS + transport coefficients + initial condition + particlization.




Non-boost-invariant 3+1D evolution 7
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» At low fixed-target energies, the evolution is not naturally organized by constant

oroper time: finite nuclear crossing time matters; baryon deposition is rapidity
dependent,

» Full 3+1D evolution, often in Cartesian coordinates, becomes essential.



Dynamical initialization
» At high energy, one often uses T"*(zy, x, y) at 5, = 0 as an initial condition.

» At low energies, energy, momentum, and charges may be deposited gradually:

uv - __ Uy Uy _ uv . JU _ Uy
aﬂTtotal - aM(Tﬂuid T Tsource) =0 - aﬂTﬂuid o JSOIHC@ o a//thource’
- 2 L — (A _ L
a/4Ntotal o aﬂ(N fluid + N, Source) =0 - aﬂN fluid Jsource o aﬂN source °

» Hydrodynamization can be local, partial, and time dependent.

» The central challenge is to obtain

(t,x) = —0,T%, and J
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Longitudinal structure and charges stopping 9
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» Charge stopping determines the rapidity distribution of energy and conserved charges
» Microscopic transport models describe the dynamical evolution of conserved charges

» Effective parameterizations allow flexible modeling of the longitudinal structure
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Coupled charge evolution

» The EoS depends on several densities or chemical potentials:

p = p(T, ug, Ho> ug) or p = p(e,npg, nos ng)
» Diffusion of different charges is coupled
() 4 Y — ul Ha /
ZquVq +V ZK Vv T T q,QE{B,Q,S}
q’ q’
» Uncertainty in transport coefficients
;/]/S C/Sa qq /s re]ax(T9 IuB? luQa //tS)

» Near a possible critical region, transport may change rapidly



Diffusion matrix

. [ Ug = 0 MeV —— “Bf OMeV === 1 :
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Greif, Fotakis, Denicol, Greiner, Phys.Rev.Lett. 120 (2018) 24, 242301
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1 NSpec:1es M
Rqq' = 3 4 Z Ogr m
1=1 m=0
d3k; -
X E™ A, EFEY fE
/ (27T)3Ez',k 1, k= vty Ve fOk

Conductivities are matrix-valued in charge space.

Oft-diagonal terms couple baryon, electric, and
strangeness diffusion.

Their (T, up)-dependence is poorly constrained and can
affect identified-particle and fluctuation observables.

Diagonal-only diffusion can miss important physics,
since off-diagonal couplings can be comparable to
diagonal terms.



Spectator-coupled hybrid modeling

» At low fixed-target energies, spectator remnants can affect:
» centrality and event geometry,
» baryon stopping and fragmentation,
» absorption/blocking and electromagnetic fields, |+

» cumulant and tlow interpretation.

» A realistic framework should couple:

Transverse plane (x-y)

dense fluid + dilute transport + spectator remnants
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Particlization and hadronic afterburner at finite density 13

» Particlization must conserve energy-momentum and BOS- charges.
gy 9
» Hadron distributions require finite-density corrections (in Cooper-Frye):
fi — fl‘(O) 4 5fishear +5 ibulk +5 idiffusion.

» Grand-canonical vs canonical treatment can matter for conserved-charge

fluctuations.

» The hadronic stage can modity identified yields, strangeness, flow, cumulants.



Observable-to-simulation map 14

observables simulation/physics sensitivity

' » prspectra, mean py ’ » radial flow, EoS, hadronic rescattering |
» anisotropic flows v, » pressure gradients, transport, collectivity

: K, A=, Q > strangeness chemistry and pg

' » net-proton cumulants ’ » critical dynamics, baryon conservation

h p+A | 1» CNM, stopping, hadronization, non-hydro baselines



Simulation roadmap for EIC fixed-target

» Transport baseline for p + A and low-energy A + A

4

4

4

Dynamical initialization and stopping constraints

Finite-density 3+ 1D spectator-coupled hybrid modeling

Spectator-aware particlization and afterburner

Fluctuation baselines and critical dynamics

Model comparison / Bayesian inference
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Summary

» Low-energy fixed-target collisions break the simplitying assumptions of high-energy

hydro: ng = 0, boost invariance, short initialization, and clean stage separation.

» Hydrodynamic simulations must become ftinite-density and multi-charge, with coupled

evolution ot 7" and N¥ ot BQS, supported by finite-pg,g EOS and transport coetticients.

» The central challenge is hybrid and dynamical: 3+1D initialization, spectators, transport

regions, particlization, and afterburner must be treated consistently.

» Consistent simulations are needed so that EIC fixed-target measurements constrain the

EoS, transport, baryon stopping, and possible critical dynamics.
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