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QCD degrees of freedom
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QCD Phase Diagram
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QCD Phase Diagram and HICs
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Simulating RHICs

▶ Kinetic description (Wigner / BUU eqs.)

▶ Relativistic hydrodynamic evolution

▶ Hybrid approach



Viscous Hydrodynamics

Dissipation: η
s
= shear viscosity

entropy density

E
d3N

d3p
=

1

2π
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pT dpT dy
[1 + 2v2 cos[2(ϕ−Ψ2)] + ...]
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v2: Elliptic Flow



QGP — Most perfect fluid?
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QGP — Most perfect fluid?
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Heavy flavor: c/b quarks and D, B̄ mesons

QCD Thermal effective field theory
for heavy mesons



Heavy-meson spectral functions

S(E, q) = − 1
π Im

(
1

E2−q2−m2−Π(E,q)

)
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Heavy-meson thermal masses

G. Montaña et al. (JMT-R),
Phys.Lett.B 806 (2020) 135464,
Phys.Rev.D 102 (2020) 9, 096020

Chiral symmetry restoration:
JMT-R, Symmetry 13 (2021) 1400
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Lattice-QCD data:
G. Aarts et al., 2209.14681



Brownian motion and diffusion coefficient

Brownian motion
Mean squared displacement

⟨[r(t)− r0]
2⟩ = 6Dst

S.Y.F. Liu et al.,

Phys.Rev.C 99, 055201 (2019)



Fokker-Planck equation

Many-body EFT with real time: Kadanoff-Baym approach

Off-shell Fokker-Planck equation
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JMT-R, G. Montaña, À. Ramos, L. Tolos, Phys.Rev.C 105, 025203 (2022)

Wigner function: iG<
D(t, k) = 2πSD(t, k0,k)fD(t, k0)



Diffusion coefficient

D meson, Vacuum

D meson, OffShell
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Quasiparticle model for QGP:
S.K. Das et al. (JMT-R)
Phys.Rev.D 94, 114039 (2016)



Exotic hadrons as molecular states

G. Montaña, À. Ramos, L. Tolos and JMT-R, arXiv: 2211.01896



Vorticity and EM fields

Large magnetic fields

B ∼ m2
π ∼ 1013 T

Large angular momentum
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√
sNN ∼ 105ℏ

M
.
C
h
er
n
o
d
u
b
,
2
0
2
1

ω ∼ (9± 1)1021s−1

S
T
A
R

co
ll.

N
a
tu

re
5
4
8
,
6
2
(2
0
1
7
)



Total helicity (non)conservation

Perfect relativistic magnetohydrodynamics

C. Manuel and JMT-R, 2211.13697

Fluid + Mixed + EM helicities︷ ︸︸ ︷
∂µ(h

2ωµ + hBµ) + E ·B = (2hωµ +Bµ)(T∂µs̄+

chiral imbalance︷ ︸︸ ︷
µ5∂µx5 )

h︸︷︷︸
enthalpy density

= µ+ T s̄︸︷︷︸
=s/n

+µ5 x5︸︷︷︸
=n5/n

Extension of works by H.K.Moffatt (1969), J.D.Bekenstein (1987), and
A.G. Abanov and P.B. Weigmann (2022)

D. Kleckner, W.T. Irvine,
Nature Physics, 9, 253 (2013)

E.G. Blackman,
Space Sci. Rev. (2015) 188:59–91



Summary

Summary

1. RHICs phenomenology from the microscopic, fundamental side

2. Heavy-meson (D/B̄) masses as functions of temperature.
Predictions checked against lattice-QCD calculations

3. Control over low-energy hadron interactions. Transport coefficients.
Not just theoretical, but useful for prior knowledge for HICs

4. Description of exotics as molecular states.
Outlook: simulations and connection to RHICs

5. (Non)conservation laws in relativistic magnetohydrodynamics
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