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"
QGP - April 18, 2005: Day 1

RHIC Scientists Serve Up 'Perfect’ Liquid

New state of matter more remarkable than predicted — raising many new questions

April 18, 2005

TAMPA, FL — The four detector groups conducting research at the Relativistic Heavy lon Collider (RHIC) — a giant atom

'smasher’ located at the U.S. Department of Energy's Brookhaven National Laboratory — say they've created a new state of hot,
dense matter out of the quarks and gluons that are the basic particles of atomic nuclei, but it is a state quite different and even
more remarkable than had been predicted. In peer-reviewed papers summarizing the first three years of RHIC findings, the

scientists say that instead of behaving like a gas of free quarks and gluons, as was expected, the matter created in RHIC's
heavy ion collisions appears to be more like a liquid.

"This is fluid motion that is nearly ‘perfect,” Aronson said, meaning it can be explained by equations of hydrodynamics.

"The finding of a nearly perfect liquid in a laboratory experiment recreating the conditions believed to have existed a few

microseconds after the birth of the universe is truly astonishing,” said Praveen Chaudhari, Director of Brookhaven Lab.



What do we Know
And how do we know 1t7?
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QGP: What we “knew” all along

Understood before RHIC:

* Color degrees of freedom of quarks and gluons contribute to thermodynamics:
Degeneracies: d(quarks) = 3, d(gluons) =8 —— P and ¢ rise rapidly with T

* Thermal gluons enhance scattering and reaction rates (strange quarks, jets)

* Color force between quarks is screened by thermal gluons: no quark bound states

% Dynamical quark mass (300 MeV =~ — ) disappears, only Higgs mass remains

3 nucleon

Initially overlooked (but could have been “known”):

* QGP is strongly coupled —— superb fluid properties (low kinematic shear viscosity)
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Probes of the QGP

Scientific studies require probes!

* Strange quarks: Mass drops from ~500 MeV to ~100 MeV —- more easily produced
* Quarks coalesce into hadrons at universal temperature Tc

* Heavy quarks (¢ and b) cannot form bound states inside the QGP

* Entropy density (also energy density and pressure) reflect liberated quarks/gluons

* Enhanced scattering rates for energetic quarks (energy loss / jet quenching)

Unexpected but very important:

* Low viscosity: Large, undamped collective flow and sound propagation
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Theory
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What we know today

® QGP equation of state consistent with lattice QCD calculations (7. = 155 - 160 MeV)
m Collective flow of expanding QGP is carried by individual quarks (Ngq scaling)
® QGP contains thermally excited gluons (flavor equilibration)
= The QGP is really a quark-gluon plasma!
B QGP has exceptionally low kinematic shear viscosity (“perfect fluid™)
B QGP sustains long-lived vorticity
B QGP has large stopping power for partons
= The QGP is a strongly coupled relativistic plasma
= QOpen question: Which mechanism creates a liquid without short-range repulsion?
= QOpen question: How small can a QGP be? How does it thermalize?

= Open question: Is there a critical point in the QCD phase diagram?
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V,/n,

Valence quark coalescence
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Collective flow components vi of different hadrons
scale with valence quark number:

Ng = 2 (Mesons) Ng = 3 (baryons)

1
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q
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— All hadrons emerge from a common fluid made

of collectively flowing quarks (and gluons)
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Scaling law has been used to determine whether certain excited hadron states are
standard (gg) states or exotic tetra quark-states (gggq).
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Theory

QGP collective flow

QGP collective flow is well established.

@ L
\}/ n/s

Water

Main result:

|
|
Tro1-015 | "

5 i
Most “perfect” fluid! \ g

Helium

| |

0 0.5 1.0 1.5 2.0
TiT,

2.5

0.2
0.18 m 20-30%
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

Fireball shape is characterized by eccentricity: €2

Hydrodynamical expansion: €2 — collective flow va(pr)

Ratio vo/€2 is very sensitive to the viscosity of the QGP.
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Global polarization

— 3[ Polarization
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Jet quenching

RHIC (Au+Au) LHC (Pb+Pb)
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QGP viscosity

Combined Bayesian analysis of Au+Au (RHIC) and Pb+Pb (LHC)
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Bulk EoS: Equilibrium

C. Broodo (presented at SQM2026)
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QGP stopping power (g)
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Heavy quark diffusion

Ds = spatial diffusion coefficient H 277
=

K = momentum diffusion coefficient K

6 Yu Fu (HEFTY) - priv. comm. (2026)
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Is it a Liquid?

What makes a strongly coupled fluid a Liquid ?

Liquids have no long-range structure Liquids have elasticity at high frequency
e S tesanssssssans
| Density . . .
=1 autocorrelation| Solid quwd
20| function g(r) |
3-5;1.5}

1.0}

0.5/

005 0.5 Jlio‘ 15 20 25 30 35 7.0
Liquids behave like amorphous solids

Requires strong short-range repulsion .
X J J P on short time scales



it is a liquid - but...

None of these concepts applies to a relativistic gauge plasma
where particle number Is not conserved

A new paradigm is needed!

Ratio of amplitude
of random thermal Type of
Intermolecular movement of Molecular statistics
forces molecules to d, arrangement needed
solid strong < 1 ordered gquantum
liquid medium of order unity partially quantum -+
ordered classical
gas weak > 1 disordered classical

From: G. K. Batchelor - An Introduction to Fluid Dynamics
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Where is the fluid - quasiparticle boundary?

2
Strong coupling: QCD at a, = s - 0.32

8
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- Quark/gluon | ..

Dense quasiparticle plasma

Strong coupling: N =4 SYM at 4 - o
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Structureless liquid plasma
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A Momentum response
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How small can a QGP be?

Theory
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Yes, O-0 collisions make QGP

STAR - 2604.13935
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Schematic QCD phase diagram / critical point
and experimental facilities

J. Guenther - CPOD 20267

Best signal: Kurtosis of net baryon fluctuations
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What we (don’t) know

QGP equation of state consistent with lattice QCD calculations (T = 155 - 160 MeV)
Collective flow of expanding QGP is carried by individual quarks (Nq scaling)

QGP contains thermally excited gluons (flavor equilibration)

= The QGP is really a quark-gluon plasma!

QGP has exceptionally low kinematic shear viscosity (“perfect fluid”)

QGP sustains long-lived vorticity

QGP has large stopping power for partons

= The QGP is a strongly coupled relativistic plasma

Open question: Which mechanism creates a liquid without short-range repulsion?
Open question: How small can a QGP be” How does it thermalize?

Open question: Is there a critical point in the QCD phase diagram?
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QGP equation of state

Nr = 3 equation of state
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EOS at high u

T. Gorda, et al., PRL 131 (2023) 181902

EOS at N3LO = O(c’ Ina,)
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Weak vs. Strong Coupling in N =4 SYM

BM - 2507.06845
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Emergence of quasiparticles in AdS/CFT

Low-energy peak emerging in strong coupling expansion for A < 4 reflects quasiparticle transport.
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Jet-medium response
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Strong evidence for diffuse jet-QGP medium response
but no evidence yet for quasiparticle scattering.
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