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Magnetic Component
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This response is very 
sensitive to fluid dissipation
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QGP is a quantum fluid:

[Interesting connections to 
string theory and cold atomic gases ]

The Most Perfect Fluid



A Color-Opaque Plasma
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Color blind probe

Colorful probe

A qualitatively different medium

Temperature

Jet-Medium 
Coupling
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The old belief

The matter just above confinement, 
is more closely related to the confined world, rather 

than to the faraway place of asymptotic QGP!

The new paradigm thanks to discoveries at RHIC and LHC:

Tc

Tc ~2Tc

strongly coupled 
confined phase asymptotically free QGP

asymptotically free QGPstrongly coupled 
confined phase

strongly coupled 
QGP (sQGP)

This is to say, the confinement physics (whatever it is), 
must continue robustly into this region 

—— We called it the “postconfinement” regime! 

sQGP: The Matter Just About to Confine Color



Continuation of Hadronic States



Continuation of Hadronic States

Simplest 
glueballs

Stringy 
objects



Conserved Charge Fluctuations above Tc

Higher order susceptibilities and off-diagonal 
ones are sensitive to hadronic states!



Pressing Issues at the Time

– What happens to confinement/deconfinement?

– String / fluxtube above Tc: what protects them?

– How to understand the static Q-bar-Q potential?

– Dominant degrees of freedom?

– Transport properties?



Liberation of Color? Missing DoF?
Degrees of freedom Degree of color liberation

A region around Tc with liberated degrees of freedom 
but only partially liberated color-electric objects.

(Hidaka & Pisarski: semi-QGP)
Then what are the “extra” dominant DoF here??? 

Chromo-magnetic monopoles from confining vacuum!



Meissner effect: electric (cooper-pair) condensate 
expels magnetic fields, and squeezes them into flux tube.

(London equation)

’t Hooft, Mandelstamm, Nambu 
—> transforming this insight into QCD 

 QCD Vacuum as “Superconductor” of Monopoles



 QCD Vacuum as “Superconductor” of Monopoles

A.F.

very strong coupling 
at low energy 
—> emergent magnetic monopoles
—> monopole condensate in vacuum

flux tube, linear potential, 
and stringy hadrons

Regge phenomena; 
Veneziano amplitudes;
Lund model, 
string fragmentation; 
…

[hard to workout!!!]

Many evidences from 
lattice simulations



‘t Hooft-Polyakov (1974): 
monopoles naturally arise as topological solutions 

to classical EoM in non-Abelian gauge theories; 
Dirac Quantization obeyed,  mass & size ~ 1/g

E-M Duality:  (Motonen, Olive, 1977)
 strong coupling  change of D.o.F. toward emergent ones ; 

Dirac condition   E and M couplings inversely related
E weakly coupled  theory in terms of E language

E strongly coupled  theory better described by Magnetic.

The classical work by Seiberg-Witten (1994) for N=2 SYM: 
All work in this way, including the confinement ! 

What happens if the gauge theory with monopoles is in strongly coupled regime?

Magnetic Monopoles & E-M Duality



Confinement Physics above “Tc”

Condensate monopoles —> dense thermal monopoles  1-2Tc:
thermal monopoles play key role in this regime.

JL & Shuryak, PRC2007;PRL2008



A New Phase Diagram (— Old By Now!!!)

JL & Shuryak, PRC2007 [hep-ph/0611131 [hep-ph]]

A new phase boundary based on E-M duality 



Transport Properties

JL & Shuryak, PRC2007;PRL2008



The Fluxtube/String above Tc

Magnetic currents from scattering of thermal monopoles can 
support electric fluxtube, when they are dense and “slow”.



The Fluxtube/String above Tc

Melting of monopole 
condensate below Tc

Emergence of 
thermal monopoles 

near Tc



Lattice Insights

for SU(3) pure gauge theory 
Bonati & D’Elia, arXiv:1308.0302[hep-lat]

Density
“interaction”

Chernodub & Zakharov, SU(2) pure gauge: 	
hep-ph/0611228 [hep-ph] 



sQGP: Significant Magnetic Component 
The old belief

The sQGP is a new emergent phase of QCD matter, with suppressed 
quarks/gluons and a significant monopole component:  

It naturally bridges the confined phase and wQGP!

The new paradigm

Tc

Tc~150MeV 2Tc~300MeV

strongly coupled 
confined phase asymptotically free QGP

asymptotically free QGPstrongly coupled 
confined phase

strongly coupled 
QGP (sQGP)

Can we find an experimental evidence 
for the magnetic component? 



Experimental Evidence?!
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Geometric Tomography

In-Plane

Out-of-Plane

However: exp. data showed much larger anisotropy?!
Geometric model analysis: Shuryak; Drees-Feng-Jia;…



Geometric Tomography

Till ~ 2008: clear discrepancy between accurate data 
and model predictions.

High Pt v2 became a long standing challenge

In-Plane

Out-of-Plane

Compilation of J.Jia, ~2008



Where Are Jets Quenched (More Strongly)?
Taken for granted in all previous models: 
Jet-medium coupling is T-independent. 

We realized the puzzle may concern 
more radical questions:

Where are jets quenched (more strongly)?

Geometry is a sensitive feature:
“Egg yolk” has one geometry,“Egg white” has another.



Near-Tc Enhancement of Jet-Medium Coupling

Three major findings: 
(1) With fixed Raa, the jet v2 is VERY sensitive to the 
T-dependence of jet-medium coupling;  
(2) Energy loss around Tc region enhances the jet v2; 
(3) RHIC data suggests a very strong enhancement near Tc.

Over time, these points were confirmed by many later studies.



Near-Tc Enhancement (NTcE)
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In the paper PRL(2009) we concluded: 
“In relativistic heavy ion collisions the jets are quenched 

about 2--5 times stronger in the near-Tc region 
than the higher-T QGP phase.”



The RHIC+LHC Era
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Raa(RHIC)~Raa(LHC) Already a clear hint of LESS OPACITY: 
similar R_aa, despite twice the density! 
— “surprising transparency” (Horowitz 
& Gyulassy, QM11) 
— naturally expected if the “volcano 
scenario” is indeed true (Liao PANIC11)

(RHIC+LHC) & (Raa+V2): 
a highly constraining set 

of observables for 
jet energy loss models!

JL, arXiv:1109.0271; 
Zhang & JL, arXiv: 1208.6361; 

arXiv:1210.1245



sQGMP: semi-Quark-Gluon-Monopole-Plasma

To implement the magnetic scenario in 
a sophisticated jet energy loss model —> CUJET3  

It allows quantitative test of the magnetic component.

v.s.

The thermal monopoles near Tc provides the natural 
mechanism of enhancing jet energy loss.



CUJET3: semi-Quark-Gluon Monopole Plasma 



CUJET3: semi-Quark-Gluon Monopole Plasma 



A Sophisticated Simulation Framework

Xu, JL, Gyulassy, arXiv:1411.3673 

Original DGLV formalism has 
only quark/gluon scattering centers

We now include both color-electric 
and color-magnetic scattering centers.

DGLV-CUJET framework for describing multi-parton scattering:

Bulk evolution: VISH2+1



The Making of sQGP in CUJET3.0

The model implementations of electric and magnetic components 
are carefully constrained by available lattice data.

* Electric density: 
L-loop suppression 

* Magnetic density: 
constrained by total pressure

* Running coupling: 

* Screening: 

[Xu, JL, Gyulassy, 
arXiv:1411.3673(CPL);1508.00552(JHEP)]



Systematic Calibration of CUJET3
We constrain the two key parameters of sQGMP 

by a global chi-square analysis of ALL light hadron data.

[S. Shi, J. Liao, M. Gyulassy, CPC2018]



Systematic Calibration of CUJET3
We constrain the two key parameters of sQGMP 

by a global chi-square analysis of ALL light hadron data.

[S. Shi, J. Liao, M. Gyulassy, CPC2018]

Optimal values: 
[chi^2/dof =0.97]



Comparison with Light Hadron Data

[S. Shi, J. Liao, M. Gyulassy, CPC2018]
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Comparison with Light Hadron Data

[S. Shi, J. Liao, M. Gyulassy, CPC2018]



Independent Test with Heavy Flavor Data

[S. Shi, J. Liao, M. Gyulassy, CPC2018]
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Independent Test with Heavy Flavor Data

[S. Shi, J. Liao, M. Gyulassy, CPC2018]



Passing the Big Challenge

CUJET3 has passed this challenge.
Every model should take up this challenge. 

Raa & V2 
@ varied centrality

Heavy 
& Light

200GeV 
& 2.76TeV 
& 5.02TeV

PASS!



A New Breakthrough

Is there chromo-magnetic component? 
Let data decide!

[ Yu Guo, JL, Shuzhe Shi, arXiv:2510.16838 ]



Data-Driven Extraction

Leave chi(T) as free parameters and utilize 
Bayesian Inference (BI) 

to reach a data-driven determination!

[ Yu Guo, JL, Shuzhe Shi, arXiv:2510.16838 ]



Posterior 

[ Yu Guo, JL, Shuzhe Shi, arXiv:2510.16838 ]

Parameters and Priors

10 uniform temperature points 

We consider two scenarios: 
 unconstrained   or   monotonic



Experimental Dataset

[ Yu Guo, JL, Shuzhe Shi, arXiv:2510.16838 ]

A total of 100 individual data points are used for this analysis. 



Posterior Distributions

[ Yu Guo, JL, Shuzhe Shi, arXiv:2510.16838 ]



Experimental Dataset

[ Yu Guo, JL, Shuzhe Shi, arXiv:2510.16838 ]

–  Consistent determination of alpha_c and c_M 
–   chi(T) is well constrained in the lower T region 
–   chi(T) is not well constrained in the higher T region
–  The monotonic constraint naturally resolves high-T issue



Posterior Validation

[ Yu Guo, JL, Shuzhe Shi, arXiv:2510.16838 ]



Predictions for Transport Coefficients

[ Yu Guo, JL, Shuzhe Shi, arXiv:2510.16838 ]



Summary

55



Summary
–  Chromo-magnetic component plays an important role in 

understanding both vacuum confinement below Tc and the 
observed properties of sQGP in 1~2Tc. 

–   Raa and v2 measurements of jet quenching can be used to 
quantitatively extract the magnetic component. 

–  Posterior results from Bayesian inference provide evidence of such 
magnetic component and quantify their T-dependent density. 

–  The predicted transport coefficients agree well with known results.

Establishing a microscopic description of sQGMP !



Final Remarks
–  There emerges a broad consensus: 

a different form of QCD matter @ temperatures 150 ~ 300 MeV

in between simple hadrons and simple quarks/gluons 

–  Its interpretation appears “messy” at the moment: 

sQGMP with magnetic monopoles;  sQGB with glueballs;  

Persistent Hagedorn states; stringy fluid; 

nontrivial gluon propagator from functional methods; ……

–  These “buenas ideas” are not necessarily mutually exclusive.  

– It is important to demonstrate how they can explain empirical 
properties observed in heavy-ion (and neutron star) experiments. 



Final Remarks

“Go for the mess. That’s where the action is.”— Steven Weinberg


