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QCD: why and how?

Unfolding the QCD phase structure

Chiral symmetry breaking & confinement: towards the QCD phase structure

Outlook

Outline

The physics of the QCD phase diagram & the experimental landscape



QCD: why and how?
Never underestimate the joy  

people derive from hearing  
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Singles out QCD (no strong Higgs)



What’s hot in QCD?

Particle Data Booklet 

Running strong coupling
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Large Temperatures, densitiesLow Temperatures, densities
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QCD background  
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Asymptotic freedom  
Nobel Prize ‘04

Gross, Politzer, Wilczek
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What’s hot in QCD?

Particle Data Booklet 

Running strong coupling

5
UV: weakly coupled quarks and gluons

QCD background  
       for  
SM & BSM physics

crucial for ‘unfolding’

 deconvolution 
reconstruction

…

For the purpose of the talk!!

Large Temperatures, densitiesLow Temperatures, densities

Asymptotic freedom  
Nobel Prize ‘04

Gross, Politzer, Wilczek

Mass gap in Yang-Mills theory  
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The cool stuff!



Strongly correlated QCD: how to?

(1) Theory

Low energy effective theories

Those are my interpretations,  

and if you don’t like them…. 

well, I have others

Lattice QCD
Statistical QCD
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Diagrammatic QCD

Solution of large systems of integral-differential equation

QCD distribution

QCD free energy

Controlled approximations /extrapolations of QCD
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Extrapolations & von Neumann’s Elephant 

‘With four parameters I can fit an elephant, 
 and with five I can make him wiggle his trunk’

Von Neumann

‘There are two ways of doing calculations in theoretical physics.  
One way is to have a clear physical picture of the process that you are calculating.  

The other way is to have a precise and self-consistent mathematical formalism.  
…You have neither’

Fermi to Dyson

Extrapolations are ill-conditioned problems

With four parameter models we can fit many data  
but we cannot extrapolate without external information 

In particular, extrapolations cannot predict the existence  
and location of the CEP without external information 

The other way is to have a precise and self-consistent  
effective theory whose systematic error is under control 

….due to external QCD information

The Fermi-Von Neumann QCD phase structure elephant

‘… and now for something  
completely different…’ 

Picasso-assisted Pawlowski elephant

Those are my interpretations,  

and if you don’t like them…. 

well, I have others



Chiral symmetry breaking & confinement: towards the QCD phase structure
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Generation first second third Charge
Mass [MeV] 1.5-4 1150-1350 170→103

Quark u c t 2
3

Quark d s b ↑ 1
3

Mass [MeV] 4-8 80-130 (4.1-4.4)→103

Dynamical chiral symmetry breaking (QCD)

Chiral symmetry breaking

<latexit sha1_base64="HDCX218MXQjDEpr4vt8qrniCugw="></latexit>

!mωSB → 350MeV

Current quark masses (Higgs)



Dynamical chiral symmetry breaking (QCD)

top

bottomstrange

charmup

down

Chiral symmetry breaking
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2 light flavours, one heavy flavour 2+1

Dynamical chiral symmetry breaking (QCD)

top

bottomstrange

charmup

down

Chiral symmetry breaking
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Dynamical chiral symmetry breaking

Order parameter

chiral condensate

Meson potential

�
⇡

(Pseudo) Goldstones
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Symmetry broken σ != 0

Chiral symmetry σ = 0



10

Dynamical chiral symmetry breaking

Order parameter

chiral condensate

Meson potential

�
⇡

(Pseudo) Goldstones

<latexit sha1_base64="MntKwjezPNuvoDH+UT0YqzCyq6U="></latexit>

~⇡ ' i hq̄~��5qi

<latexit sha1_base64="3zfsSwdddoV9ZrDrm+sVasNE0jA="></latexit>

� / hq̄qi = hq†LqR + q†RqLi

Symmetry broken σ != 0

Chiral symmetry σ = 0

· · ·
Dynamics



10

Dynamical chiral symmetry breaking

Order parameter

chiral condensate

Meson potential

�
⇡

(Pseudo) Goldstones

<latexit sha1_base64="MntKwjezPNuvoDH+UT0YqzCyq6U="></latexit>

~⇡ ' i hq̄~��5qi

<latexit sha1_base64="3zfsSwdddoV9ZrDrm+sVasNE0jA="></latexit>

� / hq̄qi = hq†LqR + q†RqLi

Symmetry broken σ != 0

Chiral symmetry σ = 0

· · ·
Dynamics

∝ α2
s Particle Data Booklet 2020



10
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Dynamics

∝ α2
s Particle Data Booklet 2020

Dynamical chiral symmetry breaking 
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Thermal restoration of chiral symmetry

Fu, JMP, Rennecke, PRD 101 (2020) 054032
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Thermal restoration of chiral symmetry

Fu, JMP, Rennecke, PRD 101 (2020) 054032
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Effective couplings decays   
due to  
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Thermal restoration of chiral symmetry

Fu, JMP, Rennecke, PRD 101 (2020) 054032
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Thermal restoration of chiral symmetry
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QCD predictions from various approaches 
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Thermal confinement-deconfinement phase transition
Free energy        of a quark - antiquark pairFqq̄

· · ·
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The physics of the QCD phase diagram & the experimental landscape



17

QCD phase structure

17

sQGP

uSC
dSC
CFL

2SC

Critical
  Point

Quarkyonic
   Matter

Quark-Gluon Plasma

Hadronic Phase

Color Superconductors?

Te
m

pe
ra

tu
re

  T

Baryon Chemical Potential  mB

Inhomogeneous  S
cB

Liquid-Gas

Nuclear Superfluid
CFL-K ,  Crystalline CSC
Meson supercurrent
Gluonic phase, Mixed phase

0



17

QCD phase structure

17

sQGP

uSC
dSC
CFL

2SC

Critical
  Point

Quarkyonic
   Matter

Quark-Gluon Plasma

Hadronic Phase

Color Superconductors?

Te
m

pe
ra

tu
re

  T

Baryon Chemical Potential  mB

Inhomogeneous  S
cB

Liquid-Gas

Nuclear Superfluid
CFL-K ,  Crystalline CSC
Meson supercurrent
Gluonic phase, Mixed phase

0

Chiral symmetry breaking & Confinement: the search for the CEP

4

6

8

10

12

14

0.5 1 1.5 2 2.5 3 3.5 4

V(R,T)/T

R T

�
3.950
4.000
4.020
4.040
4.050
4.060
4.065
4.070

0 50 100 150 200 250
0.0

0.2

0.4

0 100 2000.0

0.2

0.4

 µB=0
 µB=200MeV
 µB=400MeV
 µB=600MeV

re
no

rm
al

is
ed

 li
gh

t c
on

de
ns

at
e

T[MeV]

 fRG:Fu et al

 this work

 this work



17

QCD phase structure

17

sQGP

uSC
dSC
CFL

2SC

Critical
  Point

Quarkyonic
   Matter

Quark-Gluon Plasma

Hadronic Phase

Color Superconductors?

Te
m

pe
ra

tu
re

  T

Baryon Chemical Potential  mB

Inhomogeneous  S
cB

Liquid-Gas

Nuclear Superfluid
CFL-K ,  Crystalline CSC
Meson supercurrent
Gluonic phase, Mixed phase

0

Chiral symmetry breaking & Confinement: the search for the CEP

4

6

8

10

12

14

0.5 1 1.5 2 2.5 3 3.5 4

V(R,T)/T

R T

�
3.950
4.000
4.020
4.040
4.050
4.060
4.065
4.070

0 50 100 150 200 250
0.0

0.2

0.4

0 100 2000.0

0.2

0.4

 µB=0
 µB=200MeV
 µB=400MeV
 µB=600MeV

re
no

rm
al

is
ed

 li
gh

t c
on

de
ns

at
e

T[MeV]

 fRG:Fu et al

 this work

 this work

Moat regime & inhomogeneous phases: CEP & beyond

QCD Moat:    Pisarski, Rennecke, PRL 127 (2021) 152302

Signatures of the QCD Moat:   Fu, JMP, Rennecke, PRD 101 (2020) 054032



17

QCD phase structure

17

sQGP

uSC
dSC
CFL

2SC

Critical
  Point

Quarkyonic
   Matter

Quark-Gluon Plasma

Hadronic Phase

Color Superconductors?

Te
m

pe
ra

tu
re

  T

Baryon Chemical Potential  mB

Inhomogeneous  S
cB

Liquid-Gas

Nuclear Superfluid
CFL-K ,  Crystalline CSC
Meson supercurrent
Gluonic phase, Mixed phase

0

Chiral symmetry breaking & Confinement: the search for the CEP

4

6

8

10

12

14

0.5 1 1.5 2 2.5 3 3.5 4

V(R,T)/T

R T

�
3.950
4.000
4.020
4.040
4.050
4.060
4.065
4.070

0 50 100 150 200 250
0.0

0.2

0.4

0 100 2000.0

0.2

0.4

 µB=0
 µB=200MeV
 µB=400MeV
 µB=600MeV

re
no

rm
al

is
ed

 li
gh

t c
on

de
ns

at
e

T[MeV]

 fRG:Fu et al

 this work

 this work

Wikimedia commons:  
© Günter Seggebäing, CC BY-SA 3.0

Wikipedia

Wikipedia

Chinese Moat German Moat US Moat

Moat regime & inhomogeneous phases: CEP & beyond



Pion dispersion

Fu, JMP, Pisarski, Rennecke, Wen, Shi Yin, 2412.1594917

QCD phase structure

17

sQGP

uSC
dSC
CFL

2SC

Critical
  Point

Quarkyonic
   Matter

Quark-Gluon Plasma

Hadronic Phase

Color Superconductors?

Te
m

pe
ra

tu
re

  T

Baryon Chemical Potential  mB

Inhomogeneous  S
cB

Liquid-Gas

Nuclear Superfluid
CFL-K ,  Crystalline CSC
Meson supercurrent
Gluonic phase, Mixed phase

0

Chiral symmetry breaking & Confinement: the search for the CEP

4

6

8

10

12

14

0.5 1 1.5 2 2.5 3 3.5 4

V(R,T)/T

R T

�
3.950
4.000
4.020
4.040
4.050
4.060
4.065
4.070

0 50 100 150 200 250
0.0

0.2

0.4

0 100 2000.0

0.2

0.4

 µB=0
 µB=200MeV
 µB=400MeV
 µB=600MeV

re
no

rm
al

is
ed

 li
gh

t c
on

de
ns

at
e

T[MeV]

 fRG:Fu et al

 this work

 this work

Wikimedia commons:  
© Günter Seggebäing, CC BY-SA 3.0

Wikipedia

Wikipedia

Chinese Moat German Moat US Moat

Moat regime & inhomogeneous phases: CEP & beyond



17

QCD phase structure

17

sQGP

uSC
dSC
CFL

2SC

Critical
  Point

Quarkyonic
   Matter

Quark-Gluon Plasma

Hadronic Phase

Color Superconductors?

Te
m

pe
ra

tu
re

  T

Baryon Chemical Potential  mB

Inhomogeneous  S
cB

Liquid-Gas

Nuclear Superfluid
CFL-K ,  Crystalline CSC
Meson supercurrent
Gluonic phase, Mixed phase

0

Chiral symmetry breaking & Confinement: the search for the CEP

4

6

8

10

12

14

0.5 1 1.5 2 2.5 3 3.5 4

V(R,T)/T

R T

�
3.950
4.000
4.020
4.040
4.050
4.060
4.065
4.070

0 50 100 150 200 250
0.0

0.2

0.4

0 100 2000.0

0.2

0.4

 µB=0
 µB=200MeV
 µB=400MeV
 µB=600MeV

re
no

rm
al

is
ed

 li
gh

t c
on

de
ns

at
e

T[MeV]

 fRG:Fu et al

 this work

 this work

Wikimedia commons:  
© Günter Seggebäing, CC BY-SA 3.0

Wikipedia

Wikipedia

Chinese Moat German Moat US Moat

Moat regime & inhomogeneous phases: CEP & beyond

Condensed matter QCD

<latexit sha1_base64="XquanZDcdtr1Ht8U8hbkBouMRP4="></latexit>

(q Ej q)2
<latexit sha1_base64="HoK7FQafooZf8m7LUG6oD6F+sHk="></latexit>

(q̄ Ti q)2
Color superconductivity

Competing orders

Nuclear EoS

. 
. 

. 

October 8, 2025 @ Dalian, Liaoning

Data Analysis

5

Fujimoto-Fukushima-Kamata-Murase (2018-2024)

Talk Fukushima Dalian 2025



17

QCD phase structure

17

sQGP

uSC
dSC
CFL

2SC

Critical
  Point

Quarkyonic
   Matter

Quark-Gluon Plasma

Hadronic Phase

Color Superconductors?

Te
m

pe
ra

tu
re

  T

Baryon Chemical Potential  mB

Inhomogeneous  S
cB

Liquid-Gas

Nuclear Superfluid
CFL-K ,  Crystalline CSC
Meson supercurrent
Gluonic phase, Mixed phase

0

Chiral symmetry breaking & Confinement: the search for the CEP

4

6

8

10

12

14

0.5 1 1.5 2 2.5 3 3.5 4

V(R,T)/T

R T

�
3.950
4.000
4.020
4.040
4.050
4.060
4.065
4.070

0 50 100 150 200 250
0.0

0.2

0.4

0 100 2000.0

0.2

0.4

 µB=0
 µB=200MeV
 µB=400MeV
 µB=600MeV

re
no

rm
al

is
ed

 li
gh

t c
on

de
ns

at
e

T[MeV]

 fRG:Fu et al

 this work

 this work

Wikimedia commons:  
© Günter Seggebäing, CC BY-SA 3.0

Wikipedia

Wikipedia

Chinese Moat German Moat US Moat

Moat regime & inhomogeneous phases: CEP & beyond

Condensed matter QCD

<latexit sha1_base64="XquanZDcdtr1Ht8U8hbkBouMRP4="></latexit>

(q Ej q)2
<latexit sha1_base64="HoK7FQafooZf8m7LUG6oD6F+sHk="></latexit>

(q̄ Ti q)2
Color superconductivity

Competing orders

Nuclear EoS

. 
. 

. 

October 8, 2025 @ Dalian, Liaoning

Data Analysis

5

Fujimoto-Fukushima-Kamata-Murase (2018-2024)

Talk Fukushima Dalian 2025

early universe, HIC, nuclear astrophysics

HIC, nuclear astrophysics

HIC, nuclear astrophysics
Experiments



Strongly correlated QCD: how to?

(2) Experiments (extreme QCD)
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Unfolding strongly correlated QCD with heavy ion collisions (extreme QCD)
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statistics + collective behaviour  
                          & 
strongly correlated quantum dynamics
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statistics + collective behaviour  
                          & 
strongly correlated quantum dynamics
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statistics + collective behaviour  
                          & 
strongly correlated quantum dynamics

The cool stuff!
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How to unfold: inverse problem! 

20

strongly correlated quantum dynamics

Unfolding strongly correlated QCD with heavy ion collisions (extreme QCD)



How to unfold: inverse problem! 
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strongly correlated quantum dynamics

Unfolding strongly correlated QCD with heavy ion collisions (extreme QCD)



Unfolding the phase structure of QCD



Experimental & Theoretical Landscape

22
Galatyuk, A982 (2019) update 2025; CBM, EPJA 53 3 (2017) 60

Experimental landscape Theoretical landscape

Gao, JMP, PLB 820 (2021) 136584

Fu, JMP, Rennecke, PRD 101 (2020) 054032

Gunkel, Fischer, PRD 104 (2021) 054022

1 2 3 4 5 67 10 20 30 100 200
 [GeV]NNsCollision energy 

10

210

310

410

510

610

710

810

In
te

ra
ct

io
n 

ra
te

 [H
z]

CBM@FAIR SIS100

CEE+@HIAF

LAMPS
@RAON

HADES@GSI

BM@N

MPD@NICA

STAR FXT STAR@RHIC
NA61/SHINE
@SPS

DICE/NA60+@SPS

J-PARC-HI

ALICE@LHC
ALICE3@LHC

sPHENIX@RHIC

Fi
xe

d-
ta

rg
et

 e
xp

er
im

en
ts

C
ollider experim

ents

Heavy ion collisions

Peak of kurtosis on the freeze-out line

Onset of new phases on the chiral transition line (CEP)

Transition regime
Functional & Lattice QCD 

New phases

fqcd-collaboration.github.io

https://fqcd-collaboration.github.io


23 Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 111, L031502

Ripples of the critical point from fluctuations of conserved charges

baryon number fluctuations

QCD-assisted low energy effective theory
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Reconstructing the CEP 

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 111, L031502

Ripples of the critical point from fluctuations of conserved charges

baryon number fluctuations

QCD-assisted low energy effective theory
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Ripples of the critical point at chemical freeze-out

Fischer, Lu, Gao, Liu, JMP, in preparation
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Outlook
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 Unfolding the phase structure with QCD and freeze-out data

Fu, Lu, Gao, JMP, Rennecke, Wen, Xu, …. in progress
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QCD: why and how?

Unfolding the QCD phase structure

Chiral symmetry breaking & confinement: towards the QCD phase structure

Outlook

The physics of the QCD phase diagram & the experimental landscape
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resolution of the moat regime 

preliminary

28 JMP, Rennecke, Sattler, in preparation

Estimated location of CEP

No computation inside the instability regime 

The QCD Moat reloaded



29 JMP, Rennecke, Sattler, in preparation

Pion ‘minimum’ mass Scalar mode ‘minimum’ mass

The QCD Moat

preliminary


