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The cool stuff!

IR: confinement & chiral symmetry breaking

UV: weakly coupled quarks and gluons

QCD background 

       for 

SM & BSM physics

crucial for ‘unfolding’

 deconvolution

reconstruction

…

For the purpose of the talk/workshop!!
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10

strongly correlated quantum dynamics



11

Galatyuk, A982 (2019) update 2021; CBM, EPJA 53 3 (2017) 60

Experimental landscape

‘The (experimental) future is bright’
Tetyana Galatyuk, Erice 2021



12

Galatyuk, A982 (2019) update 2021

               CBM, EPJA 53 3 (2017) 60

How bright does it get?

Gao, JMP, PLB 820 (2021) 136584

Experimental landscape

CEP or other NEW physics/phases

Freezeout curve

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9

Chiral phase structure (theory) & freeze out data (Exp. data+Pheno)

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

Gunkel, Fischer, PRD 104 (2021) 054022

Moat regime



12

Galatyuk, A982 (2019) update 2021

               CBM, EPJA 53 3 (2017) 60

How bright does it get?

Gao, JMP, PLB 820 (2021) 136584

Experimental landscape

CEP or other NEW physics/phases

Freezeout curve

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9

Chiral phase structure (theory) & freeze out data (Exp. data+Pheno)

CBM/STAR

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

Gunkel, Fischer, PRD 104 (2021) 054022

Moat regime



12

Galatyuk, A982 (2019) update 2021

               CBM, EPJA 53 3 (2017) 60

How bright does it get?

Gao, JMP, PLB 820 (2021) 136584

Experimental landscape

CEP or other NEW physics/phases

Freezeout curve

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9

Chiral phase structure (theory) & freeze out data (Exp. data+Pheno)

CBM/STAR HADES

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

Gunkel, Fischer, PRD 104 (2021) 054022

Moat regime



QCD phase structure, ‘CEP’ estimate & phenomenological applications                


 (Non-critical) chiral dynamics & fluctuations of observed charges


Sneak preview on some results

13



QCD phase structure, ‘CEP’ estimate & phenomenological applications                


 (Non-critical) chiral dynamics & fluctuations of observed charges


Sneak preview on some results

13

Moat regime

100

120

140

160

180

200

220

240

0 300 600 900

 Gunther el al: 420
 Gunther el al: 144
 Gunther el al: 51
 Gunther el al: 30

      Alba et al.
      Andronic et al.
      Becattini et al.
      STAR

µB [MeV]

T 
[M

eV
]

CEPµB/T = 3

420 144 51 30 20
s/nB

EoS QCD phase structure



QCD phase structure, ‘CEP’ estimate & phenomenological applications                


 (Non-critical) chiral dynamics & fluctuations of observed charges


Sneak preview on some results

13

Moat regime

100

120

140

160

180

200

220

240

0 300 600 900

 Gunther el al: 420
 Gunther el al: 144
 Gunther el al: 51
 Gunther el al: 30

      Alba et al.
      Andronic et al.
      Becattini et al.
      STAR

µB [MeV]

T 
[M

eV
]

CEPµB/T = 3

420 144 51 30 20
s/nB

EoS QCD phase structure

Fluctuations of conserved chargesChiral dynamics



                                Additional material & technical details 


14



                                fQCD collaboration 


Braun, Chen, Fu, Gao, Geissel, Horak, Huang, Lu, Ihssen, JMP, Rennecke, 
Sattler, Schallmo, Tan, Töpfel, Turnwald, Wen, Wessely, Wink, Yin

Dalian, Beijing, Darmstadt, Heidelberg, Gießen

15
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Chiral condensates

lattice: S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, C. Ratti, and K. K. Szabo, JHEP 09, 073 (2010) 
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9The 10th RHIC BES theory and experiment online seminar, Oct. 6th, 2020Xiaofeng Luo

Location of CP : Theoretical Prediction

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2020)

Large uncertainties for the estimation of CP location.

Compilation by X. Luo & Y.G. Huang

Updated version, Luo 2022 
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Gao, JMP, Schneider,  in prep (DSE)
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Outline

•QCD phase structure: Where do we stand?


•Chiral dynamics


•Fluctuations of conserved charges


•Summary & outlook
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To be (critical) or not (to be)
Chiral transition temperature

fQCD
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fQCD collaboration, in preparation
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Magnetic susceptibility
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To be (critical) or not (to be)

Braun, Fu, JMP, Rennecke, Rosenblüh, Yin, PRD 102 (2020) 056010

Gao, JMP, PRD 105 (2022) 094020

Chiral transition temperature

fQCD

fQCD collaboration, in preparation

Order parameter potential & scaling
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Trivial             scaling
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Chiral dynamics & quasi-massless modes

‘chiral scaling’

fQCD collaboration, in preparation

fQCD

Critical O(4) scaling

QM: Chen, Wen, WF, PRD 104 (2021) 054009
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Scaling coefficient as function of the pion mass

FRG-QCD: leading scaling
FRG-QCD: leading + subleading scaling
FRG-QCD: fixed-point value
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Chiral dynamics & quasi-massless modes

‘chiral scaling’

fQCD collaboration, in preparation
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Critical O(4) scaling

QM: Chen, Wen, WF, PRD 104 (2021) 054009
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Small chiral scaling regime

Small critical regime around pot. CEP
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Chiral dynamics & quasi-massless modes

‘chiral scaling’

fQCD collaboration, in preparation

fQCD

Critical O(4) scaling

QM: Chen, Wen, WF, PRD 104 (2021) 054009
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Small chiral scaling regime

Small critical regime around pot. CEP

!!Great News!! 


Location of CEP/New phase accessible via combination 

of  precision measurements & computations  
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fQCD collaboration, in preparation
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‘Non-critical chiral scaling’

Critical scaling

Far away from the critical regime for  
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m⇡ & 1MeV

Gao, JMP, PRD 105 (2022) 094020

fQCD

QM: Chen, Wen, WF, PRD 104 (2021) 054009

Scaling coefficient as function of the pion mass

Critical O(4) scaling Trivial             scaling
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FRG-QCD: leading scaling
FRG-QCD: leading + subleading scaling
FRG-QCD: fixed-point value
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QCD: fQCD collaboration, in preparation

Chiral dynamics & quasi-massless modes fQCD

Measure: correlation length

Use for chiral dynamics 

in heavy ion collisions 
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Dynamics and the size of the critical regime  
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Equilibration time of sigma-kurtosis

Transport with fRG spectral functions & effective potential Dynamical universality

Showcases in linear sigma models 

Spectral functions

Dynamical O(4) critical exponent

Tan, Chen, Fu, SciPost Phys. 12 (2022) 026
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Outline

•QCD phase structure: Where do we stand?


•Chiral dynamics


•Fluctuations of conserved charges


•Summary & outlook
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Fu, JMP, Rennecke, PRD 101, (2020) 054032

Sequential decoupling of gluon, quark, sigma, pion fluctuations

Braun, Fister, Haas, JMP, Rennecke, PRD 94 (2016) 034016

Rennecke, PRD 92 (2015) 076012
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On the unreasonable effectiveness of low energy effective theories 
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Sequential decoupling of gluon, quark, sigma, pion fluctuations
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QCD-assisted low energy effective theories
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Fluctuations of conserved charges
Benchmark at vanishing density

QCD-assisted LEFT

Freezeout curve

39

QCD-assisted LEFT

Fun QCD, in progress

Great opportunity for a combined analysis 

of high density QCD 

(Exp. data + lattice QCD + functional QCD)

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9
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Fluctuations of conserved charges
Fluctuations of conserved charges

40
Great opportunity for a combined analysis of high density QCD (Exp. data + lattice QCD + functional QCD)

fQCD

Unique: QCD-based analytic continuations 

          that satisfy the lattice benchmarks

          at small chemical potential. 

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9



Fluctuations of conserved charges
Fluctuations of conserved charges

40
Great opportunity for a combined analysis of high density QCD (Exp. data + lattice QCD + functional QCD)

fQCD

Unique: QCD-based analytic continuations 

          that satisfy the lattice benchmarks

          at small chemical potential. 
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T = 160MeV

Validity of Taylor expansion
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Fluctuations of conserved charges
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fQCD

Fu, Luo, JMP, Rennecke, Yin, in preparation

Sneak preview towards QCD

Moat regime

Full QCD input

Towards QCD
‘Use QCD flows for quark-meson couplings 


in 

low energy effective theory'  

preliminary



Fluctuations of conserved charges
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Fu, Luo, JMP, Rennecke, Yin, in preparation

Canonical ensemble


