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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 
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For the purpose of the talk/workshop!!
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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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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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Outline

•QCD phase structure: Where do we stand? 

•Chiral dynamics 

•Fluctuations of conserved charges 

•Summary & outlook 
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Magnetic susceptibility
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Order parameter potential & scaling
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Critical O(4) scaling
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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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‘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
Based on:
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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

fQCD



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

<latexit sha1_base64="KucxNzkGEInJ8hYoIRoprA5iNyk=">AAAB/HicdZDLSgMxFIYzXmu9jXbpJlgEF1JmSkfdCAU3boQKvUFbSiY9bUMzF5IzYhnqq7hxoYhbH8Sdb2N6EVT0QMjP959DTn4/lkKj43xYS8srq2vrmY3s5tb2zq69t1/XUaI41HgkI9X0mQYpQqihQAnNWAELfAkNf3Q59Ru3oLSIwiqOY+gEbBCKvuAMDeraueqF63ntkzbCHaogvYb6pGvnnYLnmCpSpzC9Sx5dEI+6M+I4ebKoStd+b/cingQQIpdM65brxNhJmULBJUyy7URDzPiIDaBlZMgC0J10tvyEHhnSo/1ImRMindHvEykLtB4HvukMGA71b28K//JaCfbPO6kI4wQh5POH+omkGNFpErQnFHCUYyMYV8LsSvmQKcbR5JU1IXz9lP4v6sWCe1oo3ZTy5eIijgw5IIfkmLjkjJTJFamQGuFkTB7IE3m27q1H68V6nbcuWYuZHPlR1tsnxGeUMA==</latexit>

T = 155MeV

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



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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fQCD

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

Canonical ensemble


