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Experimental & Theoretical Landscape

Peak of kurtosis at the freeze-out line

Experimental landscape Theoretical landscape
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Onset of new physics (CEP)
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Functional QCD: CEP estimate 
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Comprehensive QCD phase structure 
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Steinbrecher,  
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PRL 125 (2020) 052001



Collect all possible information/structure  
for 

physics understanding & extrapolations   
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Comprehensive QCD phase structure 

Demand for 
  

physics-informed extrapolations!

What bases work 

Extrapolation limits

…



 Self-consistent truncations to functional relations define analytic functions in      , eg:        
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Direct computations and the minimal point of view
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Those are my interpretations,  

and if you don’t like them…. 

well, I have others

Yang-Lee: see talk of Fei Gao

Extrapolations: See talk of Shi Yin
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 Consequences for functional QCD predictions at finite density  

By now the best truncations to functional 
 QCD pass lattice benchmark tests at 

 vanishing and small chemical potential

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

Unique: QCD-based analytic continuations  
              that satisfy the lattice benchmarks 

          at small chemical potential. 

Moat regime Regime of quantitative reliability  
of  

current best truncation

Those are my interpretations,  

and if you don’t like them…. 

well, I have others

Yang-Lee: see talk of Fei Gao

Extrapolations: See talk of Shi Yin



QCD phase structure at finite density: Facts & Fiction

Facts Fiction

Strongly correlated phase for temperatures     
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Tω ↭ T ↭ 2Tω

 Confinement crossover is at XXX
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Tω ↭ Tconf ↭ 2Tω

No chiral crossover for 
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µB ↭ 700MeV

Scaling regime (Ising) of the CEP is humongous 

No, it is not! Most likely: too small to be measured

Chiral crossover at about     Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small
<latexit sha1_base64="pYymK096pURVSGq9fPOXttSWsms="></latexit>

mω ↭ 10MeV

Soft modes are commonplace 
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µB = 0

There is a CEP

Onset of new phases
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600MeV ↭ µonset
B ↭ 700MeV

No chiral critical end point for 
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µB ↭ 600MeV
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µB →= 0
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Tω → 155MeV



QCD phase structure at finite density: Facts & Fiction

Facts Fiction
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Tω → 155MeV
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µB = 0

Chiral crossover at about    



QCD phase structure at finite density: Facts & Fiction

Chiral crossover at about
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Tω → 155MeV
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QCD phase structure at finite density: Facts & Fiction

Facts Fiction

Chiral crossover at about    
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Tω → 155MeV

 Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small
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mω ↭ 10MeV

Soft modes are commonplace 
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QCD phase structure at finite density: Facts & Fiction

Lattice QCDFunctional QCD

Scaling regime of QCD for 
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mω ↭ 10MeV

                              Gao, JMP, PRD 105 (2022) 094020 

Braun, Chen, Fu, Gao, Huang, Ihssen, JMP, Rennecke,  

         Sattler, Tan, Wen, Yin, PRD 111 (2025) 094010 

          Columbia plot: Bernhardt, Fischer, 2507.21680
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To be (critical) or not (to be)
Chiral transition temperature
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To be (critical) or not (to be)

Order parameter potential & scaling
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Small chiral scaling regime

Small critical regime around pot. CEP

‘chiral scaling’

Scaling coefficient as function of the pion mass

Trivial              scaling
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Strongly correlated phase for temperatures     
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Tω ↭ T ↭ 2Tω

QCD phase structure at finite density: Facts & Fiction

Facts Fiction

Chiral crossover at about    
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Tω → 155MeV

 Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small
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Soft modes are commonplace 
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 Confinement crossover is at XXX
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Strongly correlated phase for temperatures     
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QCD phase structure at finite density: Facts & Fiction
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 Confinement crossover is at XXX
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Chiral scaling regimes are very small
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chiral: driven by scalar-pseudoscalar  fluctuations
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Lattice QCDFunctional QCD
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gluon-dressing loop only
+ baryon loop + diquark loop (rescaled strength)
+ baryon loop + diquark loop (rescaled strength, prefactor)

gluon dressing only
+ baryon + diquark (rescaled strength)
+ baryon + diquark (rescaled strength, prefactor)

Minor effects of baryons on phase boundary

 Emergent baryons (DSE)

 Braun, Leonhardt, Pospiech, PRD 101 (2020) 036004
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Fierz-complete phase structure 

Wang et al, in preparation
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Emergent diquarks (fRG)

Sneak preview 

Predictions & estimates
Prediction



Estimate

Moat regime is not captured quantitatively  

Moat regime   Regime of quantitative reliability  
of  

current best truncation

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

Pisarski, Rennecke, PRL 127 (2021) 152302

Fu, JMP, Pisarski, Rennecke, Wen, Shi Yin, 2412.15949

Predictions & estimates
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Moat regime is not captured quantitatively  

Moat regime   Regime of quantitative reliability  
of  

current best truncation

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

Pisarski, Rennecke, PRL 127 (2021) 152302
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Pion spectral functions 
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Predictions & estimates
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Depth of the moat & spectral peak of the pion Spatial wave function of the pion at p=0

Dissecting the moat & the moaton

Predictions & estimates
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µB/T = 4

CEP is standing for  
‘regime with new physics’

RHIC-BES Seminar Oct. 6th 2020, Xiaofeng Luo 

Predictions, estimates & extrapolations and how to judge them
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…
…

Extrapolations

Lattice extrapolations:                   Basar, PRC 110 (2024) 015203 
                                                  Bielefeld-Parma, arXiv:2405.10196

Holographic models:             Hippert, Grefa, Manning, Noronha,  
                                       Noronha-Hostler, Portillo Vazquez, Ratti,  
                                          Rougemont, Trujillo, arXiv: 2309.00579 
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Ripples of the critical point

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

Lu, Gao, Liu, JMP, arXiv:2504.05099

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

net-baryon fluctuations in QCD vs net-proton fluctuations at STAR 

Results:  
1   principles functional QCD computations  

& low energy effective theories/extrapolations 
explicit & implicit  assumptions

st

Dominated by non-critical soft modes
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42

Reconstructing the CEP 

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

Demand: Precise freeze-out line at high density

Ripples of the critical point

Dominated by non-critical soft modes
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RB
42

Reconstructing the CEP 

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

Unfolding the high density regime with new phases & physics

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

Ripples of the critical point

Dominated by non-critical soft modes
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Ripples of the critical point: Sneak preview 

JMP, Rennecke, Sattler, in preparationLu, Gao, Liu, JMP, arXiv:2504.05099 & in preparation

isentropes with strangeness neutrality resolution of the moat regime in QCD 

preliminary preliminary
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Strongly correlated phase for temperatures     

<latexit sha1_base64="RQ6IJ9mrD04qblahefCgBivCjVc="></latexit>

Tω ↭ T ↭ 2Tω

QCD phase structure at finite density: Facts & Fiction

Facts Fiction

 Confinement crossover is at XXX

<latexit sha1_base64="3cXeHRQvMBepNfSva3aQ+90l/78="></latexit>

Tω ↭ Tconf ↭ 2Tω

No chiral crossover for Scaling regime (Ising) of the CEP is humongous 

No, it is not! Most likely: too small to be measured

Chiral crossover at about    

<latexit sha1_base64="2MjinrG55uumfILg9pCqqUYNb9k="></latexit>

Tω → 155MeV

 Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small
<latexit sha1_base64="pYymK096pURVSGq9fPOXttSWsms="></latexit>

mω ↭ 10MeV

Soft modes are commonplace 

<latexit sha1_base64="VOklKBKw342GiTcgFhIrYQSKtYE="></latexit>

µB = 0

There is a CEP

Onset of new phases
<latexit sha1_base64="LyhXkvGnxGcCoGYs+sZAjFVtBp4="></latexit>

600MeV ↭ µonset
B ↭ 700MeV

No chiral critical end point for 

<latexit sha1_base64="fSKJvFazzIq7UHmB+uIjhH+ephU="></latexit>

µB →= 0

See talk of Shi Yin

<latexit sha1_base64="8VfMKPALegO/x+tlLyNo+8+0MSw="></latexit>

µB ↭ 600MeV

<latexit sha1_base64="pS/c/zHpwi9/Zd0een5xO+TSLPo="></latexit>

µB ↭ 700MeV


