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Experimental & Theoretical Landscape
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Heavy ion collisions

Peak of kurtosis at the freeze-out line

experimental landscape theoretical landscape

Gao, JMP, PLB 820 (2021) 136584

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

Gunkel, Fischer, PRD 104 (2021) 054022

Onset of new physics (CEP)
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Phase structure of QCD and the CEP

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

Gao, JMP, PLB 820 (2021) 136584DSE:
Gunkel, Fischer, PRD 104 (2021) 054022

Functional QCD: CEP estimate 

<latexit sha1_base64="B8jRZhP+hDNFiVUZP5DH46NdU0k="></latexit>

(µB , T )CEP ⇠ (600� 650 , 105� 115) MeV

<latexit sha1_base64="WLn386ftawGjDJOSCalciBUiQco="></latexit>

µu = µd = µs = µB/3
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Collect all possible information/structure  
for 

physics understanding & extrapolations   

<latexit sha1_base64="WLn386ftawGjDJOSCalciBUiQco="></latexit>

µu = µd = µs = µB/3
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Phase structure of QCD and the CEP

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

Gao, JMP, PLB 820 (2021) 136584DSE:
Gunkel, Fischer, PRD 104 (2021) 054022

Functional QCD: CEP estimate 
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(µB , T )CEP ⇠ (600� 650 , 105� 115) MeV
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µu = µd = µs = µB/3

Requires computations in 1   principles QCD at  
<latexit sha1_base64="f+PwEWQAV3yRN+81aHThMLS2D/Y="></latexit>

(µB , T )
<latexit sha1_base64="eS2j/AN1BFYbzyzcKJrJKN3Q2+k="></latexit>

(µB , T )CEP
<latexit sha1_base64="CQ6vP1Ccu6L0ffcwWttmteCcm5k=">AAACIHicbVBNS8NAFNxUrbV+tXr0EiyCp5JIqR4LXjxWsB/QlLLZvDRLdzdhd6OUkL/gVc/+Gm/iUX+Nm7YHbR1YGGbeY96OnzCqtON8WaWt7Z3ybmWvun9weHRcq5/0VZxKAj0Ss1gOfayAUQE9TTWDYSIBc5/BwJ/dFv7gEaSisXjQ8wTGHE8FDSnBupA8Rfmk1nCazgL2JnFXpIFW6E7qVtkLYpJyEJowrNTIdRI9zrDUlDDIq16qIMFkhqcwMlRgDmqcLY7N7QujBHYYS/OEthfq740Mc6Xm3DeTHOtIrXuF+K+nzCkRBGvxOrwZZ1QkqQZBlulhymwd20UddkAlEM3mhmAiqfmATSIsMdGmtGrVE/BEYs6xCDKPmu7yzCuSJc9onpvm3PWeNkn/qum2m+37VqPTWnVYQWfoHF0iF12jDrpDXdRDBEXoGb2gV+vNerc+rM/laMla7ZyiP7C+fwBElqOd</latexit>⇠

st

Estimates & predictions  
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Extrapolations for Pheno   

Requires a discussion of the  
explicit & implicit  assumptions
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Functional QCD: CEP estimate 

Extrapolations for Pheno   

Requires a discussion of the  
explicit & implicit  assumptions

Lattice extrapolations  
low energy effective theories: 

QM, NJL, PQM, PNJL, …, Holography   
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Functional approaches are the only first principle approaches to date  

that allow for direct computations at finite density with    

<latexit sha1_base64="a4LZXi+s/vTaqs7NQzAEI5TWnUk="></latexit>µB

T
↭ 3

Phase structure from functional QCD: how to 
                              Phase structure from functional QCD: Predictions & estimates

Supplementary Material:



Ripples of the CEP

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



Scenario I Scenario II

Scaling  Minimal scaling and new phases

e.g. lattice & Ising

Moat, …

Experimental signatures of the critical end point



Scenario I Scenario II

Scaling  Minimal scaling and new phases

e.g. lattice & Ising

Moat, …

Experimental signatures of the critical end point

                                                    Predictions, estimates & extrapolations and how to use them         
Chiral dynamics & soft modes

Supplementary Material:



not computed

FRG & DSE results corroborated by subsequent "extrapolations" of lattice data

conformal Padé [Basar, 2312.06952]

multi-point Padé [Clarke et al., 2405.10196]

using Yang-Lee edge singularities:

 results + continuum estimate
[Schmidt, 2504.00629]

Nτ = 6, 8

using thermodynamics:
constant entropy density [Shah et al. 2410.16206]

holography [Hippert et al., 2309.00579]
(agrees with [Cai et al., 2201.02004])

QCD PHASE DIAGRAM & THE CEP 

CEP location well constrained 
by now. And it's in FAIR range!

sNN ≈ 3.6 − 4.1 GeV

model-based extrapolation (tiny selection):

Alexander Adam's talk, Thu 9:40

Hitansh Shah's talk, Wed 9:40

potentially large 
systematic error

Modified from Fabian Rennecke’s 
 plenary talk @ QM 2025

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



Moat 
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QCD-assisted low energy effective theory

+

Direct functional QCD input 
chiral phase structure quark-antiquark — meson scattering

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

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



Moat 
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QCD-assisted low energy effective theory

+

Direct functional QCD input 
chiral phase structure quark-antiquark — meson scattering

low energy quantum, thermal & density fluctuations via fRG  (QCD-assisted PQM model)

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

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



Moat 
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QCD-assisted low energy effective theory

+

Direct functional QCD input 
chiral phase structure quark-antiquark — meson scattering

low energy quantum, thermal & density fluctuations via fRG  (QCD-assisted PQM model)

Benchmarks with lattice and fQCD  
at  

vanishing density and fQCD at finite density

renormalised chiral condensate baryon number fluctuations

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

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

DSE 

chiral & ‘confinement’ phase structure 

Lu, Gao, Liu, JMP, arXiv: 2504.05099
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Explorative DSE studies EoS & fluctuations of the net-baryon charge  

       Isserstedt, Buballa, Fischer, Gunkel,  PRD 100 (2019) 074011 
                    Isserstedt,  Fischer, Steinert, PRD 103 (2021) 054012 

L: ‘cousin’ of the Polyakov loop

 Braun, Gies, JMP, PLB 684 (2010) 262 
      Fister, JMP, PRD 88 (2013) 045010 
Herbst, Lücker, JMP, arXiv:1510.03830 
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= 0

On-shell 

Off-shell 

<latexit sha1_base64="vRgoP1XezdfR4BeqiysUoxqY/2g="></latexit>∣∣∣∣
L,L̄
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L = L̄ = 1

L: ‘cousin’ of the Polyakov loop

 Braun, Gies, JMP, PLB 684 (2010) 262 
      Fister, JMP, PRD 88 (2013) 045010 
Herbst, Lücker, JMP, arXiv:1510.03830 
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Benchmarks with lattice and fQCD  
at  

vanishing density and fQCD at finite density

renormalised chiral condensate baryon number fluctuations
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Functional QCD

Lu, Gao, Liu, JMP, arXiv: 2504.05099

Observables 
Thermodynamics
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Functional QCD

Lu, Gao, Liu, JMP, arXiv: 2504.05099

Observables 
Thermodynamics
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Ripples of the critical point

baryon number fluctuations in the phase structure 

<latexit sha1_base64="lhotYbtYiJqYiV8hAL3ddIFoKHc="></latexit>

(TCEP, µBCEP) = (98, 643)MeV

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

QCD-assisted LEFT
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Ripples of the critical point

baryon number fluctuations in the phase structure 

<latexit sha1_base64="lhotYbtYiJqYiV8hAL3ddIFoKHc="></latexit>

(TCEP, µBCEP) = (98, 643)MeV
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Fu, Luo, JMP, Rennecke, Yin, PRD 111, L031502

QCD-assisted LEFT



Fluctuations of conserved charges
Validity regime of extrapolations

12

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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Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9
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Canonical corrections via subensemble acceptance 
Vovchenko, Savchuk, Poberezhnyuk, Gorenstein, Koch, PLB 811, 135868 (2020)
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Fu, Luo, JMP, Rennecke, Yin, PRD 111, L031502



Ripples of the critical point

13

Canonical corrections via subensemble acceptance 
Vovchenko, Savchuk, Poberezhnyuk, Gorenstein, Koch, PLB 811, 135868 (2020)

<latexit sha1_base64="cbZQC+chKqftLrhZORr1il7yHQI="></latexit>

R̄B
32 = (1� 2↵)RB

32

<latexit sha1_base64="1cXQ2A8JEV29XIVwnjohNG6I/C4=">AAACKnicbVDLSgMxFM34rPXV6tJNsAgupMxIfWyEghuXCrYVnFruZG5tMMkMSUYpw/yHW137Ne7ErR9i+lho9UDgcM69nJsTpYIb6/sf3tz8wuLScmmlvLq2vrFZqW61TZJphi2WiETfRGBQcIUty63Am1QjyEhgJ3o4H/mdR9SGJ+raDlPsSrhXvM8ZWCfdtXvBWQgiHUB4QNu9Ss2v+2PQvySYkhqZ4rJX9ZbCOGGZRGWZAGNuAz+13Ry05UxgUQ4zgymwB7jHW0cVSDTdfHx2QfecEtN+ot1Tlo7Vnxs5SGOGMnKTEuzAzHoj8V/PuFMGGM/E2/5pN+cqzSwqNknvZ4LahI6KoTHXyKwYOgJMc/cBygaggVlXX7kcKnxiiZSg4jzkrsUiD0fJWua8KFxzwWxPf0n7sB4c14+uGrVmY9phieyQXbJPAnJCmuSCXJIWYUSTZ/JCXr0379378D4no3PedGeb/IL39Q3EeKbe</latexit>

V1 = ↵V
subensemble volume system volume 

fixing the subensemble volume 

<latexit sha1_base64="P9z4pSlpKMP515pfbVSprBpupK4="></latexit>

↵(s̄) = a
⇣
1�

p
s̄
⌘
✓ (1� s̄)

<latexit sha1_base64="NSWJXvZ8kbz9w8PGESo6iZ0q5vM=">AAACInicbVDLSgMxFM1UrbW+Wl26GSyCqzJj62MjFNy4rGAf0Cklk7ltY5PMkGSUMsw/uNW1X+NOXAl+jJm2C209EDiccy/n5vgRo0o7zpeVW1vfyG8WtorbO7t7+6XyQVuFsSTQIiELZdfHChgV0NJUM+hGEjD3GXT8yU3mdx5BKhqKez2NoM/xSNAhJVgbqY2vnWqtNihVnKozg71K3AWpoAWag7KV94KQxByEJgwr1XOdSPcTLDUlDNKiFyuIMJngEfQMFZiD6iezc1P7xCiBPQyleULbM/X3RoK5UlPum0mO9Vgte5n4r6fMKWMIluL18KqfUBHFGgSZpw9jZuvQzgqxAyqBaDY1BBNJzQdsMsYSE21qKxY9AU8k5ByLIPGoaS9NvCxZ8oSmqWnOXe5plbTPqu5F9fyuXmnUFx0W0BE6RqfIRZeogW5RE7UQQQ/oGb2gV+vNerc+rM/5aM5a7ByiP7C+fwAcrqNt</latexit>

a = 0.33

<latexit sha1_base64="y9gwuuZKu7c6hGqbpex+KHXWyUk="></latexit>p
s̄ =

p
sNN

11.9GeV

qualitative adjustment

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



Ripples of the critical point

13

Canonical corrections via subensemble acceptance 
Vovchenko, Savchuk, Poberezhnyuk, Gorenstein, Koch, PLB 811, 135868 (2020)

<latexit sha1_base64="cbZQC+chKqftLrhZORr1il7yHQI="></latexit>

R̄B
32 = (1� 2↵)RB

32

<latexit sha1_base64="1cXQ2A8JEV29XIVwnjohNG6I/C4=">AAACKnicbVDLSgMxFM34rPXV6tJNsAgupMxIfWyEghuXCrYVnFruZG5tMMkMSUYpw/yHW137Ne7ErR9i+lho9UDgcM69nJsTpYIb6/sf3tz8wuLScmmlvLq2vrFZqW61TZJphi2WiETfRGBQcIUty63Am1QjyEhgJ3o4H/mdR9SGJ+raDlPsSrhXvM8ZWCfdtXvBWQgiHUB4QNu9Ss2v+2PQvySYkhqZ4rJX9ZbCOGGZRGWZAGNuAz+13Ry05UxgUQ4zgymwB7jHW0cVSDTdfHx2QfecEtN+ot1Tlo7Vnxs5SGOGMnKTEuzAzHoj8V/PuFMGGM/E2/5pN+cqzSwqNknvZ4LahI6KoTHXyKwYOgJMc/cBygaggVlXX7kcKnxiiZSg4jzkrsUiD0fJWua8KFxzwWxPf0n7sB4c14+uGrVmY9phieyQXbJPAnJCmuSCXJIWYUSTZ/JCXr0379378D4no3PedGeb/IL39Q3EeKbe</latexit>

V1 = ↵V
subensemble volume system volume 

baryon & proton number fluctuationsfixing the subensemble volume 

<latexit sha1_base64="P9z4pSlpKMP515pfbVSprBpupK4="></latexit>

↵(s̄) = a
⇣
1�

p
s̄
⌘
✓ (1� s̄)

<latexit sha1_base64="NSWJXvZ8kbz9w8PGESo6iZ0q5vM=">AAACInicbVDLSgMxFM1UrbW+Wl26GSyCqzJj62MjFNy4rGAf0Cklk7ltY5PMkGSUMsw/uNW1X+NOXAl+jJm2C209EDiccy/n5vgRo0o7zpeVW1vfyG8WtorbO7t7+6XyQVuFsSTQIiELZdfHChgV0NJUM+hGEjD3GXT8yU3mdx5BKhqKez2NoM/xSNAhJVgbqY2vnWqtNihVnKozg71K3AWpoAWag7KV94KQxByEJgwr1XOdSPcTLDUlDNKiFyuIMJngEfQMFZiD6iezc1P7xCiBPQyleULbM/X3RoK5UlPum0mO9Vgte5n4r6fMKWMIluL18KqfUBHFGgSZpw9jZuvQzgqxAyqBaDY1BBNJzQdsMsYSE21qKxY9AU8k5ByLIPGoaS9NvCxZ8oSmqWnOXe5plbTPqu5F9fyuXmnUFx0W0BE6RqfIRZeogW5RE7UQQQ/oGb2gV+vNerc+rM/5aM5a7ByiP7C+fwAcrqNt</latexit>

a = 0.33

<latexit sha1_base64="y9gwuuZKu7c6hGqbpex+KHXWyUk="></latexit>p
s̄ =

p
sNN

11.9GeV

qualitative adjustment

Fu, Luo, JMP, Rennecke, Yin, PRD 111, L031502
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net-baryon fluctuations in QCD vs net-proton fluctuations at STAR 

Fu, Luo, JMP, Rennecke, Yin, PRD 111, L031502
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Reconstructing the CEP 

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 111, L031502
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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
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Ripples of the critical point: Sneak preview 

Sattler et al, in preparationLu, Gao et al, in preparation

isentropes with strangeness neutrality resolution of the moat regime in QCD 

preliminary preliminary
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Summary

 Functional QCD provides direct 1   principle results for the phase structure at finite density       st
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 Ripples of new phases aka of the critical end point 

 Explanation for the convergence of CEP locations of extrapolation approaches       

 Results & observables: EoS, fluctuations of conserved charges, tiny critical regime & onset of new phases; moat regime, ….

 Peak height of kurtosis carries the location of the CEP       
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Phase structure from functional QCD: how to
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Example: 4-quark scattering vertex   

Ihssen, JMP, Sattler, Wink, arXiv:2408.08413

How to: systematic error estimates & the LEGO   principle ®
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The unreasonable effectiveness of low energy effective theories

Access and combined use of  

error estimates  

from functional QCD & LEFTs    

Ihssen, JMP, Sattler, Wink, arXiv:2408.08413



Phase structure: Fu, JMP, Rennecke, PRD 101, (2020) 054032

Sequential decoupling of gluon, quark, sigma, pion fluctuations
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QCD-assisted low energy effective theories

<latexit sha1_base64="5hueyq5aJ87nkVpJY0wzuCXIewM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4sSSiKJ4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8MOME/YgOJA85o8ZK9fNeqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa88TMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzYuKd1Vx65fl6m0eRwGO4QTOwINrqMI91KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AHN3jK0=</latexit>�@t�k[�] =
1

2
� +

PNJL-model

@t�k[�] = � +
1

2

QM-model

<latexit sha1_base64="5hueyq5aJ87nkVpJY0wzuCXIewM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4sSSiKJ4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8MOME/YgOJA85o8ZK9fNeqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa88TMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzYuKd1Vx65fl6m0eRwGO4QTOwINrqMI91KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AHN3jK0=</latexit>�

NJL-model

@t�k[�] = � +
1

2

PQM-model

+@t�k[�] =
1

2
�

Phase structure: Fu, JMP, Rennecke, PRD 101, (2020) 054032

Sequential decoupling of gluon, quark, sigma, pion fluctuations

@t�k[�] =
1

2
� � +

1

2

<latexit sha1_base64="y39U14+eqO0VVIRgwjEvUgeYK+M="></latexit>

g2l̄Al

<latexit sha1_base64="8R00dwhO9pUDFGm4X1YPhm09i1I="></latexit>

g2s̄As

fQCD

The unreasonable effectiveness of low energy effective theories

10°3 10°2 10°1 100 101

k [GeV]

10°1

100

101

102 Æ ll̄A

Æ ss̄A

ÆA3

Æ cc̄A

ÆA4

k2 ∏(º)

k2 ∏(æ)

Vacuum: Ihssen, JMP, Sattler, Wink, arXiv:2408.08413

<latexit sha1_base64="GMSC/e/xQ05R4teg1jYo0W7aR9g="></latexit>

k2ω(ω,ε)



How to: systematic error estimates & the LEGO   principle ®

23

Example: Disect quark-gluon box



How to: systematic error estimates & the LEGO   principle ®

23

Example: Disect quark-gluon box

0.1 1 10
p [GeV]

0

1

2

3

g
lu

o
n

 p
ro

p
ag

at
o

r 
d

re
ss

in
g

RG scale dep.

1D mom. dep.

3D mom. dep.

gluon two-point correlator



How to: systematic error estimates & the LEGO   principle ®

23

Example: Disect quark-gluon box

0.1 1 10
p [GeV]

0

1

2

3

g
lu

o
n

 p
ro

p
ag

at
o

r 
d

re
ss

in
g

RG scale dep.

1D mom. dep.

3D mom. dep.

gluon two-point correlator

quark two-point correlator



How to: systematic error estimates & the LEGO   principle ®

23

Example: Disect quark-gluon box

0.1 1 10
p [GeV]

0

1

2

3

g
lu

o
n

 p
ro

p
ag

at
o

r 
d

re
ss

in
g

RG scale dep.

1D mom. dep.

3D mom. dep.

gluon two-point correlator

quark two-point correlator

log p

log q

�1(p, q)
<latexit sha1_base64="+Iaezl/KwYnOJiz01S2t/uHvo7M="></latexit> p · qp

p2 q2
= �1

<latexit sha1_base64="4W2guTjgo/RwfY5HyR9tX8E9ma4="></latexit>

�1(p, q), · · · ,�8(p, q)

Relevant: 
<latexit sha1_base64="TaISizmwclrjaQtPYPMCr70Hz/M="></latexit>

�1 , �4 , �7

quark-gluon scattering



Three remarks on Functional Methods for QCD

off-shell representation of thermodynamic observables 

off-shell

pressure, trace anomaly,  
fluctuations, volume flucs., ...

e.g. Tr hq(x)q̄(x)i
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II: Difficult access to some observables 

hq(x1) · · · q̄(x2n)Aµ(y1) · · ·Aµ(ym)h(z1) · · ·h(zl)i

I: simple correlations
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‘No free lunch theorem’
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 Self-consistent truncations to functional relations define analytic functions in      , eg:        
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How to: direct computations and the minimal point of view
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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



Phase structure from functional QCD: Predictions & estimates



Dominance of scalar-pseudoscalar  fluctuations  
Pions & sigma mode

27
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Four-quark scattering channels

Predictions & estimates
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Moat regime is not captured quantitatively  

Fu, JMP, Pisarski, Rennecke, Wen, Shi Yin, 2412.15949
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 Eichmann, Fischer, Welzbacher, PRD 93 (2016) 034013
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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

Prediction

Estimate

Em
ergent diquarks

Emergent diquarks (fRG)
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Lack of predictive power  
for CEP-predictions  

is no quality measure! 

<latexit sha1_base64="XwRBMif4J5PSEOSn3Ga9fnqwg2k=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU92Vol6EohePFfoF26Vk02wbmk2WJCuUpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lqmitAWkVyqbog15UzQlmGG026iKI5DTjvh+H7md56o0kyKppkkNIjxULCIEWys5PfitH930US3qNYvV9yqOwdaJV5OKpCj0S9/9QaSpDEVhnCste+5iQkyrAwjnE5LvVTTBJMxHlLfUoFjqoNsfvIUnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//P81EQ3QcZEkhoqyGJRlHJkJJr9jwZMUWL4xBJMFLO3IjLCChNjUyrZELzll1dJ+7LqXVVrj7VK3c3jKMIJnMI5eHANdXiABrSAgIRneIU3xzgvzrvzsWgtOPnMMfyB8/kDWrSP8g==</latexit>

µB/T = 4

CEP is standing for  
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RHIC-BES Seminar Oct. 6th 2020, Xiaofeng Luo 

Predictions, estimates & extrapolations and how to judge them
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‘regime with new physics’
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Predictions, estimates & extrapolations and how to judge them
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(iii) LEFTs with CEPs at large density (missing quark-gluon back reaction)

(ii) LEFTs & Functional Results (qualitative approximations) that miss lattice benchmarks at        =0 

(i) ‘old’ CEPs: lattice, Functional QCD approaches, LEFTS (updated computations available)

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 

<latexit sha1_base64="RLeksjofsLUSHwIb2r/OIbavmcc=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuQlLTanelblxWsA9pQplMJ+3QmUmYmQgl9CvcuFDErZ/jzr9x0lZQ0QMXDufcy733hAmjSjvOh7Wyura+sVnYKm7v7O7tlw4OOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemGk6vc794TqWgsbvU0IQFHI0EjipE20p0fRtDn6aA5KJUd26tVa7UKdGy36nielxP33K3XoWs7c5TBEq1B6d0fxjjlRGjMkFJ910l0kCGpKWZkVvRTRRKEJ2hE+oYKxIkKsvnBM3hqlCGMYmlKaDhXv09kiCs15aHp5EiP1W8vF//y+qmOLoOMiiTVRODFoihlUMcw/x4OqSRYs6khCEtqboV4jCTC2mRUNCF8fQr/J52Kycd2brxyo7mMowCOwQk4Ay64AA1wDVqgDTDg4AE8gWdLWo/Wi/W6aF2xljNH4Aest0+Nx5BC</latexit>µB

<latexit sha1_base64="XwRBMif4J5PSEOSn3Ga9fnqwg2k=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU92Vol6EohePFfoF26Vk02wbmk2WJCuUpT/DiwdFvPprvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lqmitAWkVyqbog15UzQlmGG026iKI5DTjvh+H7md56o0kyKppkkNIjxULCIEWys5PfitH930US3qNYvV9yqOwdaJV5OKpCj0S9/9QaSpDEVhnCste+5iQkyrAwjnE5LvVTTBJMxHlLfUoFjqoNsfvIUnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//P81EQ3QcZEkhoqyGJRlHJkJJr9jwZMUWL4xBJMFLO3IjLCChNjUyrZELzll1dJ+7LqXVVrj7VK3c3jKMIJnMI5eHANdXiABrSAgIRneIU3xzgvzrvzsWgtOPnMMfyB8/kDWrSP8g==</latexit>

µB/T = 4

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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Scenario I Scenario II Scenario III

Scaling  Minimal scaling and new phases Scaling and/or new phases

Braun, Fu, JMP, Rennecke, Rosenblüh, Yin, PRD 102 (2020) 056010
Gao, JMP, PRD 105 (2022) 094020

Soft modes in hot QCD matter:   Braun, Chen, Fu, Gao, Huang, Ihssen, JMP,   
                                      Rennecke, Sattler, Tan, Wen, Yin, arXiv:2310.19853

+ many results in dynamical 
low energy effective theories 

LEGO   principle®

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

Out

Unlikely
Likely

           Size of scaling regime in LEFTs 

Schaefer, Wambach, PRD 75 (2007) 085015 

Braun, Klein, Piasecki, EPJC 71 (2011) 1576 
…

     by the LEGO   principle®

+
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Ripples of the critical end point 

baryon & proton number fluctuations

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



Predictions, estimates & extrapolations and how to use them

Scenario II

 Minimal scaling and new phases

Ripples of the critical end point 

baryon & proton number fluctuations

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

Strangeness neutrality

baryon & proton number fluctuations

Fu, Huang, JMP, Rennecke, Wen, Yin, in preparation
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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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‘chiral scaling’

Chiral dynamics & quasi-massless modes 
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‘Non-critical chiral scaling’

Critical scaling

Far away from the critical regime for  
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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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Chiral dynamics & quasi-massless modes
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‘chiral scaling’

Scaling coefficient as function of the pion mass

Trivial              scaling
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Chiral dynamics & quasi-massless modes
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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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Chiral dynamics & quasi-massless modes
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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  

‘chiral scaling’

Scaling coefficient as function of the pion mass

Trivial              scaling
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Use for chiral dynamics in heavy ion collisions 

Full order parameter potential
Measure: correlation length
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