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Critical end point and new phases: where do we stand?

Ripples of the critical and point and new phases

Strong correlations above the chiral crossover

QCD moat and inhomogeneous phases

Phase structure and dynamics of QCD at high densities



Critical end point and new phases: where do we stand?
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Experimental & Theoretical Landscape

5
Galatyuk, A982 (2019) update 2025; CBM, EPJA 53 3 (2017) 60

Experimental landscape Theoretical landscape
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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

Fu, Huang, JMP, Rennecke, Wen, Yin, arxiv:2603.13455



Functional QCD: CEP estimate 
Fu, Huang, JMP, Rennecke, Wen, Yin, arxiv:2603.13455
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µs = 0

Gunkel, Fischer, PRD 104 (2021) 054022 (DSE)

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

Gao, JMP, PLB 820 (2021) 136584 (DSE)

(fRG)
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(µB , T )CEP → (105↑ 115 , 600↑ 650) MeV

Fu, Huang, JMP, Rennecke, Wen, Yin, arxiv:2603.13455
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Strangeness neutrality
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(µB , T )CEP = (92 , 696) MeV

Self-consistent Moat: JMP, Rennecke, Sattler, arxiv:2512.20510

Critical end point and new phases: where do we stand?

Quantitative functional QCD
<latexit sha1_base64="GEOAAzaskyI0Bm0wgTm5as/mG3I="></latexit>µB

T
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Collect all possible information/structure  
for 

physics understanding & extrapolations   
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Lattice
HotQCD:  

Bazavov, Ding, Hegde, Kaczmarek, Karsch,  

Karthik, Laermann, Lahiri, Larsen, Li,  

Mukherjee, Ohno, Petreczky, Sandmeyer,  

Schmidt, Sharma, Steinbrecher,  

PLB 795 (2019) 

WB:  

Borsányi, Fodor, Guenther, Kara, Katz,  

Parotto, Pasztor, Ratti, Szabo,  

PRL 125 (2020) 052001

See talks of  
Christian, Álvaro
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Strangeness neutrality
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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):

potentially large 
systematic error

Modified from Fabian Rennecke’s 
 plenary talk @ QM 2025

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

    very recent lattice extrapolation (16^3 x 8)
                                  [Adam et al, 2507.13254] 

??

[Shah et al. 2601.08823]See talk of Volodymyr

https://arxiv.org/abs/2601.08823


Extrapolations & von Neumann’s Elephant 

Extrapolations are ill-conditioned problems‘… and now for something  
completely different…’ 

Those are my interpretations,  

and if you don’t like them…. 

well, I have others
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…You have neither’
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In particular, extrapolations cannot predict the existence  
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‘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



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

Proxy for QCD-assisted LEFTs



 Self-consistent truncations to functional relations define analytic functions in      , eg:        
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Those are my interpretations,  

and if you don’t like them…. 

well, I have others
Direct computations and the minimal point of view

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

          at small chemical potential. 
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Those are my interpretations,  

and if you don’t like them…. 

well, I have others

??    Corroborated

By definition, LEFTs (including extrapolations) cannot assess  
the existence or absence of emergent phenomena!

Direct computations and the minimal point of view

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

          at small chemical potential. 
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Strongly correlated physics

Strongly correlated phase for temperatures      <latexit sha1_base64="RQ6IJ9mrD04qblahefCgBivCjVc="></latexit>
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Functional confinement & the dynamical gluonic background
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Functional confinement & the dynamical gluonic background
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Spin symmetry for       <latexit sha1_base64="RQ6IJ9mrD04qblahefCgBivCjVc="></latexit>

Tω ↭ T ↭ 2Tω

               Rohrhofer, Aoki, Cossu, Fukaya, Glozman, Hashimoto,  

                                     Lang, Prelovsek, PRD 96 (2017) 094501 

                                                     

Rohrhofer, Aoki, Glozman, Hashimoto, PLB 802 (2020) 135245

…
…

…

Strongly correlated physics

Relation?

See talk of Leonid

16



<latexit sha1_base64="d5e7WEkogoN5JrZLXvxJvwqhbQM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtsQ9lsN+3S3U3Y3Qgl9F948aCIV/+NN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsrPapB1lcC+e3ZoFpz624OtEq8gtSgQGtQ/eoPY5IKKg3hWOue5yYmyLAyjHA6q/RTTRNMJnhEe5ZKLKgOsvziGTqzyhBFsbIlDcrV3xMZFlpPRWg7BTZjvezNxf+8Xmqi6yBjMkkNlWSxKEo5MjGav4+GTFFi+NQSTBSztyIyxgoTY0Oq2BC85ZdXSfui7jXqjfvLWvOmiKMMJ3AK5+DBFTThDlrgAwEJz/AKb452Xpx352PRWnKKmWP4A+fzB1gpkLg=</latexit>rUV

<latexit sha1_base64="F3VCIHECPg1PCP+TPoDchTz91D8=">AAACFXicbVDLSsNAFJ34rPVVdekmWIQWpCQi1WXRjcsKfUETwmQ6aYdOJmHmRgghP+HGX3HjQhG3gjv/xukD1NYDF86ccy9z7/FjzhRY1pexsrq2vrFZ2Cpu7+zu7ZcODjsqSiShbRLxSPZ8rChngraBAae9WFIc+px2/fHNxO/eU6lYJFqQxtQN8VCwgBEMWvJKZ04gMckcxYYh9qyKrOY/D4eJANKql7UciKw890plq2ZNYS4Te07KaI6mV/p0BhFJQiqAcKxU37ZicDMsgRFO86KTKBpjMsZD2tdU4JAqN5telZunWhmYQSR1CTCn6u+JDIdKpaGvO0MMI7XoTcT/vH4CwZWbMREnQAWZfRQk3ITInERkDpikBHiqCSaS6V1NMsI6JtBBFnUI9uLJy6RzXrPrtfrdRblxPY+jgI7RCaogG12iBrpFTdRGBD2gJ/SCXo1H49l4M95nrSvGfOYI/YHx8Q1vwZ8C</latexit>

ω0(r)

ω0(→)T→0

<latexit sha1_base64="NRlFs/NyVECubbbV2q4OYpV1gJg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlEqsuiG5cV2lpIQphMJ+3QyYOZG6GEbtz4K25cKOLWf3Dn3zhps9DWAxcO59zL5ZwgFVyBZX0blZXVtfWN6mZta3tnd8/cP+ipJJOUdWkiEtkPiGKCx6wLHATrp5KRKBDsPhjfFP79A5OKJ3EHJinzIjKMecgpAS355nEHu4KF4OCOn7sywlRymLqSD0fg+Wbdalgz4GVil6SOSrR988sdJDSLWAxUEKUc20rBy4kETgWb1txMsZTQMRkyR9OYREx5+SzFFJ9qZYDDROqJAc/U3xc5iZSaRIHejAiM1KJXiP95TgbhlZfzOM2AxXT+KMwEhgQXleABl4yCmGhCivicYjoiklDQxdV0CfZi5GXSO2/YzUbz7qLeui7rqKIjdILOkI0uUQvdojbqIooe0TN6RW/Gk/FivBsf89WKUd4coj8wPn8ADVuYUw==</latexit>

T [Tcrit]

<latexit sha1_base64="Vf1Azr0psEe8sNLkarqAone9LXI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrpvvskeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk+Z5xatWqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBfd43g</latexit>
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Strongly correlated physics

Precondensation in chiral QCD
See talk of Álvaro
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<latexit sha1_base64="d5e7WEkogoN5JrZLXvxJvwqhbQM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtsQ9lsN+3S3U3Y3Qgl9F948aCIV/+NN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsrPapB1lcC+e3ZoFpz624OtEq8gtSgQGtQ/eoPY5IKKg3hWOue5yYmyLAyjHA6q/RTTRNMJnhEe5ZKLKgOsvziGTqzyhBFsbIlDcrV3xMZFlpPRWg7BTZjvezNxf+8Xmqi6yBjMkkNlWSxKEo5MjGav4+GTFFi+NQSTBSztyIyxgoTY0Oq2BC85ZdXSfui7jXqjfvLWvOmiKMMJ3AK5+DBFTThDlrgAwEJz/AKb452Xpx352PRWnKKmWP4A+fzB1gpkLg=</latexit>rUV

<latexit sha1_base64="F3VCIHECPg1PCP+TPoDchTz91D8=">AAACFXicbVDLSsNAFJ34rPVVdekmWIQWpCQi1WXRjcsKfUETwmQ6aYdOJmHmRgghP+HGX3HjQhG3gjv/xukD1NYDF86ccy9z7/FjzhRY1pexsrq2vrFZ2Cpu7+zu7ZcODjsqSiShbRLxSPZ8rChngraBAae9WFIc+px2/fHNxO/eU6lYJFqQxtQN8VCwgBEMWvJKZ04gMckcxYYh9qyKrOY/D4eJANKql7UciKw890plq2ZNYS4Te07KaI6mV/p0BhFJQiqAcKxU37ZicDMsgRFO86KTKBpjMsZD2tdU4JAqN5telZunWhmYQSR1CTCn6u+JDIdKpaGvO0MMI7XoTcT/vH4CwZWbMREnQAWZfRQk3ITInERkDpikBHiqCSaS6V1NMsI6JtBBFnUI9uLJy6RzXrPrtfrdRblxPY+jgI7RCaogG12iBrpFTdRGBD2gJ/SCXo1H49l4M95nrSvGfOYI/YHx8Q1vwZ8C</latexit>

ω0(r)

ω0(→)T→0

<latexit sha1_base64="NRlFs/NyVECubbbV2q4OYpV1gJg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlEqsuiG5cV2lpIQphMJ+3QyYOZG6GEbtz4K25cKOLWf3Dn3zhps9DWAxcO59zL5ZwgFVyBZX0blZXVtfWN6mZta3tnd8/cP+ipJJOUdWkiEtkPiGKCx6wLHATrp5KRKBDsPhjfFP79A5OKJ3EHJinzIjKMecgpAS355nEHu4KF4OCOn7sywlRymLqSD0fg+Wbdalgz4GVil6SOSrR988sdJDSLWAxUEKUc20rBy4kETgWb1txMsZTQMRkyR9OYREx5+SzFFJ9qZYDDROqJAc/U3xc5iZSaRIHejAiM1KJXiP95TgbhlZfzOM2AxXT+KMwEhgQXleABl4yCmGhCivicYjoiklDQxdV0CfZi5GXSO2/YzUbz7qLeui7rqKIjdILOkI0uUQvdojbqIooe0TN6RW/Gk/FivBsf89WKUd4coj8wPn8ADVuYUw==</latexit>

T [Tcrit]

<latexit sha1_base64="Vf1Azr0psEe8sNLkarqAone9LXI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120y7dbMLuRCyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXJtRKwecJxwP6IDJULBKFrpvvskeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk+Z5xatWqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gBfd43g</latexit>
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Strongly correlated physics

Precondensation for different flavours
See talk of Álvaro

<latexit sha1_base64="F3VCIHECPg1PCP+TPoDchTz91D8=">AAACFXicbVDLSsNAFJ34rPVVdekmWIQWpCQi1WXRjcsKfUETwmQ6aYdOJmHmRgghP+HGX3HjQhG3gjv/xukD1NYDF86ccy9z7/FjzhRY1pexsrq2vrFZ2Cpu7+zu7ZcODjsqSiShbRLxSPZ8rChngraBAae9WFIc+px2/fHNxO/eU6lYJFqQxtQN8VCwgBEMWvJKZ04gMckcxYYh9qyKrOY/D4eJANKql7UciKw890plq2ZNYS4Te07KaI6mV/p0BhFJQiqAcKxU37ZicDMsgRFO86KTKBpjMsZD2tdU4JAqN5telZunWhmYQSR1CTCn6u+JDIdKpaGvO0MMI7XoTcT/vH4CwZWbMREnQAWZfRQk3ITInERkDpikBHiqCSaS6V1NMsI6JtBBFnUI9uLJy6RzXrPrtfrdRblxPY+jgI7RCaogG12iBrpFTdRGBD2gJ/SCXo1H49l4M95nrSvGfOYI/YHx8Q1vwZ8C</latexit>

ω0(r)

ω0(→)T→0

<latexit sha1_base64="F3VCIHECPg1PCP+TPoDchTz91D8=">AAACFXicbVDLSsNAFJ34rPVVdekmWIQWpCQi1WXRjcsKfUETwmQ6aYdOJmHmRgghP+HGX3HjQhG3gjv/xukD1NYDF86ccy9z7/FjzhRY1pexsrq2vrFZ2Cpu7+zu7ZcODjsqSiShbRLxSPZ8rChngraBAae9WFIc+px2/fHNxO/eU6lYJFqQxtQN8VCwgBEMWvJKZ04gMckcxYYh9qyKrOY/D4eJANKql7UciKw890plq2ZNYS4Te07KaI6mV/p0BhFJQiqAcKxU37ZicDMsgRFO86KTKBpjMsZD2tdU4JAqN5telZunWhmYQSR1CTCn6u+JDIdKpaGvO0MMI7XoTcT/vH4CwZWbMREnQAWZfRQk3ITInERkDpikBHiqCSaS6V1NMsI6JtBBFnUI9uLJy6RzXrPrtfrdRblxPY+jgI7RCaogG12iBrpFTdRGBD2gJ/SCXo1H49l4M95nrSvGfOYI/YHx8Q1vwZ8C</latexit>

ω0(r)

ω0(→)T→0

<latexit sha1_base64="NRlFs/NyVECubbbV2q4OYpV1gJg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlEqsuiG5cV2lpIQphMJ+3QyYOZG6GEbtz4K25cKOLWf3Dn3zhps9DWAxcO59zL5ZwgFVyBZX0blZXVtfWN6mZta3tnd8/cP+ipJJOUdWkiEtkPiGKCx6wLHATrp5KRKBDsPhjfFP79A5OKJ3EHJinzIjKMecgpAS355nEHu4KF4OCOn7sywlRymLqSD0fg+Wbdalgz4GVil6SOSrR988sdJDSLWAxUEKUc20rBy4kETgWb1txMsZTQMRkyR9OYREx5+SzFFJ9qZYDDROqJAc/U3xc5iZSaRIHejAiM1KJXiP95TgbhlZfzOM2AxXT+KMwEhgQXleABl4yCmGhCivicYjoiklDQxdV0CfZi5GXSO2/YzUbz7qLeui7rqKIjdILOkI0uUQvdojbqIooe0TN6RW/Gk/FivBsf89WKUd4coj8wPn8ADVuYUw==</latexit>

T [Tcrit]

<latexit sha1_base64="NRlFs/NyVECubbbV2q4OYpV1gJg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlEqsuiG5cV2lpIQphMJ+3QyYOZG6GEbtz4K25cKOLWf3Dn3zhps9DWAxcO59zL5ZwgFVyBZX0blZXVtfWN6mZta3tnd8/cP+ipJJOUdWkiEtkPiGKCx6wLHATrp5KRKBDsPhjfFP79A5OKJ3EHJinzIjKMecgpAS355nEHu4KF4OCOn7sywlRymLqSD0fg+Wbdalgz4GVil6SOSrR988sdJDSLWAxUEKUc20rBy4kETgWb1txMsZTQMRkyR9OYREx5+SzFFJ9qZYDDROqJAc/U3xc5iZSaRIHejAiM1KJXiP95TgbhlZfzOM2AxXT+KMwEhgQXleABl4yCmGhCivicYjoiklDQxdV0CfZi5GXSO2/YzUbz7qLeui7rqKIjdILOkI0uUQvdojbqIooe0TN6RW/Gk/FivBsf89WKUd4coj8wPn8ADVuYUw==</latexit>

T [Tcrit]
<latexit sha1_base64="GYtAObgtetMppTpq1nY7zSahHEk=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqewWqV6EohdPUsFtC+1Ssmm2Dc1mlyQrlKW/wYsHRbz6g7z5b0zbPWjrg4HHezPMzAsSwbVxnG9UWFvf2Nwqbpd2dvf2D8qHRy0dp4oyj8YiVp2AaCa4ZJ7hRrBOohiJAsHawfh25refmNI8lo9mkjA/IkPJQ06JsZJ33w+va/1yxak6c+BV4uakAjma/fJXbxDTNGLSUEG07rpOYvyMKMOpYNNSL9UsIXRMhqxrqSQR0342P3aKz6wywGGsbEmD5+rviYxEWk+iwHZGxIz0sjcT//O6qQmv/IzLJDVM0sWiMBXYxHj2OR5wxagRE0sIVdzeiumIKEKNzadkQ3CXX14lrVrVrVfrDxeVxk0eRxFO4BTOwYVLaMAdNMEDChye4RXekEQv6B19LFoLKJ85hj9Anz8UGo45</latexit>

Nf = 2 <latexit sha1_base64="pD/QSQbXHQbaERRm8cOtflwEmk4=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohdPUsFtC+1Ssmm2Dc1mlyQrlKW/wYsHRbz6g7z5b0zbPWjrg4HHezPMzAsSwbVxnG9UWFvf2Nwqbpd2dvf2D8qHRy0dp4oyj8YiVp2AaCa4ZJ7hRrBOohiJAsHawfh25refmNI8lo9mkjA/IkPJQ06JsZJ33w+va/1yxak6c+BV4uakAjma/fJXbxDTNGLSUEG07rpOYvyMKMOpYNNSL9UsIXRMhqxrqSQR0342P3aKz6wywGGsbEmD5+rviYxEWk+iwHZGxIz0sjcT//O6qQmv/IzLJDVM0sWiMBXYxHj2OR5wxagRE0sIVdzeiumIKEKNzadkQ3CXX14lrYuqW6/WH2qVxk0eRxFO4BTOwYVLaMAdNMEDChye4RXekEQv6B19LFoLKJ85hj9Anz8XIo47</latexit>
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<latexit sha1_base64="3/uZoSswimjP1uQN2N94CNE6kCo=">AAACIXicbVDLSsNAFJ34qLW+Wl26CRbBVUmkVDdCwY1upIJ9QFPKZHLTDp2ZhJmJUkK+wa2u/Rp34k78GSdtF9p6YOBwzr2cO8ePGVXacb6stfWNzcJWcbu0s7u3f1CuHHZUlEgCbRKxSPZ8rIBRAW1NNYNeLAFzn0HXn1znfvcRpKKReNDTGAYcjwQNKcHaSO27YXhVH5arTs2ZwV4l7oJU0QKtYcUqeEFEEg5CE4aV6rtOrAcplpoSBlnJSxTEmEzwCPqGCsxBDdLZtZl9apTADiNpntD2TP29kWKu1JT7ZpJjPVbLXi7+6ylzyhiCpXgdXg5SKuJEgyDz9DBhto7svA87oBKIZlNDMJHUfMAmYywx0aa1UskT8EQizrEIUo+a8rLUy5MlT2mWmebc5Z5WSee85jZqjft6tXm76LCIjtEJOkMuukBNdINaqI0IougZvaBX6816tz6sz/nomrXYOUJ/YH3/ADgoo5s=</latexit>

Nf = 4
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QCD-assisted low energy effective theory

+

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

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

Fu, JMP, Rennecke, PRD 101 (2020) 054032
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QCD-assisted low energy effective theory

+

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

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

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

Fu, JMP, Rennecke, PRD 101 (2020) 054032
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QCD-assisted low energy effective theory

+

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

Fu, JMP, Rennecke, PRD 101 (2020) 054032
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Canonical corrections via subensemble acceptance 
Vovchenko, Savchuk, Poberezhnyuk, Gorenstein, Koch, PLB 811, 135868 (2020)

<latexit sha1_base64="cbZQC+chKqftLrhZORr1il7yHQI="></latexit>
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subensemble volume system volume 

fixing the subensemble volume 
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Canonical corrections via subensemble acceptance 
Vovchenko, Savchuk, Poberezhnyuk, Gorenstein, Koch, PLB 811, 135868 (2020)
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baryon fluctuations with functional QCD 

Gao, Liu, Lu, JMP, PRD 113 (2026) 054019
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Functional QCD: Lu, Gao, Liu, JMP, 113 (2026) 054019

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 

st

Dominated by non-critical soft modes

& functional QCD

Ripples of the critical point at chemical freeze-out
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baryon number fluctuations in the phase structure 
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(TCEP, µBCEP) = (98, 643)MeV

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

Ripples of the critical point
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baryon number fluctuations in the phase structure 
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(TCEP, µBCEP) = (98, 643)MeV

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 111, L031502
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Variations of the CEP in the allowed estimate regime
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Ripples of the critical point
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Reconstructing the CEP 

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

Ripples of the critical point at chemical freeze-out
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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

Ripples of the critical point at chemical freeze-out
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Functional Freeze-out

Fischer, Lu, Gao, Liu, JMP, in preparation
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Ripples of the critical point at chemical freeze-out
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Ripples of the critical point at chemical freeze-out

Demand: build in dynamics
EMMI workshop: Collective phenomena and the EoS of dense baryonic matter

https://indico.gsi.de/event/22170/


How to unfold: inverse problem! 

27

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

Demand: unfolding HICs



Estimate

Moat regime was 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

T=160 MeV  &         =0 MeV<latexit sha1_base64="N3K2cGv4tqg3NpeEyxyAyDNZ/iQ="></latexit>µB

<latexit sha1_base64="N3K2cGv4tqg3NpeEyxyAyDNZ/iQ="></latexit>µBT=114 MeV  &         =630 MeV

Pion spectral functions 

The QCD moat and inhomogeneous phases

Fu, JMP, Pisarski, Rennecke, Wen, Yin, PRD 111 (2025) 094026
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Estimated location of CEP

The QCD Moat reloaded

Pawlowski, Sattler, Rennecke, arxiv:2512.20510

Moat

Instability?
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Estimated location of CEP

No full computation deep inside the instability regime 
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Instability?

Pawlowski, Sattler, Rennecke, arxiv:2512.20510
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Pion propagator

The QCD Moat reloaded
Soft mode

Soft(est) mode
Strong signals?

Pawlowski, Sattler, Rennecke, arxiv:2512.20510

See also talk of Fabian

<latexit sha1_base64="5fbEq0LIOQp+uRMNwpIkf3pzTCc="></latexit>
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First functional shot on the experimental location of the peak 
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Ins
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!Go for it! 

are in the CBM regime  
and  

require high statistics

Experimental signatures for the onset of new phases 

Moat

Instability?

<latexit sha1_base64="5fbEq0LIOQp+uRMNwpIkf3pzTCc="></latexit>

kon ↭ 100MeV
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The moat  
& 

 the regime with new phases 
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 Functional QCD provides direct 1   principle results for the phase structure at finite density       st

 Predictions:       

 Estimates:       

<latexit sha1_base64="GEOAAzaskyI0Bm0wgTm5as/mG3I="></latexit>µB

T
↭ 4.5
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4.5 ↭ µB

T
↭ 8

 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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 Soft modes are commonplace, critical regimes are small

Summary
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 Functional freeze out & towards real time dynamics

‘Combined unfolding’

Summary

 First steps in the QCD moat and inhomogeneous phases

<latexit sha1_base64="sBvUfqF2msq5n8UZnhm24wal/9U="></latexit>→
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