
Phase structure and dynamics of QCD at high densities

fqcd-collaboration.github.io

Jan M. Pawlowski 

 Universität Heidelberg & ExtreMe Matter Institute 

Informal talk, Hefei, September  25    2026

th

https://fqcd-collaboration.github.io


 Braun, Chen, Fu, Gao, Huang, Ihssen, Kockler, Lu, Pawlowski, Rennecke,  
        Sattler, Stoll, Tan, Wang, Wen, Wessely, Yin, Zheng, Zorbach 

2

fQCD collaboration  

Dalian, Beijing, Darmstadt, Heidelberg, Gießen
github

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2
@t�k[�] =

free energy/ 
grand potential 

          glue 
quantum fluctuations

           quark  
quantum fluctuations

      hadronic  
quantum fluctuations

±(°° S)

±A0
=

1

2
° ° °1

6
+

Functional renormalisation group Dyson-Schwinger equations
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Material 

Collection of reviews & lecture notes on the FRG & DSE 

Topical reviews

The nonperturbative functional renormalization group and its applications
Dupuis et al, Phys.Rep. 910 (2021) 1-114

QCD at finite temperature and density within the fRG approach: An overview
Fu, Commun.Theor.Phys. 74 (2022) 9, 097304

QCD phase structure & equation of state: A functional perspective
Rennecke, QM plenary talk, arxiv:2510.11270

Phase structure and observables at high densities from first principles QCD
Fischer, JMP, arxiv: 2603.11135, to be published in EPJST

Collection of talks, colloquia & slides from schools 

Phase structure of strong interaction matter from Functional QCD
Fischer, JMP, arxiv: 2606.03703, contribution to Encyclopedia of Nuclear Physics

https://www.thphys.uni-heidelberg.de/~pawlowski/NPgauge24.php#literature
https://arxiv.org/abs/2006.04853
https://inspirehep.net/literature/1800459
https://arxiv.org/abs/2205.00468
https://inspirehep.net/literature/2075426
https://arxiv.org/abs/2510.11270
https://arxiv.org/abs/2603.11135
https://www.thphys.uni-heidelberg.de/~pawlowski/publications.php
https://arxiv.org/abs/2603.11135
https://arxiv.org/abs/2606.03703
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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

6
Galatyuk, A982 (2019) update 2025; CBM, EPJA 53 3 (2017) 60

Experimental landscape Theoretical landscape
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C
ollider experim

ents

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)

<latexit sha1_base64="28AFanu/M+pzJh0GbfGFNS+JIFw="></latexit>

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

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

<latexit sha1_base64="vbr79C1+ies9V38KuaOsgccPpO0="></latexit> ωns=0

ωµi=µq

= 0.897

Strangeness neutrality

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
↭ 4.5
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(T , µB)CEP = (92 , 696) MeV



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

Wang, Zhou, Huang, JMP, Wen, Yin, Fu, arxiv:2607.07354

Fierz-complete upgrade



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) 0520019

Strangeness neutrality
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Critical end point and new phases: where do we stand?
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(T , µB)CEP → (105↑ 115 , 600↑ 650) MeV
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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
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Phase structure from functional QCD: how to

Jump forward: Functional flows in QCD
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Example: 4-quark scattering vertex   

Ihssen, JMP, Sattler, Wink, arXiv:2408.08413

How to: systematic error estimates & the LEGO   principle ®



How to: systematic error estimates & the LEGO   principle ®
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Example: 4-quark scattering vertex   
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How to: systematic error estimates & the LEGO   principle ®
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Phase structure: Fu, JMP, Rennecke, PRD 101, (2020) 054032

Sequential decoupling of gluon, quark, sigma, pion fluctuations
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How to: three remarks on functional methods

off-shell representation of thermodynamic observables 

off-shell
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How to: direct computations vs extrapolations
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 Self-consistent truncations to functional relations define analytic functions in      , eg:        
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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. 
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Strong correlations above the chiral crossover
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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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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>

ω
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ec
on
de
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at
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n

Strongly correlated physics

Precondensation in chiral QCD

29



<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>

ω

Pr
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de
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at
io
n

Strongly correlated physics

Precondensation for different flavours

<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>

Nf = 4
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100<latexit sha1_base64="nVjFtr6h3bu3iIKQtU6ylVYr0vc=">AAACIXicbVDLSsNAFJ3UV62vVpdugkVwVRKV6kYouNGNVDBtoSllMrlph85MwsxEKSHf4FbXfo07cSf+jNPHQlsPDBzOuZdz5wQJo0o7zpdVWFldW98obpa2tnd298qV/ZaKU0nAIzGLZSfAChgV4GmqGXQSCZgHDNrB6Hritx9BKhqLBz1OoMfxQNCIEqyN5N31o6uzfrnq1Jwp7GXizkkVzdHsV6x1P4xJykFowrBSXddJdC/DUlPCIC/5qYIEkxEeQNdQgTmoXja9NrePjRLaUSzNE9qeqr83MsyVGvPATHKsh2rRm4j/esqcMoRwIV5Hl72MiiTVIMgsPUqZrWN70ocdUglEs7EhmEhqPmCTIZaYaNNaqeQLeCIx51iEmU9NeXnmT5Ilz2iem+bcxZ6WSeu05tZr9fvzauN23mERHaIjdIJcdIEa6AY1kYcIougZvaBX6816tz6sz9lowZrvHKA/sL5/ADZvo5o=</latexit>

Nf = 3

<latexit sha1_base64="PQmjq6s7oZYqgpnrApmAbwRk4/k=">AAACIXicbVDLSsNAFJ34qLW+Wl26CRbBVUmKVDdCwY1upIJ9QFPKZHLTDp2ZhJmJUkK+wa2u/Rp34k78GSdtF9p6YOBwzr2cO8ePGVXacb6stfWNzcJWcbu0s7u3f1CuHHZUlEgCbRKxSPZ8rIBRAW1NNYNeLAFzn0HXn1znfvcRpKKReNDTGAYcjwQNKcHaSO27YXhVH5arTs2ZwV4l7oJU0QKtYcUqeEFEEg5CE4aV6rtOrAcplpoSBlnJSxTEmEzwCPqGCsxBDdLZtZl9apTADiNpntD2TP29kWKu1JT7ZpJjPVbLXi7+6ylzyhiCpXgdXg5SKuJEgyDz9DBhto7svA87oBKIZlNDMJHUfMAmYywx0aa1UskT8EQizrEIUo+a8rLUy5MlT2mWmebc5Z5WSadecxu1xv15tXm76LCIjtEJOkMuukBNdINaqI0IougZvaBX6816tz6sz/nomrXYOUJ/YH3/ADS2o5k=</latexit>

Nf = 2
<latexit sha1_base64="3/uZoSswimjP1uQN2N94CNE6kCo=">AAACIXicbVDLSsNAFJ34qLW+Wl26CRbBVUmkVDdCwY1upIJ9QFPKZHLTDp2ZhJmJUkK+wa2u/Rp34k78GSdtF9p6YOBwzr2cO8ePGVXacb6stfWNzcJWcbu0s7u3f1CuHHZUlEgCbRKxSPZ8rIBRAW1NNYNeLAFzn0HXn1znfvcRpKKReNDTGAYcjwQNKcHaSO27YXhVH5arTs2ZwV4l7oJU0QKtYcUqeEFEEg5CE4aV6rtOrAcplpoSBlnJSxTEmEzwCPqGCsxBDdLZtZl9apTADiNpntD2TP29kWKu1JT7ZpJjPVbLXi7+6ylzyhiCpXgdXg5SKuJEgyDz9DBhto7svA87oBKIZlNDMJHUfMAmYywx0aa1UskT8EQizrEIUo+a8rLUy5MlT2mWmebc5Z5WSee85jZqjft6tXm76LCIjtEJOkMuukBNdINaqI0IougZvaBX6816tz6sz/nomrXYOUJ/YH3/ADgoo5s=</latexit>

Nf = 4

Correlation length of ‘domains’



aka  

(Strong) signals of the ONP

Ripples of the CEP

& functional QCD
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32

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



32

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



32

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



33

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, Wen, Yin, PRD 111, L031502

Ripples of the critical point at chemical freeze-out



33

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 
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qualitative adjustment

baryon fluctuations with functional QCD 

Gao, Liu, Lu, JMP, PRD 113 (2026) 054019
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Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 111, L031502

Ripples of the critical point at chemical freeze-out



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

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

34
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baryon number fluctuations in the phase structure 

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

(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 

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

(TCEP, µBCEP) = (98, 643)MeV

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

<latexit sha1_base64="AzFgFPWSR8/hqw4ZtaDqHr4ZVy4="></latexit>

(TCEP, µBCEP) = (108, 604)MeV
<latexit sha1_base64="4vGeR7r9bEpy1tVnhwtXqtB6k/M="></latexit>

(TCEP, µBCEP) = (94, 704)MeV

Variations of the CEP in the allowed estimate regime

Ride the 

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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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 at chemical freeze-out
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Functional Freeze-out

Fischer, Lu, Gao, Liu, JMP, in preparation

0 50 100 150 200 250 300 350 400
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 [MeV]

 T = 135 MeV     T = 155 MeV
 T = 140 MeV     T = 160 MeV
 T = 145 MeV     T = 165 MeV
 T = 150 MeV

27 19.6 14.6

17.3 11.5 9.2

7.7

0 50 100 150 200 250 300 350 400
0.0

0.5

1.0

1.5

2.0

 [MeV]

 T = 135 MeV
 T = 140 MeV
 T = 145 MeV
 T = 150 MeV
 T = 155 MeV
 T = 160 MeV
 T = 165 MeV

7.711.5
14.6

19.6
27

17.3

9.2
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<latexit sha1_base64="8MDYEjyehDZZEZ3k3BrDRNaBYQo="></latexit>
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38 Lu, Fischer, Gao, Liu, JMP, arXiv:2603.09336

Ripples of the critical point at chemical freeze-out



38 Lu, Fischer, Gao, Liu, JMP, arXiv:2603.09336

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! 
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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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The QCD Moat reloaded
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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>

kon ↭ 100MeV



First functional shot on the experimental location of the peak 

<latexit sha1_base64="jk+vOgrR4GIiSxG5l0zkHdz1ClA="></latexit>→
speak ↑ 5GeVM

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
<latexit sha1_base64="sBvUfqF2msq5n8UZnhm24wal/9U="></latexit>→
speak ↑ 5

45

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

<latexit sha1_base64="5Ot9p8LLJCnsBqYCLCPU/lFOW+A="></latexit>

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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Heavy ion collisions

 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="jk+vOgrR4GIiSxG5l0zkHdz1ClA="></latexit>→
speak ↑ 5GeV
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Material 

Collection of reviews & lecture notes on the FRG & DSE 

Topical reviews

The nonperturbative functional renormalization group and its applications
Dupuis et al, Phys.Rep. 910 (2021) 1-114

QCD at finite temperature and density within the fRG approach: An overview
Fu, Commun.Theor.Phys. 74 (2022) 9, 097304

QCD phase structure & equation of state: A functional perspective
Rennecke, QM plenary talk, arxiv:2510.11270

Phase structure and observables at high densities from first principles QCD
Fischer, JMP, arxiv: 2603.11135, to be published in EPJST

Collection of talks, colloquia & slides from schools 

Phase structure of strong interaction matter from Functional QCD
Fischer, JMP, arxiv: 2606.03703, contribution to Encyclopedia of Nuclear Physics

https://www.thphys.uni-heidelberg.de/~pawlowski/NPgauge24.php#literature
https://arxiv.org/abs/2006.04853
https://inspirehep.net/literature/1800459
https://arxiv.org/abs/2205.00468
https://inspirehep.net/literature/2075426
https://arxiv.org/abs/2510.11270
https://arxiv.org/abs/2603.11135
https://www.thphys.uni-heidelberg.de/~pawlowski/publications.php
https://arxiv.org/abs/2603.11135
https://arxiv.org/abs/2606.03703
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Just a reminder: It was your choice!

The phase structure of QCD  
from functional the RG with all its g(l)ory details 

How to compute 

&  

How to judge 

Colloquium on the phase structure of QCD  
from functional methods 

�



Outline 

 (I) Functional renormalisation group for QCD  

 (II) Functional QCD and the QCD phase structure 

51



(I) Functional renormalisation group for QCD     
                           

 Introduction to the functional renormalisation group 

   Derivation of the flow equation 

   Spontaneous symmetry breaking 

   Systematic error control & optimisation 

 Functional flows for QCD 

   Flows for correlation functions & chiral symmetry breaking  

   Getting dynamical: emergent hadrons & diquarks  

   Dynamical hadronisation at work

52
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(II) Functional QCD and the QCD phase structure     
                           

 QCD at finite temperature and density  

   Benchmarks in the vacuum 

   Correlation functions at finite temperature 

   Polyakov loop from functional approaches 

 QCD phase structure  

   Locating the QCD phase boundary and the critical end point  

   Fluctuations of conserved charges: Ripples of the critical end point  

X

X

X

X

Phase structure from functional QCD: how to  �

�



(I) Functional renormalisation group for QCD     
                           

 Introduction to the functional renormalisation group 

   Derivation of the flow equation 

   Spontaneous symmetry breaking 

   Systematic error control & optimisation 

 Functional flows for QCD 

   Flows for correlation functions & chiral symmetry breaking  

   Getting dynamical: emergent hadrons & diquarks  

   Dynamical hadronisation at work
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Introduction to the functional renormalisation group

55



Derivation of the flow equation

56



�ϕ�J = φ

zero-dimensional example: ‘Functional’ flows for integrals

classical action

S[ϕ] =
1

2

�

x

�
∂µϕ∂µϕ+m2ϕ2 +

λ

4
ϕ4

�

57

Z[J ] =
1

N

�
dϕ e−S[ϕ]+

�
x Jϕ

partition function

Generating functional Z

Functional renormalisation group

http://www.thphys.uni-heidelberg.de/~pawlowsk/NPgauge12/bonus/idea.pdf


�ϕ�J = φ

�ϕ̂� δΓ
δφ

= 0

ϕ = ϕ̂+ φ

J =
δΓ

δφ

Effective action   
<latexit sha1_base64="Gs/jI7QkC9RwzVVrXdVKY9gorac=">AAACInicbZDLSsNAFIYnVWutt1aXboJFcFUSkeqy6EKXFewFmlAmk5N27MwkzEyUEvIObnXt07gTV4IP4/Sy0NYDAz//OYf/zBckjCrtOF9WYW19o7hZ2ipv7+zu7VeqBx0Vp5JAm8Qslr0AK2BUQFtTzaCXSMA8YNANxtfTfvcRpKKxuNeTBHyOh4JGlGBtrI53gznHg0rNqTuzsleFuxA1tKjWoGoVvTAmKQehCcNK9V0n0X6GpaaEQV72UgUJJmM8hL6RAnNQfjY7N7dPjBPaUSzNE9qeub83MsyVmvDATHKsR2q5NzX/7SlzygjCpXgdXfoZFUmqQZB5epQyW8f2FIgdUglEs4kRmEhqPmCTEZaYaIOtXPYEPJHYQBJh5lFDL8+8abLkGc1zQ85d5rQqOmd1t1Fv3J3XmlcLhiV0hI7RKXLRBWqiW9RCbUTQA3pGL+jVerPerQ/rcz5asBY7h+hPWd8/n1SkWQ==</latexit>

�

free energy

Γ[φ] = − log

�
dϕ̂ e−S[ϕ̂+φ]+

�
x ϕ̂ δΓ[φ]

δφ

58

Z[J ] =
1

N

�
dϕ e−S[ϕ]+

�
x Jϕ

partition function

Generating functional Z

Functional renormalisation group
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Legendre transform
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Effective action   
<latexit sha1_base64="Gs/jI7QkC9RwzVVrXdVKY9gorac=">AAACInicbZDLSsNAFIYnVWutt1aXboJFcFUSkeqy6EKXFewFmlAmk5N27MwkzEyUEvIObnXt07gTV4IP4/Sy0NYDAz//OYf/zBckjCrtOF9WYW19o7hZ2ipv7+zu7VeqBx0Vp5JAm8Qslr0AK2BUQFtTzaCXSMA8YNANxtfTfvcRpKKxuNeTBHyOh4JGlGBtrI53gznHg0rNqTuzsleFuxA1tKjWoGoVvTAmKQehCcNK9V0n0X6GpaaEQV72UgUJJmM8hL6RAnNQfjY7N7dPjBPaUSzNE9qeub83MsyVmvDATHKsR2q5NzX/7SlzygjCpXgdXfoZFUmqQZB5epQyW8f2FIgdUglEs4kRmEhqPmCTEZaYaIOtXPYEPJHYQBJh5lFDL8+8abLkGc1zQ85d5rQqOmd1t1Fv3J3XmlcLhiV0hI7RKXLRBWqiW9RCbUTQA3pGL+jVerPerQ/rcz5asBY7h+hPWd8/n1SkWQ==</latexit>
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free energy

Γ[φ] = − log
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dϕ̂ e−S[ϕ̂+φ]+

�
x ϕ̂ δΓ[φ]

δφ
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Z[J ] =
1

N

�
dϕ e−S[ϕ]+

�
x Jϕ

partition function

Generating functional Z

Functional renormalisation group



Dyson-Schwinger equation 

quantum equation of motion
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=
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partition function

Generating functional Z

Effective action   
<latexit sha1_base64="Gs/jI7QkC9RwzVVrXdVKY9gorac=">AAACInicbZDLSsNAFIYnVWutt1aXboJFcFUSkeqy6EKXFewFmlAmk5N27MwkzEyUEvIObnXt07gTV4IP4/Sy0NYDAz//OYf/zBckjCrtOF9WYW19o7hZ2ipv7+zu7VeqBx0Vp5JAm8Qslr0AK2BUQFtTzaCXSMA8YNANxtfTfvcRpKKxuNeTBHyOh4JGlGBtrI53gznHg0rNqTuzsleFuxA1tKjWoGoVvTAmKQehCcNK9V0n0X6GpaaEQV72UgUJJmM8hL6RAnNQfjY7N7dPjBPaUSzNE9qeub83MsyVmvDATHKsR2q5NzX/7SlzygjCpXgdXfoZFUmqQZB5epQyW8f2FIgdUglEs4kRmEhqPmCTEZaYaIOtXPYEPJHYQBJh5lFDL8+8abLkGc1zQ85d5rQqOmd1t1Fv3J3XmlcLhiV0hI7RKXLRBWqiW9RCbUTQA3pGL+jVerPerQ/rcz5asBY7h+hPWd8/n1SkWQ==</latexit>
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Diagrammatics

δΓ[φ]

δφ(x)
=

�
δS[ϕ̂+ φ]

δφ(x)

�
Dyson-Schwinger equation 

Functional renormalisation group
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Diagrammatics

δΓ[φ]

δφ(x)
=

�
δS[ϕ̂+ φ]

δφ(x)

�
Dyson-Schwinger equation 

<latexit sha1_base64="tonLkyHjgRRyNhJQcPlAHWYJ3JA="></latexit>
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Functional renormalisation group



61

<latexit sha1_base64="tonLkyHjgRRyNhJQcPlAHWYJ3JA="></latexit>

= h'̂(x)'̂(y)ic

S[φ] =
1

2

�

x

�
∂µφ∂µφ+m2φ2 +

λ

4
φ4

�
Diagrammatics

δΓ[φ]

δφ(x)
=

�
δS[ϕ̂+ φ]

δφ(x)

�
Dyson-Schwinger equation 

Functional renormalisation group



Γ[φ] = − log e−S[φ] = S[φ]
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No quantum fluctuations

Effective action   
<latexit sha1_base64="Gs/jI7QkC9RwzVVrXdVKY9gorac=">AAACInicbZDLSsNAFIYnVWutt1aXboJFcFUSkeqy6EKXFewFmlAmk5N27MwkzEyUEvIObnXt07gTV4IP4/Sy0NYDAz//OYf/zBckjCrtOF9WYW19o7hZ2ipv7+zu7VeqBx0Vp5JAm8Qslr0AK2BUQFtTzaCXSMA8YNANxtfTfvcRpKKxuNeTBHyOh4JGlGBtrI53gznHg0rNqTuzsleFuxA1tKjWoGoVvTAmKQehCcNK9V0n0X6GpaaEQV72UgUJJmM8hL6RAnNQfjY7N7dPjBPaUSzNE9qeub83MsyVmvDATHKsR2q5NzX/7SlzygjCpXgdXfoZFUmqQZB5epQyW8f2FIgdUglEs4kRmEhqPmCTEZaYaIOtXPYEPJHYQBJh5lFDL8+8abLkGc1zQ85d5rQqOmd1t1Fv3J3XmlcLhiV0hI7RKXLRBWqiW9RCbUTQA3pGL+jVerPerQ/rcz5asBY7h+hPWd8/n1SkWQ==</latexit>
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Γ[φ] = − log

�
dϕ̂ e−S[ϕ̂+φ]+

�
x ϕ̂ δΓ[φ]

δφ
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<latexit sha1_base64="uJ5vmlGaE0wp4sjqkpFwj4blCTw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRcVTwYvHCvYD2m3Jptk2NJsNSVYtS/+HFw+KePW/ePPfmLZ70NYHA4/3ZpiZF0jOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFKENEvNYtQOsKWeCNgwznLalojgKOG0F45uZ33qgSrNY3JuJpH6Eh4KFjGBjpZ7sVbpYShU/oXGv0i+W3LI7B1olXkZKkKHeL351BzFJIioM4VjrjudK46dYGUY4nRa6iaYSkzEe0o6lAkdU++n86ik6s8oAhbGyJQyaq78nUhxpPYkC2xlhM9LL3kz8z+skJrzyUyZkYqggi0VhwpGJ0SwCNGCKEsMnlmCimL0VkRFWmBgbVMGG4C2/vEqalbJ3Ua7eVUu16yyOPJzAKZyDB5dQg1uoQwMIKHiGV3hzHp0X5935WLTmnGzmGP7A+fwB4XSSGA==</latexit>

p2 ⇡ k2
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UV quantum fluctuations up to 

Effective action   
<latexit sha1_base64="Gs/jI7QkC9RwzVVrXdVKY9gorac=">AAACInicbZDLSsNAFIYnVWutt1aXboJFcFUSkeqy6EKXFewFmlAmk5N27MwkzEyUEvIObnXt07gTV4IP4/Sy0NYDAz//OYf/zBckjCrtOF9WYW19o7hZ2ipv7+zu7VeqBx0Vp5JAm8Qslr0AK2BUQFtTzaCXSMA8YNANxtfTfvcRpKKxuNeTBHyOh4JGlGBtrI53gznHg0rNqTuzsleFuxA1tKjWoGoVvTAmKQehCcNK9V0n0X6GpaaEQV72UgUJJmM8hL6RAnNQfjY7N7dPjBPaUSzNE9qeub83MsyVmvDATHKsR2q5NzX/7SlzygjCpXgdXfoZFUmqQZB5epQyW8f2FIgdUglEs4kRmEhqPmCTEZaYaIOtXPYEPJHYQBJh5lFDL8+8abLkGc1zQ85d5rQqOmd1t1Fv3J3XmlcLhiV0hI7RKXLRBWqiW9RCbUTQA3pGL+jVerPerQ/rcz5asBY7h+hPWd8/n1SkWQ==</latexit>
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Γ[φ] = − log

�
dϕ̂ e−S[ϕ̂+φ]+

�
x ϕ̂ δΓ[φ]

δφ
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DSE
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Rk(p2)

k2

Regulator

<latexit sha1_base64="41wXIdTQYOSnpmWoPlbyNGObs4I="></latexit>
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<latexit sha1_base64="uJ5vmlGaE0wp4sjqkpFwj4blCTw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRcVTwYvHCvYD2m3Jptk2NJsNSVYtS/+HFw+KePW/ePPfmLZ70NYHA4/3ZpiZF0jOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFKENEvNYtQOsKWeCNgwznLalojgKOG0F45uZ33qgSrNY3JuJpH6Eh4KFjGBjpZ7sVbpYShU/oXGv0i+W3LI7B1olXkZKkKHeL351BzFJIioM4VjrjudK46dYGUY4nRa6iaYSkzEe0o6lAkdU++n86ik6s8oAhbGyJQyaq78nUhxpPYkC2xlhM9LL3kz8z+skJrzyUyZkYqggi0VhwpGJ0SwCNGCKEsMnlmCimL0VkRFWmBgbVMGG4C2/vEqalbJ3Ua7eVUu16yyOPJzAKZyDB5dQg1uoQwMIKHiGV3hzHp0X5935WLTmnGzmGP7A+fwB4XSSGA==</latexit>

p2 ⇡ k2UV quantum fluctuations up to 

Effective action   
<latexit sha1_base64="Gs/jI7QkC9RwzVVrXdVKY9gorac=">AAACInicbZDLSsNAFIYnVWutt1aXboJFcFUSkeqy6EKXFewFmlAmk5N27MwkzEyUEvIObnXt07gTV4IP4/Sy0NYDAz//OYf/zBckjCrtOF9WYW19o7hZ2ipv7+zu7VeqBx0Vp5JAm8Qslr0AK2BUQFtTzaCXSMA8YNANxtfTfvcRpKKxuNeTBHyOh4JGlGBtrI53gznHg0rNqTuzsleFuxA1tKjWoGoVvTAmKQehCcNK9V0n0X6GpaaEQV72UgUJJmM8hL6RAnNQfjY7N7dPjBPaUSzNE9qeub83MsyVmvDATHKsR2q5NzX/7SlzygjCpXgdXfoZFUmqQZB5epQyW8f2FIgdUglEs4kRmEhqPmCTEZaYaIOtXPYEPJHYQBJh5lFDL8+8abLkGc1zQ85d5rQqOmd1t1Fv3J3XmlcLhiV0hI7RKXLRBWqiW9RCbUTQA3pGL+jVerPerQ/rcz5asBY7h+hPWd8/n1SkWQ==</latexit>
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<latexit sha1_base64="uJ5vmlGaE0wp4sjqkpFwj4blCTw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRcVTwYvHCvYD2m3Jptk2NJsNSVYtS/+HFw+KePW/ePPfmLZ70NYHA4/3ZpiZF0jOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFKENEvNYtQOsKWeCNgwznLalojgKOG0F45uZ33qgSrNY3JuJpH6Eh4KFjGBjpZ7sVbpYShU/oXGv0i+W3LI7B1olXkZKkKHeL351BzFJIioM4VjrjudK46dYGUY4nRa6iaYSkzEe0o6lAkdU++n86ik6s8oAhbGyJQyaq78nUhxpPYkC2xlhM9LL3kz8z+skJrzyUyZkYqggi0VhwpGJ0SwCNGCKEsMnlmCimL0VkRFWmBgbVMGG4C2/vEqalbJ3Ua7eVUu16yyOPJzAKZyDB5dQg1uoQwMIKHiGV3hzHp0X5935WLTmnGzmGP7A+fwB4XSSGA==</latexit>

p2 ⇡ k2UV quantum fluctuations up to 

Effective action   
<latexit sha1_base64="Gs/jI7QkC9RwzVVrXdVKY9gorac=">AAACInicbZDLSsNAFIYnVWutt1aXboJFcFUSkeqy6EKXFewFmlAmk5N27MwkzEyUEvIObnXt07gTV4IP4/Sy0NYDAz//OYf/zBckjCrtOF9WYW19o7hZ2ipv7+zu7VeqBx0Vp5JAm8Qslr0AK2BUQFtTzaCXSMA8YNANxtfTfvcRpKKxuNeTBHyOh4JGlGBtrI53gznHg0rNqTuzsleFuxA1tKjWoGoVvTAmKQehCcNK9V0n0X6GpaaEQV72UgUJJmM8hL6RAnNQfjY7N7dPjBPaUSzNE9qeub83MsyVmvDATHKsR2q5NzX/7SlzygjCpXgdXfoZFUmqQZB5epQyW8f2FIgdUglEs4kRmEhqPmCTEZaYaIOtXPYEPJHYQBJh5lFDL8+8abLkGc1zQ85d5rQqOmd1t1Fv3J3XmlcLhiV0hI7RKXLRBWqiW9RCbUTQA3pGL+jVerPerQ/rcz5asBY7h+hPWd8/n1SkWQ==</latexit>
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Flow
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<latexit sha1_base64="uJ5vmlGaE0wp4sjqkpFwj4blCTw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRcVTwYvHCvYD2m3Jptk2NJsNSVYtS/+HFw+KePW/ePPfmLZ70NYHA4/3ZpiZF0jOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFKENEvNYtQOsKWeCNgwznLalojgKOG0F45uZ33qgSrNY3JuJpH6Eh4KFjGBjpZ7sVbpYShU/oXGv0i+W3LI7B1olXkZKkKHeL351BzFJIioM4VjrjudK46dYGUY4nRa6iaYSkzEe0o6lAkdU++n86ik6s8oAhbGyJQyaq78nUhxpPYkC2xlhM9LL3kz8z+skJrzyUyZkYqggi0VhwpGJ0SwCNGCKEsMnlmCimL0VkRFWmBgbVMGG4C2/vEqalbJ3Ua7eVUu16yyOPJzAKZyDB5dQg1uoQwMIKHiGV3hzHp0X5935WLTmnGzmGP7A+fwB4XSSGA==</latexit>

p2 ⇡ k2UV quantum fluctuations up to 

Effective action   
<latexit sha1_base64="Gs/jI7QkC9RwzVVrXdVKY9gorac=">AAACInicbZDLSsNAFIYnVWutt1aXboJFcFUSkeqy6EKXFewFmlAmk5N27MwkzEyUEvIObnXt07gTV4IP4/Sy0NYDAz//OYf/zBckjCrtOF9WYW19o7hZ2ipv7+zu7VeqBx0Vp5JAm8Qslr0AK2BUQFtTzaCXSMA8YNANxtfTfvcRpKKxuNeTBHyOh4JGlGBtrI53gznHg0rNqTuzsleFuxA1tKjWoGoVvTAmKQehCcNK9V0n0X6GpaaEQV72UgUJJmM8hL6RAnNQfjY7N7dPjBPaUSzNE9qeub83MsyVmvDATHKsR2q5NzX/7SlzygjCpXgdXfoZFUmqQZB5epQyW8f2FIgdUglEs4kRmEhqPmCTEZaYaIOtXPYEPJHYQBJh5lFDL8+8abLkGc1zQ85d5rQqOmd1t1Fv3J3XmlcLhiV0hI7RKXLRBWqiW9RCbUTQA3pGL+jVerPerQ/rcz5asBY7h+hPWd8/n1SkWQ==</latexit>
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Propagator

Flow

<latexit sha1_base64="tonLkyHjgRRyNhJQcPlAHWYJ3JA="></latexit>

= h'̂(x)'̂(y)ic
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Propagator

Flow

<latexit sha1_base64="tonLkyHjgRRyNhJQcPlAHWYJ3JA="></latexit>

= h'̂(x)'̂(y)ic
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<latexit sha1_base64="svCyKkyqNNtWnMahig8kU9BCXks=">AAACKXicbVBNT8JAFNyiouIX6NFLIzHBC2mJQY9ELx41ipDQSrbbB2zY3dbdrYY0/R1e9eyv8aZe/SMu2IOCk2wymXkv83aCmFGlHefDKiwtrxRX19ZLG5tb2zvlyu6tihJJoE0iFslugBUwKqCtqWbQjSVgHjDoBOPzqd95AKloJG70JAaf46GgA0qwNpJ/fZfWGkdZz4tH1O+Xq07dmcFeJG5OqijHZb9iFb0wIgkHoQnDSvVcJ9Z+iqWmhEFW8hIFMSZjPISeoQJzUH46uzqzD40S2oNImie0PVN/b6SYKzXhgZnkWI/UvDcV//WUOWUE4Vy8Hpz6KRVxokGQn/RBwmwd2dNe7JBKIJpNDMFEUvMBm4ywxESb9kolT8AjiTjHIkw9akrMUm+aLHlKs8w05873tEhuG3W3WW9eHVdbZ3mHa2gfHaAactEJaqELdInaiKB79ISe0Yv1ar1Z79bnz2jBynf20B9YX9+bn6bh</latexit>
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Flow

Diagrammatics

(Inverse) propagator

Functional renormalisation group
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DSE

fRG
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A simple program to compute critical exponents in O(N)-models with the Wetterich equation
Michael Scherer

Vk(φ) =
Nmax�

n=1

λn

n!
(φ2 − φ2

0,k)
n

N = 1 : νIsing = 0.637...

N = 1 : νIsing = 0.630...

Litim, JMP, Vergara, hep-th/0602140

fRG: LPA’

Simple approximation: LPA’
Ising universality

Example: 3d critical exponents with fRG
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Initiating the hydro era (2019)

State of the art time steppers

Grossi, Wink, SciPost Phys. Core 6 (2023)
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Principle of minimal sensitivity

eg.           Liao, Polonyi, Strickland, NPB 567 (2000) 493-514 
Canet, Delamotte, Mouhanna, Vidal,  PRD 67 (2003) 065004
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Most rapid convergence at fixed points 

Functional optimisation: Integrability

                                                                        JMP,  AP 322 (2007) 2831 
                                JMP, Scherer, Schmidt, Wetzel, AP 384 (2017) 165 
RG-consistency: Braun, Leonhardt, JMP, SciPost Phys. 6 (2019) 5, 056

Litim, PLB 486 (2000) 92-99

Principle of minimal sensitivity

eg.           Liao, Polonyi, Strickland, NPB 567 (2000) 493-514 
Canet, Delamotte, Mouhanna, Vidal,  PRD 67 (2003) 065004
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                                                                        JMP,  AP 322 (2007) 2831 
                                JMP, Scherer, Schmidt, Wetzel, AP 384 (2017) 165 
RG-consistency: Braun, Leonhardt, JMP, SciPost Phys. 6 (2019) 5, 056

Functional optimisation: Integrability



Just a reminder: It was your choice!

The phase structure of QCD  
from functional the RG with all its g(l)ory details 
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How to judge 

Colloquium on the phase structure of QCD  
from functional methods 
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Functional flows for QCD
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Flows for correlation functions & chiral symmetry breaking
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 Fu, Commun.Theor.Phys. 74 (2022) 9, 097304 
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<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>
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ab initio

Functional flows for QCD

@t�k[�] =

free energy/ 
grand potential 

          glue 
quantum fluctuations

           quark  
quantum fluctuations

RG-scale k: t = ln k

functional RG:

hadrons quarks & gluons

85

      hadronic  
quantum fluctuations

fRG approach with emergent composites/dynamical hadronisation
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� hadronic composites



Correlation functions

Flows for correlation functions 
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quantum fluctuations
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quantum fluctuations

functional RG:
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Flows for correlation functions 
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Pure glue
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hAµA⌫i(p)
gluon propagator 
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<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

Flows for correlation functions 

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2
@t�k[�] =

free energy/ 
grand potential 

          glue 
quantum fluctuations

           quark  
quantum fluctuations

Pure glue

<latexit sha1_base64="23ncCR1IUq/20gwvZCymNsBjyts=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2VGFF1JxY3LCvYBnWHIpJk2NMkMSUYoQ1du/BU3LhRx6ze482/MtLPQ1gP3cjjnXpJ7woRRpR3n2yotLa+srpXXKxubW9s79u5eW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdJP7nQciFY3FvR4nxOdoIGhEMdJGCuxDjyExYAReBx5P8y5ST06lWnIS2FWn7kwBF4lbkCoo0AzsL68f45QToTFDSvVcJ9F+hqSmmJFJxUsVSRAeoQHpGSoQJ8rPpmdM4LFR+jCKpSmh4VT9vZEhrtSYh2aSIz1U814u/uf1Uh1d+hkVSaqJwLOHopRBHcM8E9inkmDNxoYgLKn5K8RDJBHWJrmKCcGdP3mRtE/r7nnduTurNq6KOMrgAByBGnDBBWiAW9AELYDBI3gGr+DNerJerHfrYzZasoqdffAH1ucPBueYLw==</latexit>

hAµA⌫i(p)
gluon propagator 

functional RG:
<latexit sha1_base64="vSR5c57R3q3D8Cp1jMx48yv/SxE="></latexit>

@t�k[�]



quark propagator 
<latexit sha1_base64="vmygxlUlph0iF8FfE7wAXcyHqks=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0ZUU3LisYB/QhHIznbZDJ5N0ZiKUUHDjr7hxoYhbf8Kdf+M0zUJbD1w4c869zL0niDlT2nG+raXlldW19cJGcXNre2fX3ttvqCiRhNZJxCPZCkBRzgSta6Y5bcWSQhhw2gyGN1O/+UClYpG41+OY+iH0BesxAtpIHfvQ4yD6nOKRF4DEI+zJ7F2OTzt2yak4GfAicXNSQjlqHfvL60YkCanQhINSbdeJtZ+C1IxwOil6iaIxkCH0adtQASFVfprdMMEnRuniXiRNCY0z9fdECqFS4zAwnSHogZr3puJ/XjvRvSs/ZSJONBVk9lEv4VhHeBoI7jJJieZjQ4BIZnbFZAASiDaxFU0I7vzJi6RxVnEvKs7deal6ncdRQEfoGJWRiy5RFd2iGqojgh7RM3pFb9aT9WK9Wx+z1iUrnzlAf2B9/gC3T5bn</latexit>

hqq̄i(p)

Flows for correlation functions 

Correlation functions

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2

<latexit sha1_base64="23ncCR1IUq/20gwvZCymNsBjyts=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2VGFF1JxY3LCvYBnWHIpJk2NMkMSUYoQ1du/BU3LhRx6ze482/MtLPQ1gP3cjjnXpJ7woRRpR3n2yotLa+srpXXKxubW9s79u5eW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdJP7nQciFY3FvR4nxOdoIGhEMdJGCuxDjyExYAReBx5P8y5ST06lWnIS2FWn7kwBF4lbkCoo0AzsL68f45QToTFDSvVcJ9F+hqSmmJFJxUsVSRAeoQHpGSoQJ8rPpmdM4LFR+jCKpSmh4VT9vZEhrtSYh2aSIz1U814u/uf1Uh1d+hkVSaqJwLOHopRBHcM8E9inkmDNxoYgLKn5K8RDJBHWJrmKCcGdP3mRtE/r7nnduTurNq6KOMrgAByBGnDBBWiAW9AELYDBI3gGr+DNerJerHfrYzZasoqdffAH1ucPBueYLw==</latexit>

hAµA⌫i(p)
gluon propagator 

      hadronic  
quantum fluctuations

@t�k[�] =

free energy/ 
grand potential 

          glue 
quantum fluctuations

           quark  
quantum fluctuations

functional RG:

no hadronic composites
<latexit sha1_base64="ficlfHdV79ri58QmdtFTyzlAYhM=">AAACI3icbVDLSgMxFM3UV62vVpdugkVwVWZEqhuh6MZlBfuATimZzG0bmmSGJKOUYT7Cra79GnfixoX/YqbtQlsPBA7n3Mu5OUHMmTau++UU1tY3NreK26Wd3b39g3LlsK2jRFFo0YhHqhsQDZxJaBlmOHRjBUQEHDrB5Db3O4+gNIvkg5nG0BdkJNmQUWKs1PHjMbt28aBcdWvuDHiVeAtSRQs0BxVn0w8jmgiQhnKidc9zY9NPiTKMcshKfqIhJnRCRtCzVBIBup/O7s3wqVVCPIyUfdLgmfp7IyVC66kI7KQgZqyXvVz819P2lDGES/FmeNVPmYwTA5LO04cJxybCeSM4ZAqo4VNLCFXMfgDTMVGEGttbqeRLeKKREESGqc9sfVnq58lKpCzLbHPeck+rpH1e8+q1+v1FtXGz6LCIjtEJOkMeukQNdIeaqIUomqBn9IJenTfn3flwPuejBWexc4T+wPn+AaLVpE4=</latexit>

� = 0

<latexit sha1_base64="vSR5c57R3q3D8Cp1jMx48yv/SxE="></latexit>

@t�k[�]



quark propagator 
<latexit sha1_base64="vmygxlUlph0iF8FfE7wAXcyHqks=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0ZUU3LisYB/QhHIznbZDJ5N0ZiKUUHDjr7hxoYhbf8Kdf+M0zUJbD1w4c869zL0niDlT2nG+raXlldW19cJGcXNre2fX3ttvqCiRhNZJxCPZCkBRzgSta6Y5bcWSQhhw2gyGN1O/+UClYpG41+OY+iH0BesxAtpIHfvQ4yD6nOKRF4DEI+zJ7F2OTzt2yak4GfAicXNSQjlqHfvL60YkCanQhINSbdeJtZ+C1IxwOil6iaIxkCH0adtQASFVfprdMMEnRuniXiRNCY0z9fdECqFS4zAwnSHogZr3puJ/XjvRvSs/ZSJONBVk9lEv4VhHeBoI7jJJieZjQ4BIZnbFZAASiDaxFU0I7vzJi6RxVnEvKs7deal6ncdRQEfoGJWRiy5RFd2iGqojgh7RM3pFb9aT9WK9Wx+z1iUrnzlAf2B9/gC3T5bn</latexit>

hqq̄i(p)
quark-gluon vertex 

<latexit sha1_base64="9ql1/TpinFEFsUDqw4+N9vonP+8=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQQUpSFF1JxY3LCvYBTQiT6aQdOpmkMxOhhH6BG3/FjQtF3Lp25984TbPQ1gMXDufcy733+DGjUlnWt1FYWV1b3yhulra2d3b3zP2DtowSgUkLRywSXR9JwignLUUVI91YEBT6jHT80c3M7zwQIWnE79UkJm6IBpwGFCOlJc+sOAzxASNw7PhIwDG89pwwcUQmVmPPPo29+olnlq2alQEuEzsnZZCj6ZlfTj/CSUi4wgxJ2bOtWLkpEopiRqYlJ5EkRniEBqSnKUchkW6avTOFFa30YRAJXVzBTP09kaJQykno684QqaFc9Gbif14vUcGlm1IeJ4pwPF8UJAyqCM6ygX0qCFZsognCgupbIR4igbDSCZZ0CPbiy8ukXa/Z5zXr7qzcuMrjKIIjcAyqwAYXoAFuQRO0AAaP4Bm8gjfjyXgx3o2PeWvByGcOwR8Ynz9CMZrw</latexit>

hqq̄Aµi(p1, p2)
Eight tranverse tensor structures

Flows for correlation functions 

Correlation functions

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2

<latexit sha1_base64="23ncCR1IUq/20gwvZCymNsBjyts=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2VGFF1JxY3LCvYBnWHIpJk2NMkMSUYoQ1du/BU3LhRx6ze482/MtLPQ1gP3cjjnXpJ7woRRpR3n2yotLa+srpXXKxubW9s79u5eW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdJP7nQciFY3FvR4nxOdoIGhEMdJGCuxDjyExYAReBx5P8y5ST06lWnIS2FWn7kwBF4lbkCoo0AzsL68f45QToTFDSvVcJ9F+hqSmmJFJxUsVSRAeoQHpGSoQJ8rPpmdM4LFR+jCKpSmh4VT9vZEhrtSYh2aSIz1U814u/uf1Uh1d+hkVSaqJwLOHopRBHcM8E9inkmDNxoYgLKn5K8RDJBHWJrmKCcGdP3mRtE/r7nnduTurNq6KOMrgAByBGnDBBWiAW9AELYDBI3gGr+DNerJerHfrYzZasoqdffAH1ucPBueYLw==</latexit>

hAµA⌫i(p)
gluon propagator 

      hadronic  
quantum fluctuations

@t�k[�] =

free energy/ 
grand potential 

          glue 
quantum fluctuations

           quark  
quantum fluctuations

functional RG:

no hadronic composites
<latexit sha1_base64="ficlfHdV79ri58QmdtFTyzlAYhM=">AAACI3icbVDLSgMxFM3UV62vVpdugkVwVWZEqhuh6MZlBfuATimZzG0bmmSGJKOUYT7Cra79GnfixoX/YqbtQlsPBA7n3Mu5OUHMmTau++UU1tY3NreK26Wd3b39g3LlsK2jRFFo0YhHqhsQDZxJaBlmOHRjBUQEHDrB5Db3O4+gNIvkg5nG0BdkJNmQUWKs1PHjMbt28aBcdWvuDHiVeAtSRQs0BxVn0w8jmgiQhnKidc9zY9NPiTKMcshKfqIhJnRCRtCzVBIBup/O7s3wqVVCPIyUfdLgmfp7IyVC66kI7KQgZqyXvVz819P2lDGES/FmeNVPmYwTA5LO04cJxybCeSM4ZAqo4VNLCFXMfgDTMVGEGttbqeRLeKKREESGqc9sfVnq58lKpCzLbHPeck+rpH1e8+q1+v1FtXGz6LCIjtEJOkMeukQNdIeaqIUomqBn9IJenTfn3flwPuejBWexc4T+wPn+AaLVpE4=</latexit>

� = 0

<latexit sha1_base64="vSR5c57R3q3D8Cp1jMx48yv/SxE="></latexit>

@t�k[�]



quark propagator 
<latexit sha1_base64="vmygxlUlph0iF8FfE7wAXcyHqks=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0ZUU3LisYB/QhHIznbZDJ5N0ZiKUUHDjr7hxoYhbf8Kdf+M0zUJbD1w4c869zL0niDlT2nG+raXlldW19cJGcXNre2fX3ttvqCiRhNZJxCPZCkBRzgSta6Y5bcWSQhhw2gyGN1O/+UClYpG41+OY+iH0BesxAtpIHfvQ4yD6nOKRF4DEI+zJ7F2OTzt2yak4GfAicXNSQjlqHfvL60YkCanQhINSbdeJtZ+C1IxwOil6iaIxkCH0adtQASFVfprdMMEnRuniXiRNCY0z9fdECqFS4zAwnSHogZr3puJ/XjvRvSs/ZSJONBVk9lEv4VhHeBoI7jJJieZjQ4BIZnbFZAASiDaxFU0I7vzJi6RxVnEvKs7deal6ncdRQEfoGJWRiy5RFd2iGqojgh7RM3pFb9aT9WK9Wx+z1iUrnzlAf2B9/gC3T5bn</latexit>

hqq̄i(p)
quark-gluon vertex 

<latexit sha1_base64="9ql1/TpinFEFsUDqw4+N9vonP+8=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQQUpSFF1JxY3LCvYBTQiT6aQdOpmkMxOhhH6BG3/FjQtF3Lp25984TbPQ1gMXDufcy733+DGjUlnWt1FYWV1b3yhulra2d3b3zP2DtowSgUkLRywSXR9JwignLUUVI91YEBT6jHT80c3M7zwQIWnE79UkJm6IBpwGFCOlJc+sOAzxASNw7PhIwDG89pwwcUQmVmPPPo29+olnlq2alQEuEzsnZZCj6ZlfTj/CSUi4wgxJ2bOtWLkpEopiRqYlJ5EkRniEBqSnKUchkW6avTOFFa30YRAJXVzBTP09kaJQykno684QqaFc9Gbif14vUcGlm1IeJ4pwPF8UJAyqCM6ygX0qCFZsognCgupbIR4igbDSCZZ0CPbiy8ukXa/Z5zXr7qzcuMrjKIIjcAyqwAYXoAFuQRO0AAaP4Bm8gjfjyXgx3o2PeWvByGcOwR8Ynz9CMZrw</latexit>

hqq̄Aµi(p1, p2)
quark—anti-quark scattering 

<latexit sha1_base64="h66K+zTxtSCJ6wzH3r6jUwqtWng=">AAACF3icbVDLSsNAFJ34rPUVdelmsAgVJCRV0ZUU3LisYB/QhDCZTtqhk0mcmQgl9C/c+CtuXCjiVnf+jdM0iLYeuMzhnHu5c0+QMCqVbX8ZC4tLyyurpbXy+sbm1ra5s9uScSowaeKYxaITIEkY5aSpqGKkkwiCooCRdjC8mvjteyIkjfmtGiXEi1Cf05BipLTkm5bLEO8zAu+gGyChnx/iitypJr5znPg1XSdHvlmxLTsHnCdOQSqgQMM3P91ejNOIcIUZkrLr2InyMiQUxYyMy24qSYLwEPVJV1OOIiK9LL9rDA+10oNhLHRxBXP190SGIilHUaA7I6QGctabiP953VSFF15GeZIqwvF0UZgyqGI4CQn2qCBYsZEmCAuq/wrxAAmElY6yrENwZk+eJ62a5ZxZ9s1ppX5ZxFEC++AAVIEDzkEdXIMGaAIMHsATeAGvxqPxbLwZ79PWBaOY2QN/YHx8A2/XnY0=</latexit>

hqq̄qq̄i(p1, p2, p3)
Eight tranverse tensor structures

Flows for correlation functions 

Correlation functions

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2

<latexit sha1_base64="23ncCR1IUq/20gwvZCymNsBjyts=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2VGFF1JxY3LCvYBnWHIpJk2NMkMSUYoQ1du/BU3LhRx6ze482/MtLPQ1gP3cjjnXpJ7woRRpR3n2yotLa+srpXXKxubW9s79u5eW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdJP7nQciFY3FvR4nxOdoIGhEMdJGCuxDjyExYAReBx5P8y5ST06lWnIS2FWn7kwBF4lbkCoo0AzsL68f45QToTFDSvVcJ9F+hqSmmJFJxUsVSRAeoQHpGSoQJ8rPpmdM4LFR+jCKpSmh4VT9vZEhrtSYh2aSIz1U814u/uf1Uh1d+hkVSaqJwLOHopRBHcM8E9inkmDNxoYgLKn5K8RDJBHWJrmKCcGdP3mRtE/r7nnduTurNq6KOMrgAByBGnDBBWiAW9AELYDBI3gGr+DNerJerHfrYzZasoqdffAH1ucPBueYLw==</latexit>

hAµA⌫i(p)
gluon propagator 

      hadronic  
quantum fluctuations

@t�k[�] =

free energy/ 
grand potential 

          glue 
quantum fluctuations

           quark  
quantum fluctuations

functional RG:

no hadronic composites
<latexit sha1_base64="ficlfHdV79ri58QmdtFTyzlAYhM=">AAACI3icbVDLSgMxFM3UV62vVpdugkVwVWZEqhuh6MZlBfuATimZzG0bmmSGJKOUYT7Cra79GnfixoX/YqbtQlsPBA7n3Mu5OUHMmTau++UU1tY3NreK26Wd3b39g3LlsK2jRFFo0YhHqhsQDZxJaBlmOHRjBUQEHDrB5Db3O4+gNIvkg5nG0BdkJNmQUWKs1PHjMbt28aBcdWvuDHiVeAtSRQs0BxVn0w8jmgiQhnKidc9zY9NPiTKMcshKfqIhJnRCRtCzVBIBup/O7s3wqVVCPIyUfdLgmfp7IyVC66kI7KQgZqyXvVz819P2lDGES/FmeNVPmYwTA5LO04cJxybCeSM4ZAqo4VNLCFXMfgDTMVGEGttbqeRLeKKREESGqc9sfVnq58lKpCzLbHPeck+rpH1e8+q1+v1FtXGz6LCIjtEJOkMeukQNdIeaqIUomqBn9IJenTfn3flwPuejBWexc4T+wPn+AaLVpE4=</latexit>

� = 0

<latexit sha1_base64="vSR5c57R3q3D8Cp1jMx48yv/SxE="></latexit>

@t�k[�]



quark propagator 
<latexit sha1_base64="vmygxlUlph0iF8FfE7wAXcyHqks=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0ZUU3LisYB/QhHIznbZDJ5N0ZiKUUHDjr7hxoYhbf8Kdf+M0zUJbD1w4c869zL0niDlT2nG+raXlldW19cJGcXNre2fX3ttvqCiRhNZJxCPZCkBRzgSta6Y5bcWSQhhw2gyGN1O/+UClYpG41+OY+iH0BesxAtpIHfvQ4yD6nOKRF4DEI+zJ7F2OTzt2yak4GfAicXNSQjlqHfvL60YkCanQhINSbdeJtZ+C1IxwOil6iaIxkCH0adtQASFVfprdMMEnRuniXiRNCY0z9fdECqFS4zAwnSHogZr3puJ/XjvRvSs/ZSJONBVk9lEv4VhHeBoI7jJJieZjQ4BIZnbFZAASiDaxFU0I7vzJi6RxVnEvKs7deal6ncdRQEfoGJWRiy5RFd2iGqojgh7RM3pFb9aT9WK9Wx+z1iUrnzlAf2B9/gC3T5bn</latexit>

hqq̄i(p)
quark-gluon vertex 

<latexit sha1_base64="9ql1/TpinFEFsUDqw4+N9vonP+8=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQQUpSFF1JxY3LCvYBTQiT6aQdOpmkMxOhhH6BG3/FjQtF3Lp25984TbPQ1gMXDufcy733+DGjUlnWt1FYWV1b3yhulra2d3b3zP2DtowSgUkLRywSXR9JwignLUUVI91YEBT6jHT80c3M7zwQIWnE79UkJm6IBpwGFCOlJc+sOAzxASNw7PhIwDG89pwwcUQmVmPPPo29+olnlq2alQEuEzsnZZCj6ZlfTj/CSUi4wgxJ2bOtWLkpEopiRqYlJ5EkRniEBqSnKUchkW6avTOFFa30YRAJXVzBTP09kaJQykno684QqaFc9Gbif14vUcGlm1IeJ4pwPF8UJAyqCM6ygX0qCFZsognCgupbIR4igbDSCZZ0CPbiy8ukXa/Z5zXr7qzcuMrjKIIjcAyqwAYXoAFuQRO0AAaP4Bm8gjfjyXgx3o2PeWvByGcOwR8Ynz9CMZrw</latexit>

hqq̄Aµi(p1, p2)
quark—anti-quark scattering 

<latexit sha1_base64="h66K+zTxtSCJ6wzH3r6jUwqtWng=">AAACF3icbVDLSsNAFJ34rPUVdelmsAgVJCRV0ZUU3LisYB/QhDCZTtqhk0mcmQgl9C/c+CtuXCjiVnf+jdM0iLYeuMzhnHu5c0+QMCqVbX8ZC4tLyyurpbXy+sbm1ra5s9uScSowaeKYxaITIEkY5aSpqGKkkwiCooCRdjC8mvjteyIkjfmtGiXEi1Cf05BipLTkm5bLEO8zAu+gGyChnx/iitypJr5znPg1XSdHvlmxLTsHnCdOQSqgQMM3P91ejNOIcIUZkrLr2InyMiQUxYyMy24qSYLwEPVJV1OOIiK9LL9rDA+10oNhLHRxBXP190SGIilHUaA7I6QGctabiP953VSFF15GeZIqwvF0UZgyqGI4CQn2qCBYsZEmCAuq/wrxAAmElY6yrENwZk+eJ62a5ZxZ9s1ppX5ZxFEC++AAVIEDzkEdXIMGaAIMHsATeAGvxqPxbLwZ79PWBaOY2QN/YHx8A2/XnY0=</latexit>

hqq̄qq̄i(p1, p2, p3)
Eight tranverse tensor structures

Flows for correlation functions 

Correlation functions

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2

<latexit sha1_base64="23ncCR1IUq/20gwvZCymNsBjyts=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2VGFF1JxY3LCvYBnWHIpJk2NMkMSUYoQ1du/BU3LhRx6ze482/MtLPQ1gP3cjjnXpJ7woRRpR3n2yotLa+srpXXKxubW9s79u5eW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdJP7nQciFY3FvR4nxOdoIGhEMdJGCuxDjyExYAReBx5P8y5ST06lWnIS2FWn7kwBF4lbkCoo0AzsL68f45QToTFDSvVcJ9F+hqSmmJFJxUsVSRAeoQHpGSoQJ8rPpmdM4LFR+jCKpSmh4VT9vZEhrtSYh2aSIz1U814u/uf1Uh1d+hkVSaqJwLOHopRBHcM8E9inkmDNxoYgLKn5K8RDJBHWJrmKCcGdP3mRtE/r7nnduTurNq6KOMrgAByBGnDBBWiAW9AELYDBI3gGr+DNerJerHfrYzZasoqdffAH1ucPBueYLw==</latexit>

hAµA⌫i(p)
gluon propagator 

      hadronic  
quantum fluctuations

… 1-loop exact

Flow =
2

2
© 2

2
© 2

2

© 2

2
© 2

2
© 1

2

<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>
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<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>
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<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

…

@t�k[�] =

free energy/ 
grand potential 

          glue 
quantum fluctuations

           quark  
quantum fluctuations

functional RG:

no hadronic composites
<latexit sha1_base64="ficlfHdV79ri58QmdtFTyzlAYhM=">AAACI3icbVDLSgMxFM3UV62vVpdugkVwVWZEqhuh6MZlBfuATimZzG0bmmSGJKOUYT7Cra79GnfixoX/YqbtQlsPBA7n3Mu5OUHMmTau++UU1tY3NreK26Wd3b39g3LlsK2jRFFo0YhHqhsQDZxJaBlmOHRjBUQEHDrB5Db3O4+gNIvkg5nG0BdkJNmQUWKs1PHjMbt28aBcdWvuDHiVeAtSRQs0BxVn0w8jmgiQhnKidc9zY9NPiTKMcshKfqIhJnRCRtCzVBIBup/O7s3wqVVCPIyUfdLgmfp7IyVC66kI7KQgZqyXvVz819P2lDGES/FmeNVPmYwTA5LO04cJxybCeSM4ZAqo4VNLCFXMfgDTMVGEGttbqeRLeKKREESGqc9sfVnq58lKpCzLbHPeck+rpH1e8+q1+v1FtXGz6LCIjtEJOkMeukQNdIeaqIUomqBn9IJenTfn3flwPuejBWexc4T+wPn+AaLVpE4=</latexit>

� = 0

<latexit sha1_base64="vSR5c57R3q3D8Cp1jMx48yv/SxE="></latexit>
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<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

Chiral symmetry breaking & mesons

<latexit sha1_base64="b3fav7fBQsgp7HO1Q8M6EtVafnw="></latexit>

�mat =

Z

p
q̄(�p)

h
Zq(p)i p/ +Mq(p)

i
q(p) +

10X

i=1

Z

p
�(i)
q̄2q2(p)

⇣
q̄2T (i)

q̄2q2q
2
⌘
(p) + · · ·

2 tensor structures
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<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2
@t�k[�] =

free energy/ 
grand potential 

          glue 
quantum fluctuations
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quantum fluctuations
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<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

Two flavours: 10 momentum-independent tensor structures

no hadronic composites
<latexit sha1_base64="ficlfHdV79ri58QmdtFTyzlAYhM=">AAACI3icbVDLSgMxFM3UV62vVpdugkVwVWZEqhuh6MZlBfuATimZzG0bmmSGJKOUYT7Cra79GnfixoX/YqbtQlsPBA7n3Mu5OUHMmTau++UU1tY3NreK26Wd3b39g3LlsK2jRFFo0YhHqhsQDZxJaBlmOHRjBUQEHDrB5Db3O4+gNIvkg5nG0BdkJNmQUWKs1PHjMbt28aBcdWvuDHiVeAtSRQs0BxVn0w8jmgiQhnKidc9zY9NPiTKMcshKfqIhJnRCRtCzVBIBup/O7s3wqVVCPIyUfdLgmfp7IyVC66kI7KQgZqyXvVz819P2lDGES/FmeNVPmYwTA5LO04cJxybCeSM4ZAqo4VNLCFXMfgDTMVGEGttbqeRLeKKREESGqc9sfVnq58lKpCzLbHPeck+rpH1e8+q1+v1FtXGz6LCIjtEJOkMeukQNdIeaqIUomqBn9IJenTfn3flwPuejBWexc4T+wPn+AaLVpE4=</latexit>

� = 0

functional RG:
<latexit sha1_base64="vSR5c57R3q3D8Cp1jMx48yv/SxE="></latexit>
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<latexit sha1_base64="qGAcx1sud5UNdVs1dgwoP9n1F6c="></latexit>

� = k2⇥

<latexit sha1_base64="1vD3QM47WKVHwqWIf9oYFzb9+sA="></latexit>����
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Chiral symmetry breaking & mesons 

λ

∂tλ

α > αcr

α = αcr

α = 0

α = 0, T > 0

Chiral symmetry breaking in a nutshell
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<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

<latexit sha1_base64="k59sjb6yDJjHy4PEH9WuiVpB0AY="></latexit>

t = log k/!QCD
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<latexit sha1_base64="1vD3QM47WKVHwqWIf9oYFzb9+sA="></latexit>����
s�ps

Chiral symmetry breaking & mesons 

λ

∂tλ

α > αcr

α = αcr

α = 0

α = 0, T > 0

Chiral symmetry breaking in a nutshell
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<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

Beta-function of dimensionless scalar-pseudoscalar coupling

<latexit sha1_base64="rg4K3HsGoaue28EFbo82HOAK+Zk="></latexit>

@t� = 2��A(k,Mq)�
2

<latexit sha1_base64="k59sjb6yDJjHy4PEH9WuiVpB0AY="></latexit>

t = log k/!QCD
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<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

Beta-function of dimensionless scalar-pseudoscalar coupling

<latexit sha1_base64="76yv1X+xxTBSk/+s3g2AkI5H2nk="></latexit>

@t� = 2��A(k,Mq)�
2 �B(k,Mq,Mgap)�↵s

<latexit sha1_base64="k59sjb6yDJjHy4PEH9WuiVpB0AY="></latexit>

t = log k/!QCD
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<latexit sha1_base64="qGAcx1sud5UNdVs1dgwoP9n1F6c="></latexit>

� = k2⇥

<latexit sha1_base64="1vD3QM47WKVHwqWIf9oYFzb9+sA="></latexit>����
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Chiral symmetry breaking & mesons 

λ

∂tλ

α > αcr

α = αcr

α = 0

α = 0, T > 0

Chiral symmetry breaking in a nutshell

chiral symmetry breaking                 αs > αs,cr

89

Flow =
16

2
© 16

2
© 16

2
© 32

2
© 16

2

© 24

2
© 12

2
© 16

2
© 16

2
© 24

2

© 16

2
© 12

2
© 8

2
© 10

2
© 4

2

<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

Beta-function of dimensionless scalar-pseudoscalar coupling

<latexit sha1_base64="Jp06oZ/TBt+s7M4LQAXGxkBiqgI="></latexit>

@t� =
h
2�B(k,Mq,Mgap)↵s

i
��A(k,Mq)�

2 � C(k,Mq,Mgap)↵
2
s

<latexit sha1_base64="k59sjb6yDJjHy4PEH9WuiVpB0AY="></latexit>

t = log k/!QCD



Getting dynamical: emergent hadrons & diquarks
Gies, Wetterich, PRD 65 (2002) 065001                                                   

PRD 69 (2004) 025001 

JMP, AP 322 (2007) 2831-2915
Floerchinger, Wetterich, PLB 680 (2009) 371
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             Fu, JMP, Rennecke, PRD 101, (2020) 054032 
Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 

Jump forward to: Functional QCD & QCD phase structure
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where = 0

(φ)

(p1 + p3)
2 = 0

(p2 + p4)
2 = 0

p1

p2 p3

p4

+=
s

Dynamical hadronisation

Dynamical hadronisation: mesons & diquarks

Flow =
4

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

Flow =
2

2
© 2

2
© 2

2

© 2

2
© 2

2
© 1

2

<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

‘DynHad for mesons & diquarks is BSE-DSE for QCD in a ‘unified’ effective action approach’

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2
@t�k[�] =

          glue 
quantum fluctuations

           quark  
quantum fluctuations

      hadronic  
quantum fluctuations

functional RG:

<latexit sha1_base64="u82Y1/q41C/UcwSgOnRqQJPb7GE="></latexit>✓
@t +

Z

x
�̇

�

��

◆
�k[�]



quark propagator 
<latexit sha1_base64="vmygxlUlph0iF8FfE7wAXcyHqks=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUlE0ZUU3LisYB/QhHIznbZDJ5N0ZiKUUHDjr7hxoYhbf8Kdf+M0zUJbD1w4c869zL0niDlT2nG+raXlldW19cJGcXNre2fX3ttvqCiRhNZJxCPZCkBRzgSta6Y5bcWSQhhw2gyGN1O/+UClYpG41+OY+iH0BesxAtpIHfvQ4yD6nOKRF4DEI+zJ7F2OTzt2yak4GfAicXNSQjlqHfvL60YkCanQhINSbdeJtZ+C1IxwOil6iaIxkCH0adtQASFVfprdMMEnRuniXiRNCY0z9fdECqFS4zAwnSHogZr3puJ/XjvRvSs/ZSJONBVk9lEv4VhHeBoI7jJJieZjQ4BIZnbFZAASiDaxFU0I7vzJi6RxVnEvKs7deal6ncdRQEfoGJWRiy5RFd2iGqojgh7RM3pFb9aT9WK9Wx+z1iUrnzlAf2B9/gC3T5bn</latexit>

hqq̄i(p)
quark-gluon vertex 

<latexit sha1_base64="9ql1/TpinFEFsUDqw4+N9vonP+8=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQQUpSFF1JxY3LCvYBTQiT6aQdOpmkMxOhhH6BG3/FjQtF3Lp25984TbPQ1gMXDufcy733+DGjUlnWt1FYWV1b3yhulra2d3b3zP2DtowSgUkLRywSXR9JwignLUUVI91YEBT6jHT80c3M7zwQIWnE79UkJm6IBpwGFCOlJc+sOAzxASNw7PhIwDG89pwwcUQmVmPPPo29+olnlq2alQEuEzsnZZCj6ZlfTj/CSUi4wgxJ2bOtWLkpEopiRqYlJ5EkRniEBqSnKUchkW6avTOFFa30YRAJXVzBTP09kaJQykno684QqaFc9Gbif14vUcGlm1IeJ4pwPF8UJAyqCM6ygX0qCFZsognCgupbIR4igbDSCZZ0CPbiy8ukXa/Z5zXr7qzcuMrjKIIjcAyqwAYXoAFuQRO0AAaP4Bm8gjfjyXgx3o2PeWvByGcOwR8Ynz9CMZrw</latexit>

hqq̄Aµi(p1, p2)
quark—anti-quark scattering 

<latexit sha1_base64="h66K+zTxtSCJ6wzH3r6jUwqtWng=">AAACF3icbVDLSsNAFJ34rPUVdelmsAgVJCRV0ZUU3LisYB/QhDCZTtqhk0mcmQgl9C/c+CtuXCjiVnf+jdM0iLYeuMzhnHu5c0+QMCqVbX8ZC4tLyyurpbXy+sbm1ra5s9uScSowaeKYxaITIEkY5aSpqGKkkwiCooCRdjC8mvjteyIkjfmtGiXEi1Cf05BipLTkm5bLEO8zAu+gGyChnx/iitypJr5znPg1XSdHvlmxLTsHnCdOQSqgQMM3P91ejNOIcIUZkrLr2InyMiQUxYyMy24qSYLwEPVJV1OOIiK9LL9rDA+10oNhLHRxBXP190SGIilHUaA7I6QGctabiP953VSFF15GeZIqwvF0UZgyqGI4CQn2qCBYsZEmCAuq/wrxAAmElY6yrENwZk+eJ62a5ZxZ9s1ppX5ZxFEC++AAVIEDzkEdXIMGaAIMHsATeAGvxqPxbLwZ79PWBaOY2QN/YHx8A2/XnY0=</latexit>

hqq̄qq̄i(p1, p2, p3)
Eight tranverse tensor structures

Functional flows for QCD 

Correlation functions

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2
@t�k[�] =

          glue 
quantum fluctuations

           quark  
quantum fluctuations

      hadronic  
quantum fluctuations

<latexit sha1_base64="23ncCR1IUq/20gwvZCymNsBjyts=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN2VGFF1JxY3LCvYBnWHIpJk2NMkMSUYoQ1du/BU3LhRx6ze482/MtLPQ1gP3cjjnXpJ7woRRpR3n2yotLa+srpXXKxubW9s79u5eW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wdJP7nQciFY3FvR4nxOdoIGhEMdJGCuxDjyExYAReBx5P8y5ST06lWnIS2FWn7kwBF4lbkCoo0AzsL68f45QToTFDSvVcJ9F+hqSmmJFJxUsVSRAeoQHpGSoQJ8rPpmdM4LFR+jCKpSmh4VT9vZEhrtSYh2aSIz1U814u/uf1Uh1d+hkVSaqJwLOHopRBHcM8E9inkmDNxoYgLKn5K8RDJBHWJrmKCcGdP3mRtE/r7nnduTurNq6KOMrgAByBGnDBBWiAW9AELYDBI3gGr+DNerJerHfrYzZasoqdffAH1ucPBueYLw==</latexit>

hAµA⌫i(p)
gluon propagator 

Flow =
4

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

Flow =
2

2
© 2

2
© 2

2

© 2

2
© 2

2
© 1

2

<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

Dynamical hadronisation

Flow =
2

2
© 4

2
© 2

2
© 4

2

© 4

2
© 2

2
© 4

2

<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

Flow =
16

2
© 16

2
© 16

2
© 32

2
© 16

2

© 24

2
© 12

2
© 16

2
© 16

2
© 24

2

© 16

2
© 12

2
© 8

2
© 10

2
© 4

2

<latexit sha1_base64="Icl9h37PM7loiALBq+d+X0+p57g=">AAACJnicbVDLSsNAFJ3UV42vVpdugkVwVRKR6koKblxWsA9sSplMbtqhM5MwM1FKyF+41bVf407EnZ/ipO1CWw8MHM59nDsnSBhV2nW/rNLa+sbmVnnb3tnd2z+oVA87Kk4lgTaJWSx7AVbAqIC2pppBL5GAecCgG0xuinr3EaSisbjX0wQGHI8EjSjB2kgPfoKlppgN9bBSc+vuDM4q8RakhhZoDavWph/GJOUgNGFYqb7nJnqQFQsJg9z2UwUJJhM8gr6hAnNQg2x2cu6cGiV0oliaJ7QzU39PZJgrNeWB6eRYj9VyrRD/rSlzyhjCJXsdXQ0yKpJUgyBz9yhljo6dIhQnpBKIZlNDMJHUfMAhYywx0SY62/YFPJGYcyzCzKcmwTzzC2fJM5rnJjlvOadV0jmve4164+6i1rxeZFhGx+gEnSEPXaImukUt1EYECfSMXtCr9Wa9Wx/W57y1ZC1mjtAfWN8/daimWg==</latexit>

@t

functional RG:

<latexit sha1_base64="u82Y1/q41C/UcwSgOnRqQJPb7GE="></latexit>✓
@t +
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x
�̇
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Dynamical hadronisation: mesons & diquarks
Implementation:

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2
@t�k[�] =

          glue 
quantum fluctuations

           quark  
quantum fluctuations

      hadronic  
quantum fluctuations

functional RG:

<latexit sha1_base64="u82Y1/q41C/UcwSgOnRqQJPb7GE="></latexit>✓
@t +
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x
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Dynamical hadronisation: mesons & diquarks
Implementation:

Consider path integral in the presence of sources for composite operators 

<latexit sha1_base64="uuGfboHbZPP/WpJojB6vFTC0tAI="></latexit>

Z[Jq, Jq̄, JO] =

Z
dqdq̄ e�S[q,q̄]+

R
Jqq�q̄Jq̄+

R
JO O[q,q̄]

JMP, AP 322 (2007) 2831-2915

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2
@t�k[�] =

          glue 
quantum fluctuations

           quark  
quantum fluctuations

      hadronic  
quantum fluctuations

functional RG:

<latexit sha1_base64="u82Y1/q41C/UcwSgOnRqQJPb7GE="></latexit>✓
@t +
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Dynamical hadronisation: mesons & diquarks

Choose scale-dependent           ‘to optimise dynamics’! 
<latexit sha1_base64="f+KXCdvBMoKIA9pCZhk1DM///GY=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCCwlJTaPdSMGNOyvYB7ShTKbTduhkks5MhBqKv+LGhSJu/Q93/o3Th6CiBy4czrmXe+8JYkalsu0PI7OwuLS8kl3Nra1vbG6Z2zs1GSUCkyqOWCQaAZKEUU6qiipGGrEgKAwYqQeDi4lfvyVC0ojfqFFM/BD1OO1SjJSW2uZe2sKIwatxe9AcHrcCJODQb5t523K9oucVoG05Rdt13QlxTpxSCTqWPUUezFFpm++tToSTkHCFGZKy6dix8lMkFMWMjHOtRJIY4QHqkaamHIVE+un0+jE81EoHdiOhiys4Vb9PpCiUchQGujNEqi9/exPxL6+ZqO6Zn1IeJ4pwPFvUTRhUEZxEATtUEKzYSBOEBdW3QtxHAmGlA8vpEL4+hf+TWsFyPKtw7ebL5/M4smAfHIAj4IBTUAaXoAKqAIM78ACewLNxbzwaL8brrDVjzGd2wQ8Yb58AfJTx</latexit>

Ok[q, q̄]

<latexit sha1_base64="ufF4slpqPKRhqPCcd6Iz/Ia/xSc=">AAACC3icbVA9SwNBEN2LXzF+RS1tlgTBIoS7ICpWEQstI5gPyB3H3GaTLNm9u+zuCSGkt/Gv2FgoYusfsPPfuJek0MQHA4/3ZpiZF8ScKW3b31ZmZXVtfSO7mdva3tndy+8fNFSUSELrJOKRbAWgKGchrWumOW3FkoIIOG0Gg+vUbz5QqVgU3utRTD0BvZB1GQFtJD9fcGOQmgH3tXsDQoA/aF/5rkhKw5IbgMRDz88X7bI9BV4mzpwU0Rw1P//ldiKSCBpqwkGptmPH2hunewink5ybKBoDGUCPtg0NQVDljae/TPCxUTq4G0lTocZT9ffEGIRSIxGYTgG6rxa9VPzPaye6e+GNWRgnmoZktqibcKwjnAaDO0xSovnIECCSmVsx6YMEok18OROCs/jyMmlUys5ZuXJ3WqxezuPIoiNUQCfIQeeoim5RDdURQY/oGb2iN+vJerHerY9Za8aazxyiP7A+fwB1rJqk</latexit>

@t�k[Aµ, q, q̄]

<latexit sha1_base64="5TtPe+MqQuQx90tlDCFP3OhWfzo="></latexit>

@t�k[�] + @tO
(i)
k [�]

��k

��i

<latexit sha1_base64="6Y6/eD2BfnhXTJc7bQn0qNaXJgk="></latexit>

� = (Aµ, q, q̄, hO
(1)

i, ....)

Implementation:

Consider path integral in the presence of sources for composite operators 

<latexit sha1_base64="uuGfboHbZPP/WpJojB6vFTC0tAI="></latexit>

Z[Jq, Jq̄, JO] =

Z
dqdq̄ e�S[q,q̄]+

R
Jqq�q̄Jq̄+

R
JO O[q,q̄]

JMP, AP 322 (2007) 2831-2915

Flow °[©] =
1

2
© 2

2
© 2

2
© 1

2

<latexit sha1_base64="OubYRmK0AMsia2xEjywGv6lLF3A=">AAACI3icbZDLSsNAFIYnXmqNt1aXboJFcFWSItWVFNy4rGAv0IQymZy0Q2cmYWailJCHcKtrn8aduHHhuzi9LLT1wMDPf87hP/OFKaNKu+6XtbG5tV3aKe/ae/sHh0eV6nFXJZkk0CEJS2Q/xAoYFdDRVDPopxIwDxn0wsntrN97BKloIh70NIWA45GgMSVYG6vnxxITrzGs1Ny6Oy9nXXhLUUPLag+rVsmPEpJxEJowrNTAc1Md5FhqShgUtp8pSDGZ4BEMjBSYgwry+b2Fc26cyIkTaZ7Qztz9vZFjrtSUh2aSYz1Wq72Z+W9PmVPGEK3E6/g6yKlIMw2CLNLjjDk6cWZEnIhKIJpNjcBEUvMBh4yx4aINN9v2BTyRhHMsotynBl+R+7NkyXNaFIact8ppXXQbda9Zb95f1lo3S4ZldIrO0AXy0BVqoTvURh1E0AQ9oxf0ar1Z79aH9bkY3bCWOyfoT1nfP/Y1pHs=</latexit>

1

2
<latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>� <latexit sha1_base64="CHWs27ynC6/AIVJhG1vNlHiUn54=">AAACHXicbVDLSsNAFJ1UrTW+Wl26CRbBjSURqS4LunDZgn1AE8pkctsOnZmEmYlSQr7Ara79GnfiVvwbp4+Fth4YOJxzL+fOCRNGlXbdb6uwsblV3C7t2Lt7+weH5cpRR8WpJNAmMYtlL8QKGBXQ1lQz6CUSMA8ZdMPJ7czvPoJUNBYPeppAwPFI0CElWBupdTEoV92aO4ezTrwlqaIlmoOKVfSjmKQchCYMK9X33EQHGZaaEga57acKEkwmeAR9QwXmoIJsfmnunBklcoaxNE9oZ67+3sgwV2rKQzPJsR6rVW8m/uspc8oYopV4PbwJMiqSVIMgi/RhyhwdO7MunIhKIJpNDcFEUvMBh4yxxESbxmzbF/BEYs6xiDKfmuLyzJ8lS57RPDfNeas9rZPOZc2r1+qtq2rjbtlhCZ2gU3SOPHSNGugeNVEbEQToGb2gV+vNerc+rM/FaMFa7hyjP7C+fgBPzaIX</latexit>�

<latexit sha1_base64="yFYYCryiSrg+msaWm/6HCgUGiNk=">AAACJHicbZDNSsNAFIUnVWutf60u3QSLIAglKVJdScGNywr2B5pSJpObdujMJMxMlBLyEm517dO4ExdufBanbRbaemHgcO69nDufHzOqtON8WYWNza3idmmnvLu3f3BYqR51VZRIAh0SsUj2fayAUQEdTTWDfiwBc59Bz5/ezvu9R5CKRuJBz2IYcjwWNKQEa2P1L7xQYuI2RpWaU3cWZa8LNxc1lFd7VLWKXhCRhIPQhGGlBq4T62GKpaaEQVb2EgUxJlM8hoGRAnNQw3RxcGafGSeww0iaJ7S9cH9vpJgrNeO+meRYT9Rqb27+21PmlAkEK/E6vB6mVMSJBkGW6WHCbB3ZcyR2QCUQzWZGYCKp+YBNJthw0QZcuewJeCIR51gEqUcNvyz15smSpzTLDDl3ldO66DbqbrPevL+stW5yhiV0gk7ROXLRFWqhO9RGHUQQQ8/oBb1ab9a79WF9LkcLVr5zjP6U9f0DZqmksA==</latexit>

+
1

2
@t�k[�] =

          glue 
quantum fluctuations

           quark  
quantum fluctuations

      hadronic  
quantum fluctuations

functional RG:

<latexit sha1_base64="u82Y1/q41C/UcwSgOnRqQJPb7GE="></latexit>✓
@t +

Z

x
�̇

�

��

◆
�k[�]



Dynamical hadronisation: mesons & diquarks

Hubbard-Stratonovich

λψ

2

�
(ψ̄ψ)2 − (ψ̄γ5�τψ)

2
�
=

�
i h ψ̄(τ · Φ)ψ +

1

2
m2

φΦ
2

�

EoM(Φ)

Common choices

<latexit sha1_base64="DE+REDClEBtxNEpCDIJBzaQFEk8=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQIYRdMehFCXjxGCEvyK6hdzJJhszsLjOzgbDkB7z4K148KOLVuzf/xsnjoIkFDUVVN91dfsSZ0rb9baVWVtfWN9Kbma3tnd297P5BXYWxJLRGQh7Kpg+KchbQmmaa02YkKQif04Y/uJ34jSGVioVBVY8i6gnoBazLCGgjtbMnuPrA8DXOO24BF9yC2wMhoF3C7pAS7CrWE3DWzubsoj0FXibOnOTQHJV29svthCQWNNCEg1Itx460l4DUjHA6zrixohGQAfRoy9AABFVeMv1mjE+N0sHdUJoKNJ6qvycSEEqNhG86Bei+WvQm4n9eK9bdKy9hQRRrGpDZom7MsQ7xJBrcYZISzUeGAJHM3IpJHyQQbQLMmBCcxZeXSf286JSK9v1FrnwzjyONjtAxyiMHXaIyukMVVEMEPaJn9IrerCfrxXq3PmatKWs+c4j+wPr8Act8mOM=</latexit>

T i = (1 , �5~�)
Scalar-pseudoscalar channel

94

2001 - : Braun, Flörchinger, Fu Gies, JMP, 
Rennecke, Wetterich, …   

                           

Consider path integral in the presence of sources for composite operators 

<latexit sha1_base64="uuGfboHbZPP/WpJojB6vFTC0tAI="></latexit>

Z[Jq, Jq̄, JO] =

Z
dqdq̄ e�S[q,q̄]+

R
Jqq�q̄Jq̄+

R
JO O[q,q̄]

JMP, AP 322 (2007) 2831-2915

λψ =
h2

m2
φ

Φ = (σ,�π)

τ · Φ = σ + iγ5�σ�π

Implementation:



Dynamical hadronisation: mesons & diquarks

Hubbard-Stratonovich

λψ

2

�
(ψ̄ψ)2 − (ψ̄γ5�τψ)

2
�
=

�
i h ψ̄(τ · Φ)ψ +

1

2
m2

φΦ
2

�

EoM(Φ)

Common choices

<latexit sha1_base64="DE+REDClEBtxNEpCDIJBzaQFEk8=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQIYRdMehFCXjxGCEvyK6hdzJJhszsLjOzgbDkB7z4K148KOLVuzf/xsnjoIkFDUVVN91dfsSZ0rb9baVWVtfWN9Kbma3tnd297P5BXYWxJLRGQh7Kpg+KchbQmmaa02YkKQif04Y/uJ34jSGVioVBVY8i6gnoBazLCGgjtbMnuPrA8DXOO24BF9yC2wMhoF3C7pAS7CrWE3DWzubsoj0FXibOnOTQHJV29svthCQWNNCEg1Itx460l4DUjHA6zrixohGQAfRoy9AABFVeMv1mjE+N0sHdUJoKNJ6qvycSEEqNhG86Bei+WvQm4n9eK9bdKy9hQRRrGpDZom7MsQ7xJBrcYZISzUeGAJHM3IpJHyQQbQLMmBCcxZeXSf286JSK9v1FrnwzjyONjtAxyiMHXaIyukMVVEMEPaJn9IrerCfrxXq3PmatKWs+c4j+wPr8Act8mOM=</latexit>

T i = (1 , �5~�)
Scalar-pseudoscalar channel

<latexit sha1_base64="JmFp3cXLPEY41U/PlQw/pBI3s1Y=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7Iril6UghePFfoF7bpk02wbmmSXJCvU0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmRSln2njet7Oyura+sVnYKm7v7O6V3P2Dpk4yRWiDJDxR7QhrypmkDcMMp+1UUSwiTlvR8Hbqtx6p0iyRdTNKaSBwX7KYEWysFLolVH9g6Bp1+1gIHHqhW/Yq3gxomfg5KUOOWuh+dXsJyQSVhnCsdcf3UhOMsTKMcDopdjNNU0yGuE87lkosqA7Gs8Mn6MQqPRQnypY0aKb+nhhjofVIRLZTYDPQi95U/M/rZCa+CsZMppmhkswXxRlHJkHTFFCPKUoMH1mCiWL2VkQGWGFibFZFG4K/+PIyaZ5V/IuKd39ert7kcRTgCI7hFHy4hCrcQQ0aQCCDZ3iFN+fJeXHenY9564qTzxzCHzifP9e8kec=</latexit>

T i = �0
Density channel 

(part of vector multiplet)

94

2001 - : Braun, Flörchinger, Fu Gies, JMP, 
Rennecke, Wetterich, …   

                           

Consider path integral in the presence of sources for composite operators 

<latexit sha1_base64="uuGfboHbZPP/WpJojB6vFTC0tAI="></latexit>

Z[Jq, Jq̄, JO] =

Z
dqdq̄ e�S[q,q̄]+

R
Jqq�q̄Jq̄+

R
JO O[q,q̄]

JMP, AP 322 (2007) 2831-2915

λψ =
h2

m2
φ

Φ = (σ,�π)

τ · Φ = σ + iγ5�σ�π

Implementation:



Dynamical hadronisation: mesons & diquarks

Hubbard-Stratonovich

λψ

2

�
(ψ̄ψ)2 − (ψ̄γ5�τψ)

2
�
=

�
i h ψ̄(τ · Φ)ψ +

1

2
m2

φΦ
2

�

EoM(Φ)

Common choices

<latexit sha1_base64="DE+REDClEBtxNEpCDIJBzaQFEk8=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQIYRdMehFCXjxGCEvyK6hdzJJhszsLjOzgbDkB7z4K148KOLVuzf/xsnjoIkFDUVVN91dfsSZ0rb9baVWVtfWN9Kbma3tnd297P5BXYWxJLRGQh7Kpg+KchbQmmaa02YkKQif04Y/uJ34jSGVioVBVY8i6gnoBazLCGgjtbMnuPrA8DXOO24BF9yC2wMhoF3C7pAS7CrWE3DWzubsoj0FXibOnOTQHJV29svthCQWNNCEg1Itx460l4DUjHA6zrixohGQAfRoy9AABFVeMv1mjE+N0sHdUJoKNJ6qvycSEEqNhG86Bei+WvQm4n9eK9bdKy9hQRRrGpDZom7MsQ7xJBrcYZISzUeGAJHM3IpJHyQQbQLMmBCcxZeXSf286JSK9v1FrnwzjyONjtAxyiMHXaIyukMVVEMEPaJn9IrerCfrxXq3PmatKWs+c4j+wPr8Act8mOM=</latexit>

T i = (1 , �5~�)
Scalar-pseudoscalar channel Density channel 

(part of vector multiplet)

<latexit sha1_base64="FPypF6MfpCuabjyYnXm3KDlTnxE=">AAACC3icbVDLSgMxFM34rPU16tJNaBEqlDIjim6UghuXFfqCzjhk0rQNTTJDkimUoXs3/oobF4q49Qfc+Tem7Sy09cCFwzn3cu89Ycyo0o7zba2srq1vbOa28ts7u3v79sFhU0WJxKSBIxbJdogUYVSQhqaakXYsCeIhI61weDv1WyMiFY1EXY9j4nPUF7RHMdJGCuwCrD9QeA1LXh9xjgLHK8OyV/ZGBMO5dBrYRafizACXiZuRIshQC+wvrxvhhBOhMUNKdVwn1n6KpKaYkUneSxSJER6iPukYKhAnyk9nv0zgiVG6sBdJU0LDmfp7IkVcqTEPTSdHeqAWvan4n9dJdO/KT6mIE00Eni/qJQzqCE6DgV0qCdZsbAjCkppbIR4gibA28eVNCO7iy8ukeVZxLyrO/XmxepPFkQPHoABKwAWXoAruQA00AAaP4Bm8gjfryXqx3q2PeeuKlc0cgT+wPn8A4MWYaw==</latexit>

T i = (�0 , ~�)
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2001 - : Braun, Flörchinger, Fu Gies, JMP, 
Rennecke, Wetterich, …   

                           

Consider path integral in the presence of sources for composite operators 

<latexit sha1_base64="uuGfboHbZPP/WpJojB6vFTC0tAI="></latexit>

Z[Jq, Jq̄, JO] =

Z
dqdq̄ e�S[q,q̄]+

R
Jqq�q̄Jq̄+

R
JO O[q,q̄]

JMP, AP 322 (2007) 2831-2915

λψ =
h2

m2
φ

Φ = (σ,�π)

τ · Φ = σ + iγ5�σ�π

Implementation:



Dynamical hadronisation: mesons & diquarks

Hubbard-Stratonovich

λψ

2

�
(ψ̄ψ)2 − (ψ̄γ5�τψ)

2
�
=

�
i h ψ̄(τ · Φ)ψ +

1

2
m2

φΦ
2

�

EoM(Φ)

Common choices

<latexit sha1_base64="DE+REDClEBtxNEpCDIJBzaQFEk8=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQIYRdMehFCXjxGCEvyK6hdzJJhszsLjOzgbDkB7z4K148KOLVuzf/xsnjoIkFDUVVN91dfsSZ0rb9baVWVtfWN9Kbma3tnd297P5BXYWxJLRGQh7Kpg+KchbQmmaa02YkKQif04Y/uJ34jSGVioVBVY8i6gnoBazLCGgjtbMnuPrA8DXOO24BF9yC2wMhoF3C7pAS7CrWE3DWzubsoj0FXibOnOTQHJV29svthCQWNNCEg1Itx460l4DUjHA6zrixohGQAfRoy9AABFVeMv1mjE+N0sHdUJoKNJ6qvycSEEqNhG86Bei+WvQm4n9eK9bdKy9hQRRrGpDZom7MsQ7xJBrcYZISzUeGAJHM3IpJHyQQbQLMmBCcxZeXSf286JSK9v1FrnwzjyONjtAxyiMHXaIyukMVVEMEPaJn9IrerCfrxXq3PmatKWs+c4j+wPr8Act8mOM=</latexit>

T i = (1 , �5~�)
Scalar-pseudoscalar channel Density channel 

(part of vector multiplet)

<latexit sha1_base64="FPypF6MfpCuabjyYnXm3KDlTnxE=">AAACC3icbVDLSgMxFM34rPU16tJNaBEqlDIjim6UghuXFfqCzjhk0rQNTTJDkimUoXs3/oobF4q49Qfc+Tem7Sy09cCFwzn3cu89Ycyo0o7zba2srq1vbOa28ts7u3v79sFhU0WJxKSBIxbJdogUYVSQhqaakXYsCeIhI61weDv1WyMiFY1EXY9j4nPUF7RHMdJGCuwCrD9QeA1LXh9xjgLHK8OyV/ZGBMO5dBrYRafizACXiZuRIshQC+wvrxvhhBOhMUNKdVwn1n6KpKaYkUneSxSJER6iPukYKhAnyk9nv0zgiVG6sBdJU0LDmfp7IkVcqTEPTSdHeqAWvan4n9dJdO/KT6mIE00Eni/qJQzqCE6DgV0qCdZsbAjCkppbIR4gibA28eVNCO7iy8ukeVZxLyrO/XmxepPFkQPHoABKwAWXoAruQA00AAaP4Bm8gjfryXqx3q2PeeuKlc0cgT+wPn8A4MWYaw==</latexit>

T i = (�0 , ~�)
Diquark channels

<latexit sha1_base64="G753/sqioo+W7C2SVEdB3ezImQ4=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJRNGVFNy4rNAXNLFMJpN26GQSZiZCCd34K25cKOLWz3Dn3zhts9DWAxfOnHMvc+8JUs6Udpxvq7Syura+Ud6sbG3v7O7Z+wdtlWSS0BZJeCK7AVaUM0FbmmlOu6mkOA447QSj26nfeaRSsUQ09TilfowHgkWMYG2kvn2EvFQx5GnGQ4qaD2z+Rn276tScGdAycQtShQKNvv3lhQnJYio04Vipnuuk2s+x1IxwOql4maIpJiM8oD1DBY6p8vPZARN0apQQRYk0JTSaqb8nchwrNY4D0xljPVSL3lT8z+tlOrr2cybSTFNB5h9FGUc6QdM0UMgkJZqPDcFEMrMrIkMsMdEms4oJwV08eZm0z2vuZc25v6jWb4o4ynAMJ3AGLlxBHe6gAS0gMIFneIU368l6sd6tj3lrySpmDuEPrM8fsc2VKg==</latexit>

 T̃ i 

94

2001 - : Braun, Flörchinger, Fu Gies, JMP, 
Rennecke, Wetterich, …   

                           

Consider path integral in the presence of sources for composite operators 

<latexit sha1_base64="uuGfboHbZPP/WpJojB6vFTC0tAI="></latexit>

Z[Jq, Jq̄, JO] =

Z
dqdq̄ e�S[q,q̄]+

R
Jqq�q̄Jq̄+

R
JO O[q,q̄]

JMP, AP 322 (2007) 2831-2915

λψ =
h2

m2
φ

Φ = (σ,�π)

τ · Φ = σ + iγ5�σ�π

Implementation:



<latexit sha1_base64="FPypF6MfpCuabjyYnXm3KDlTnxE=">AAACC3icbVDLSgMxFM34rPU16tJNaBEqlDIjim6UghuXFfqCzjhk0rQNTTJDkimUoXs3/oobF4q49Qfc+Tem7Sy09cCFwzn3cu89Ycyo0o7zba2srq1vbOa28ts7u3v79sFhU0WJxKSBIxbJdogUYVSQhqaakXYsCeIhI61weDv1WyMiFY1EXY9j4nPUF7RHMdJGCuwCrD9QeA1LXh9xjgLHK8OyV/ZGBMO5dBrYRafizACXiZuRIshQC+wvrxvhhBOhMUNKdVwn1n6KpKaYkUneSxSJER6iPukYKhAnyk9nv0zgiVG6sBdJU0LDmfp7IkVcqTEPTSdHeqAWvan4n9dJdO/KT6mIE00Eni/qJQzqCE6DgV0qCdZsbAjCkppbIR4gibA28eVNCO7iy8ukeVZxLyrO/XmxepPFkQPHoABKwAWXoAruQA00AAaP4Bm8gjfryXqx3q2PeeuKlc0cgT+wPn8A4MWYaw==</latexit>

T i = (�0 , ~�)
Density channel 

(part of vector multiplet)
Diquark channels

<latexit sha1_base64="G753/sqioo+W7C2SVEdB3ezImQ4=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJRNGVFNy4rNAXNLFMJpN26GQSZiZCCd34K25cKOLWz3Dn3zhts9DWAxfOnHMvc+8JUs6Udpxvq7Syura+Ud6sbG3v7O7Z+wdtlWSS0BZJeCK7AVaUM0FbmmlOu6mkOA447QSj26nfeaRSsUQ09TilfowHgkWMYG2kvn2EvFQx5GnGQ4qaD2z+Rn276tScGdAycQtShQKNvv3lhQnJYio04Vipnuuk2s+x1IxwOql4maIpJiM8oD1DBY6p8vPZARN0apQQRYk0JTSaqb8nchwrNY4D0xljPVSL3lT8z+tlOrr2cybSTFNB5h9FGUc6QdM0UMgkJZqPDcFEMrMrIkMsMdEms4oJwV08eZm0z2vuZc25v6jWb4o4ynAMJ3AGLlxBHe6gAS0gMIFneIU368l6sd6tj3lrySpmDuEPrM8fsc2VKg==</latexit>

 T̃ i 

λψ

2

�
(ψ̄ψ)2 − (ψ̄γ5�τψ)

2
�
=

�
i h ψ̄(τ · Φ)ψ +

1

2
m2

φΦ
2

�

EoM(Φ)

Complete basis 

10 26

Momentum-independent 
tensor structures

<latexit sha1_base64="3RkSL2Wo9x3mkhVn0qamIj+oIq8=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVoiIoBS+epIL9gHYt2TTbhibZJckqZen/8OJBEa/+F2/+G9N2D1p9MPB4b4aZeUHMmTau++XkFhaXllfyq4W19Y3NreL2TkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg18ZsPVGkWyTsziqkvcF+ykBFsrHSfdoIQ3XTDi+PzMULdYsktu1Ogv8TLSAky1LrFz04vIomg0hCOtW57bmz8FCvDCKfjQifRNMZkiPu0banEgmo/nV49RgdW6aEwUrakQVP150SKhdYjEdhOgc1Az3sT8T+vnZjwzE+ZjBNDJZktChOOTIQmEaAeU5QYPrIEE8XsrYgMsMLE2KAKNgRv/uW/pHFU9k7KldtKqXqZxZGHPdiHQ/DgFKpwDTWoAwEFT/ACr86j8+y8Oe+z1pyTzezCLzgf35gykUQ=</latexit>

Nf = 3 :
<latexit sha1_base64="8msEXgB8n1rLezSBNK547HJ8hIY=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KrulqAhKwYsnqWA/oF1LNs22odlkSbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XaWlldW19ZzG/nNre2d3cLefkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYjVZpJcW9GMfUj3BcsZAQbKz2knSBEt93wsnwxRqhbKLoldwq0SLyMFCFDrVv46vQkSSIqDOFY67bnxsZPsTKMcDrOdxJNY0yGuE/blgocUe2n06vH6NgqPRRKZUsYNFV/T6Q40noUBbYzwmag572J+J/XTkx47qdMxImhgswWhQlHRqJJBKjHFCWGjyzBRDF7KyIDrDAxNqi8DcGbf3mRNMol77RUuasUq1dZHDk4hCM4AQ/OoAo3UIM6EFDwDK/w5jw5L8678zFrXXKymQP4A+fzB5aqkUM=</latexit>

Nf = 2 :

Implementation:

Common choices

<latexit sha1_base64="DE+REDClEBtxNEpCDIJBzaQFEk8=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQIYRdMehFCXjxGCEvyK6hdzJJhszsLjOzgbDkB7z4K148KOLVuzf/xsnjoIkFDUVVN91dfsSZ0rb9baVWVtfWN9Kbma3tnd297P5BXYWxJLRGQh7Kpg+KchbQmmaa02YkKQif04Y/uJ34jSGVioVBVY8i6gnoBazLCGgjtbMnuPrA8DXOO24BF9yC2wMhoF3C7pAS7CrWE3DWzubsoj0FXibOnOTQHJV29svthCQWNNCEg1Itx460l4DUjHA6zrixohGQAfRoy9AABFVeMv1mjE+N0sHdUJoKNJ6qvycSEEqNhG86Bei+WvQm4n9eK9bdKy9hQRRrGpDZom7MsQ7xJBrcYZISzUeGAJHM3IpJHyQQbQLMmBCcxZeXSf286JSK9v1FrnwzjyONjtAxyiMHXaIyukMVVEMEPaJn9IrerCfrxXq3PmatKWs+c4j+wPr8Act8mOM=</latexit>

T i = (1 , �5~�)
Scalar-pseudoscalar channel

Hubbard-Stratonovich

Dynamical hadronisation: mesons & diquarks

λψ =
h2

m2
φ

Φ = (σ,�π)

τ · Φ = σ + iγ5�σ�π



<latexit sha1_base64="FPypF6MfpCuabjyYnXm3KDlTnxE=">AAACC3icbVDLSgMxFM34rPU16tJNaBEqlDIjim6UghuXFfqCzjhk0rQNTTJDkimUoXs3/oobF4q49Qfc+Tem7Sy09cCFwzn3cu89Ycyo0o7zba2srq1vbOa28ts7u3v79sFhU0WJxKSBIxbJdogUYVSQhqaakXYsCeIhI61weDv1WyMiFY1EXY9j4nPUF7RHMdJGCuwCrD9QeA1LXh9xjgLHK8OyV/ZGBMO5dBrYRafizACXiZuRIshQC+wvrxvhhBOhMUNKdVwn1n6KpKaYkUneSxSJER6iPukYKhAnyk9nv0zgiVG6sBdJU0LDmfp7IkVcqTEPTSdHeqAWvan4n9dJdO/KT6mIE00Eni/qJQzqCE6DgV0qCdZsbAjCkppbIR4gibA28eVNCO7iy8ukeVZxLyrO/XmxepPFkQPHoABKwAWXoAruQA00AAaP4Bm8gjfryXqx3q2PeeuKlc0cgT+wPn8A4MWYaw==</latexit>

T i = (�0 , ~�)
Density channel 

(part of vector multiplet)
Diquark channels

<latexit sha1_base64="G753/sqioo+W7C2SVEdB3ezImQ4=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJRNGVFNy4rNAXNLFMJpN26GQSZiZCCd34K25cKOLWz3Dn3zhts9DWAxfOnHMvc+8JUs6Udpxvq7Syura+Ud6sbG3v7O7Z+wdtlWSS0BZJeCK7AVaUM0FbmmlOu6mkOA447QSj26nfeaRSsUQ09TilfowHgkWMYG2kvn2EvFQx5GnGQ4qaD2z+Rn276tScGdAycQtShQKNvv3lhQnJYio04Vipnuuk2s+x1IxwOql4maIpJiM8oD1DBY6p8vPZARN0apQQRYk0JTSaqb8nchwrNY4D0xljPVSL3lT8z+tlOrr2cybSTFNB5h9FGUc6QdM0UMgkJZqPDcFEMrMrIkMsMdEms4oJwV08eZm0z2vuZc25v6jWb4o4ynAMJ3AGLlxBHe6gAS0gMIFneIU368l6sd6tj3lrySpmDuEPrM8fsc2VKg==</latexit>

 T̃ i 

λψ

2

�
(ψ̄ψ)2 − (ψ̄γ5�τψ)

2
�
=

�
i h ψ̄(τ · Φ)ψ +

1

2
m2

φΦ
2

�

EoM(Φ)

Complete basis 

10 26

Momentum-independent 
tensor structures

<latexit sha1_base64="3RkSL2Wo9x3mkhVn0qamIj+oIq8=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVoiIoBS+epIL9gHYt2TTbhibZJckqZen/8OJBEa/+F2/+G9N2D1p9MPB4b4aZeUHMmTau++XkFhaXllfyq4W19Y3NreL2TkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg18ZsPVGkWyTsziqkvcF+ykBFsrHSfdoIQ3XTDi+PzMULdYsktu1Ogv8TLSAky1LrFz04vIomg0hCOtW57bmz8FCvDCKfjQifRNMZkiPu0banEgmo/nV49RgdW6aEwUrakQVP150SKhdYjEdhOgc1Az3sT8T+vnZjwzE+ZjBNDJZktChOOTIQmEaAeU5QYPrIEE8XsrYgMsMLE2KAKNgRv/uW/pHFU9k7KldtKqXqZxZGHPdiHQ/DgFKpwDTWoAwEFT/ACr86j8+y8Oe+z1pyTzezCLzgf35gykUQ=</latexit>

Nf = 3 :
<latexit sha1_base64="8msEXgB8n1rLezSBNK547HJ8hIY=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KrulqAhKwYsnqWA/oF1LNs22odlkSbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XaWlldW19ZzG/nNre2d3cLefkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGF5P/OYjVZpJcW9GMfUj3BcsZAQbKz2knSBEt93wsnwxRqhbKLoldwq0SLyMFCFDrVv46vQkSSIqDOFY67bnxsZPsTKMcDrOdxJNY0yGuE/blgocUe2n06vH6NgqPRRKZUsYNFV/T6Q40noUBbYzwmag572J+J/XTkx47qdMxImhgswWhQlHRqJJBKjHFCWGjyzBRDF7KyIDrDAxNqi8DcGbf3mRNMol77RUuasUq1dZHDk4hCM4AQ/OoAo3UIM6EFDwDK/w5jw5L8678zFrXXKymQP4A+fzB5aqkUM=</latexit>

Nf = 2 :

All tensor structures for                                                                       256
<latexit sha1_base64="kamqZE1RSAySbebXiPGYEMPasPc=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4Kpk6rVZQCm5cSQX7gHYsmTTThmYyQ5JRytD/cONCEbf+izv/xkxbQUUPXDiccy/33uNFnCmN0IeVWVhcWl7JrubW1jc2t/LbO00VxpLQBgl5KNseVpQzQRuaaU7bkaQ48DhteaOL1G/dUalYKG70OKJugAeC+YxgbaTbpOv58Krnn5VOJxD28gVUdCrlSqUEUdEuI8dxUmIf2dUqtItoigKYo97Lv3f7IYkDKjThWKmOjSLtJlhqRjid5LqxohEmIzygHUMFDqhyk+nVE3hglD70Q2lKaDhVv08kOFBqHHimM8B6qH57qfiX14m1f+ImTESxpoLMFvkxhzqEaQSwzyQlmo8NwUQycyskQywx0SaonAnh61P4P2mWTD5FdO0UaufzOLJgD+yDQ2CDY1ADl6AOGoAACR7AE3i27q1H68V6nbVmrPnMLvgB6+0T+9qRhQ==</latexit>

Nf = 2 :

Implementation:

Common choices

<latexit sha1_base64="DE+REDClEBtxNEpCDIJBzaQFEk8=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQIYRdMehFCXjxGCEvyK6hdzJJhszsLjOzgbDkB7z4K148KOLVuzf/xsnjoIkFDUVVN91dfsSZ0rb9baVWVtfWN9Kbma3tnd297P5BXYWxJLRGQh7Kpg+KchbQmmaa02YkKQif04Y/uJ34jSGVioVBVY8i6gnoBazLCGgjtbMnuPrA8DXOO24BF9yC2wMhoF3C7pAS7CrWE3DWzubsoj0FXibOnOTQHJV29svthCQWNNCEg1Itx460l4DUjHA6zrixohGQAfRoy9AABFVeMv1mjE+N0sHdUJoKNJ6qvycSEEqNhG86Bei+WvQm4n9eK9bdKy9hQRRrGpDZom7MsQ7xJBrcYZISzUeGAJHM3IpJHyQQbQLMmBCcxZeXSf286JSK9v1FrnwzjyONjtAxyiMHXaIyukMVVEMEPaJn9IrerCfrxXq3PmatKWs+c4j+wPr8Act8mOM=</latexit>

T i = (1 , �5~�)
Scalar-pseudoscalar channel

Hubbard-Stratonovich

Dynamical hadronisation: mesons & diquarks

λψ =
h2

m2
φ

Φ = (σ,�π)

τ · Φ = σ + iγ5�σ�π



λψ =
h2

m2
φ

General dynamical hadronisation

φ = (Aµ, C, C̄, q, q̄,Φ, ..., n, n̄, ...)

∂

∂t

���
φ
Γk[φ] =

1

2
Gk,φṘk,φ +RkGk,φ

δφ̇

δφ
− δΓ

δφ
φ̇hadronised Flow

How to fix       &        ?φk φ̇k Φ̇k � Ȧkψ̄τψ + ḂkΦk + Ċk

mesons baryons

λψ

2

�
(ψ̄ψ)2 − (ψ̄γ5�τψ)

2
�
=

�
i h ψ̄(τ · Φ)ψ +

1

2
m2

φΦ
2

�

EoM(Φ)

Φ = (σ,�π)

τ · Φ = σ + iγ5�σ�π

Dynamical hadronisation: mesons & diquarks
Implementation:

Hubbard-Stratonovich



�̂ 

@t�̂ 

k∂kλ̂ψ 2λ̂ψ A

�
T

k

�
λ̂2
ψ B

�
T

k

�
λ̂ψ αs C

�
T

k

�
α2
s+= + + + … + … 

+ … + +

chiral symmetry breaking                 αs > αs,cr

Flow for four-fermion coupling                      with infrared scale λ̂ψ = λψk
2 k
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Implementation:

Dynamical hadronisation: mesons & diquarks
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@t�̂ 

Flow for four-fermion coupling                      with infrared scale λ̂ψ = λψk
2 k

∂tΦ

k∂kλ̂ψ 2λ̂ψ

- terms
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+ + +

+ +

+

+ … 

Dynamical hadronisation: mesons & diquarks
Implementation:

=
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Flow for four-fermion coupling                      with infrared scale λ̂ψ = λψk
2 k

∂tΦ

k∂kλ̂ψ 2λ̂ψ

- terms
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+ + +

+ +

+

+ … 

Dynamical hadronisation: mesons & diquarks
Implementation:

=
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∂tΦ

k∂kλ̂ψ 2λ̂ψ

- terms
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+ + +

+ +

Full bosonisation λ̂ψ = 0

99

=

+ … =0 

Implementation:

Dynamical hadronisation: mesons & diquarks

+



Dynamical hadronisation: mesons & diquarks

Full bosonisation λ̂ψ = 0 Really?

100

! Reminder !



Dynamical hadronisation: mesons & diquarks

Full bosonisation λ̂ψ = 0 Really?

where = 0

(φ)

(p1 + p3)
2 = 0

(p2 + p4)
2 = 0

p1

p2 p3

p4

+=
s

(i) Complete dynamical hadronisation of one tensor channel removes one momentum channel!

(ii) Residual four-quark vertex left!

100

! Reminder !



Dynamical hadronisation at work
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Jump back to: Phase structure from functional QCD: how to 



Dynamical hadronisation
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initial conditions

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

Stability & decoupling
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Dynamical hadronisation
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initial conditions
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Stability & decouplingCutoff scale of dynamical  
chiral symmetry breaking
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Fu, JMP, Rennecke, PRD 101, (2020) 054032103

Dynamical hadronisation

Stability & decoupling



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

quarks & gluonsquarks & mesons
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Dynamical hadronisation

Stability & decoupling



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

quarks & gluonsquarks & mesons

Pions: Chiral perturbation theory

103

Dynamical hadronisation

Stability & decoupling
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Dynamical hadronisation at work

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 

Mesons & diquarks:

where = 0

(φ)

(p1 + p3)
2 = 0

(p2 + p4)
2 = 0

p1

p2 p3

p4

+=
s

(i) 
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Dynamical hadronisation at work

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 

Mesons & diquarks:

where = 0

(φ)

(p1 + p3)
2 = 0

(p2 + p4)
2 = 0

p1

p2 p3

p4

+=
s

(i) 

= +t

where = 0

p1

p3

p2

p4

(d)

(p1 + p2)
2 = 0

(p3 + p4)
2 = 0

(ii) 
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Dynamical hadronisation at work

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 

Mesons & diquarks:

where = 0

(φ)

(p1 + p3)
2 = 0

(p2 + p4)
2 = 0

p1

p2 p3

p4

+=
s

(i) 

= +t

where = 0

p1

p3

p2

p4

(d)

(p1 + p2)
2 = 0

(p3 + p4)
2 = 0

(ii) 

+∂̃t

+∂̃t∂t = +∂̃t

+∂̃t +∂̃t +∂̃t

+∂̃t +∂̃t

dynamical
+ hadronisation

terms
+∂̃t

+∂̃t

Schematical flow
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Dynamical hadronisation at work

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 

Mesons & diquarks:

where = 0

(φ)

(p1 + p3)
2 = 0

(p2 + p4)
2 = 0

p1

p2 p3

p4

+=
s

(i) 

= +t

where = 0

p1

p3

p2

p4

(d)

(p1 + p2)
2 = 0

(p3 + p4)
2 = 0

(ii) 

+∂̃t

+∂̃t∂t = +∂̃t

+∂̃t +∂̃t +∂̃t

+∂̃t +∂̃t

dynamical
+ hadronisation

terms
+∂̃t

+∂̃t

Schematical flow

<latexit sha1_base64="pk2qDe8RgPhVv6UxZ9s1J54JUFM=">AAACDXicbVBNS8NAEN34WetX1aOXxSp4sSRF1KPgxZsVrApNCJvttF26m4TdiVhC/oAX/4oXD4p49e7Nf+O25uDXg4HHezPMzItSKQy67oczNT0zOzdfWaguLi2vrNbW1i9NkmkObZ7IRF9HzIAUMbRRoITrVANTkYSraHgy9q9uQBuRxBc4SiFQrB+LnuAMrRTWtv2UaRRMhkhznzNJz4pwuOcj3KJWOYJWpghrdbfhTkD/Eq8kdVKiFdbe/W7CMwUxcsmM6XhuikE+3sQlFFU/M5AyPmR96FgaMwUmyCffFHTHKl3aS7StGOlE/T6RM2XMSEW2UzEcmN/eWPzP62TYOwpyEacZQsy/FvUySTGh42hoV2jgKEeWMK6FvZXyAdOM2xRM1Ybg/X75L7lsNryDRvN8v368X8ZRIZtki+wSjxySY3JKWqRNOLkjD+SJPDv3zqPz4rx+tU455cwG+QHn7RNTyJxV</latexit>

@tOk � terms
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Dynamical hadronisation at work

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 

Mesons & diquarks:

where = 0

(φ)

(p1 + p3)
2 = 0

(p2 + p4)
2 = 0

p1

p2 p3

p4

+=
s

(i) 

= +t

where = 0

p1

p3

p2

p4

(d)

(p1 + p2)
2 = 0

(p3 + p4)
2 = 0

(ii) 

+∂̃t

+∂̃t∂t = +∂̃t

+∂̃t +∂̃t +∂̃t

+∂̃t +∂̃t

dynamical
+ hadronisation

terms
+∂̃t

+∂̃t

Schematical flow

<latexit sha1_base64="pk2qDe8RgPhVv6UxZ9s1J54JUFM=">AAACDXicbVBNS8NAEN34WetX1aOXxSp4sSRF1KPgxZsVrApNCJvttF26m4TdiVhC/oAX/4oXD4p49e7Nf+O25uDXg4HHezPMzItSKQy67oczNT0zOzdfWaguLi2vrNbW1i9NkmkObZ7IRF9HzIAUMbRRoITrVANTkYSraHgy9q9uQBuRxBc4SiFQrB+LnuAMrRTWtv2UaRRMhkhznzNJz4pwuOcj3KJWOYJWpghrdbfhTkD/Eq8kdVKiFdbe/W7CMwUxcsmM6XhuikE+3sQlFFU/M5AyPmR96FgaMwUmyCffFHTHKl3aS7StGOlE/T6RM2XMSEW2UzEcmN/eWPzP62TYOwpyEacZQsy/FvUySTGh42hoV2jgKEeWMK6FvZXyAdOM2xRM1Ybg/X75L7lsNryDRvN8v368X8ZRIZtki+wSjxySY3JKWqRNOLkjD+SJPDv3zqPz4rx+tU455cwG+QHn7RNTyJxV</latexit>

@tOk � terms

s-channel s-ps 
t-channel diquark

<latexit sha1_base64="xvR7ONPY5frzhdaFUAtUbxZIEjU=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SIUvXisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWerh2e6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn80unZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G3SF5ozlGNLKNPC3krYkGrK0IZTtCF4iy8vk2a14l1Uqvfn5dpNHkcBjuEEzsCDS6jBHdShAQxCeIZXeHNGzovz7nzMW1ecfOYI/sD5/AH8+I0C</latexit>

= 0
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baryons:

= ∂̃t∂t + . . .Dominant UV-process:
<latexit sha1_base64="ArJTX382l+hXnf13vMF8lDEJwWQ=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokbVqtq4IblxVsKzSxTKaTdugkGWYmQgnZ+CtuXCji1s9w5984fQgqemDgcM693Dkn4IxKZdsfRmFpeWV1rbhe2tjc2t4xd/c6MkkFJm2csETcBEgSRmPSVlQxcsMFQVHASDcYX0z97h0RkibxtZpw4kdoGNOQYqS01DcPvCDMPC4SrhLoIcZHqC9vq3nfLNuWW6/V6xVoW07Ndl13Spyq02hAx7JnKIMFWn3z3RskOI1IrDBDUvYcmys/Q0JRzEhe8lJJOMJjNCQ9TWMUEelnswA5PNbKAIaJ0C9WcKZ+38hQJOUkCvRkhNRI/vam4l9eL1XhmZ/RmKeKxHh+KEwZ1GGnbcABFQQrNtEEYUH1XyEeIYGw0p2VdAlfSeH/pFOxnLpVuXLLzfNFHUVwCI7ACXDAKWiCS9ACbYBBDh7AE3g27o1H48V4nY8WjMXOPvgB4+0TSGKW2A==</latexit>

/ ↵3
s

Dynamical hadronisation at work

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 
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baryons:

= ∂̃t∂t + . . .Dominant UV-process:
<latexit sha1_base64="ArJTX382l+hXnf13vMF8lDEJwWQ=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokbVqtq4IblxVsKzSxTKaTdugkGWYmQgnZ+CtuXCji1s9w5984fQgqemDgcM693Dkn4IxKZdsfRmFpeWV1rbhe2tjc2t4xd/c6MkkFJm2csETcBEgSRmPSVlQxcsMFQVHASDcYX0z97h0RkibxtZpw4kdoGNOQYqS01DcPvCDMPC4SrhLoIcZHqC9vq3nfLNuWW6/V6xVoW07Ndl13Spyq02hAx7JnKIMFWn3z3RskOI1IrDBDUvYcmys/Q0JRzEhe8lJJOMJjNCQ9TWMUEelnswA5PNbKAIaJ0C9WcKZ+38hQJOUkCvRkhNRI/vam4l9eL1XhmZ/RmKeKxHh+KEwZ1GGnbcABFQQrNtEEYUH1XyEeIYGw0p2VdAlfSeH/pFOxnLpVuXLLzfNFHUVwCI7ACXDAKWiCS9ACbYBBDh7AE3g27o1H48V4nY8WjMXOPvgB4+0TSGKW2A==</latexit>

/ ↵3
s

∂t = ∂̃t +∂̃t +∂̃t + . . .UV-subdominant:
<latexit sha1_base64="bATP3vMcNIzNOO7aWzStu6Pr+vE=">AAACAHicdVDLSsNAFJ3UV62vqgsXbgaL4CokNY3WVcGNywr2AU0sk+mkHTpJhpmJUEI2/oobF4q49TPc+TdOH4KKHhg4nHMvd84JOKNSWdaHUVhaXlldK66XNja3tnfKu3ttmaQCkxZOWCK6AZKE0Zi0FFWMdLkgKAoY6QTjy6nfuSNC0iS+URNO/AgNYxpSjJSW+uUDLwgzj4uEqwR6iPER6stbN++XK5bpuDXXrULLtGuW4zhTYp/a9Tq0TWuGClig2S+/e4MEpxGJFWZIyp5tceVnSCiKGclLXioJR3iMhqSnaYwiIv1sFiCHx1oZwDAR+sUKztTvGxmKpJxEgZ6MkBrJ395U/MvrpSo89zMa81SRGM8PhSmDOuy0DTiggmDFJpogLKj+K8QjJBBWurOSLuErKfyftKum7ZrVa6fSuFjUUQSH4AicABucgQa4Ak3QAhjk4AE8gWfj3ng0XozX+WjBWOzsgx8w3j4BTPGW2w==</latexit>

/ ↵6
s

Dynamical hadronisation at work

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 
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baryons:

Baryonisation

Baryon formation processes

Dynamical hadronisation at work

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 
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baryons:

= += +

three-quark scattering quark-diquark scattering

Baryonisation

Dynamical hadronisation at work

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 
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Yukawa-flows with baryonisation

baryons:

= += +

three-quark scattering quark-diquark scattering

Baryonisation

∂t = ∂̃t + . . .+∂̃t

+ . . .∂t = ∂̃t +∂̃t

nucleon-nucleon —           scattering:
<latexit sha1_base64="gkPZZpyIDXdlCY3dvVVhu/RpOZY=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSxCBQlJTaN1VXDjsoJ9QBPKZDpth04ezEwKNRR/xY0LRdz6H+78GydtBRU9cOFwzr3ce48fMyqkaX5ouaXlldW1/HphY3Nre0ff3WuKKOGYNHDEIt72kSCMhqQhqWSkHXOCAp+Rlj+6yvzWmHBBo/BWTmLiBWgQ0j7FSCqpqx+kJXdMMHRjegpdQQcBOpl29aJp2E7FccrQNKyKadt2Rqwzq1qFlmHOUAQL1Lv6u9uLcBKQUGKGhOhYZiy9FHFJMSPTgpsIEiM8QgPSUTREARFeOrt+Co+V0oP9iKsKJZyp3ydSFAgxCXzVGSA5FL+9TPzL6ySyf+GlNIwTSUI8X9RPGJQRzKKAPcoJlmyiCMKcqlshHiKOsFSBFVQIX5/C/0mzbFiOUb6xi7XLRRx5cAiOQAlY4BzUwDWogwbA4A48gCfwrN1rj9qL9jpvzWmLmX3wA9rbJ5TolKo=</latexit>

(~⇡,�)

nucleon-nucleon —      scattering:<latexit sha1_base64="xdWkIpWA4tptFbKbUcdPt3O2zYc=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQlLTaF0V3LisYB/QhDKZTtqhM0mYh1BCf8ONC0Xc+jPu/BsnbQUVPXDhcM693HtPlDEqleN8WCura+sbm6Wt8vbO7t5+5eCwI1MtMGnjlKWiFyFJGE1IW1HFSC8TBPGIkW40uS787j0RkqbJnZpmJORolNCYYqSMFORByskIDQKuZ4NK1bE9v+77NejYbt3xPK8g7rnbaEDXduaogiVag8p7MEyx5iRRmCEp+66TqTBHQlHMyKwcaEkyhCdoRPqGJogTGebzm2fw1ChDGKfCVKLgXP0+kSMu5ZRHppMjNZa/vUL8y+trFV+GOU0yrUiCF4tizaBKYREAHFJBsGJTQxAW1NwK8RgJhJWJqWxC+PoU/k86Ndv17dqtV21eLeMogWNwAs6ACy5AE9yAFmgDDDLwAJ7As6WtR+vFel20rljLmSPwA9bbJ9PRkjI=</latexit>!µ

<latexit sha1_base64="4RBXkOY7MUlEObSRsYyyyCdzlGM=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ie0oWy2m2bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wuZ373SeqNIvlg5km1Bd4LFnICDZWeoyGWTBIIjYbVmtu3c2BVolXkBoUaA2rX4NRTFJBpSEca9333MT4GVaGEU5nlUGqaYLJBI9p31KJBdV+lh88Q2dWGaEwVrakQbn6eyLDQuupCGynwCbSy95c/M/rpya89jMmk9RQSRaLwpQjE6P592jEFCWGTy3BRDF7KyIRVpgYm1HFhuAtv7xKOo26d1lv3F/UmjdFHGU4gVM4Bw+uoAl30II2EBDwDK/w5ijnxXl3PhatJaeYOYY/cD5/ABT6kJk=</latexit>

hb�

<latexit sha1_base64="HHzxSvlqmpAYRpAXPqoqXRP21H4=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6jHoxWME84DNEmYns8mQeSwzvUJY8hlePCji1a/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOO7md95YsZyrR5hkrJIkqHiCacEnBSO+nnc05INybRfqfo1fw68SoKCVFGBZr/y1RtomkmmgApibRj4KUQ5McCpYNNyL7MsJXRMhix0VBHJbJTPT57ic6cMcKKNKwV4rv6eyIm0diJj1ykJjOyyNxP/88IMkpso5yrNgCm6WJRkAoPGs//xgBtGQUwcIdRwdyumI2IIBZdS2YUQLL+8Str1WnBVqz9cVhu3RRwldIrO0AUK0DVqoHvURC1EkUbP6BW9eeC9eO/ex6J1zStmTtAfeJ8/lceRdQ==</latexit>

hb!

Dynamical hadronisation at work

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 
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‘DynHad for mesons, diquarks & baryons is Faddeev-BSE-DSE for QCD in a ‘unified’ effective action approach’

(

∂t + ∂tΦi,k[Φ]
δ

δΦi

)

Γk[Φ]

−

+1

2

−

+1

2 −

= 1

2

<latexit sha1_base64="Fj9i0G3tnGXnOnPatgmtbziiGa0="></latexit>✓
@t + @t�i,k[�]

�

��i

◆
(�k[�] + c�i�i)

baryonsdiquarksmesons

Fukushima, JMP, Strodthoff, PRD 110 (2024) 076022 



(II) Functional QCD and the QCD phase structure     
                           

 QCD at finite temperature and density  

   Benchmarks in the vacuum 

   Correlation functions at finite temperature 

   Polyakov loop from functional approaches 

 QCD phase structure  

   Locating the QCD phase boundary and the critical end point  

   Fluctuations of conserved charges: Ripples of the critical end point  

X

X

X

X

Jump back to: Getting dynamical: emergent hadrons & diquarks

Phase structure from functional QCD: how to  �

�
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Phase structure from functional QCD: how to

Jump back to: Critical end point and new phases: where do we stand?
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Example: 4-quark scattering vertex   

Ihssen, JMP, Sattler, Wink, arXiv:2408.08413
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How to: three remarks on functional methods

off-shell representation of thermodynamic observables 

off-shell
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 Self-consistent truncations to functional relations define analytic functions in      , eg:        
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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
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QCD at finite temperature and density

Jump forward to: QCD phase structure
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Jump back to: Critical end point and new phases: where do we stand?
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Euclidean gluon propagator at finite T
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Lattice: Silva, Oliveira, Bicudo, Cardoso, PRD89 (2014) 7, 074503
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Polyakov loop from functional approaches
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Parameterisation

hL[A0]i = ZL[Ā,�] · L[A0]

� = (aµ, c, c̄)with

Flow for Polyakov loop wave function

@tZL[Ā,�] = FlowZL
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Jump back to: QCD at finite temperature and density

QCD phase structure
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Locating the critical end point 

Phase structure from functional QCD: Predictions & estimates
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Dominance of scalar-pseudoscalar  fluctuations  
Pions & sigma mode
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 Braun, Leonhardt, Pospiech, PRD 101 (2020) 036004
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Emergent diquarks are not captured  
by extrapolations   

 Braun, Leonhardt, Pospiech, PRD 101 (2020) 036004
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 Eichmann, Fischer, Welzbacher, PRD 93 (2016) 034013
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Minor effects of baryons on phase boundary

 Emergent baryons (DSE)

 Braun, Leonhardt, Pospiech, PRD 101 (2020) 036004

Emergent diquarks (fRG)

<latexit sha1_base64="AP1TC0+0+TQdUXYYyvHzpNWxmBc="></latexit>µB

T
↭ 4.5

Prediction

Estimate

Em
ergent diquarks



142 Fu, JMP, Pisarski, Rennecke, Wen, Yin, PRD 111 (2025) 094026

<latexit sha1_base64="N3K2cGv4tqg3NpeEyxyAyDNZ/iQ="></latexit>µB = 650 MeV

T=100 MeV T=120 MeV T=130 MeV T=150 MeV T=160 MeV

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



Estimated location of CEP

The QCD Moat reloaded

JMP, Sattler, Rennecke, arxiv:2512.20510, to be published in EPJST



The QCD Moat
Soft(est) mode

JMP, Sattler, Rennecke, arxiv:2512.20510, to be published in EPJST
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(Strong) signals of the ONP

Ripples of the CEP

Jump forward to: Summary
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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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+

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



Fluctuations of conserved charges
Fluctuations of conserved charges

148
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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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
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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, Wen, Yin, PRD 111, L031502
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Ripples of the critical point

baryon number fluctuations in the phase structure 
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Variations of the CEP in the allowed estimate regime
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Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 111, L031502
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Canonical corrections via subensemble acceptance 
Vovchenko, Savchuk, Poberezhnyuk, Gorenstein, Koch, PLB 811, 135868 (2020)
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V1 = ↵V
subensemble volume system volume 

fixing the subensemble volume 

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

Lu, Gao, Liu, JMP, PRD 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
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Ripples of the critical point at chemical freeze-out

Lu, Fischer, Gao, Liu, JMP, arXiv:2603.09336
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Ripples of the critical point at chemical freeze-out

Lu, Fischer, Gao, Liu, JMP, arXiv:2603.09336

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

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


Jump back to: Ripples of the CEP or the onset of new phases (ONP)

Summary



(I) Functional Renormalisation Group for QCD     
                           

  The renormalisation group is a one-loop exact functional approach 

   consistent RG-scaling 
   systematic expansion schemes & error control  
   compatibility with other functional approaches  

  Resonances via dynamical hadronisation 

   hadrons as exchange fields of quarks scattering vertices  
   BSE wave function                      quark-hadron vertex 
   Stable dynamical emergence of low energy effective theories  

  Quark-gluon-meson correlation functions  

   Self-consistent results: all correlation functions computed are fed back 
   Dynamical chiral symmetry breaking & confinement  
   Quantitative agreement with lattice results 
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(II) Functional QCD and the QCD phase structure                           

  QCD at finite temperature and density 

   all available benchmarks in the vacuum passed 
   confinement-deconfinement phase transition    
   compatibility with other functional approaches  

  Locating the QCD phase structure and the critical end point   

   Quantitative predictions for                        , estimates for   
   Estimate for the location of the CEP:  
   Diquark domination for  

  Fluctuations of conserved charges: Ripples of the critical end point  

   QCD-assisted low energy effective theory with the phase structure of QCD & functional QCD 
   Quantitative agreement of the fluctuations of conserved charges with lattice results 
   Qualitative accounting for canonical effects with the sub-ensemble method  
   Remarkable compatibility with the new STAR data (baryon vs proton fluctuations,…. ..finite 

volume effects, …)  
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