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Why beyond QCD?

• Theoretical relevance: 

• Understand physical theory from different limits (large , , chiral limit …) 

• Delimit phase structure and where new dynamics reside 

• Phenomenological interest in physics beyond the SM: 

• Strong dynamics = rich dynamics 

• Most challenging 

• Unexplored landscape 
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Content

1. Conceptual basis of the functional RG approach to gauge-fermion theories 

i. Colour confinement  

ii. Dynamical symmetry breaking 

2. Quantum phase transition to the CBZ conformal window 

3. IR phases of chiral-gauge theories
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Functional Renormalisation Group

• Progressive integration of momentum shells in the path integral: 

• Effective average action:  

- Average action of fields over a   space-time volume k−d
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Functional Renormalisation Group

Wetterich ’93

Flow equation:
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• Exact derivation 

• Non-perturbative 

• One loop 

• Analytic regulators 

• Versatile 

• UV-IR finite 

• Approximate resolution  

• Systematic truncation 

schemes 

• Chiral regulators 
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• Progressive integration of momentum shells in the path integral: 

• Effective average action:  

- Average action of fields over a   space-time volume k−d
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a.k.a. QCD

Gies,Jaeckel[hep-ph/0507171] 
Braun,Gies[0912.4168] 

Braun,Fischer,Gies[1012.4279] 
Goertz,APG,Pawlowski[2412.12254] 

Many flavour and colours

Goertz,APG,Pawlowski[2412.12254]

Some results in gauge-fermion theories
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Cyrol,Fister,Mitter,Pawlowski [1605.01856]

Fu,Pawlowski,Rennecke [1909.02991]

https://fqcd-collaboration.github.io/

Fister,Pawlowski [1301.4163]

Fu,Huang,Pawlowski,Tan,Zhou[2502.14388]

Colour confinement

Dynamical chiral symmetry and bound states 
Finite temperature and chemical potential

Real time properties

Pawlowski,Wink,Strodthoff[1711.07444]

Horak,Pawlowski,Turnwald,Urban,Wink,
Zafeiropoulos[1711.07444]
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a.k.a. QCD
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Some results in gauge-fermion theories
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Cyrol,Fister,Mitter,Pawlowski [1605.01856]

Fu,Pawlowski,Rennecke [1909.02991]

https://fqcd-collaboration.github.io/

Fister,Pawlowski [1301.4163]

Fu,Huang,Pawlowski,Tan,Zhou[2502.14388]

Colour confinement

Dynamical chiral symmetry and bound states 
Finite temperature and chemical potential

Real time properties

Pawlowski,Wink,Strodthoff[1711.07444]

Horak,Pawlowski,Turnwald,Urban,Wink,
Zafeiropoulos[1711.07444]

Fundamental, first principles: 

- symmetries 

-  relevant deformation  

➡ predictions for LEFTs

Physics in correlation functions: 

Colour confinement, dynamical symmetry breaking and/or anything else
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Colour confinement and the gluon mass gap

6

- Gluon mass gap generated by quantum fluctuations 

- How we know its confinement?  

๏ Kugo-Ojima criterion satisfied 

• Sufficient conditions: Massive spectrum, colour symmetry 

and global BRST symmetry 

• Unique IR scaling of correlation functions
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Nf = 2
<latexit sha1_base64="J6PIMUxc+5Purv9q5nAuY1jTWkI=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9lVqV6EohdPUsFtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rdTWFldW98obpa2tnd298r7B00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1O/dYTVZpJ8WjGCQ1iPBAsYgQbK/n3PXJ93itX3Ko7A1omXk4qkKPRK391+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZsRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroKMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT8mG4C2+vEyaZ1WvVq09XFTqN3kcRTiCYzgFDy6hDnfQAB8IMHiGV3hzhPPivDsf89aCk88cwh84nz8RDI43</latexit>

Nc = 3
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<latexit sha1_base64="YV9pHQjFOkoT3MBUkXVyZ/HrUqY="></latexit>

S =

∫

x

1

4
F a
µωF

a
µω + Lgf + Lgh + ω̄εµDµω

 a chiral QCD example
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ε̄Tiε

)3
+ . . .
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<latexit sha1_base64="ktqCbi92C1pP32Ob8KEd5DtrXws=">AAACBnicbVBLSwMxGMz6rPW1KngRIVgET2W3h+pFKPXisQX7gO66ZLPZNjSbXZKsUJaevPhXPOhBEa8e/AXevPhbTB+gtg4EJjPfkHzjJ4xKZVmfxsLi0vLKam4tv76xubVt7uw2ZZwKTBo4ZrFo+0gSRjlpKKoYaSeCoMhnpOX3L0Z+64YISWN+pQYJcSPU5TSkGCkteeah4yMBHaYTAfIoPO9fl36unlmwitYYcJ7YU1Ko7Ne/6EP1veaZH04Q4zQiXGGGpOzYVqLcDAlFMSPDvJNKkiDcR13S0ZSjiEg3G68xhMdaCWAYC324gmP1dyJDkZSDyNeTEVI9OeuNxP+8TqrCMzejPEkV4XjyUJgyqGI46gQGVBCs2EAThAXVf4W4hwTCSjeX1yXYsyvPk2apaJeL5bpuowomyIEDcAROgA1OQQVcghpoAAxuwT14As/GnfFovBivk9EFY5rZA39gvH0DnJ6bqA==</latexit>

ω̄i = k2ωi

<latexit sha1_base64="ImkUGcMZDgrYSJzw2Kiuc0ihYOM="></latexit>

! =

∫

x

1

4
F a
µωF

a
µω + Lgf + Lgh + ωi

(
ε̄Tiε
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(
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<latexit sha1_base64="ktqCbi92C1pP32Ob8KEd5DtrXws=">AAACBnicbVBLSwMxGMz6rPW1KngRIVgET2W3h+pFKPXisQX7gO66ZLPZNjSbXZKsUJaevPhXPOhBEa8e/AXevPhbTB+gtg4EJjPfkHzjJ4xKZVmfxsLi0vLKam4tv76xubVt7uw2ZZwKTBo4ZrFo+0gSRjlpKKoYaSeCoMhnpOX3L0Z+64YISWN+pQYJcSPU5TSkGCkteeah4yMBHaYTAfIoPO9fl36unlmwitYYcJ7YU1Ko7Ne/6EP1veaZH04Q4zQiXGGGpOzYVqLcDAlFMSPDvJNKkiDcR13S0ZSjiEg3G68xhMdaCWAYC324gmP1dyJDkZSDyNeTEVI9OeuNxP+8TqrCMzejPEkV4XjyUJgyqGI46gQGVBCs2EAThAXVf4W4hwTCSjeX1yXYsyvPk2apaJeL5bpuowomyIEDcAROgA1OQQVcghpoAAxuwT14As/GnfFovBivk9EFY5rZA39gvH0DnJ6bqA==</latexit>

ω̄i = k2ωi

<latexit sha1_base64="ImkUGcMZDgrYSJzw2Kiuc0ihYOM="></latexit>

! =

∫

x

1

4
F a
µωF

a
µω + Lgf + Lgh + ωi

(
ε̄Tiε

)2
+ ϑi

(
ε̄Tiε

)3
+ . . .



 Álvaro Pastor Gutiérrez

Dynamical symmetry breaking in the effective action

7

 a chiral QCD example

Stratonovich’57 Hubbard’59

0.1 1 10 100 1000

10-4

1

104

<latexit sha1_base64="ktqCbi92C1pP32Ob8KEd5DtrXws=">AAACBnicbVBLSwMxGMz6rPW1KngRIVgET2W3h+pFKPXisQX7gO66ZLPZNjSbXZKsUJaevPhXPOhBEa8e/AXevPhbTB+gtg4EJjPfkHzjJ4xKZVmfxsLi0vLKam4tv76xubVt7uw2ZZwKTBo4ZrFo+0gSRjlpKKoYaSeCoMhnpOX3L0Z+64YISWN+pQYJcSPU5TSkGCkteeah4yMBHaYTAfIoPO9fl36unlmwitYYcJ7YU1Ko7Ne/6EP1veaZH04Q4zQiXGGGpOzYVqLcDAlFMSPDvJNKkiDcR13S0ZSjiEg3G68xhMdaCWAYC324gmP1dyJDkZSDyNeTEVI9OeuNxP+8TqrCMzejPEkV4XjyUJgyqGI46gQGVBCs2EAThAXVf4W4hwTCSjeX1yXYsyvPk2apaJeL5bpuowomyIEDcAROgA1OQQVcghpoAAxuwT14As/GnfFovBivk9EFY5rZA39gvH0DnJ6bqA==</latexit>

ω̄i = k2ωi

<latexit sha1_base64="ImkUGcMZDgrYSJzw2Kiuc0ihYOM="></latexit>

! =

∫

x

1

4
F a
µωF

a
µω + Lgf + Lgh + ωi

(
ε̄Tiε

)2
+ ϑi

(
ε̄Tiε

)3
+ . . .

<latexit sha1_base64="C+9f0vaXZUOa8P2vhAwCKT9+laU=">AAACFHicbVDLSsNAFJ1Uq7W+oi7dDC1CRShJF9WNUHTjsoJ9QBPDZDpph04ezEyEEvIRbvwVF7pQxK0Ld+KnuHHSuNDWAxcO59zLvfe4EaNCGsaHVlhaLq6sltbK6xubW9v6zm5XhDHHpINDFvK+iwRhNCAdSSUj/YgT5LuM9NzJeeb3bggXNAyu5DQito9GAfUoRlJJjn7kXzecxIrG1KHpKbQixCVFLJeURVPYreX2oaNXjboxA1wk5g+ptszKJ3oofrUd/d0ahjj2SSAxQ0IMTCOSdpKtwIykZSsWJEJ4gkZkoGiAfCLsZPZUCg+UMoReyFUFEs7U3xMJ8oWY+q7q9JEci3kvE//zBrH0TuyEBlEsSYDzRV7MoAxhlhAcUk6wZFNFEOZU3QrxGHGEpcqxrEIw519eJN1G3WzWm5cqjTOQowT2QQXUgAmOQQtcgDboAAxuwT14As/anfaovWiveWtB+5nZA3+gvX0D2oWhwQ==</latexit>

m2
ωi

= ωω2
i
V (εi)

<latexit sha1_base64="YjAgz3MP1JAwiGUveh0epIvFTPI=">AAAB+XicbVDLSgMxFM3UV62vUZdugkUQhDLTRXUjFN24rGAf0I5DJs20oUkmJJlCGfoF/oIbQUXc+ifu/BD3po+Fth64cDjnXu69J5KMauN5X05uZXVtfSO/Wdja3tndc/cPGjpJFSZ1nLBEtSKkCaOC1A01jLSkIohHjDSjwfXEbw6J0jQRd2YkScBRT9CYYmSsFLouvy+HWUf2aUjHl9CDoVv0St4UcJn4c1Ksnn0/P5CirIXuZ6eb4JQTYTBDWrd9T5ogQ8pQzMi40Ek1kQgPUI+0LRWIEx1k08vH8MQqXRgnypYwcKr+nsgQ13rEI9vJkenrRW8i/ue1UxNfBBkVMjVE4NmiOGXQJHASA+xSRbBhI0sQVtTeCnEfKYSNDatgQ/AXX14mjXLJr5QqtzaNKzBDHhyBY3AKfHAOquAG1EAdYDAEj+AFvDqZ8+S8Oe+z1pwznzkEf+B8/ADweZY/</latexit>

m2
ωi

= 0 <latexit sha1_base64="IgzbtK+Ks54odDPxGqMob2jD/zg=">AAAB9XicbVC7SgNBFJ2NrxhfUUtFBoNgFXYtomXQxjIB84BsDLOT2WTI7Owyc1ddlpT+g42FIra2+Q47v8GfcPIoNPHAhcM593LvPV4kuAbb/rIyS8srq2vZ9dzG5tb2Tn53r67DWFFWo6EIVdMjmgkuWQ04CNaMFCOBJ1jDG1yN/cYdU5qH8gaSiLUD0pPc55SAkW7dB45dCLHLpQ9JJ1+wi/YEeJE4M1IoH46q349Ho0on/+l2QxoHTAIVROuWY0fQTokCTgUb5txYs4jQAemxlqGSBEy308nVQ3xilC72Q2VKAp6ovydSEmidBJ7pDAj09bw3Fv/zWjH4F+2UyygGJul0kR8LbP4cR4C7XDEKIjGEUMXNrZj2iSIUTFA5E4Iz//IiqZ8VnVKxVDVpXKIpsugAHaNT5KBzVEbXqIJqiCKFntALerXurWfrzXqftmas2cw++gPr4wcaZpX6</latexit>

ω → ↑
<latexit sha1_base64="uPLmc2POV0ig5mUIaccKAv/uqdQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJXERXVZ6sZlC/YBTQiT6aQdOpmEmRshhPorblwo0q1f4Be4c+O3OH0stPXAwOGcc5l7T5BwpsC2v4zCxubW9k5xt7S3f3B4ZB6fdFScSkLbJOax7AVYUc4EbQMDTnuJpDgKOO0G49uZ332gUrFY3EOWUC/CQ8FCRjBoyTfLLtfhAfaZC7HlMhFC5psVu2rPYa0TZ0kq9dPWN5s2Ppq++ekOYpJGVADhWKm+Yyfg5VgCI5xOSm6qaILJGA9pX1OBI6q8fL78xLrQysAKY6mfAGuu/p7IcaRUFgU6GWEYqVVvJv7n9VMIb7yciSQFKsjiozDllr5z1oQ1YJIS4JkmmEimd7XICEtMQPdV0iU4qyevk85V1alVay3dRgMtUERn6BxdIgddozq6Q03URgRl6Am9oFfj0Xg23ozpIlowljNl9AfG+w+jWZh7</latexit>

ωi → ↑

Phase transition Nambu,Jona-Lasinio’60’61

Infinite correlation length:

<latexit sha1_base64="fjzmuapan4BZA9UdlYfz7GLbpEg=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmklSoMFawMBaJPqQmRI7jtFad2LIdpCrqzMKvsDCAECtfwMbf4LYZoOVIlo7OOVfX94SCUaUd59taWl5ZXVsvbZQ3t7Z3du29/bbimcSkhTnjshsiRRhNSUtTzUhXSIKSkJFOOLye+J0HIhXl6Z0eCeInqJ/SmGKkjRTYRx4z4QgFFHpCcqE5dM9gEuSeGNCAju9rgV1xqs4UcJG4BamAAs3A/vIijrOEpBozpFTPdYT2cyQ1xYyMy16miEB4iPqkZ2iKEqL8fHrKGJ4YJYIxl+alGk7V3xM5SpQaJaFJJkgP1Lw3Ef/zepmOL/2cpiLTJMWzRXHGoDl40guMqCRYs5EhCEtq/grxAEmEtWmvbEpw509eJO1a1a1X67fnlcZVUUcJHIJjcApccAEa4AY0QQtg8AiewSt4s56sF+vd+phFl6xi5gD8gfX5Az5cmf4=</latexit>

ωi → 1/m2
ωi
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<latexit sha1_base64="ktqCbi92C1pP32Ob8KEd5DtrXws=">AAACBnicbVBLSwMxGMz6rPW1KngRIVgET2W3h+pFKPXisQX7gO66ZLPZNjSbXZKsUJaevPhXPOhBEa8e/AXevPhbTB+gtg4EJjPfkHzjJ4xKZVmfxsLi0vLKam4tv76xubVt7uw2ZZwKTBo4ZrFo+0gSRjlpKKoYaSeCoMhnpOX3L0Z+64YISWN+pQYJcSPU5TSkGCkteeah4yMBHaYTAfIoPO9fl36unlmwitYYcJ7YU1Ko7Ne/6EP1veaZH04Q4zQiXGGGpOzYVqLcDAlFMSPDvJNKkiDcR13S0ZSjiEg3G68xhMdaCWAYC324gmP1dyJDkZSDyNeTEVI9OeuNxP+8TqrCMzejPEkV4XjyUJgyqGI46gQGVBCs2EAThAXVf4W4hwTCSjeX1yXYsyvPk2apaJeL5bpuowomyIEDcAROgA1OQQVcghpoAAxuwT14As/GnfFovBivk9EFY5rZA39gvH0DnJ6bqA==</latexit>

ω̄i = k2ωi

<latexit sha1_base64="ImkUGcMZDgrYSJzw2Kiuc0ihYOM="></latexit>

! =

∫

x

1

4
F a
µωF

a
µω + Lgf + Lgh + ωi

(
ε̄Tiε

)2
+ ϑi

(
ε̄Tiε

)3
+ . . .

0.1 1 10 100 1000
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1

104

<latexit sha1_base64="krl+HX5aB16jAUWBmZuxG7DGAdk=">AAACHnicbVDLSsNAFJ34rPUVdelmsAjtpiSi1WXRjQuR+khaaEOYTCft0MkkzEyEUvolbvwVNy4UEVzp3zhto2jrhYFzz7mXO+cECaNSWdanMTe/sLi0nFvJr66tb2yaW9uujFOBiYNjFotGgCRhlBNHUcVIIxEERQEj9aB3NtLrd0RIGvNb1U+IF6EOpyHFSGnKN49unOKlH5b8i5aiEZHwu7+GGeEU7ZLv6i7+0VzfLFhla1xwFtgZKICsar753mrHOI0IV5ghKZu2lShvgISimJFhvpVKkiDcQx3S1JAjfdkbjO0N4b5m2jCMhX5cwTH7e2OAIin7UaAnI6S6clobkf9pzVSFJ96A8iRVhOPJoTBlUFsdZQXbVBCsWF8DhAXVf4W4iwTCSiea1yHY05ZngXtQtivlytVhoXqaxZEDu2APFIENjkEVnIMacAAG9+ARPIMX48F4Ml6Nt8nonJHt7IA/ZXx8AR8Qn2Q=</latexit>

SU(Nf )L → SU(Nf )R → U(1)V ↑ SU(Nf )V

<latexit sha1_base64="C+9f0vaXZUOa8P2vhAwCKT9+laU=">AAACFHicbVDLSsNAFJ1Uq7W+oi7dDC1CRShJF9WNUHTjsoJ9QBPDZDpph04ezEyEEvIRbvwVF7pQxK0Ld+KnuHHSuNDWAxcO59zLvfe4EaNCGsaHVlhaLq6sltbK6xubW9v6zm5XhDHHpINDFvK+iwRhNCAdSSUj/YgT5LuM9NzJeeb3bggXNAyu5DQito9GAfUoRlJJjn7kXzecxIrG1KHpKbQixCVFLJeURVPYreX2oaNXjboxA1wk5g+ptszKJ3oofrUd/d0ahjj2SSAxQ0IMTCOSdpKtwIykZSsWJEJ4gkZkoGiAfCLsZPZUCg+UMoReyFUFEs7U3xMJ8oWY+q7q9JEci3kvE//zBrH0TuyEBlEsSYDzRV7MoAxhlhAcUk6wZFNFEOZU3QrxGHGEpcqxrEIw519eJN1G3WzWm5cqjTOQowT2QQXUgAmOQQtcgDboAAxuwT14As/anfaovWiveWtB+5nZA3+gvX0D2oWhwQ==</latexit>

m2
ωi

= ωω2
i
V (εi)

<latexit sha1_base64="YjAgz3MP1JAwiGUveh0epIvFTPI=">AAAB+XicbVDLSgMxFM3UV62vUZdugkUQhDLTRXUjFN24rGAf0I5DJs20oUkmJJlCGfoF/oIbQUXc+ifu/BD3po+Fth64cDjnXu69J5KMauN5X05uZXVtfSO/Wdja3tndc/cPGjpJFSZ1nLBEtSKkCaOC1A01jLSkIohHjDSjwfXEbw6J0jQRd2YkScBRT9CYYmSsFLouvy+HWUf2aUjHl9CDoVv0St4UcJn4c1Ksnn0/P5CirIXuZ6eb4JQTYTBDWrd9T5ogQ8pQzMi40Ek1kQgPUI+0LRWIEx1k08vH8MQqXRgnypYwcKr+nsgQ13rEI9vJkenrRW8i/ue1UxNfBBkVMjVE4NmiOGXQJHASA+xSRbBhI0sQVtTeCnEfKYSNDatgQ/AXX14mjXLJr5QqtzaNKzBDHhyBY3AKfHAOquAG1EAdYDAEj+AFvDqZ8+S8Oe+z1pwznzkEf+B8/ADweZY/</latexit>

m2
ωi

= 0 <latexit sha1_base64="IgzbtK+Ks54odDPxGqMob2jD/zg=">AAAB9XicbVC7SgNBFJ2NrxhfUUtFBoNgFXYtomXQxjIB84BsDLOT2WTI7Owyc1ddlpT+g42FIra2+Q47v8GfcPIoNPHAhcM593LvPV4kuAbb/rIyS8srq2vZ9dzG5tb2Tn53r67DWFFWo6EIVdMjmgkuWQ04CNaMFCOBJ1jDG1yN/cYdU5qH8gaSiLUD0pPc55SAkW7dB45dCLHLpQ9JJ1+wi/YEeJE4M1IoH46q349Ho0on/+l2QxoHTAIVROuWY0fQTokCTgUb5txYs4jQAemxlqGSBEy308nVQ3xilC72Q2VKAp6ovydSEmidBJ7pDAj09bw3Fv/zWjH4F+2UyygGJul0kR8LbP4cR4C7XDEKIjGEUMXNrZj2iSIUTFA5E4Iz//IiqZ8VnVKxVDVpXKIpsugAHaNT5KBzVEbXqIJqiCKFntALerXurWfrzXqftmas2cw++gPr4wcaZpX6</latexit>

ω → ↑
<latexit sha1_base64="uPLmc2POV0ig5mUIaccKAv/uqdQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJXERXVZ6sZlC/YBTQiT6aQdOpmEmRshhPorblwo0q1f4Be4c+O3OH0stPXAwOGcc5l7T5BwpsC2v4zCxubW9k5xt7S3f3B4ZB6fdFScSkLbJOax7AVYUc4EbQMDTnuJpDgKOO0G49uZ332gUrFY3EOWUC/CQ8FCRjBoyTfLLtfhAfaZC7HlMhFC5psVu2rPYa0TZ0kq9dPWN5s2Ppq++ekOYpJGVADhWKm+Yyfg5VgCI5xOSm6qaILJGA9pX1OBI6q8fL78xLrQysAKY6mfAGuu/p7IcaRUFgU6GWEYqVVvJv7n9VMIb7yciSQFKsjiozDllr5z1oQ1YJIS4JkmmEimd7XICEtMQPdV0iU4qyevk85V1alVay3dRgMtUERn6BxdIgddozq6Q03URgRl6Am9oFfj0Xg23ozpIlowljNl9AfG+w+jWZh7</latexit>

ωi → ↑

Phase transition Nambu,Jona-Lasinio’60’61

Infinite correlation length:

<latexit sha1_base64="fjzmuapan4BZA9UdlYfz7GLbpEg=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmklSoMFawMBaJPqQmRI7jtFad2LIdpCrqzMKvsDCAECtfwMbf4LYZoOVIlo7OOVfX94SCUaUd59taWl5ZXVsvbZQ3t7Z3du29/bbimcSkhTnjshsiRRhNSUtTzUhXSIKSkJFOOLye+J0HIhXl6Z0eCeInqJ/SmGKkjRTYRx4z4QgFFHpCcqE5dM9gEuSeGNCAju9rgV1xqs4UcJG4BamAAs3A/vIijrOEpBozpFTPdYT2cyQ1xYyMy16miEB4iPqkZ2iKEqL8fHrKGJ4YJYIxl+alGk7V3xM5SpQaJaFJJkgP1Lw3Ef/zepmOL/2cpiLTJMWzRXHGoDl40guMqCRYs5EhCEtq/grxAEmEtWmvbEpw509eJO1a1a1X67fnlcZVUUcJHIJjcApccAEa4AY0QQtg8AiewSt4s56sF+vd+phFl6xi5gD8gfX5Az5cmf4=</latexit>

ωi → 1/m2
ωi
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Dynamical symmetry breaking in the effective action

7

 a chiral QCD example

Stratonovich’57 Hubbard’59

0.1 1 10 100 1000
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104

<latexit sha1_base64="ktqCbi92C1pP32Ob8KEd5DtrXws=">AAACBnicbVBLSwMxGMz6rPW1KngRIVgET2W3h+pFKPXisQX7gO66ZLPZNjSbXZKsUJaevPhXPOhBEa8e/AXevPhbTB+gtg4EJjPfkHzjJ4xKZVmfxsLi0vLKam4tv76xubVt7uw2ZZwKTBo4ZrFo+0gSRjlpKKoYaSeCoMhnpOX3L0Z+64YISWN+pQYJcSPU5TSkGCkteeah4yMBHaYTAfIoPO9fl36unlmwitYYcJ7YU1Ko7Ne/6EP1veaZH04Q4zQiXGGGpOzYVqLcDAlFMSPDvJNKkiDcR13S0ZSjiEg3G68xhMdaCWAYC324gmP1dyJDkZSDyNeTEVI9OeuNxP+8TqrCMzejPEkV4XjyUJgyqGI46gQGVBCs2EAThAXVf4W4hwTCSjeX1yXYsyvPk2apaJeL5bpuowomyIEDcAROgA1OQQVcghpoAAxuwT14As/GnfFovBivk9EFY5rZA39gvH0DnJ6bqA==</latexit>

ω̄i = k2ωi

<latexit sha1_base64="ImkUGcMZDgrYSJzw2Kiuc0ihYOM="></latexit>

! =

∫

x

1

4
F a
µωF

a
µω + Lgf + Lgh + ωi

(
ε̄Tiε

)2
+ ϑi

(
ε̄Tiε

)3
+ . . .

0.1 1 10 100 1000
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<latexit sha1_base64="krl+HX5aB16jAUWBmZuxG7DGAdk=">AAACHnicbVDLSsNAFJ34rPUVdelmsAjtpiSi1WXRjQuR+khaaEOYTCft0MkkzEyEUvolbvwVNy4UEVzp3zhto2jrhYFzz7mXO+cECaNSWdanMTe/sLi0nFvJr66tb2yaW9uujFOBiYNjFotGgCRhlBNHUcVIIxEERQEj9aB3NtLrd0RIGvNb1U+IF6EOpyHFSGnKN49unOKlH5b8i5aiEZHwu7+GGeEU7ZLv6i7+0VzfLFhla1xwFtgZKICsar753mrHOI0IV5ghKZu2lShvgISimJFhvpVKkiDcQx3S1JAjfdkbjO0N4b5m2jCMhX5cwTH7e2OAIin7UaAnI6S6clobkf9pzVSFJ96A8iRVhOPJoTBlUFsdZQXbVBCsWF8DhAXVf4W4iwTCSiea1yHY05ZngXtQtivlytVhoXqaxZEDu2APFIENjkEVnIMacAAG9+ARPIMX48F4Ml6Nt8nonJHt7IA/ZXx8AR8Qn2Q=</latexit>

SU(Nf )L → SU(Nf )R → U(1)V ↑ SU(Nf )V

<latexit sha1_base64="C+9f0vaXZUOa8P2vhAwCKT9+laU=">AAACFHicbVDLSsNAFJ1Uq7W+oi7dDC1CRShJF9WNUHTjsoJ9QBPDZDpph04ezEyEEvIRbvwVF7pQxK0Ld+KnuHHSuNDWAxcO59zLvfe4EaNCGsaHVlhaLq6sltbK6xubW9v6zm5XhDHHpINDFvK+iwRhNCAdSSUj/YgT5LuM9NzJeeb3bggXNAyu5DQito9GAfUoRlJJjn7kXzecxIrG1KHpKbQixCVFLJeURVPYreX2oaNXjboxA1wk5g+ptszKJ3oofrUd/d0ahjj2SSAxQ0IMTCOSdpKtwIykZSsWJEJ4gkZkoGiAfCLsZPZUCg+UMoReyFUFEs7U3xMJ8oWY+q7q9JEci3kvE//zBrH0TuyEBlEsSYDzRV7MoAxhlhAcUk6wZFNFEOZU3QrxGHGEpcqxrEIw519eJN1G3WzWm5cqjTOQowT2QQXUgAmOQQtcgDboAAxuwT14As/anfaovWiveWtB+5nZA3+gvX0D2oWhwQ==</latexit>

m2
ωi

= ωω2
i
V (εi)

<latexit sha1_base64="YjAgz3MP1JAwiGUveh0epIvFTPI=">AAAB+XicbVDLSgMxFM3UV62vUZdugkUQhDLTRXUjFN24rGAf0I5DJs20oUkmJJlCGfoF/oIbQUXc+ifu/BD3po+Fth64cDjnXu69J5KMauN5X05uZXVtfSO/Wdja3tndc/cPGjpJFSZ1nLBEtSKkCaOC1A01jLSkIohHjDSjwfXEbw6J0jQRd2YkScBRT9CYYmSsFLouvy+HWUf2aUjHl9CDoVv0St4UcJn4c1Ksnn0/P5CirIXuZ6eb4JQTYTBDWrd9T5ogQ8pQzMi40Ek1kQgPUI+0LRWIEx1k08vH8MQqXRgnypYwcKr+nsgQ13rEI9vJkenrRW8i/ue1UxNfBBkVMjVE4NmiOGXQJHASA+xSRbBhI0sQVtTeCnEfKYSNDatgQ/AXX14mjXLJr5QqtzaNKzBDHhyBY3AKfHAOquAG1EAdYDAEj+AFvDqZ8+S8Oe+z1pwznzkEf+B8/ADweZY/</latexit>

m2
ωi

= 0 <latexit sha1_base64="IgzbtK+Ks54odDPxGqMob2jD/zg=">AAAB9XicbVC7SgNBFJ2NrxhfUUtFBoNgFXYtomXQxjIB84BsDLOT2WTI7Owyc1ddlpT+g42FIra2+Q47v8GfcPIoNPHAhcM593LvPV4kuAbb/rIyS8srq2vZ9dzG5tb2Tn53r67DWFFWo6EIVdMjmgkuWQ04CNaMFCOBJ1jDG1yN/cYdU5qH8gaSiLUD0pPc55SAkW7dB45dCLHLpQ9JJ1+wi/YEeJE4M1IoH46q349Ho0on/+l2QxoHTAIVROuWY0fQTokCTgUb5txYs4jQAemxlqGSBEy308nVQ3xilC72Q2VKAp6ovydSEmidBJ7pDAj09bw3Fv/zWjH4F+2UyygGJul0kR8LbP4cR4C7XDEKIjGEUMXNrZj2iSIUTFA5E4Iz//IiqZ8VnVKxVDVpXKIpsugAHaNT5KBzVEbXqIJqiCKFntALerXurWfrzXqftmas2cw++gPr4wcaZpX6</latexit>

ω → ↑
<latexit sha1_base64="uPLmc2POV0ig5mUIaccKAv/uqdQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJXERXVZ6sZlC/YBTQiT6aQdOpmEmRshhPorblwo0q1f4Be4c+O3OH0stPXAwOGcc5l7T5BwpsC2v4zCxubW9k5xt7S3f3B4ZB6fdFScSkLbJOax7AVYUc4EbQMDTnuJpDgKOO0G49uZ332gUrFY3EOWUC/CQ8FCRjBoyTfLLtfhAfaZC7HlMhFC5psVu2rPYa0TZ0kq9dPWN5s2Ppq++ekOYpJGVADhWKm+Yyfg5VgCI5xOSm6qaILJGA9pX1OBI6q8fL78xLrQysAKY6mfAGuu/p7IcaRUFgU6GWEYqVVvJv7n9VMIb7yciSQFKsjiozDllr5z1oQ1YJIS4JkmmEimd7XICEtMQPdV0iU4qyevk85V1alVay3dRgMtUERn6BxdIgddozq6Q03URgRl6Am9oFfj0Xg23ozpIlowljNl9AfG+w+jWZh7</latexit>

ωi → ↑

Phase transition Nambu,Jona-Lasinio’60’61

Infinite correlation length:

<latexit sha1_base64="fjzmuapan4BZA9UdlYfz7GLbpEg=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmklSoMFawMBaJPqQmRI7jtFad2LIdpCrqzMKvsDCAECtfwMbf4LYZoOVIlo7OOVfX94SCUaUd59taWl5ZXVsvbZQ3t7Z3du29/bbimcSkhTnjshsiRRhNSUtTzUhXSIKSkJFOOLye+J0HIhXl6Z0eCeInqJ/SmGKkjRTYRx4z4QgFFHpCcqE5dM9gEuSeGNCAju9rgV1xqs4UcJG4BamAAs3A/vIijrOEpBozpFTPdYT2cyQ1xYyMy16miEB4iPqkZ2iKEqL8fHrKGJ4YJYIxl+alGk7V3xM5SpQaJaFJJkgP1Lw3Ef/zepmOL/2cpiLTJMWzRXHGoDl40guMqCRYs5EhCEtq/grxAEmEtWmvbEpw509eJO1a1a1X67fnlcZVUUcJHIJjcApccAEa4AY0QQtg8AiewSt4s56sF+vd+phFl6xi5gD8gfX5Az5cmf4=</latexit>

ωi → 1/m2
ωi

Fu,Pawlowski,Rennecke [1909.02991]

Fu,Huang,Pawlowski,Tan,Zhou[2502.14388]

Scale-dependent field transformations
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Goertz,APG,Pawlowski[2412.12254]

<latexit sha1_base64="XUW6MRzS9VmfVXpHoEIMYwemYlo="></latexit>✓
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Generalised flow



 Álvaro Pastor Gutiérrez

• Necessary conditions for dSB (FP merger): 

1. Resonant structure: 

2. Critical strength of gauge dynamics is reached: 

<latexit sha1_base64="DmZXkwOajqk2BcOfJ0rYoyZRs/0="></latexit> cA,i

cC,iii
> 0

<latexit sha1_base64="EOV0xcvmRVlZvj5JaQQ4LE6KbCg=">AAACDnicbZA7T8MwFIWd8iotjwIji0WpxFQlDIUJVWVhLII+pDZEjuu0Vu0ksp1KVZRfwMJfYekAQgwszGz8EJhxmw7QciRLn865V9Y9bsioVKb5aWRWVtfWN7KbufzW9s5uYW+/KYNIYNLAAQtE20WSMOqThqKKkXYoCOIuIy13eDnNWyMiJA38WzUOic1R36cexUhpyymUuoiFA+T04QVM8S7uCg6xoCpxZnhTS5xC0SybM8FlsOZQrB5/Td5G+e+6U/jo9gIcceIrzJCUHcsMlR0joShmJMl1I0lChIeoTzoafcSJtOPZOQksaacHvUDo5ys4c39vxIhLOeaunuRIDeRiNjX/yzqR8s7tmPphpIiP04+8iEEVwGk3sEcFwYqNNaBpARRDPEACYaUbzOkSrMWTl6F5WrYq5cq1bqMGUmXBITgCJ8ACZ6AKrkAdNAAG9+ARPIFn48GYGC/GazqaMeY7B+CPjPcfXEmgHw==</latexit>

ωg > ωcrit
SB

Mechanism underlying dSB

8

Nambu,Jona-Lasinio’60’61 Kosterlitz’74 Miransky’85 Jungnickel,Wetterich[hep-ph/9505267] Gies,Jaeckel[hep-ph/0507171] B.Kaplan,Lee,T.Son,Stephanov[0905.4752] Braun[1108.4449]

<latexit sha1_base64="DH8L1T4Q9atUTQV1iBODZUHSDr4="></latexit>

ωtε̄i → 2 ε̄i + cA,i · ϑ2
g + cB,ij · ϑg ε̄j + cC,ijk · ε̄j ε̄k + . . .

Goertz,APG,Pawlowski[2412.12254] 
Li,APG,Vatani,Xu[2507.21208]

<latexit sha1_base64="hnOqRXVuCtGiCrRXFSvibQRhrgE="></latexit>

ωcrit
SB = inf

{
ωg

∣∣ → i :
(
εtϑ̄i ↑ 0 ↓ ϑ̄j

)}

Critical strength of gauge dynamics
<latexit sha1_base64="EOV0xcvmRVlZvj5JaQQ4LE6KbCg=">AAACDnicbZA7T8MwFIWd8iotjwIji0WpxFQlDIUJVWVhLII+pDZEjuu0Vu0ksp1KVZRfwMJfYekAQgwszGz8EJhxmw7QciRLn865V9Y9bsioVKb5aWRWVtfWN7KbufzW9s5uYW+/KYNIYNLAAQtE20WSMOqThqKKkXYoCOIuIy13eDnNWyMiJA38WzUOic1R36cexUhpyymUuoiFA+T04QVM8S7uCg6xoCpxZnhTS5xC0SybM8FlsOZQrB5/Td5G+e+6U/jo9gIcceIrzJCUHcsMlR0joShmJMl1I0lChIeoTzoafcSJtOPZOQksaacHvUDo5ys4c39vxIhLOeaunuRIDeRiNjX/yzqR8s7tmPphpIiP04+8iEEVwGk3sEcFwYqNNaBpARRDPEACYaUbzOkSrMWTl6F5WrYq5cq1bqMGUmXBITgCJ8ACZ6AKrkAdNAAG9+ARPIFn48GYGC/GazqaMeY7B+CPjPcfXEmgHw==</latexit>

ωg > ωcrit
SB
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Transition to the conformal window 

9
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<latexit sha1_base64="eq9BAt6IWXBcKY9VWvBOllucGeI=">AAACGnicbZBLS8NAFIUnvq2vqks3g0VwFRIVdSOIblyVCvYBTQ2T6U07OJPEmRuxxP4ON/4VNy4UcSdu/Demj4WvAwMf59zLcE+QSGHQcT6ticmp6ZnZufnCwuLS8kpxda1m4lRzqPJYxroRMANSRFBFgRIaiQamAgn14Op0kNdvQBsRRxfYS6ClWCcSoeAMc8svup6EEO2yH156CLeoVca1wL6nRaeLd35W9vnRbt8zQsE1PbB3Hb9YcmxnKPoX3DGUyFgVv/jutWOeKoiQS2ZM03USbGVMo+AS+gUvNZAwfsU60MwxYgpMKxue1qdbudOmYazzFyEdut83MqaM6akgn1QMu+Z3NjD/y5ophoetTERJihDx0UdhKinGdNATbQsNHGUvBzZoRHDKu0wzjnmbhbwE9/fJf6G2Y7v79v75Xun4ZFzHHNkgm2SbuOSAHJMzUiFVwsk9eSTP5MV6sJ6sV+ttNDphjXfWyQ9ZH1+Bo6Eg</latexit>

N crit
f

∣∣
Nc=3

→ 7.30 APG[2608.23674] 
Goertz,APG,Pawlowski[2412.12254]

fixedpoint

• Self-consistent fRG prediction of the conformal 

window 

- Non-perturbative effects at the critical theory 

★ Absence of walking regimes and Miransky/BKT 

scaling 

★ 1st order quantum phase transition 

- Symmetric mass gap and conf. wo/ dSB @ the 

critical theory?!
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Transition to the conformal window 

9
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<latexit sha1_base64="eq9BAt6IWXBcKY9VWvBOllucGeI=">AAACGnicbZBLS8NAFIUnvq2vqks3g0VwFRIVdSOIblyVCvYBTQ2T6U07OJPEmRuxxP4ON/4VNy4UcSdu/Demj4WvAwMf59zLcE+QSGHQcT6ticmp6ZnZufnCwuLS8kpxda1m4lRzqPJYxroRMANSRFBFgRIaiQamAgn14Op0kNdvQBsRRxfYS6ClWCcSoeAMc8svup6EEO2yH156CLeoVca1wL6nRaeLd35W9vnRbt8zQsE1PbB3Hb9YcmxnKPoX3DGUyFgVv/jutWOeKoiQS2ZM03USbGVMo+AS+gUvNZAwfsU60MwxYgpMKxue1qdbudOmYazzFyEdut83MqaM6akgn1QMu+Z3NjD/y5ophoetTERJihDx0UdhKinGdNATbQsNHGUvBzZoRHDKu0wzjnmbhbwE9/fJf6G2Y7v79v75Xun4ZFzHHNkgm2SbuOSAHJMzUiFVwsk9eSTP5MV6sJ6sV+ttNDphjXfWyQ9ZH1+Bo6Eg</latexit>

N crit
f

∣∣
Nc=3

→ 7.30 APG[2608.23674] 
Goertz,APG,Pawlowski[2412.12254]

fixedpoint

• Self-consistent fRG prediction of the conformal 

window 

- Non-perturbative effects at the critical theory 

★ Absence of walking regimes and Miransky/BKT 

scaling 

★ 1st order quantum phase transition 

- Symmetric mass gap and conf. wo/ dSB @ the 

critical theory?!

<latexit sha1_base64="hJvviQC96wW/E/WrR4mcI1wBf1w=">AAACGHicbZBLS8NAFIUn9VXrq+rSzWARXMVEpboRim5ciYJVoalhMr1pB2eSOHMjlNif4ca/4saFIm6789+YPhZqPTDwcc69DPcEiRQGHefLKkxNz8zOFedLC4tLyyvl1bUrE6eaQ53HMtY3ATMgRQR1FCjhJtHAVCDhOrg7GeTXD6CNiKNL7CbQVKwdiVBwhrnll3c8CSHa9MwPbzNPK8q1wJ6nRbuDj3525vOjvZ5nhIJ7WrUPXb9ccWxnKDoJ7hgqZKxzv9z3WjFPFUTIJTOm4ToJNjOmUXAJvZKXGkgYv2NtaOQYMQWmmQ0P69Gt3GnRMNb5i5AO3Z8bGVPGdFWQTyqGHfM3G5j/ZY0Uw8NmJqIkRYj46KMwlRRjOmiJtoQGjrKbAxs0IjjlHaYZx7zLUl6C+/fkSbjatd2qXb3Yr9SOx3UUyQbZJNvEJQekRk7JOakTTp7IC3kj79az9Wp9WJ+j0YI13lknv2T1vwGyj5+M</latexit>

N crit
f

∣∣
Nc=3

→ 6.81
SDE:

Lattice computations:

Hasenfratz,Rebbi,Witzel[2210.16760] 
D’Elia,Naccia,Zambello[2604.0728],…

<latexit sha1_base64="k3CYs5PJJa8PhKKB65CD06jnG44="></latexit>

N crit
f

∣∣
Nc=3

→ (7↑ 8)

Recent news from other methods:

Chen,Lu,Wang,Liu,Gao[2602.14489]
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Quantum phase transition and near-critical region

• Disfavoured by divergent :  

- Miransky/BKT scaling 

- walking theories 

• Symmetric mass gaps and confinement without dSB 

- Recap: no dSB at  

- Colour confinement 

- Symmetric propagator and gap

αcrit
g

10

New (high order) 4-Fermi (local)
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QPT

<latexit sha1_base64="o7gI3QILFK4kkGMG62VKg9h9QFA="></latexit>

!(ω̄ω)
k (p) = Zω,k(p) iωµpµ

<latexit sha1_base64="Q4ml+V+eIVDCwptvHVSjkqW2ED8="></latexit>

lim
p→0

∣∣!(ω̄ω)
k→0 (p)

∣∣↑1
< →

<latexit sha1_base64="4pSc0/yAEC/PBO/EWD2PAA+JHI4=">AAACBXicbVDJSgNBEO2JWxK3UY96GAxCBAkzItGLEPTiMYJZIBNCT6cmadKz2F0jhCEXL/6KFw+KePUfvPk3dpaDJj4oeLxXRVU9LxZcoW1/G5ml5ZXVtWwuv76xubVt7uzWVZRIBjUWiUg2PapA8BBqyFFAM5ZAA09Awxtcj/3GA0jFo/AOhzG0A9oLuc8ZRS11zIOcC0g7qRsrfjJwMbJHxfjSPnZ7cO90zIJdsiewFokzIwUyQ7VjfrndiCUBhMgEVarl2DG2UyqRMwGjvJsoiCkb0B60NA1pAKqdTr4YWUda6Vp+JHWFaE3U3xMpDZQaBp7uDCj21bw3Fv/zWgn6F+2Uh3GCELLpIj8RFkbWOBKryyUwFENNKJNc32qxPpWUoQ4ur0Nw5l9eJPXTklMulW/PCpWrWRxZsk8OSZE45JxUyA2pkhph5JE8k1fyZjwZL8a78TFtzRizmT3yB8bnD6qQl2o=</latexit>

ωω,k→0(p = 0) → 1
with

<latexit sha1_base64="3scwnB+b0AnGjqaKwiCi+Rc6/dY=">AAACFnicbVDLSgMxFM34rPU16tLNYBFatGVGpLosunFZwT6wU0smzbShmSQkmUIZ+hVu/BU3LhRxK+78G9N2Ftp6IHA451xu7gkEJUq77re1tLyyurae2chubm3v7Np7+3XFY4lwDXHKZTOAClPCcE0TTXFTSAyjgOJGMLie+I0hlopwdqdHArcj2GMkJAhqI3Xs4n0n8YUipwNfc3ecFwVfSC40d8RDUsx7J/4QSmwClLPCuGPn3JI7hbNIvJTkQIpqx/7yuxzFEWYaUahUy3OFbidQaoIoHmf9WGEB0QD2cMtQBiOs2sn0rLFzbJSuE3JpHtPOVP09kcBIqVEUmGQEdV/NexPxP68V6/CynRAmYo0Zmi0KY+qYqycdOV0iMdJ0ZAhEkpi/OqgPJUTaNJk1JXjzJy+S+lnJK5fKt+e5ylVaRwYcgiOQBx64ABVwA6qgBhB4BM/gFbxZT9aL9W59zKJLVjpzAP7A+vwBe2me9w==</latexit>

Zω,k→0(p) → p↑(1+ε) <latexit sha1_base64="KVNXLV9Og8rsvV0FvESyg/IevBM=">AAAB+3icbVBNSwMxEM36WevXWo9egkXwVHZFqseiF48V7Ae0S8mms21oNlmTbLEs/StePCji1T/izX9j2u5BWx8MPN6bYWZemHCmjed9O2vrG5tb24Wd4u7e/sGhe1RqapkqCg0quVTtkGjgTEDDMMOhnSggccihFY5uZ35rDEozKR7MJIEgJgPBIkaJsVLPLXXHREGiGZcCdwfwiL2eW/Yq3hx4lfg5KaMc9Z771e1LmsYgDOVE647vJSbIiDKMcpgWu6mGhNARGUDHUkFi0EE2v32Kz6zSx5FUtoTBc/X3REZirSdxaDtjYoZ62ZuJ/3md1ETXQcZEkhoQdLEoSjk2Es+CwH2mgBo+sYRQxeytmA6JItTYuIo2BH/55VXSvKj41Ur1/rJcu8njKKATdIrOkY+uUA3doTpqIIqe0DN6RW/O1Hlx3p2PReuak88coz9wPn8AdQaUEg==</latexit>

ω → 0with

Is satisfied for:
<latexit sha1_base64="yf102KxeC+Nqw43oLa92Jd+Nov0=">AAACH3icbVDJSgNBFOxxjXEb9eilMQiewoxI9Bj04jGCWSATQ0/nzaSxZ7H7jRDG+RMv/ooXD4qIt/yNneXgVtBQXfUejyo/lUKj44ythcWl5ZXV0lp5fWNza9ve2W3pJFMcmjyRier4TIMUMTRRoIROqoBFvoS2f3sx8dv3oLRI4mscpdCLWBiLQHCGRurbNU9CgFUPkPVzL9Wi8JQIh/hgfkymQ6OGxU3uqYhyJbAovBDuqNu3K07VmYL+Je6cVMgcjb796Q0SnkUQI5dM667rpNjLmULBJRRlL9OQMn7LQugaGrMIdC+f5ivooVEGNEiUeTHSqfp9I2eR1qPIN5MRw6H+7U3E/7xuhsFZLxdxmiHEfHYoyCTFhE7KogOhgKMcGcIm8QWnfMgU42gqLZsS3N+R/5LWcdWtVWtXJ5X6+byOEtknB+SIuOSU1MklaZAm4eSRPJNX8mY9WS/Wu/UxG12w5jt75Aes8Rc+naRW</latexit>

ωω|εcrit
g

→ 1
<latexit sha1_base64="e1ZbXoR7tg7hYgMmXbCezU16570=">AAAB73icbVBNS8NAEJ3Ur7Z+VT16WSyCp5AUaT1J0YsnqWA/oA1ls920SzebdHcjlNA/4cWDIl79O978N27bHLT1wcDjvRlm5vkxZ0o7zreV29jc2t7JF4q7e/sHh6Wj45aKEklok0Q8kh0fK8qZoE3NNKedWFIc+py2/fHt3G8/UalYJB71NKZeiIeCBYxgbaRO4b4fXNfsSr9UdmxnAbRO3IyUIUOjX/rqDSKShFRowrFSXdeJtZdiqRnhdFbsJYrGmIzxkHYNFTikyksX987QuVEGKIikKaHRQv09keJQqWnom84Q65Fa9ebif1430cGVlzIRJ5oKslwUJBzpCM2fRwMmKdF8aggmkplbERlhiYk2ERVNCO7qy+ukVbHdql19uCzXb7I48nAKZ3ABLtSgDnfQgCYQ4PAMr/BmTawX6936WLbmrGzmBP7A+vwBLq2Oxg==</latexit>

Nf > 7.2for and
<latexit sha1_base64="Ql1qwxyPK3mUVv9i8Kg6hJyTTaQ=">AAACFHicbVDLSgNBEJz1bXxFPXpZDIIohF0R9Sh68ahgHpCNS++kdzM4+3CmVwhrPsKLv+LFgyJePXjzb5zEHNRY0FBT1c10V5BJoclxPq2Jyanpmdm5+dLC4tLySnl1ra7TXHGs8VSmqhmARikSrJEgic1MIcSBxEZwfTrwG7eotEiTS+pl2I4hSkQoOJCR/PLuvCcxpKqHBH7hZVr0PSWiLt2ZF8isC350tdP3Irxx/XLFqTpD2OPEHZEKG+HcL394nZTnMSbEJWjdcp2M2gUoElxiv+TlGjPg1xBhy9AEYtTtYnhU394ySscOU2UqIXuo/pwoINa6FwemMwbq6r/eQPzPa+UUHrULkWQ5YcK/PwpzaVNqDxKyO0IhJ9kzBLgSZlebd0EBJ5NjyYTg/j15nNT3qu5B9eBiv3J8Mopjjm2wTbbNXHbIjtkZO2c1xtk9e2TP7MV6sJ6sV+vtu3XCGs2ss1+w3r8AR+ee/g==</latexit>

ωω|ε→
g
→ 1

<latexit sha1_base64="AFlF8FoxgouP88LXrz4MZqYdWyM="></latexit>

Nf <
(
7.3|3loop , 7.6|4loop

)
for

2 4 6 8 10 12 14 16

0.5
1.0
1.5
2.0
2.5
3.0

CBZ

4loop

3loop

2loop

<latexit sha1_base64="eq9BAt6IWXBcKY9VWvBOllucGeI=">AAACGnicbZBLS8NAFIUnvq2vqks3g0VwFRIVdSOIblyVCvYBTQ2T6U07OJPEmRuxxP4ON/4VNy4UcSdu/Demj4WvAwMf59zLcE+QSGHQcT6ticmp6ZnZufnCwuLS8kpxda1m4lRzqPJYxroRMANSRFBFgRIaiQamAgn14Op0kNdvQBsRRxfYS6ClWCcSoeAMc8svup6EEO2yH156CLeoVca1wL6nRaeLd35W9vnRbt8zQsE1PbB3Hb9YcmxnKPoX3DGUyFgVv/jutWOeKoiQS2ZM03USbGVMo+AS+gUvNZAwfsU60MwxYgpMKxue1qdbudOmYazzFyEdut83MqaM6akgn1QMu+Z3NjD/y5ophoetTERJihDx0UdhKinGdNATbQsNHGUvBzZoRHDKu0wzjnmbhbwE9/fJf6G2Y7v79v75Xun4ZFzHHNkgm2SbuOSAHJMzUiFVwsk9eSTP5MV6sJ6sV+ttNDphjXfWyQ9ZH1+Bo6Eg</latexit>

N crit
f

∣∣
Nc=3

→ 7.30
fixed point
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<latexit sha1_base64="+kWRf08pK5bia7NjuzE7jTscCPo="></latexit>

S =

∫

x

1

4
F a
µωF

a
µω + ω†ε̄µDµω + ϑ†ε̄µDµϑ

<latexit sha1_base64="JzeGqJpo/nc4vOTsUGEfP6CmayI=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLg8TwYbXm1b0F8F/iF6QGBVrD6udgFNNUMmWpIMb0fS+xQUa05VSweWWQGpYQOiVj1ndUEclMkC1uneMzp4xwFGtXyuKF+nMiI9KYmQxdpyR2Yla9XPzP66c2ug4yrpLUMkWXi6JUYBvj/HE84ppRK2aOEKq5uxXTCdGEWhdPxYXgr778l3Qu6n6j3ri/rDVvijjKcAKncA4+XEET7qAFbaAwgSd4gVck0TN6Q+/L1hIqZo7hF9DHNyfRjlU=</latexit>

ω

<latexit sha1_base64="VyTlHPsvEJbPFqabqw4NVS26Y/w=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3ni4rrVuizjKcAbncAkeNKEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gADTI49</latexit>ω

<latexit sha1_base64="hKxrmQzrVT8DkfjwC4xC71mHt28=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9kVqR6LXjxJRbcttEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0c3Ubz1RpVkiHs1Y0iDGA8EiRrCxUuvBr9z1yFmvVHar7gxomXg5KUOORq/01e0nJI2pMIRjrTueK02QYWUY4XRS7KaaSkxGeEA7lgocUx1ks3Mn6NQqfRQlypYwaKb+nshwrPU4Dm1njM1QL3pT8T+vk5roKsiYkKmhgswXRSlHJkHT31GfKUoMH1uCiWL2VkSGWGFibEJFG4K3+PIyaZ5XvVq1dn9Rrl/ncRTgGE6gAh5cQh1uoQE+EBjBM7zCmyOdF+fd+Zi3rjj5zBH8gfP5Ay2HjtQ=</latexit>

SU(Nc)
<latexit sha1_base64="ftgitUuujvePq/v8Xf6LrYJCJqg=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48VTFtoQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcKZNq777aytb2xubZd2yrt7+weHlaPjto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044ucv9zhNVmsXy0UwTGgg8kixiBJtc8mvexaBSdevuHGiVeAWpQoHWoPLVH8YkFVQawrHWPc9NTJBhZRjhdFbup5ommEzwiPYslVhQHWTzW2fo3CpDFMXKljRorv6eyLDQeipC2ymwGetlLxf/83qpiW6CjMkkNVSSxaIo5cjEKH8cDZmixPCpJZgoZm9FZIwVJsbGU7YheMsvr5L2Zd1r1BsPV9XmbRFHCU7hDGrgwTU04R5a4AOBMTzDK7w5wnlx3p2PReuaU8ycwB84nz/qCI2E</latexit>

U(1)

<latexit sha1_base64="gfDDG5HdC2uj59mXU+2xx3lABwE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqeP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfi+MwA==</latexit>

1

<latexit sha1_base64="TY1faUL5Mq7TkVJVGlmC7ww3nqY=">AAAB73icbVBNS8NAEJ3Ur1q/oh69LBahHlqSItVj0YsnqWA/oA1ls920SzebuLsRSuif8OJBEa/+HW/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7ltws7u3v7B/bhUUtFiSS0SSIeyY6PFeVM0KZmmtNOLCkOfU7b/vhm5refqFQsEg96ElMvxEPBAkawNlKnXLrrk3L1vG8XnYozB1olbkaKkKHRt796g4gkIRWacKxU13Vi7aVYakY4nRZ6iaIxJmM8pF1DBQ6p8tL5vVN0ZpQBCiJpSmg0V39PpDhUahL6pjPEeqSWvZn4n9dNdHDlpUzEiaaCLBYFCUc6QrPn0YBJSjSfGIKJZOZWREZYYqJNRAUTgrv88ippVSturVK7vyjWr7M48nACp1ACFy6hDrfQgCYQ4PAMr/BmPVov1rv1sWjNWdnMMfyB9fkDKKOOwg==</latexit>

→(Nc → 2)

<latexit sha1_base64="u6Vb80yTmPILnC+epSGyn3Atjv0=">AAAB8HicbVBNT8JAEJ3iF+IX6tHLRmKCB0lrCHokevFkMFrAQEO2yxY2bLfN7taENPwKLx40xqs/x5v/xgV6UPAlk7y8N5OZeX7MmdK2/W3lVlbX1jfym4Wt7Z3dveL+QVNFiSTUJRGPZNvHinImqKuZ5rQdS4pDn9OWP7qe+q0nKhWLxIMex9QL8UCwgBGsjfR475Zve+SsetorluyKPQNaJk5GSpCh0St+dfsRSUIqNOFYqY5jx9pLsdSMcDopdBNFY0xGeEA7hgocUuWls4Mn6MQofRRE0pTQaKb+nkhxqNQ49E1niPVQLXpT8T+vk+jg0kuZiBNNBZkvChKOdISm36M+k5RoPjYEE8nMrYgMscREm4wKJgRn8eVl0jyvOLVK7a5aql9lceThCI6hDA5cQB1uoAEuEAjhGV7hzZLWi/Vufcxbc1Y2cwh/YH3+AA7Kj0k=</latexit>

SU(Nc → 4)

<latexit sha1_base64="L1UU4msyZvOEuxRcKRXr6niqXuI=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgxbIrpXosevEkFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFtfWNza3idmlnd2//oHx41NJxqijzaCxi1QmIZoJL5hluBOskipEoEKwdjG9nfvuJKc1j+WgmCfMjMpQ85JQYK3n3fXpR65crTtWZA68SNycVyNHsl796g5imEZOGCqJ113US42dEGU4Fm5Z6qWYJoWMyZF1LJYmY9rP5sVN8ZpUBDmNlSxo8V39PZCTSehIFtjMiZqSXvZn4n9dNTXjtZ1wmqWGSLhaFqcAmxrPP8YArRo2YWEKo4vZWTEdEEWpsPiUbgrv88ippXVbderX+UKs0bvI4inACp3AOLlxBA+6gCR5Q4PAMr/CGJHpB7+hj0VpA+cwx/AH6/AH6MY4o</latexit>

Nc → 4

Georgi-Glashow (GG)

<latexit sha1_base64="JzeGqJpo/nc4vOTsUGEfP6CmayI=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLg8TwYbXm1b0F8F/iF6QGBVrD6udgFNNUMmWpIMb0fS+xQUa05VSweWWQGpYQOiVj1ndUEclMkC1uneMzp4xwFGtXyuKF+nMiI9KYmQxdpyR2Yla9XPzP66c2ug4yrpLUMkWXi6JUYBvj/HE84ppRK2aOEKq5uxXTCdGEWhdPxYXgr778l3Qu6n6j3ri/rDVvijjKcAKncA4+XEET7qAFbaAwgSd4gVck0TN6Q+/L1hIqZo7hF9DHNyfRjlU=</latexit>

ω

<latexit sha1_base64="VyTlHPsvEJbPFqabqw4NVS26Y/w=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6j3ni4rrVuizjKcAbncAkeNKEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gADTI49</latexit>ω

<latexit sha1_base64="hKxrmQzrVT8DkfjwC4xC71mHt28=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9kVqR6LXjxJRbcttEvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0c3Ubz1RpVkiHs1Y0iDGA8EiRrCxUuvBr9z1yFmvVHar7gxomXg5KUOORq/01e0nJI2pMIRjrTueK02QYWUY4XRS7KaaSkxGeEA7lgocUx1ks3Mn6NQqfRQlypYwaKb+nshwrPU4Dm1njM1QL3pT8T+vk5roKsiYkKmhgswXRSlHJkHT31GfKUoMH1uCiWL2VkSGWGFibEJFG4K3+PIyaZ5XvVq1dn9Rrl/ncRTgGE6gAh5cQh1uoQE+EBjBM7zCmyOdF+fd+Zi3rjj5zBH8gfP5Ay2HjtQ=</latexit>

SU(Nc)
<latexit sha1_base64="ftgitUuujvePq/v8Xf6LrYJCJqg=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48VTFtoQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5YcKZNq777aytb2xubZd2yrt7+weHlaPjto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044ucv9zhNVmsXy0UwTGgg8kixiBJtc8mvexaBSdevuHGiVeAWpQoHWoPLVH8YkFVQawrHWPc9NTJBhZRjhdFbup5ommEzwiPYslVhQHWTzW2fo3CpDFMXKljRorv6eyLDQeipC2ymwGetlLxf/83qpiW6CjMkkNVSSxaIo5cjEKH8cDZmixPCpJZgoZm9FZIwVJsbGU7YheMsvr5L2Zd1r1BsPV9XmbRFHCU7hDGrgwTU04R5a4AOBMTzDK7w5wnlx3p2PReuaU8ycwB84nz/qCI2E</latexit>

U(1)

<latexit sha1_base64="gfDDG5HdC2uj59mXU+2xx3lABwE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqeP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfi+MwA==</latexit>

1

<latexit sha1_base64="DAdzYN4e3RKof5zKkZEREEDan8g=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahIpRESvVY9OJJKpq20oay2W7apZtN2N0IJfRXePGgiFd/jjf/jds2B219MPB4b4aZeX7MmdK2/W3lVlbX1jfym4Wt7Z3dveL+QVNFiSTUJRGPZNvHinImqKuZ5rQdS4pDn9OWP7qe+q0nKhWLxIMex9QL8UCwgBGsjfR475Zve+SsetorluyKPQNaJk5GSpCh0St+dfsRSUIqNOFYqY5jx9pLsdSMcDopdBNFY0xGeEA7hgocUuWls4Mn6MQofRRE0pTQaKb+nkhxqNQ49E1niPVQLXpT8T+vk+jg0kuZiBNNBZkvChKOdISm36M+k5RoPjYEE8nMrYgMscREm4wKJgRn8eVl0jyvOLVK7a5aql9lceThCI6hDA5cQB1uoAEuEAjhGV7hzZLWi/Vufcxbc1Y2cwh/YH3+AAu+j0c=</latexit>

SU(Nc + 4)

<latexit sha1_base64="TY1faUL5Mq7TkVJVGlmC7ww3nqY=">AAAB73icbVBNS8NAEJ3Ur1q/oh69LBahHlqSItVj0YsnqWA/oA1ls920SzebuLsRSuif8OJBEa/+HW/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7ltws7u3v7B/bhUUtFiSS0SSIeyY6PFeVM0KZmmtNOLCkOfU7b/vhm5refqFQsEg96ElMvxEPBAkawNlKnXLrrk3L1vG8XnYozB1olbkaKkKHRt796g4gkIRWacKxU13Vi7aVYakY4nRZ6iaIxJmM8pF1DBQ6p8tL5vVN0ZpQBCiJpSmg0V39PpDhUahL6pjPEeqSWvZn4n9dNdHDlpUzEiaaCLBYFCUc6QrPn0YBJSjSfGIKJZOZWREZYYqJNRAUTgrv88ippVSturVK7vyjWr7M48nACp1ACFy6hDrfQgCYQ4PAMr/BmPVov1rv1sWjNWdnMMfyB9fkDKKOOwg==</latexit>

→(Nc → 2)

<latexit sha1_base64="Ye1PivdhfXOs9INAwTXOLSozPWc=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXSvVY9OJJKrhtoV1KNs22odnskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeUEiuDaO840Ka+sbm1vF7dLO7t7+QfnwqKXjVFHm0VjEqhMQzQSXzDPcCNZJFCNRIFg7GN/O/PYTU5rH8tFMEuZHZCh5yCkxVvLu+/Si1i9XnKozB14lbk4qkKPZL3/1BjFNIyYNFUTrruskxs+IMpwKNi31Us0SQsdkyLqWShIx7WfzY6f4zCoDHMbKljR4rv6eyEik9SQKbGdEzEgvezPxP6+bmvDaz7hMUsMkXSwKU4FNjGef4wFXjBoxsYRQxe2tmI6IItTYfEo2BHf55VXSuqy69Wr9oVZp3ORxFOEETuEcXLiCBtxBEzygwOEZXuENSfSC3tHHorWA8plj+AP0+QP3J44m</latexit>

Nc + 4

Bars-Yankielowitz (BY)

Chiral: Weyl fermions, only left (right)-handed 

Georgi,Glashow’74 Raby,Dimopoulos,Susskind ’79 Bars,Yankielowitz’81 
… 

Bolognesi,Konishi,Orso[2605.10416] Cacciapaglia,Sannino,Wagner [2605.08294] 

• Phenomenology:  

- SM and BSM physics (GUTs, preon models, …) 

Wang,You[2204.14271] 
Karasik,Önder,Tong[2208.07842]  

Tong[2104.03997]

• Theory:  

- unaccessible to lattice formulations (doubler & sign problems) 

- conjectured rich and unexplored dynamics 

★ Exotic condensates 

★ tumbling: recursive patterns of SB  

★ Symmetric Mass Generation A task for functional approaches!
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<latexit sha1_base64="H48pBq1l4HN+Za9C7o19cyVqBGc="></latexit>

O
ω
1 = (ω†ε̄µω)(ω†ε̄µω)

O
ω
2 = (ω†f1 ε̄µωf2)(ω

†f2 ε̄µωf1)

O
ε
4 = (ϑ†ε̄µϑ)(ϑ†ε̄µϑ)

O
ε
5 = (ϑ†ε̄µTsymϑ)(ϑ

†ε̄µTsymϑ)

O
εω
6 = (ω†ε̄µω)(ϑ†ε̄µϑ)

O
εω
7 = (ω†ε̄µTantiω)(ϑ

†ε̄µTsymϑ)

<latexit sha1_base64="JNvMkxl5YAiVJfWw53lbywTpv1A="></latexit>

!fermion,k[ω
†,ω,ε†,ε] = →

∫

x
Z2
ω

2∑

i=1

ϑiO
ω
i + Z2

ε

5∑

i=4

ϑiO
ε
i + ZωZε

7∑

i=6

ϑiO
εω
i

0.6

0.8

1.0

1.2

0.6

0.8

1.0

1.2

⟨χχ⟩ ⟨???⟩

Region II

Region I

AF lost Conformal window

dSB in generalised GG theories
Li,APG,Vatani,Xu[2507.21208] 
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Dominant four-fermion operators:

      
Diquark-like condensate: 

<latexit sha1_base64="H48pBq1l4HN+Za9C7o19cyVqBGc="></latexit>

O
ω
1 = (ω†ε̄µω)(ω†ε̄µω)

O
ω
2 = (ω†f1 ε̄µωf2)(ω

†f2 ε̄µωf1)

O
ε
4 = (ϑ†ε̄µϑ)(ϑ†ε̄µϑ)

O
ε
5 = (ϑ†ε̄µTsymϑ)(ϑ

†ε̄µTsymϑ)

O
εω
6 = (ω†ε̄µω)(ϑ†ε̄µϑ)

O
εω
7 = (ω†ε̄µTantiω)(ϑ

†ε̄µTsymϑ)

<latexit sha1_base64="Ejnq9XtkmR1V0e93U99qRYPd/ZY=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCyCp5KIVI9FLx4r2A9oQtlsN+3SzSbsboRSevLiX/HiQRGv/gZv/hs3aQ7a+mDg8d4MM/OChDOlHefbKq2srq1vlDcrW9s7u3v2/kFbxakktEViHstugBXlTNCWZprTbiIpjgJOO8H4JvM7D1QqFot7PUmoH+GhYCEjWBupbx97ikXI41gMOUUeGbGskCdzoW9XnZqTAy0TtyBVKNDs21/eICZpRIUmHCvVc51E+1MsNSOczipeqmiCyRgPac9QgSOq/Gn+xgydGmWAwliaEhrl6u+JKY6UmkSB6YywHqlFLxP/83qpDq/8KRNJqqkg80VhypGOUZYJGjBJieYTQzCRzNyKyAhLTLRJrmJCcBdfXibt85pbr9XvLqqN6yKOMhzBCZyBC5fQgFtoQgsIPMIzvMKb9WS9WO/Wx7y1ZBUzh/AH1ucPqK6YoQ==</latexit>

→ ↑ωω↓
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Confinement without dSB 
(agreement with large Nc analysis!) 

Massless baryons saturate 
the anomaly 

What is this dynamics? 
SMG?,… 

Highest condensate 
Di-quark like 

(Partial) higgsing of gluons, 

symmetry tumbling, … (tbd)

Bars,Yankielowitz’81 
Raby,Dimopoulos,Susskind ’79 

Eichten,Peccei,Preskill,Zeppenfeld’86

Raby,Dimopoulos,Susskind ’79 
Eichten,Peccei,Preskill,Zeppenfeld’86

Wang,You[2204.14271] 
Karasik,Önder,Tong[2208.07842]

<latexit sha1_base64="Ejnq9XtkmR1V0e93U99qRYPd/ZY=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCyCp5KIVI9FLx4r2A9oQtlsN+3SzSbsboRSevLiX/HiQRGv/gZv/hs3aQ7a+mDg8d4MM/OChDOlHefbKq2srq1vlDcrW9s7u3v2/kFbxakktEViHstugBXlTNCWZprTbiIpjgJOO8H4JvM7D1QqFot7PUmoH+GhYCEjWBupbx97ikXI41gMOUUeGbGskCdzoW9XnZqTAy0TtyBVKNDs21/eICZpRIUmHCvVc51E+1MsNSOczipeqmiCyRgPac9QgSOq/Gn+xgydGmWAwliaEhrl6u+JKY6UmkSB6YywHqlFLxP/83qpDq/8KRNJqqkg80VhypGOUZYJGjBJieYTQzCRzNyKyAhLTLRJrmJCcBdfXibt85pbr9XvLqqN6yKOMhzBCZyBC5fQgFtoQgsIPMIzvMKb9WS9WO/Wx7y1ZBUzh/AH1ucPqK6YoQ==</latexit>

→ ↑ωω↓
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Li,APG,Vatani,Xu[2507.21208] 
Li,APG,Vatani[2603.19355]
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• QCD conformal phase transition: 

- Non-perturbative dynamics at the critical theory  

-   

- New picture of the QPT: no walking, conf wo/ dSB, sym. mass gaps?  

• First steps towards chiral-gauge theories: 

1. dSB,  condensate, tumbling 

2. Confinement without dSB 

★ Massless hadrons, SMG, ?, …  

⟨χχ⟩

<latexit sha1_base64="eq9BAt6IWXBcKY9VWvBOllucGeI=">AAACGnicbZBLS8NAFIUnvq2vqks3g0VwFRIVdSOIblyVCvYBTQ2T6U07OJPEmRuxxP4ON/4VNy4UcSdu/Demj4WvAwMf59zLcE+QSGHQcT6ticmp6ZnZufnCwuLS8kpxda1m4lRzqPJYxroRMANSRFBFgRIaiQamAgn14Op0kNdvQBsRRxfYS6ClWCcSoeAMc8svup6EEO2yH156CLeoVca1wL6nRaeLd35W9vnRbt8zQsE1PbB3Hb9YcmxnKPoX3DGUyFgVv/jutWOeKoiQS2ZM03USbGVMo+AS+gUvNZAwfsU60MwxYgpMKxue1qdbudOmYazzFyEdut83MqaM6akgn1QMu+Z3NjD/y5ophoetTERJihDx0UdhKinGdNATbQsNHGUvBzZoRHDKu0wzjnmbhbwE9/fJf6G2Y7v79v75Xun4ZFzHHNkgm2SbuOSAHJMzUiFVwsk9eSTP5MV6sJ6sV+ttNDphjXfWyQ9ZH1+Bo6Eg</latexit>

N crit
f

∣∣
Nc=3

→ 7.30
2 4 6 8 10 12 14 16

0.5
1.0
1.5
2.0
2.5
3.0

APG[2608.23674] 

fRG approach: approximate, first-principles, versatile and nonperturbative 
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Thank you for your attention!
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2. Confinement without dSB 

★ Massless hadrons, SMG, ?, …  
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<latexit sha1_base64="4V2bYvP4qIDeVZ4tb4EJHlSM4OY="></latexit>

!gauge,k[A, c, c̄] =
1

2

∫

p
Aa

µ(p)

[
Z̃A,k

(
p2 +m2

gap,k

)
”→

µω(p) +
1

ω
Z↑
A,k

(
p2 +m2

mSTI,k

) pµpω
p2

]
Aa

ω(→p)

+
1

3!

∫

p1,p2

Z̃3/2
A,k gA3,k

[
T (1)
A3 (p1, p2)

]a1a2a3

µ1µ2µ3

3∏

i=1

Aai
µi
(pi) +

1

4!

∫

p1,p2,p3

Z̃2
A,k gA4,k

[
T (1)
A4 (p1, p2, p3)

]a1a2a3a4

µ1µ2µ3µ4

4∏

i=1

Aai
µi
(pi)

+

∫

p
Zc,k c̄

a(p) p2εabcb(→p) +

∫

p1,p2

Zc,kZ̃
1/2
A,k gcc̄A,k

[
T (1)
Ac̄c(p1, p2)

]a1a2a3

µ
c̄a2(p2)c

a1(p1)A
a3
µ (→p1 → p2)

<latexit sha1_base64="yYdRJxoqOGaag5ylXc0Ly1c6cXw="></latexit>

!(!i1 ···!in )(p1, ..., pn) =
ω

ω”i1(p1)
· · · ω

ω”in(pn)
![”] = !̃(!i1 ···!in )(p1, ..., pn) T (1)

!i1 ···!in
(p1, ..., pn)

<latexit sha1_base64="nKeMvZFnjk8mBJHI6UDFbV+J1Is="></latexit>

!k[Aµ, c̄, c,ω
†,ω,ε†,ε] = !gauge, k[Aµ, c̄, c] + !gauge→fermion,k[Aµ,ω

†,ω,ε†,ε] + !fermion,k[ω
†,ω,ε†,ε]
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<latexit sha1_base64="GP836QWSyQr960p9OnGT4yEw64Q="></latexit>

!gauge→fermion,k

[
Aµ,ω

†,ω,ε†,ε
]
=

∫

p
Zω,k ω

† ,i, f (p) ϑ̄µϖµ ω
i, f (→p)→ i

∫

p1, p2

Z̃ω,kZ̃
1/2
A,k gAω†ω,k ω† ,i1f1(p2)

[
T (1)
Aω†ω(p1, p2)

]a i1i2f1f2

µ
Aa

µ(→p1 → p2)ω
i2f2(p1)

+

∫

p
Zε,k ε

† ,ϑ(p) ϑ̄µϖµε
ϑ(→p)→ i

∫

p1, p2

Zε,kZ̃
1/2
A,k gAε†ε,k ε

† ,ϑ1(p2)
[
T (1)
Aε†ε(p1, p2)

]aϑ1ϑ2

µ
Aa

µ(→p1 → p2)ε
ϑ2(p1)

<latexit sha1_base64="Gw8JH285HGtYf2SaOxaKVtG2v3g="></latexit>[
T (1)
Aω†ω(p1, p2)

]a i1i2f1f2

µ
= ω̄µ(T

a
F
)i1i2εf1f2 and

[
T (1)
Aε†ε(p1, p2)

]aϑ1ϑ2

µ
= ω̄µ(T

a
S )

ϑ1ϑ2

<latexit sha1_base64="mR7mU+BxQo+M+mwmp5VAAXrjQbI="></latexit>

!fermion,k[ω
†,ω,ε†,ε] = →

∫

x
Z2
ω

2∑

i=1

ϑiO
ω
i + Z2

ε

5∑

i=4

ϑiO
ε
i + ZωZε

7∑

i=6

ϑiO
εω
i ,
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Example: fermion-gauge vertex and flow of the coupling

with anomalous dimensions

e�

e+

µ�

µ+

=

e�

e+

�matter

µ�

µ+

+

e�

e+

h
µ�

µ+

+

e�

e+

µ�

µ+

<latexit sha1_base64="1iUKm7zxWW1ey90U3XvIrlsAnDQ="></latexit>

@tg ̄ A =
Tr

h
Tµ @t�( ̄ A)

k

i

Tr
⇥
T 2
µ

⇤
Z1/2
A Z 

+

✓
1

2
⌘A + ⌘ 

◆
g ̄ A

<latexit sha1_base64="fu5YfXOVnGm994MFOBSBVJQJEM8="></latexit>

@t�
( ̄ A)
k = @t

⇣
Z1/2
A Z g ̄ A · Tµ

⌘

<latexit sha1_base64="lPx9Vtaya4HFnH9Cqoi5i0r+N40="></latexit>

⌘�i = �@tZ�i

Z�i

= �
@p2 @t�

(�i�i)
k

Z�i

<latexit sha1_base64="APDeBUCJ4/S+RcH8VC0n5gZ/fCE=">AAACEHicbVC7SgNBFJ31GeMramkzGMTYhF2RaCMELbSMYB6QjcvdySQZMrO7zMwKYckn2PgrNhaK2Fra+TfOblJo4oEZDufcy733+BFnStv2t7WwuLS8sppby69vbG5tF3Z2GyqMJaF1EvJQtnxQlLOA1jXTnLYiSUH4nDb94VXqNx+oVCwM7vQooh0B/YD1GAFtJK9w5EYgNQPuaexegxBwn5RcHyR2I8Wy73jsDS+8QtEu2xnwPHGmpIimqHmFL7cbkljQQBMOSrUdO9KdJB1GOB3n3VjRCMgQ+rRtaACCqk6SHTTGh0bp4l4ozQs0ztTfHQkIpUbCN5UC9EDNeqn4n9eOde+8k7AgijUNyGRQL+ZYhzhNB3eZpETzkSFAJDO7YjIACUSbDPMmBGf25HnSOCk7lXLl9rRYvZzGkUP76ACVkIPOUBXdoBqqI4Ie0TN6RW/Wk/VivVsfk9IFa9qzh/7A+vwB7S+chg==</latexit>

ωt!
(ω̄ω)
k =

<latexit sha1_base64="7dw4Zgg8a4OjAKPowNe6assYRsQ=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSAkTdgViTZC1ELLCOYB2bjcnUySITO7y8ysEJZ8g42/YmOhiK2VnX/jJNlCEw/McDjnXu69x484U9q2v63M0vLK6lp2PbexubW9k9/da6gwloTWSchD2fJBUc4CWtdMc9qKJAXhc9r0h1cTv/lApWJhcKdHEe0I6AesxwhoI3n5khuB1Ay4p7F7DULAfVJ0fZDYjRSbfRelsTc89/IFu2xPgReJk5ICSlHz8l9uNySxoIEmHJRqO3akO8lkHOF0nHNjRSMgQ+jTtqEBCKo6yfSkMT4yShf3QmleoPFU/d2RgFBqJHxTKUAP1Lw3Ef/z2rHunXUSFkSxpgGZDerFHOsQT/LBXSYp0XxkCBDJzK6YDEAC0SbFnAnBmT95kTSOy06lXLk9KVQv0ziy6AAdoiJy0CmqohtUQ3VE0CN6Rq/ozXqyXqx362NWmrHSnn30B9bnD+YhnPs=</latexit>

ωt!
(ω̄ωA)
k =

<latexit sha1_base64="iDx5iAF9vZZF5W5vGwCjJzsIj3c=">AAACBXicbVC7SgNBFJ31GeMraqnFYBBiE3ZFoo2QaKFlBPOA7LrcnUySITO7y8ysEJY0Nv6KjYUitv6DnX/j5FFo4oELh3Pu5d57gpgzpW3721pYXFpeWc2sZdc3Nre2czu7dRUlktAaiXgkmwEoyllIa5ppTpuxpCACThtB/2rkNx6oVCwK7/Qgpp6Absg6jIA2kp87cGOQmgH3NXavQQi4TwsVXDke+v0LP5e3i/YYeJ44U5JHU1T93JfbjkgiaKgJB6Vajh1rLx1tIJwOs26iaAykD13aMjQEQZWXjr8Y4iOjtHEnkqZCjcfq74kUhFIDEZhOAbqnZr2R+J/XSnTn3EtZGCeahmSyqJNwrCM8igS3maRE84EhQCQzt2LSAwlEm+CyJgRn9uV5Uj8pOqVi6fY0X76cxpFB++gQFZCDzlAZ3aAqqiGCHtEzekVv1pP1Yr1bH5PWBWs6s4f+wPr8AfmFl5k=</latexit>

ωt!
(AA)
k =

<latexit sha1_base64="SuXnHXYI4tKK0CE4FjqwGG2gBd0=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCgSpBqDDyGGAsEqVISVo5rtNatZPIvkGqonwDC7/CwgBCrExs/A1u6QCUI1k6OudeXZ8TpoJrcJxPqzQzOze/UF6sLC2vrK7Z6xs3OskUZU2aiETdhkQzwWPWBA6C3aaKERkK1goH5yO/dceU5kl8DcOUBZL0Yh5xSsBIHXvPFywCz78gUpJ2vnuKT/eKTj7wIcFO4Sve60PQzvfdomNXnZozBp4m7oRU0QSNjv3hdxOaSRYDFURrz3VSCHKigFPBioqfaZYSOiA95hkaE8l0kI8jFXjHKF0cJcq8GPBY/bmRE6n1UIZmUhLo67/eSPzP8zKIjoOcx2kGLKbfh6JMYJN31A/ucsUoiKEhhCpu/oppnyhCwbRYMSW4fyNPk5uDmluv1a8OqydnkzrKaAtto13koiN0gi5RAzURRffoET2jF+vBerJerbfv0ZI12dlEv2C9fwEGiJ0W</latexit>[
!(AA)
k→0

]↑1

<latexit sha1_base64="krpZDBngBcQTdD9X7OTG6suVMYg=">AAACDXicbVC7TsMwFHV4lvIKMLJYFKSyVAlChbHAAGOR6ENqSnXjOq1VO4lsB6mK8gMs/AoLAwixsrPxN7iPAVqOZOvonHtln+PHnCntON/WwuLS8spqbi2/vrG5tW3v7NZVlEhCayTikWz6oChnIa1ppjltxpKC8Dlt+IOrkd94oFKxKLzTw5i2BfRCFjAC2kgd+9C7BiHgPi16PkjsxYpNrovjrJMOPB1hJ+vYBafkjIHniTslBTRFtWN/ed2IJIKGmnBQquU6sW6nIDUjnGZ5L1E0BjKAHm0ZGoKgqp2O02T4yChdHETSnFDjsfp7IwWh1FD4ZlKA7qtZbyT+57USHZy3UxbGiaYhmTwUJBybjKNqcJdJSjQfGgJEMvNXTPoggWhTYN6U4M5Gnif1k5JbLpVvTwuVy2kdObSPDlARuegMVdANqqIaIugRPaNX9GY9WS/Wu/UxGV2wpjt76A+szx/onprX</latexit>

!(ω̄ωA)
k→0

<latexit sha1_base64="krpZDBngBcQTdD9X7OTG6suVMYg=">AAACDXicbVC7TsMwFHV4lvIKMLJYFKSyVAlChbHAAGOR6ENqSnXjOq1VO4lsB6mK8gMs/AoLAwixsrPxN7iPAVqOZOvonHtln+PHnCntON/WwuLS8spqbi2/vrG5tW3v7NZVlEhCayTikWz6oChnIa1ppjltxpKC8Dlt+IOrkd94oFKxKLzTw5i2BfRCFjAC2kgd+9C7BiHgPi16PkjsxYpNrovjrJMOPB1hJ+vYBafkjIHniTslBTRFtWN/ed2IJIKGmnBQquU6sW6nIDUjnGZ5L1E0BjKAHm0ZGoKgqp2O02T4yChdHETSnFDjsfp7IwWh1FD4ZlKA7qtZbyT+57USHZy3UxbGiaYhmTwUJBybjKNqcJdJSjQfGgJEMvNXTPoggWhTYN6U4M5Gnif1k5JbLpVvTwuVy2kdObSPDlARuegMVdANqqIaIugRPaNX9GY9WS/Wu/UxGV2wpjt76A+szx/onprX</latexit>

!(ω̄ωA)
k→0

<latexit sha1_base64="fIcpWdIzOekLkQDxuvTEMdn03mg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiFy9CBWsLTSib7aZdutkNu5NCCf0nXjwo4tV/4s1/47bNQVsfDDzem2FmXpQKbsDzvp3S2vrG5lZ5u7Kzu7d/4B4ePRmVacpaVAmlOxExTHDJWsBBsE6qGUkiwdrR6Hbmt8dMG67kI0xSFiZkIHnMKQEr9Vw3DygR+H6Kg1SrFFTPrXo1bw68SvyCVFGBZs/9CvqKZgmTQAUxput7KYQ50cCpYNNKkBmWEjoiA9a1VJKEmTCfXz7FZ1bp41hpWxLwXP09kZPEmEkS2c6EwNAsezPxP6+bQXwd5lymGTBJF4viTGBQeBYD7nPNKIiJJYRqbm/FdEg0oWDDqtgQ/OWXV8nTRc2v1+oPl9XGTRFHGZ2gU3SOfHSFGugONVELUTRGz+gVvTm58+K8Ox+L1pJTzByjP3A+fwA0V5Nn</latexit>

M →
☞

☞

Diagramatic flows to be computed

Vertex expansion of the effective average action

<latexit sha1_base64="HavkGLvDqji8RCHXNYKBiVwMElw="></latexit>

!k[”] =
→∑

n

∫

p
!
(!i1 ···!in )
k (p)”in(pn) · · ·”i1(p1)

<latexit sha1_base64="3wRYiEZ+hP2vUg06vEEnsZjoHVM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF09SwX5gG8pmu2mXbjZhdyKU0H/hxYMiXv033vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp757UeujYjVPU4S7kd0qEQoGEUrPdz2s56OCOppv1xxq+4c5C/xclKBHI1++bM3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/OLp+TEKgMSxtqWQjJXf05kNDJmEgW2M6I4MsveTPzP66YYXvqZUEmKXLHFojCVBGMye58MhOYM5cQSyrSwtxI2opoytCGVbAje8st/Seus6tWqtbvzSv0qj6MIR3AMp+DBBdThBhrQBAYKnuAFXh3jPDtvzvuiteDkM4fwC87HN3obkM8=</latexit>

Ntr <latexit sha1_base64="WeBkMW4mbKrwQ54aWakgv0O5Blc="></latexit>

!
(!i1 ···!in )
k (p1, ..., pn) =

ω

ω”i1(p1)
· · · ω

ω”in(pn)
!k[”]with
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STIs and mSTIs and confinement

• Insertion of mass-like regulator: Slavnov-Taylor identities (STIs) for gauge invariance  modified STIs (mSTIs)

• In the physical limit  and  and  mSTI ☞ STI  and no gauge symmetry breaking is present (*) 

• “easy” approach: physics at -dependent correlation functions  

- Minimise mSTI and STI deviations for   

- Hands-on approach: include problematic power-law corrections to the flow of the gauge mass gap only in the confinement 

regime 

- Upgrade with full momentum dependencies

→

k → 0 Rk → 0

k

k ≠ 0

20

<latexit sha1_base64="suqPWuNa2zWWAXkMs2yysxfPXDY="></latexit>

�Sk[�] =

Z

p
�(p)Rk�(�p)

<latexit sha1_base64="ves0UfBU8MJP9WRHVS2sgLwW57o="></latexit>∫

x

ω!

ωQi(x)

ω!

ω”i(x)
= 0

<latexit sha1_base64="IUuKgb3BDgrVKCJA8gFdYoibc3k="></latexit>∫

x

ω!k

ωQi(x)

ω!k

ω”i(x)
= TrRijGjl

ω2!k[”,Q]

ω”lωQi
<latexit sha1_base64="R2WezR+tvz4cXPa264fo56Pkc6M=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUeElcwODUyYnd3MzJqQDX/hxYPGePVvvPk3DrAHBSvppFLVne6uIBZcG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEMWywSESqHVCNgktsGG4EtmOFNAwEtoLx7cxvPaHSPJL3ZhKjH9Kh5APOqLHSQ9plVJD69JH3iiW37M5BVomXkRJkqPWKX91+xJIQpWGCat3x3Nj4KVWGM4HTQjfRGFM2pkPsWCppiNpP5xdPyZlV+mQQKVvSkLn6eyKlodaTMLCdITUjvezNxP+8TmIG137KZZwYlGyxaJAIYiIye5/0uUJmxMQSyhS3txI2oooyY0Mq2BC85ZdXSfOi7FXKlfplqXqTxZGHEziFc/DgCqpwBzVoAAMJz/AKb452Xpx352PRmnOymWP4A+fzBzqlkKU=</latexit>

Qi

<latexit sha1_base64="MxJsK3rCeTa41Jr1O1GoE/jr6SM=">AAACF3icbVDLSgMxFM34rPVVdekmWAQXpcyIVDdC1Y3LCvYBzTBkMpk2NPMguSOUoX/hxl9x40IRt7rzb0wfC209cLmHc+4lucdPpdBg29/W0vLK6tp6YaO4ubW9s1va22/pJFOMN1kiE9XxqeZSxLwJAiTvpIrTyJe87Q9uxn77gSstkvgehil3I9qLRSgYBSN5pSpp9IUnLonkIZD8yiNRVmEVTHyq8LjLIAGNiRK9PpCRVyrbVXsCvEicGSmjGRpe6YsECcsiHgOTVOuuY6fg5lSBYJKPiiTTPKVsQHu8a2hMI67dfHLXCB8bJcBhokzFgCfq742cRloPI99MRhT6et4bi/953QzCCzcXcZoBj9n0oTCTGBI8DgkHQnEGcmgIZUqYv2LWp4oyMFEWTQjO/MmLpHVadWrV2t1ZuX49i6OADtEROkEOOkd1dIsaqIkYekTP6BW9WU/Wi/VufUxHl6zZzgH6A+vzB4qRnvA=</latexit>

!i = {Aµ, c, c̄, . . .}

: BRST sources of the  fieldsΦi
→

<latexit sha1_base64="VQFHsMKbcfCvfNztBy1TMDrfXO4="></latexit>

ωtm̄
2
gap = (→2 + εA) m̄

2
gap + FlowAA(p

2 = 0)

Pawlowski,Schneider,Wink[2202.11123]

Ihssen,Pawlowski[2503.22638]
Morris,Rosten[0606189] 

Wetterich[1607.02989]

Pawlowski[0512261] Gies[0611146]

Becchi[9607188],Bonini,D’Attanasio,Marchesini’95 Ellwanger[9402077]



 Álvaro Pastor Gutiérrez

STIs and mSTIs and confinement

• Insertion of mass-like regulator: Slavnov-Taylor identities (STIs) for gauge invariance  modified STIs (mSTIs)

• In the physical limit  and  and  mSTI ☞ STI  and no gauge symmetry breaking is present (*) 

• “easy” approach: physics at -dependent correlation functions  

- Minimise mSTI and STI deviations for   

- Hands-on approach: include problematic power-law corrections to the flow of the gauge mass gap only in the confinement 

regime 

- Upgrade with full momentum dependencies

→

k → 0 Rk → 0

k

k ≠ 0

20

<latexit sha1_base64="suqPWuNa2zWWAXkMs2yysxfPXDY="></latexit>

�Sk[�] =

Z

p
�(p)Rk�(�p)

<latexit sha1_base64="ves0UfBU8MJP9WRHVS2sgLwW57o="></latexit>∫

x

ω!

ωQi(x)

ω!

ω”i(x)
= 0

<latexit sha1_base64="IUuKgb3BDgrVKCJA8gFdYoibc3k="></latexit>∫

x

ω!k

ωQi(x)

ω!k

ω”i(x)
= TrRijGjl

ω2!k[”,Q]

ω”lωQi
<latexit sha1_base64="R2WezR+tvz4cXPa264fo56Pkc6M=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUeElcwODUyYnd3MzJqQDX/hxYPGePVvvPk3DrAHBSvppFLVne6uIBZcG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEMWywSESqHVCNgktsGG4EtmOFNAwEtoLx7cxvPaHSPJL3ZhKjH9Kh5APOqLHSQ9plVJD69JH3iiW37M5BVomXkRJkqPWKX91+xJIQpWGCat3x3Nj4KVWGM4HTQjfRGFM2pkPsWCppiNpP5xdPyZlV+mQQKVvSkLn6eyKlodaTMLCdITUjvezNxP+8TmIG137KZZwYlGyxaJAIYiIye5/0uUJmxMQSyhS3txI2oooyY0Mq2BC85ZdXSfOi7FXKlfplqXqTxZGHEziFc/DgCqpwBzVoAAMJz/AKb452Xpx352PRmnOymWP4A+fzBzqlkKU=</latexit>

Qi

<latexit sha1_base64="MxJsK3rCeTa41Jr1O1GoE/jr6SM=">AAACF3icbVDLSgMxFM34rPVVdekmWAQXpcyIVDdC1Y3LCvYBzTBkMpk2NPMguSOUoX/hxl9x40IRt7rzb0wfC209cLmHc+4lucdPpdBg29/W0vLK6tp6YaO4ubW9s1va22/pJFOMN1kiE9XxqeZSxLwJAiTvpIrTyJe87Q9uxn77gSstkvgehil3I9qLRSgYBSN5pSpp9IUnLonkIZD8yiNRVmEVTHyq8LjLIAGNiRK9PpCRVyrbVXsCvEicGSmjGRpe6YsECcsiHgOTVOuuY6fg5lSBYJKPiiTTPKVsQHu8a2hMI67dfHLXCB8bJcBhokzFgCfq742cRloPI99MRhT6et4bi/953QzCCzcXcZoBj9n0oTCTGBI8DgkHQnEGcmgIZUqYv2LWp4oyMFEWTQjO/MmLpHVadWrV2t1ZuX49i6OADtEROkEOOkd1dIsaqIkYekTP6BW9WU/Wi/VufUxHl6zZzgH6A+vzB4qRnvA=</latexit>

!i = {Aµ, c, c̄, . . .}

: BRST sources of the  fieldsΦi
→

<latexit sha1_base64="VQFHsMKbcfCvfNztBy1TMDrfXO4="></latexit>

ωtm̄
2
gap = (→2 + εA) m̄

2
gap + FlowAA(p

2 = 0)
Chiral symmetry intact:

<latexit sha1_base64="QqU8gvyROvYPNv7vKq72WGXRgnw="></latexit>

Rω/ε, k(p
2) = iZω/ε ω̄µpµ rω/ε(x)

<latexit sha1_base64="Kb9/PhZXogIAE1cDjWNYwdOZbXI="></latexit>

rω/ε(x) = (1/
→
x↑ 1) ω (1↑ x)

Pawlowski,Schneider,Wink[2202.11123]

Ihssen,Pawlowski[2503.22638]
Morris,Rosten[0606189] 

Wetterich[1607.02989]

Pawlowski[0512261] Gies[0611146]

Becchi[9607188],Bonini,D’Attanasio,Marchesini’95 Ellwanger[9402077]
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Systematics: minimasing the mSTI/STI deviation
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- control onset of power-law divergences in the flow of the gauge mass gap. <latexit sha1_base64="VQFHsMKbcfCvfNztBy1TMDrfXO4="></latexit>

ωtm̄
2
gap = (→2 + εA) m̄

2
gap + FlowAA(p

2 = 0)
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Dynamical chiral symmetry breaking
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<latexit sha1_base64="axB9tumgv4ngvDhuk0MFBHyZMMk="></latexit>

+ <latexit sha1_base64="axB9tumgv4ngvDhuk0MFBHyZMMk="></latexit>

+

Gies, Wetterich ’01Stratonovich’57 Hubbard’59

Fukushima,Pawlowski,Strodthoff [2103.01129]

Gies, Wetterich ’01Pawlowski[hep-th/0512261]

<latexit sha1_base64="Lyk4ihb/gTVAlfW3yEXQ1StVONs="></latexit>

!k[”] → ↑
∫

x
ω̄ω

(
ε̄ T(S→P)ε

)2
+ . . .

<latexit sha1_base64="/0aJx/7jvckFMNpqEQiLS8JBJ0A=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktUr0IRS+epIL9gHYp2TTbxmaTJckKZel/8OJBEa/+H2/+G7PtHrT6YODx3gwz84KYM21c98sprKyurW8UN0tb2zu7e+X9g7aWiSK0RSSXqhtgTTkTtGWY4bQbK4qjgNNOMLnO/M4jVZpJcW+mMfUjPBIsZAQbK7VvB+FlrTQoV9yqOwf6S7ycVCBHc1D+7A8lSSIqDOFY657nxsZPsTKMcDor9RNNY0wmeER7lgocUe2n82tn6MQqQxRKZUsYNFd/TqQ40noaBbYzwmasl71M/M/rJSa88FMm4sRQQRaLwoQjI1H2OhoyRYnhU0swUczeisgYK0yMDSgLwVt++S9p16pevVq/O6s0rvI4inAEx3AKHpxDA26gCS0g8ABP8AKvjnSenTfnfdFacPKZQ/gF5+MbSbCOTQ==</latexit>

Nf = 2
<latexit sha1_base64="J6PIMUxc+5Purv9q5nAuY1jTWkI=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9lVqV6EohdPUsFtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rdTWFldW98obpa2tnd298r7B00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1O/dYTVZpJ8WjGCQ1iPBAsYgQbK/n3PXJ93itX3Ko7A1omXk4qkKPRK391+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZsRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroKMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT8mG4C2+vEyaZ1WvVq09XFTqN3kcRTiCYzgFDy6hDnfQAB8IMHiGV3hzhPPivDsf89aCk88cwh84nz8RDI43</latexit>

Nc = 3

Dynamical bosonisation and generalised flow equation

<latexit sha1_base64="4+lTHcm9pu7C3VLY5cDhPqpzPE8="></latexit>

!k[”] →
∫

x
h̄ ω̄

(
T 0
f ε + iϑ5T

a
f ϖ

a
)
ω + Zω (ϱµς)

2 + V (ς2) + . . .

Goertz,APG,Pawlowski[2412.12254]
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Dynamical chiral symmetry breaking
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<latexit sha1_base64="axB9tumgv4ngvDhuk0MFBHyZMMk="></latexit>

+ <latexit sha1_base64="axB9tumgv4ngvDhuk0MFBHyZMMk="></latexit>

+

Gies, Wetterich ’01Stratonovich’57 Hubbard’59

Fukushima,Pawlowski,Strodthoff [2103.01129]

Gies, Wetterich ’01Pawlowski[hep-th/0512261]

<latexit sha1_base64="Lyk4ihb/gTVAlfW3yEXQ1StVONs="></latexit>

!k[”] → ↑
∫

x
ω̄ω

(
ε̄ T(S→P)ε

)2
+ . . .

<latexit sha1_base64="/0aJx/7jvckFMNpqEQiLS8JBJ0A=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktUr0IRS+epIL9gHYp2TTbxmaTJckKZel/8OJBEa/+H2/+G7PtHrT6YODx3gwz84KYM21c98sprKyurW8UN0tb2zu7e+X9g7aWiSK0RSSXqhtgTTkTtGWY4bQbK4qjgNNOMLnO/M4jVZpJcW+mMfUjPBIsZAQbK7VvB+FlrTQoV9yqOwf6S7ycVCBHc1D+7A8lSSIqDOFY657nxsZPsTKMcDor9RNNY0wmeER7lgocUe2n82tn6MQqQxRKZUsYNFd/TqQ40noaBbYzwmasl71M/M/rJSa88FMm4sRQQRaLwoQjI1H2OhoyRYnhU0swUczeisgYK0yMDSgLwVt++S9p16pevVq/O6s0rvI4inAEx3AKHpxDA26gCS0g8ABP8AKvjnSenTfnfdFacPKZQ/gF5+MbSbCOTQ==</latexit>

Nf = 2
<latexit sha1_base64="J6PIMUxc+5Purv9q5nAuY1jTWkI=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9lVqV6EohdPUsFtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rdTWFldW98obpa2tnd298r7B00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1O/dYTVZpJ8WjGCQ1iPBAsYgQbK/n3PXJ93itX3Ko7A1omXk4qkKPRK391+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZsRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroKMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT8mG4C2+vEyaZ1WvVq09XFTqN3kcRTiCYzgFDy6hDnfQAB8IMHiGV3hzhPPivDsf89aCk88cwh84nz8RDI43</latexit>

Nc = 3

Dynamical bosonisation and generalised flow equation

<latexit sha1_base64="4+lTHcm9pu7C3VLY5cDhPqpzPE8="></latexit>

!k[”] →
∫

x
h̄ ω̄

(
T 0
f ε + iϑ5T

a
f ϖ

a
)
ω + Zω (ϱµς)

2 + V (ς2) + . . .

<latexit sha1_base64="XUW6MRzS9VmfVXpHoEIMYwemYlo="></latexit>✓
@t +

Z
�̇c

�

��c

◆
�k[�]

=
1

2
Tr

2

4
 

1

�(2)
k +Rk

!

ij

 
@t�
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��j

!
Rmi

k

3

5

Goertz,APG,Pawlowski[2412.12254]
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• Inclusion of non-perturbative effects 

- Higher-order operators  

- Inclusion of momentum dependencies beyond 

point-like limit
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<latexit sha1_base64="XUW6MRzS9VmfVXpHoEIMYwemYlo="></latexit>✓
@t +

Z
�̇c

�

��c

◆
�k[�]

=
1

2
Tr

2

4
 

1

�(2)
k +Rk

!

ij

 
@t�

jn + 2
��̇n

��j

!
Rmi

k

3

5

Generalised flow

<latexit sha1_base64="WxSd9FxqKxTFBD6SlckyjnMIYd8="></latexit>

!fermion, k[ω̄,ω] →↑ !fermion, k[ω̄,ω]T(S-P)=0 + !boson, k[ω̄,ω,ε]

<latexit sha1_base64="f4CgDaQWqtn1MVgYYSrZ3S67ZDs="></latexit>

ωi
EoM(p) = → Zω hi

Z1/2
εi

(
p2 +m2

εi

)
∫

q
ε̄(q)Ti ε(p→ q)

<latexit sha1_base64="Y7Da/bfMlVKlF46d1Kp9/aOYuWA="></latexit>

!boson, k[ω̄,ω,ε] =

∫

x

{
Zωi Tr

[
(ϑµ”

†)(ϑµ”)
]
+ V (”†”) + Z1/2

ωi
Zε hi ω̄ Ti εiω

}
<latexit sha1_base64="TRfDggwv4qC7WfSK9CnwSTu7nok=">AAACKnicbVDLSsNAFJ34tr6iLt0MFqFFKIlIdSP42LhUbLXQJOVmOmmHziRhZiKU0O9x46+46UIpbv0Qp7ULbT0wcO4593LnnjDlTGnHGVkLi0vLK6tr64WNza3tHXt371ElmSS0ThKeyEYIinIW07pmmtNGKimIkNOnsHcz9p+eqVQsiWu6n1JfQCdmESOgjdSyr9a9B9YRgC9wLXBaUclTk/IY554UmA08qqFsyloAxoXgt5WyAMotu+hUnAnwPHGnpIimuGvZQ6+dkEzQWBMOSjVdJ9V+DlIzwumg4GWKpkB60KFNQ2MQVPn55NQBPjJKG0eJNC/WeKL+nshBKNUXoekUoLtq1huL/3nNTEfnfs7iNNM0Jj+LooxjneBxbrjNJCWa9w0BIpn5KyZdkEC0SbdgQnBnT54njycVt1qp3p8WL6+ncayhA3SISshFZ+gS3aI7VEcEvaA39I4+rFdraI2sz5/WBWs6s4/+wPr6BgD0pAQ=</latexit>

! = T 0
f (ω + iε) + T a

f (a
a + iϑa)

<latexit sha1_base64="h8FfXSnzz3K6RPGzhJNgfkUI+d4="></latexit>

→ωtε̂i
k↑ = Ȧi, k ϑ̄ Tiϑ

<latexit sha1_base64="DdrKVV0gLLs6O7qqZHDmwiUxaF8=">AAACEnicbZDLSgMxFIYzXmu9jbp0EyxCC6XMiFQ3QtGNywr2Ap1pOZOmbWjmQpIRytBncOOruHGhiFtX7nwb0+kstPVAyMf/n0Nyfi/iTCrL+jZWVtfWNzZzW/ntnd29ffPgsCnDWBDaICEPRdsDSTkLaEMxxWk7EhR8j9OWN76Z+a0HKiQLg3s1iajrwzBgA0ZAaalnlpxoxLrsChcdyYY+lJ1y4kRs2k0J5rdDFZR6ZsGqWGnhZbAzKKCs6j3zy+mHJPZpoAgHKTu2FSk3AaEY4XSad2JJIyBjGNKOxgB8Kt0kXWmKT7XSx4NQ6BMonKq/JxLwpZz4nu70QY3kojcT//M6sRpcugkLoljRgMwfGsQcqxDP8sF9JihRfKIBiGD6r5iMQABROsW8DsFeXHkZmmcVu1qp3p0XatdZHDl0jE5QEdnoAtXQLaqjBiLoET2jV/RmPBkvxrvxMW9dMbKZI/SnjM8fIj+chQ==</latexit>

ωi = (ε, ϑa, aa, ϖ) &

<latexit sha1_base64="Lyk4ihb/gTVAlfW3yEXQ1StVONs="></latexit>

!k[”] → ↑
∫

x
ω̄ω

(
ε̄ T(S→P)ε

)2
+ . . .

<latexit sha1_base64="Ft4DYXUoSBPjMSUOgp1WLxqFkFQ="></latexit>

ω = Tr
[
!†!

]
=

1

2

(
ε2 + ϑ2 + a2 + ω2

)
<latexit sha1_base64="/rnLmFn9jBrgk5eaoyNrgzwNs88="></latexit>

ω = Tr

[(
!†!→ ε

Nf
1Nf

)2
]

<latexit sha1_base64="YKN3toBMSEom9zUiPNSR+WvAGD0="></latexit>

V (ω, ε) =
Nmax∑

n=0

ϑn

n!
ωn +

Mmax∑

m=0

ϑ(ω)
m

m!
εm +

Lmax∑

l=0

ϑ(εω)
l

l!
ωl ε
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<latexit sha1_base64="kwdg7hd3ZNNlqgrK969S4bR7pS0="></latexit>

ωt!
(ω̄aωbω̄cωd)
k = →ωt

(
Z2
ω ε1

)
T abcd
1,L → ωt

(
Z2
ωε2

)
T abcd
2,L

☞

<latexit sha1_base64="+YrMNNh4YcnqcvI+uZzZiSE2dEE="></latexit>

ωtε̄1 = (2 + 2ϑω)ε̄1 +
k2

Z2
ω N

{
ωt

[
Pabcd
1,R !(ω̄aωbω̄cωd)

k

]
(NcNω + 1)→ ωt

[
Pabcd
2,R !(ω̄aωbω̄cωd)

k

]
(Nc +Nω)

}

<latexit sha1_base64="K4xxXTNoCrcSk/dMVeZwOrefctw="></latexit>

ωtε̄2 = (2 + 2ϑω)ε̄2 +
k2

Z2
ωN

{
ωt

[
Pabcd
2,R !(ω̄aωbω̄cωd)

k

]
(NcNω + 1)→ ωt

[
Pabcd
1,R !(ω̄aωbω̄cωd)

k

]
(Nc +Nω)

}
<latexit sha1_base64="/85Qn0UNLaKHXF59bxJtA31tnak=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZBYqBKECgtSBQtjkehDNFHkuE5r1XnIvkGqou4s/AoLAwix8gNs/A1OmwFajmTr6Jx7r32PnwiuwLK+jaXlldW19dJGeXNre2fX3NtvqziVlLVoLGLZ9YligkesBRwE6yaSkdAXrOOPrnO/88Ck4nF0B+OEuSEZRDzglICWPLPiMCAevzxxAklo5iREAifCA3zv8UmWX55ZtWrWFHiR2AWpogJNz/xy+jFNQxYBFUSpnm0l4Gb5ZCrYpOykiiWEjsiA9TSNSMiUm013meAjrfRxEEt9IsBT9XdHRkKlxqGvK0MCQzXv5eJ/Xi+F4MLNeJSkwCI6eyhIBYYY58HgPpeMghhrQqjk+q+YDokOBXR8ZR2CPb/yImmf1ux6rX57Vm1cFXGU0CGqoGNko3PUQDeoiVqIokf0jF7Rm/FkvBjvxsesdMkoeg7QHxifP0aymzo=</latexit>

ωi = →εtZi

Zi

Anomalous dimensions:
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<latexit sha1_base64="kwdg7hd3ZNNlqgrK969S4bR7pS0="></latexit>

ωt!
(ω̄aωbω̄cωd)
k = →ωt
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Z2
ω ε1

)
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(
Z2
ωε2

)
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☞

<latexit sha1_base64="+YrMNNh4YcnqcvI+uZzZiSE2dEE="></latexit>

ωtε̄1 = (2 + 2ϑω)ε̄1 +
k2

Z2
ω N

{
ωt

[
Pabcd
1,R !(ω̄aωbω̄cωd)

k

]
(NcNω + 1)→ ωt

[
Pabcd
2,R !(ω̄aωbω̄cωd)

k

]
(Nc +Nω)

}

<latexit sha1_base64="K4xxXTNoCrcSk/dMVeZwOrefctw="></latexit>

ωtε̄2 = (2 + 2ϑω)ε̄2 +
k2

Z2
ωN

{
ωt

[
Pabcd
2,R !(ω̄aωbω̄cωd)

k

]
(NcNω + 1)→ ωt

[
Pabcd
1,R !(ω̄aωbω̄cωd)

k

]
(Nc +Nω)

}

<latexit sha1_base64="ntAYee/arcZ/ezyGfBFbe5gzDLo="></latexit>

ωtε̄1 =(2 + 2 ϑω)ε̄1 +
1

16ϖ2

[
g4

(
3N2

c + 4
)
(5ϑA + 3ϑω → 45)

160N2
c

+
g2(5ϑA + 6ϑω → 60)(ε̄1 → ε̄2Nc)

10Nc

→ 1

20
(ϑε → 5)Nε

(
ε̄2
6(Nc → 1)Nc +

(Nc → 2)

2Nc
ε̄2
7

)
+

4

5
(ϑω → 5)

(
ε̄2
2 → ε̄1ε̄2(Nc +Nω)→ ε̄2

1
(NcNω → 1)

2

)]

<latexit sha1_base64="ntAYee/arcZ/ezyGfBFbe5gzDLo="></latexit>

ωtε̄1 =(2 + 2 ϑω)ε̄1 +
1

16ϖ2

[
g4

(
3N2

c + 4
)
(5ϑA + 3ϑω → 45)

160N2
c

+
g2(5ϑA + 6ϑω → 60)(ε̄1 → ε̄2Nc)

10Nc

→ 1

20
(ϑε → 5)Nε

(
ε̄2
6(Nc → 1)Nc +

(Nc → 2)

2Nc
ε̄2
7

)
+

4

5
(ϑω → 5)

(
ε̄2
2 → ε̄1ε̄2(Nc +Nω)→ ε̄2

1
(NcNω → 1)

2

)]

<latexit sha1_base64="WLev2aYtkdN0Y27elZOZIFO6R7w="></latexit>

ωtε̄2 =(2 + 2 ϑω)ε̄2 +
1

16ϖ2

[
g4

(
N2

c → 8
)
(5ϑA + 3ϑω → 45)

160Nc
+

g2(5ϑA + 6ϑω → 60)(ε̄2 → ε̄1Nc)

10Nc

→ 1

40
(ϑε → 5)ε̄2

7(Nc → 2)Nε +
2

5
(ϑω → 5)

(
4ε̄1ε̄2 → ε̄2

2(Nc +Nω)
) ]

<latexit sha1_base64="WLev2aYtkdN0Y27elZOZIFO6R7w="></latexit>

ωtε̄2 =(2 + 2 ϑω)ε̄2 +
1

16ϖ2

[
g4

(
N2

c → 8
)
(5ϑA + 3ϑω → 45)

160Nc
+

g2(5ϑA + 6ϑω → 60)(ε̄2 → ε̄1Nc)

10Nc

→ 1

40
(ϑε → 5)ε̄2

7(Nc → 2)Nε +
2

5
(ϑω → 5)

(
4ε̄1ε̄2 → ε̄2

2(Nc +Nω)
) ]

…

• System of flows:

<latexit sha1_base64="/85Qn0UNLaKHXF59bxJtA31tnak=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZBYqBKECgtSBQtjkehDNFHkuE5r1XnIvkGqou4s/AoLAwix8gNs/A1OmwFajmTr6Jx7r32PnwiuwLK+jaXlldW19dJGeXNre2fX3NtvqziVlLVoLGLZ9YligkesBRwE6yaSkdAXrOOPrnO/88Ck4nF0B+OEuSEZRDzglICWPLPiMCAevzxxAklo5iREAifCA3zv8UmWX55ZtWrWFHiR2AWpogJNz/xy+jFNQxYBFUSpnm0l4Gb5ZCrYpOykiiWEjsiA9TSNSMiUm013meAjrfRxEEt9IsBT9XdHRkKlxqGvK0MCQzXv5eJ/Xi+F4MLNeJSkwCI6eyhIBYYY58HgPpeMghhrQqjk+q+YDokOBXR8ZR2CPb/yImmf1ux6rX57Vm1cFXGU0CGqoGNko3PUQDeoiVqIokf0jF7Rm/FkvBjvxsesdMkoeg7QHxifP0aymzo=</latexit>

ωi = →εtZi

Zi

Anomalous dimensions:
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Method Major challenges Results

Monte Carlo Lattice simulations Doubler and sign problems

Most Attractive Channel 
Too naive Color-flavor-locked IR with 

Large N 
Finite N If confinement, no dSB

Anomaly mediated SUSY breaking 
Non-SUSY limit

Conformal theories for  few N<13  and 

for larger,           and 

Anomaly matching, discrete 
symmetries and higher forms

Not sufficiently constraining
Massless                          baryons with no 

dSB, or color-flavor-locked phase 

<latexit sha1_base64="uDGdcpQwTFr3YX7fV6XBXI7dB0g=">AAACE3icbVBNS8NAEN34WetX1KOXxSKIh5KIVI+lXjxWsB/QhDLZbtqlm03Y3Qgl9D948a948aCIVy/e/Ddu0xy09cHA470ZZuYFCWdKO863tbK6tr6xWdoqb+/s7u3bB4dtFaeS0BaJeSy7ASjKmaAtzTSn3URSiAJOO8H4ZuZ3HqhULBb3epJQP4KhYCEjoI3Ut88zjwDHjamnWIQ9DmLIKcYeGTHsJYrlJXO1b1ecqpMDLxO3IBVUoNm3v7xBTNKICk04KNVznUT7GUjNCKfTspcqmgAZw5D2DBUQUeVn+U9TfGqUAQ5jaUponKu/JzKIlJpEgemMQI/UojcT//N6qQ6v/YyJJNVUkPmiMOVYx3gWEB4wSYnmE0OASGZuxWQEEog2MZZNCO7iy8ukfVF1a9Xa3WWl3ijiKKFjdILOkIuuUB3doiZqIYIe0TN6RW/Wk/VivVsf89YVq5g5Qn9gff4AbGGd6Q==</latexit>

B → ↑ωεε↓

Nielsen,Ninomiya’80’81Eichten,Preskill’86

Raby,Dimopoulos,Susskind ’79 
Dimopoulos,Raby,Susskind ’80 Eichten,Feinberg ‘82

Csáki,Murayama,Telem[2105.03444]

Eichten,Peccei,Preskill,Zeppenfeld’86 
Karasik,Önder,Tong[2208.07842]

Bolognesi,Konishi,Luzio[2101.02601]
Bars,Yankielowitz’81

’t Hooft ’80

<latexit sha1_base64="zjNiKi0rDbJDpzGBgkW01+pBC0M=">AAACAnicbVBNS8NAEJ3Ur1q/op7Ey2IRPJVEpHosevFYwX5AE8pmu2mXbjZhdyOUULz4V7x4UMSrv8Kb/8ZtmoO2Phh4vDfDzLwg4Uxpx/m2Siura+sb5c3K1vbO7p69f9BWcSoJbZGYx7IbYEU5E7Slmea0m0iKo4DTTjC+mfmdByoVi8W9niTUj/BQsJARrI3Ut488jsWQU4Q8MmLISxTzZK707apTc3KgZeIWpAoFmn37yxvEJI2o0IRjpXquk2g/w1Izwum04qWKJpiM8ZD2DBU4osrP8hem6NQoAxTG0pTQKFd/T2Q4UmoSBaYzwnqkFr2Z+J/XS3V45WdMJKmmgswXhSlHOkazPNCASUo0nxiCiWTmVkRGWGKiTWoVE4K7+PIyaZ/X3HqtfndRbVwXcZThGE7gDFy4hAbcQhNaQOARnuEV3qwn68V6tz7mrSWrmDmEP7A+fwCQIZbs</latexit>

→ωε↑
<latexit sha1_base64="Ejnq9XtkmR1V0e93U99qRYPd/ZY=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCyCp5KIVI9FLx4r2A9oQtlsN+3SzSbsboRSevLiX/HiQRGv/gZv/hs3aQ7a+mDg8d4MM/OChDOlHefbKq2srq1vlDcrW9s7u3v2/kFbxakktEViHstugBXlTNCWZprTbiIpjgJOO8H4JvM7D1QqFot7PUmoH+GhYCEjWBupbx97ikXI41gMOUUeGbGskCdzoW9XnZqTAy0TtyBVKNDs21/eICZpRIUmHCvVc51E+1MsNSOczipeqmiCyRgPac9QgSOq/Gn+xgydGmWAwliaEhrl6u+JKY6UmkSB6YywHqlFLxP/83qpDq/8KRNJqqkg80VhypGOUZYJGjBJieYTQzCRzNyKyAhLTLRJrmJCcBdfXibt85pbr9XvLqqN6yKOMhzBCZyBC5fQgFtoQgsIPMIzvMKb9WS9WO/Wx7y1ZBUzh/AH1ucPqK6YoQ==</latexit>

→ ↑ωω↓

<latexit sha1_base64="zjNiKi0rDbJDpzGBgkW01+pBC0M=">AAACAnicbVBNS8NAEJ3Ur1q/op7Ey2IRPJVEpHosevFYwX5AE8pmu2mXbjZhdyOUULz4V7x4UMSrv8Kb/8ZtmoO2Phh4vDfDzLwg4Uxpx/m2Siura+sb5c3K1vbO7p69f9BWcSoJbZGYx7IbYEU5E7Slmea0m0iKo4DTTjC+mfmdByoVi8W9niTUj/BQsJARrI3Ut488jsWQU4Q8MmLISxTzZK707apTc3KgZeIWpAoFmn37yxvEJI2o0IRjpXquk2g/w1Izwum04qWKJpiM8ZD2DBU4osrP8hem6NQoAxTG0pTQKFd/T2Q4UmoSBaYzwnqkFr2Z+J/XS3V45WdMJKmmgswXhSlHOkazPNCASUo0nxiCiWTmVkRGWGKiTWoVE4K7+PIyaZ/X3HqtfndRbVwXcZThGE7gDFy4hAbcQhNaQOARnuEV3qwn68V6tz7mrSWrmDmEP7A+fwCQIZbs</latexit>

→ωε↑
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<latexit sha1_base64="uDGdcpQwTFr3YX7fV6XBXI7dB0g=">AAACE3icbVBNS8NAEN34WetX1KOXxSKIh5KIVI+lXjxWsB/QhDLZbtqlm03Y3Qgl9D948a948aCIVy/e/Ddu0xy09cHA470ZZuYFCWdKO863tbK6tr6xWdoqb+/s7u3bB4dtFaeS0BaJeSy7ASjKmaAtzTSn3URSiAJOO8H4ZuZ3HqhULBb3epJQP4KhYCEjoI3Ut88zjwDHjamnWIQ9DmLIKcYeGTHsJYrlJXO1b1ecqpMDLxO3IBVUoNm3v7xBTNKICk04KNVznUT7GUjNCKfTspcqmgAZw5D2DBUQUeVn+U9TfGqUAQ5jaUponKu/JzKIlJpEgemMQI/UojcT//N6qQ6v/YyJJNVUkPmiMOVYx3gWEB4wSYnmE0OASGZuxWQEEog2MZZNCO7iy8ukfVF1a9Xa3WWl3ijiKKFjdILOkIuuUB3doiZqIYIe0TN6RW/Wk/VivVsf89YVq5g5Qn9gff4AbGGd6Q==</latexit>

B → ↑ωεε↓

Nielsen,Ninomiya’80’81Eichten,Preskill’86

Raby,Dimopoulos,Susskind ’79 
Dimopoulos,Raby,Susskind ’80 Eichten,Feinberg ‘82

Csáki,Murayama,Telem[2105.03444]

Eichten,Peccei,Preskill,Zeppenfeld’86 
Karasik,Önder,Tong[2208.07842]

Bolognesi,Konishi,Luzio[2101.02601]
Bars,Yankielowitz’81

’t Hooft ’80

<latexit sha1_base64="zjNiKi0rDbJDpzGBgkW01+pBC0M=">AAACAnicbVBNS8NAEJ3Ur1q/op7Ey2IRPJVEpHosevFYwX5AE8pmu2mXbjZhdyOUULz4V7x4UMSrv8Kb/8ZtmoO2Phh4vDfDzLwg4Uxpx/m2Siura+sb5c3K1vbO7p69f9BWcSoJbZGYx7IbYEU5E7Slmea0m0iKo4DTTjC+mfmdByoVi8W9niTUj/BQsJARrI3Ut488jsWQU4Q8MmLISxTzZK707apTc3KgZeIWpAoFmn37yxvEJI2o0IRjpXquk2g/w1Izwum04qWKJpiM8ZD2DBU4osrP8hem6NQoAxTG0pTQKFd/T2Q4UmoSBaYzwnqkFr2Z+J/XS3V45WdMJKmmgswXhSlHOkazPNCASUo0nxiCiWTmVkRGWGKiTWoVE4K7+PIyaZ/X3HqtfndRbVwXcZThGE7gDFy4hAbcQhNaQOARnuEV3qwn68V6tz7mrSWrmDmEP7A+fwCQIZbs</latexit>

→ωε↑
<latexit sha1_base64="Ejnq9XtkmR1V0e93U99qRYPd/ZY=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCyCp5KIVI9FLx4r2A9oQtlsN+3SzSbsboRSevLiX/HiQRGv/gZv/hs3aQ7a+mDg8d4MM/OChDOlHefbKq2srq1vlDcrW9s7u3v2/kFbxakktEViHstugBXlTNCWZprTbiIpjgJOO8H4JvM7D1QqFot7PUmoH+GhYCEjWBupbx97ikXI41gMOUUeGbGskCdzoW9XnZqTAy0TtyBVKNDs21/eICZpRIUmHCvVc51E+1MsNSOczipeqmiCyRgPac9QgSOq/Gn+xgydGmWAwliaEhrl6u+JKY6UmkSB6YywHqlFLxP/83qpDq/8KRNJqqkg80VhypGOUZYJGjBJieYTQzCRzNyKyAhLTLRJrmJCcBdfXibt85pbr9XvLqqN6yKOMhzBCZyBC5fQgFtoQgsIPMIzvMKb9WS9WO/Wx7y1ZBUzh/AH1ucPqK6YoQ==</latexit>

→ ↑ωω↓

<latexit sha1_base64="zjNiKi0rDbJDpzGBgkW01+pBC0M=">AAACAnicbVBNS8NAEJ3Ur1q/op7Ey2IRPJVEpHosevFYwX5AE8pmu2mXbjZhdyOUULz4V7x4UMSrv8Kb/8ZtmoO2Phh4vDfDzLwg4Uxpx/m2Siura+sb5c3K1vbO7p69f9BWcSoJbZGYx7IbYEU5E7Slmea0m0iKo4DTTjC+mfmdByoVi8W9niTUj/BQsJARrI3Ut488jsWQU4Q8MmLISxTzZK707apTc3KgZeIWpAoFmn37yxvEJI2o0IRjpXquk2g/w1Izwum04qWKJpiM8ZD2DBU4osrP8hem6NQoAxTG0pTQKFd/T2Q4UmoSBaYzwnqkFr2Z+J/XS3V45WdMJKmmgswXhSlHOkazPNCASUo0nxiCiWTmVkRGWGKiTWoVE4K7+PIyaZ/X3HqtfndRbVwXcZThGE7gDFy4hAbcQhNaQOARnuEV3qwn68V6tz7mrSWrmDmEP7A+fwCQIZbs</latexit>

→ωε↑

In conclusion: 
Highly challenging and no good understanding of the IR
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What do we know?

25

Method Major challenges Results

Monte Carlo Lattice simulations Doubler and sign problems

Most Attractive Channel 
Too naive Color-flavor-locked IR with 

Large N 
Finite N If confinement, no dSB

Anomaly mediated SUSY breaking 
Non-SUSY limit

Conformal theories for  few N<13  and 

for larger,           and 

Anomaly matching, discrete 
symmetries and higher forms

Not sufficiently constraining
Massless                          baryons with no 

dSB, or color-flavor-locked phase 

<latexit sha1_base64="uDGdcpQwTFr3YX7fV6XBXI7dB0g=">AAACE3icbVBNS8NAEN34WetX1KOXxSKIh5KIVI+lXjxWsB/QhDLZbtqlm03Y3Qgl9D948a948aCIVy/e/Ddu0xy09cHA470ZZuYFCWdKO863tbK6tr6xWdoqb+/s7u3bB4dtFaeS0BaJeSy7ASjKmaAtzTSn3URSiAJOO8H4ZuZ3HqhULBb3epJQP4KhYCEjoI3Ut88zjwDHjamnWIQ9DmLIKcYeGTHsJYrlJXO1b1ecqpMDLxO3IBVUoNm3v7xBTNKICk04KNVznUT7GUjNCKfTspcqmgAZw5D2DBUQUeVn+U9TfGqUAQ5jaUponKu/JzKIlJpEgemMQI/UojcT//N6qQ6v/YyJJNVUkPmiMOVYx3gWEB4wSYnmE0OASGZuxWQEEog2MZZNCO7iy8ukfVF1a9Xa3WWl3ijiKKFjdILOkIuuUB3doiZqIYIe0TN6RW/Wk/VivVsf89YVq5g5Qn9gff4AbGGd6Q==</latexit>

B → ↑ωεε↓

Nielsen,Ninomiya’80’81Eichten,Preskill’86

Raby,Dimopoulos,Susskind ’79 
Dimopoulos,Raby,Susskind ’80 Eichten,Feinberg ‘82

Csáki,Murayama,Telem[2105.03444]

Eichten,Peccei,Preskill,Zeppenfeld’86 
Karasik,Önder,Tong[2208.07842]

Bolognesi,Konishi,Luzio[2101.02601]
Bars,Yankielowitz’81

’t Hooft ’80

<latexit sha1_base64="zjNiKi0rDbJDpzGBgkW01+pBC0M=">AAACAnicbVBNS8NAEJ3Ur1q/op7Ey2IRPJVEpHosevFYwX5AE8pmu2mXbjZhdyOUULz4V7x4UMSrv8Kb/8ZtmoO2Phh4vDfDzLwg4Uxpx/m2Siura+sb5c3K1vbO7p69f9BWcSoJbZGYx7IbYEU5E7Slmea0m0iKo4DTTjC+mfmdByoVi8W9niTUj/BQsJARrI3Ut488jsWQU4Q8MmLISxTzZK707apTc3KgZeIWpAoFmn37yxvEJI2o0IRjpXquk2g/w1Izwum04qWKJpiM8ZD2DBU4osrP8hem6NQoAxTG0pTQKFd/T2Q4UmoSBaYzwnqkFr2Z+J/XS3V45WdMJKmmgswXhSlHOkazPNCASUo0nxiCiWTmVkRGWGKiTWoVE4K7+PIyaZ/X3HqtfndRbVwXcZThGE7gDFy4hAbcQhNaQOARnuEV3qwn68V6tz7mrSWrmDmEP7A+fwCQIZbs</latexit>

→ωε↑
<latexit sha1_base64="Ejnq9XtkmR1V0e93U99qRYPd/ZY=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCyCp5KIVI9FLx4r2A9oQtlsN+3SzSbsboRSevLiX/HiQRGv/gZv/hs3aQ7a+mDg8d4MM/OChDOlHefbKq2srq1vlDcrW9s7u3v2/kFbxakktEViHstugBXlTNCWZprTbiIpjgJOO8H4JvM7D1QqFot7PUmoH+GhYCEjWBupbx97ikXI41gMOUUeGbGskCdzoW9XnZqTAy0TtyBVKNDs21/eICZpRIUmHCvVc51E+1MsNSOczipeqmiCyRgPac9QgSOq/Gn+xgydGmWAwliaEhrl6u+JKY6UmkSB6YywHqlFLxP/83qpDq/8KRNJqqkg80VhypGOUZYJGjBJieYTQzCRzNyKyAhLTLRJrmJCcBdfXibt85pbr9XvLqqN6yKOMhzBCZyBC5fQgFtoQgsIPMIzvMKb9WS9WO/Wx7y1ZBUzh/AH1ucPqK6YoQ==</latexit>

→ ↑ωω↓

<latexit sha1_base64="zjNiKi0rDbJDpzGBgkW01+pBC0M=">AAACAnicbVBNS8NAEJ3Ur1q/op7Ey2IRPJVEpHosevFYwX5AE8pmu2mXbjZhdyOUULz4V7x4UMSrv8Kb/8ZtmoO2Phh4vDfDzLwg4Uxpx/m2Siura+sb5c3K1vbO7p69f9BWcSoJbZGYx7IbYEU5E7Slmea0m0iKo4DTTjC+mfmdByoVi8W9niTUj/BQsJARrI3Ut488jsWQU4Q8MmLISxTzZK707apTc3KgZeIWpAoFmn37yxvEJI2o0IRjpXquk2g/w1Izwum04qWKJpiM8ZD2DBU4osrP8hem6NQoAxTG0pTQKFd/T2Q4UmoSBaYzwnqkFr2Z+J/XS3V45WdMJKmmgswXhSlHOkazPNCASUo0nxiCiWTmVkRGWGKiTWoVE4K7+PIyaZ/X3HqtfndRbVwXcZThGE7gDFy4hAbcQhNaQOARnuEV3qwn68V6tz7mrSWrmDmEP7A+fwCQIZbs</latexit>

→ωε↑

In conclusion: 
Highly challenging and no good understanding of the IR

A promising path: functional methods


