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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:  

- understand QFT 

- conjectured rich and unexplored dynamics, a challenge 

★Exotic condensates 

★Tumbling: several patterns of SB  

★Symmetric Mass Generation
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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 
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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
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no good understanding of the IR
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In conclusion: 

no good understanding of the IR

A new path:  

Functional methods
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Functional Renormalisation Group
• Progressive integration of momentum shells: 

• Effective average action:  

- Average action of fields over a   space-time volume  

- Kadanoff’s block-spinning idea in the continuum limit

k−d

<latexit sha1_base64="Xl+N4nft3HdhQojmHZAgko9JWvU="></latexit>

�k[�] =

Z

x
J(x)�(x)�Wk[J ]��Sk[�]

<latexit sha1_base64="xLs9ZcRlnZJppETJs223M02h6SE="></latexit>

k = ⇤

<latexit sha1_base64="2fX0CzIq5OVF6C047TgoJGnBEwU="></latexit>

k ! 0

<latexit sha1_base64="rWOzNnJWofsdTxJ/bepL+YKkO78="></latexit>

S[�]<latexit sha1_base64="4L3nnKeag4oCd6tTwahavJ/ngfc="></latexit>

�k[�]
<latexit sha1_base64="5JMu3PJeN5xXCLmJAumwLtdm9FI="></latexit>

�[�]

<latexit sha1_base64="8DfCqPNTlKyTc2fie25VXn9KFt4=">AAACB3icbZBPS8MwGMbT+W/Of1WPggSH4Gm0ItPj0IvHCdscrGWk2dstLE1Lkgqj7ObFr+LFgyJe/Qre/DZmXQ+6+ULIj+d5X5L3CRLOlHacb6u0srq2vlHerGxt7+zu2fsHHRWnkkKbxjyW3YAo4ExAWzPNoZtIIFHA4T4Y38z8+weQisWipScJ+BEZChYySrSR+vbx2FMswi2cXx4nYsgBJ9iTOfXtqlNz8sLL4BZQRUU1+/aXN4hpGoHQlBOleq6TaD8jUjPKYVrxUgUJoWMyhJ5BQSJQfpbvMcWnRhngMJbmCI1z9fdERiKlJlFgOiOiR2rRm4n/eb1Uh1d+xkSSahB0/lCYcqxjPAsFD5gEqvnEAKGSmb9iOiKSUG2iq5gQ3MWVl6FzXnPrtfrdRbVxXcRRRkfoBJ0hF12iBrpFTdRGFD2iZ/SK3qwn68V6tz7mrSWrmDlEf8r6/AG/dJif</latexit>

k ⇠ T ⇠ hpiIR cutoff scale:

Wetterich ’89

<latexit sha1_base64="yh+5G+hkg08TS3PxIoJMtURaTNA="></latexit>∫
[Dω]p>k =

∫
Dω exp(→!Sk[ω])

<latexit sha1_base64="Br3cSyJRWUZEn6c5yyNtaQuj+xc=">AAACIXicbVDLSsNAFJ34rPUVdelmsAgtaElEajdCURcu66MPaEKYTCft0EkyzEyEUvorbvwVNy4U6U78GSdtFtp6YODMOfdy7z0+Z1Qqy/oylpZXVtfWcxv5za3tnV1zb78p40Rg0sAxi0XbR5IwGpGGooqRNhcEhT4jLX9wnfqtJyIkjaNHNeTEDVEvogHFSGnJM6vODWEKwQdvADsO71P3Ejo0UtDjMP3CIi85J/Be2zOWisVTXvLMglW2poCLxM5IAWSoe+bE6cY4CUmkMENSdmyLK3eEhKKYkXHeSSThCA9Qj3Q0jVBIpDuaXjiGx1rpwiAW+unlpurvjhEKpRyGvq4MkerLeS8V//M6iQqq7ohGPFEkwrNBQcKgimEaF+xSQbBiQ00QFlTvCnEfCYSVDjWvQ7DnT14kzbOyXSlX7s4Ltassjhw4BEegCGxwAWrgFtRBA2DwDF7BO/gwXow349OYzEqXjKznAPyB8f0D+GqgRw==</latexit>

!Sk[ω] =

∫

p
ω(p)Rk(p)ω(→p)

➡ Pedagogical introduction: Gies [0611146] Dupuis,et.al [2006.04853]➡ Review:
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Functional Renormalisation Group

Wetterich ’93

Flow equation:
<latexit sha1_base64="Hs05UPIQlH6dAsnklhJfaYJxs4c="></latexit>
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1

2
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"
1

�(2)
k +Rk

@tRk

#

<latexit sha1_base64="v41pw9TLWvPy1ujqA2Wcoi4zMWc="></latexit>

@t ⌘ k @k

• Exact 

• Non-perturbative 

• One loop 

• Analytic regulators 

• Versatile 

• UV-IR finite 

• Systematic truncation schemes 

• Chiral regulators 

… 

<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)

• Progressive integration of momentum shells: 

• Effective average action:  

- Average action of fields over a   space-time volume  

- Kadanoff’s block-spinning idea in the continuum limit

k−d
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➡ Pedagogical introduction: Gies [0611146] Dupuis,et.al [2006.04853]➡ Review:



 Álvaro Pastor Gutiérrez

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

5

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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Effective action for gauge-fermion theories

6

[\chi^\dagger, \chi, \psi^\dagger, \psi]

<latexit sha1_base64="tkBCLSEwAXhrvtVm7HKtxbOiTtE=">AAACKHicbVBNTwIxEO3iF+IX6tFLIzHxQMiuMehN1IMeMZGPZHcls6VAQ7u7absmhPBzvPhXvBijMVz9JXaBA4KTdvLmvZm084KYM6Vte2xlVlbX1jeym7mt7Z3dvfz+QV1FiSS0RiIeyWYAinIW0ppmmtNmLCmIgNNG0L9N9cYzlYpF4aMexNQX0A1ZhxHQhmrlr7w7EALc65YnkqIXgMSkmB6P9NiT14Zul8ppZXKs5jlT+a18wS7Zk8DLwJmBAppFtZX/8NoRSQQNNeGglOvYsfaHIDUjnI5yXqJoDKQPXeoaGIKgyh9OFh3hE8O0cSeS5oYaT9j5iSEIpQYiMJ0CdE8tain5n+YmunPpD1kYJ5qGZPpQJ+FYRzh1DbeZpETzgQFAJDN/xaQHEog23uaMCc7iysugflZyyqXyw3mhcjOzI4uO0DE6RQ66QBV0j6qohgh6QW/oE31Zr9a79W2Np60ZazZziP6E9fMLIqKk2A==</latexit>

![Aµ, c̄, c,ω
†,ω,ε†,ε]
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<latexit sha1_base64="tkBCLSEwAXhrvtVm7HKtxbOiTtE=">AAACKHicbVBNTwIxEO3iF+IX6tFLIzHxQMiuMehN1IMeMZGPZHcls6VAQ7u7absmhPBzvPhXvBijMVz9JXaBA4KTdvLmvZm084KYM6Vte2xlVlbX1jeym7mt7Z3dvfz+QV1FiSS0RiIeyWYAinIW0ppmmtNmLCmIgNNG0L9N9cYzlYpF4aMexNQX0A1ZhxHQhmrlr7w7EALc65YnkqIXgMSkmB6P9NiT14Zul8ppZXKs5jlT+a18wS7Zk8DLwJmBAppFtZX/8NoRSQQNNeGglOvYsfaHIDUjnI5yXqJoDKQPXeoaGIKgyh9OFh3hE8O0cSeS5oYaT9j5iSEIpQYiMJ0CdE8tain5n+YmunPpD1kYJ5qGZPpQJ+FYRzh1DbeZpETzgQFAJDN/xaQHEog23uaMCc7iysugflZyyqXyw3mhcjOzI4uO0DE6RQ66QBV0j6qohgh6QW/oE31Zr9a79W2Np60ZazZziP6E9fMLIqKk2A==</latexit>

![Aµ, c̄, c,ω
†,ω,ε†,ε]

<latexit sha1_base64="KR+ow8yFFVe6yhE+BohuVTF47iE=">AAACD3icbVA9SwNBEN2LXzF+RS1tFoNiEcKdSLSMWmgZwXxA7jjmNptkye7dsbsnhCP/wMa/YmOhiK2tnf/GTXKFJj4YeLw3w8y8IOZMadv+tnJLyyura/n1wsbm1vZOcXevqaJEEtogEY9kOwBFOQtpQzPNaTuWFETAaSsYXk/81gOVikXhvR7F1BPQD1mPEdBG8ovH7g0IAX6aulLgPiR9Oh53Ln1XJGU3AIlJGRMP+8WSXbGnwIvEyUgJZaj7xS+3G5FE0FATDkp1HDvWXgpSM8LpuOAmisZAhtCnHUNDEFR56fSfMT4yShf3Imkq1Hiq/p5IQSg1EoHpFKAHat6biP95nUT3LryUhXGiaUhmi3oJxzrCk3Bwl0lKNB8ZAkQycysmA5BAtImwYEJw5l9eJM3TilOtVO/OSrWrLI48OkCH6AQ56BzV0C2qowYi6BE9o1f0Zj1ZL9a79TFrzVnZzD76A+vzB67am8k=</latexit>

!gauge[Aµ, c̄, c]

Asymptotic freedom and colour confinement

…
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[\chi^\dagger, \chi, \psi^\dagger, \psi]

<latexit sha1_base64="tkBCLSEwAXhrvtVm7HKtxbOiTtE=">AAACKHicbVBNTwIxEO3iF+IX6tFLIzHxQMiuMehN1IMeMZGPZHcls6VAQ7u7absmhPBzvPhXvBijMVz9JXaBA4KTdvLmvZm084KYM6Vte2xlVlbX1jeym7mt7Z3dvfz+QV1FiSS0RiIeyWYAinIW0ppmmtNmLCmIgNNG0L9N9cYzlYpF4aMexNQX0A1ZhxHQhmrlr7w7EALc65YnkqIXgMSkmB6P9NiT14Zul8ppZXKs5jlT+a18wS7Zk8DLwJmBAppFtZX/8NoRSQQNNeGglOvYsfaHIDUjnI5yXqJoDKQPXeoaGIKgyh9OFh3hE8O0cSeS5oYaT9j5iSEIpQYiMJ0CdE8tain5n+YmunPpD1kYJ5qGZPpQJ+FYRzh1DbeZpETzgQFAJDN/xaQHEog23uaMCc7iysugflZyyqXyw3mhcjOzI4uO0DE6RQ66QBV0j6qohgh6QW/oE31Zr9a79W2Np60ZazZziP6E9fMLIqKk2A==</latexit>

![Aµ, c̄, c,ω
†,ω,ε†,ε]

<latexit sha1_base64="KR+ow8yFFVe6yhE+BohuVTF47iE=">AAACD3icbVA9SwNBEN2LXzF+RS1tFoNiEcKdSLSMWmgZwXxA7jjmNptkye7dsbsnhCP/wMa/YmOhiK2tnf/GTXKFJj4YeLw3w8y8IOZMadv+tnJLyyura/n1wsbm1vZOcXevqaJEEtogEY9kOwBFOQtpQzPNaTuWFETAaSsYXk/81gOVikXhvR7F1BPQD1mPEdBG8ovH7g0IAX6aulLgPiR9Oh53Ln1XJGU3AIlJGRMP+8WSXbGnwIvEyUgJZaj7xS+3G5FE0FATDkp1HDvWXgpSM8LpuOAmisZAhtCnHUNDEFR56fSfMT4yShf3Imkq1Hiq/p5IQSg1EoHpFKAHat6biP95nUT3LryUhXGiaUhmi3oJxzrCk3Bwl0lKNB8ZAkQycysmA5BAtImwYEJw5l9eJM3TilOtVO/OSrWrLI48OkCH6AQ56BzV0C2qowYi6BE9o1f0Zj1ZL9a79TFrzVnZzD76A+vzB67am8k=</latexit>

!gauge[Aµ, c̄, c]

Asymptotic freedom and colour confinement

…

<latexit sha1_base64="M7JoDs7ai5XzCUvJybE14su+PDY="></latexit>

!gauge→fermion[Aµ,ω
†,ω,ε†,ε] …
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[\chi^\dagger, \chi, \psi^\dagger, \psi]

<latexit sha1_base64="tkBCLSEwAXhrvtVm7HKtxbOiTtE=">AAACKHicbVBNTwIxEO3iF+IX6tFLIzHxQMiuMehN1IMeMZGPZHcls6VAQ7u7absmhPBzvPhXvBijMVz9JXaBA4KTdvLmvZm084KYM6Vte2xlVlbX1jeym7mt7Z3dvfz+QV1FiSS0RiIeyWYAinIW0ppmmtNmLCmIgNNG0L9N9cYzlYpF4aMexNQX0A1ZhxHQhmrlr7w7EALc65YnkqIXgMSkmB6P9NiT14Zul8ppZXKs5jlT+a18wS7Zk8DLwJmBAppFtZX/8NoRSQQNNeGglOvYsfaHIDUjnI5yXqJoDKQPXeoaGIKgyh9OFh3hE8O0cSeS5oYaT9j5iSEIpQYiMJ0CdE8tain5n+YmunPpD1kYJ5qGZPpQJ+FYRzh1DbeZpETzgQFAJDN/xaQHEog23uaMCc7iysugflZyyqXyw3mhcjOzI4uO0DE6RQ66QBV0j6qohgh6QW/oE31Zr9a79W2Np60ZazZziP6E9fMLIqKk2A==</latexit>

![Aµ, c̄, c,ω
†,ω,ε†,ε]

<latexit sha1_base64="X1wkN9x9KE/KMY7uWT0qaOADc70=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+BCyoxIdVl0oUsF+4DOWO6kd9pgMjMkGaEM/R03/oobBUXd+iOmj4W2Hkg495x7Se4JU8G1cd1PZ25+YXFpeWW1sLa+sblV3N6p6yRTDGssEYlqhqBR8BhrhhuBzVQhyFBgI7y/GPqNB1SaJ/Gt6acYSOjGPOIMjJXaxSr1L0FKaOe5rySNUEmrDwa05bMev/M70O2iOqLDyt6p/q3ZKmgXS27ZHYHOEm9CSmSC63bx1e8kLJMYGyZA65bnpibIQRnOBA4KfqYxBXYPXWxZGoNEHeSjTQf0wCodGiXKntjQkfp7IgepdV+GtlOC6elpbyj+57UyE50FOY/TzGDMxg9FmaAmocPYaIcrZEb0LQGmuP0rZT1QwIwNt2BD8KZXniX147JXKVduTkrV80kcK2SP7JND4pFTUiVX5JrUCCOP5Jm8kXfnyXlxPpyvceucM5nZJX/gfP8AQjumow==</latexit>

!fermion[ω
†,ω,ε†,ε]

Emergence of a condensate, fermionic bound states …

…

<latexit sha1_base64="KR+ow8yFFVe6yhE+BohuVTF47iE=">AAACD3icbVA9SwNBEN2LXzF+RS1tFoNiEcKdSLSMWmgZwXxA7jjmNptkye7dsbsnhCP/wMa/YmOhiK2tnf/GTXKFJj4YeLw3w8y8IOZMadv+tnJLyyura/n1wsbm1vZOcXevqaJEEtogEY9kOwBFOQtpQzPNaTuWFETAaSsYXk/81gOVikXhvR7F1BPQD1mPEdBG8ovH7g0IAX6aulLgPiR9Oh53Ln1XJGU3AIlJGRMP+8WSXbGnwIvEyUgJZaj7xS+3G5FE0FATDkp1HDvWXgpSM8LpuOAmisZAhtCnHUNDEFR56fSfMT4yShf3Imkq1Hiq/p5IQSg1EoHpFKAHat6biP95nUT3LryUhXGiaUhmi3oJxzrCk3Bwl0lKNB8ZAkQycysmA5BAtImwYEJw5l9eJM3TilOtVO/OSrWrLI48OkCH6AQ56BzV0C2qowYi6BE9o1f0Zj1ZL9a79TFrzVnZzD76A+vzB67am8k=</latexit>

!gauge[Aµ, c̄, c]

Asymptotic freedom and colour confinement

…

<latexit sha1_base64="M7JoDs7ai5XzCUvJybE14su+PDY="></latexit>

!gauge→fermion[Aµ,ω
†,ω,ε†,ε] …
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[\chi^\dagger, \chi, \psi^\dagger, \psi]

<latexit sha1_base64="tkBCLSEwAXhrvtVm7HKtxbOiTtE=">AAACKHicbVBNTwIxEO3iF+IX6tFLIzHxQMiuMehN1IMeMZGPZHcls6VAQ7u7absmhPBzvPhXvBijMVz9JXaBA4KTdvLmvZm084KYM6Vte2xlVlbX1jeym7mt7Z3dvfz+QV1FiSS0RiIeyWYAinIW0ppmmtNmLCmIgNNG0L9N9cYzlYpF4aMexNQX0A1ZhxHQhmrlr7w7EALc65YnkqIXgMSkmB6P9NiT14Zul8ppZXKs5jlT+a18wS7Zk8DLwJmBAppFtZX/8NoRSQQNNeGglOvYsfaHIDUjnI5yXqJoDKQPXeoaGIKgyh9OFh3hE8O0cSeS5oYaT9j5iSEIpQYiMJ0CdE8tain5n+YmunPpD1kYJ5qGZPpQJ+FYRzh1DbeZpETzgQFAJDN/xaQHEog23uaMCc7iysugflZyyqXyw3mhcjOzI4uO0DE6RQ66QBV0j6qohgh6QW/oE31Zr9a79W2Np60ZazZziP6E9fMLIqKk2A==</latexit>

![Aµ, c̄, c,ω
†,ω,ε†,ε]

<latexit sha1_base64="X1wkN9x9KE/KMY7uWT0qaOADc70=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+BCyoxIdVl0oUsF+4DOWO6kd9pgMjMkGaEM/R03/oobBUXd+iOmj4W2Hkg495x7Se4JU8G1cd1PZ25+YXFpeWW1sLa+sblV3N6p6yRTDGssEYlqhqBR8BhrhhuBzVQhyFBgI7y/GPqNB1SaJ/Gt6acYSOjGPOIMjJXaxSr1L0FKaOe5rySNUEmrDwa05bMev/M70O2iOqLDyt6p/q3ZKmgXS27ZHYHOEm9CSmSC63bx1e8kLJMYGyZA65bnpibIQRnOBA4KfqYxBXYPXWxZGoNEHeSjTQf0wCodGiXKntjQkfp7IgepdV+GtlOC6elpbyj+57UyE50FOY/TzGDMxg9FmaAmocPYaIcrZEb0LQGmuP0rZT1QwIwNt2BD8KZXniX147JXKVduTkrV80kcK2SP7JND4pFTUiVX5JrUCCOP5Jm8kXfnyXlxPpyvceucM5nZJX/gfP8AQjumow==</latexit>

!fermion[ω
†,ω,ε†,ε]

Emergence of a condensate, fermionic bound states …

…

<latexit sha1_base64="KR+ow8yFFVe6yhE+BohuVTF47iE=">AAACD3icbVA9SwNBEN2LXzF+RS1tFoNiEcKdSLSMWmgZwXxA7jjmNptkye7dsbsnhCP/wMa/YmOhiK2tnf/GTXKFJj4YeLw3w8y8IOZMadv+tnJLyyura/n1wsbm1vZOcXevqaJEEtogEY9kOwBFOQtpQzPNaTuWFETAaSsYXk/81gOVikXhvR7F1BPQD1mPEdBG8ovH7g0IAX6aulLgPiR9Oh53Ln1XJGU3AIlJGRMP+8WSXbGnwIvEyUgJZaj7xS+3G5FE0FATDkp1HDvWXgpSM8LpuOAmisZAhtCnHUNDEFR56fSfMT4yShf3Imkq1Hiq/p5IQSg1EoHpFKAHat6biP95nUT3LryUhXGiaUhmi3oJxzrCk3Bwl0lKNB8ZAkQycysmA5BAtImwYEJw5l9eJM3TilOtVO/OSrWrLI48OkCH6AQ56BzV0C2qowYi6BE9o1f0Zj1ZL9a79TFrzVnZzD76A+vzB67am8k=</latexit>

!gauge[Aµ, c̄, c]

Asymptotic freedom and colour confinement

…

<latexit sha1_base64="M7JoDs7ai5XzCUvJybE14su+PDY="></latexit>

!gauge→fermion[Aµ,ω
†,ω,ε†,ε] …

Truncation of the effective action here: 

• Keep canonically (marginal) relevant 

operators and four-fermion interactions 

• Minimal setup to describe dSB and 

confinement
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- Gluon mass gap generated by quantum fluctuations 

- How we know its confinement?  

๏ Kugo-Ojima criterion satisfied 

• Sufficient conditions: Massive spectrum of physical states in 

the Hilbert space and a global BRST transformation 

• Unique IR scaling of correlation functions

<latexit sha1_base64="o7eOofLTBOcRSc2IRdkF76wb4oo=">AAACEnicbVA7T8MwGHTKq5RXgJHFokJqlyqpUGGsYGEsEn2IJo0c122tOrFlO0hV1N/Awl9hYQAhViY2/g1u2gFaTrJ0vvs+2XehYFRpx/m2cmvrG5tb+e3Czu7e/oF9eNRSPJGYNDFnXHZCpAijMWlqqhnpCElQFDLSDsfXM7/9QKSiPL7TE0H8CA1jOqAYaSMFdtljNApS4WnuTOF9gEuiVy17QnKhOcwuPW+MhECBXXQqTga4StwFKYIFGoH95fU5TiISa8yQUl3XEdpPkdQUMzIteIkiAuExGpKuoTGKiPLTLNIUnhmlDwdcmhNrmKm/N1IUKTWJQjMZIT1Sy95M/M/rJnpw6ac0FokmMZ4/NEgYNGln/cA+lQRrNjEEYUnNXyEeIYmwNi0WTAnucuRV0qpW3FqldnterF8t6siDE3AKSsAFF6AObkADNAEGj+AZvII368l6sd6tj/lozlrsHIM/sD5/AMPZnOk=</latexit>

lim
p!0

Zc(p
2) / (p2)

<latexit sha1_base64="wUeknvK4YnOsAHJ/1qA4bC5xFA0=">AAACFnicbVBLTwIxGOziC/GFevTSSEzwANklBj2iXjxiIo/ILptuKdDQ3TZt14Rs+BVe/CtePGiMV+PNf2OBPSg4SZPpzPelnQkEo0rb9reVWVldW9/Ibua2tnd29/L7B03FY4lJA3PGZTtAijAakYammpG2kASFASOtYHQ99VsPRCrKozs9FsQL0SCifYqRNpKfL7mMhn4iXM3tCbz3L4uiWzl1heRCczi7dJNSxR0hIdDEzxfssj0DXCZOSgogRd3Pf7k9juOQRBozpFTHsYX2EiQ1xYxMcm6siEB4hAakY2iEQqK8ZBZrAk+M0oN9Ls2JNJypvzcSFCo1DgMzGSI9VIveVPzP68S6f+ElNBKxJhGeP9SPGTSJpx3BHpUEazY2BGFJzV8hHiKJsDZN5kwJzmLkZdKslJ1quXp7VqhdpXVkwRE4BkXggHNQAzegDhoAg0fwDF7Bm/VkvVjv1sd8NGOlO4fgD6zPH2QankY=</latexit>

lim
p!0

ZA(p
2) / (p2)�2

<latexit sha1_base64="vmgiZukhuR3UXM0+q7pY02bu+Tw="></latexit>

�(AA)
k (p2) = ZA,k(p)(p

2 +m2
gap,k) = ẐA,k(p) p

2

Alkofer,von Smekal’96’00 Pawlowski,Litim,Nedelko,von Smekal[hep-th/0312324] Fischer, Maas, Pawlowski[0810.1987] Cyrol,Fister,Mitter,Pawlowski [1605.01856]…

Kugo[hep-th/9511033]
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6 Goertz,APG,Pawlowski[2412.12254]

<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
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Kugo, Ojima’79 Nakanishi,Ojima’90 
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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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 a chiral QCD example<latexit sha1_base64="ImkUGcMZDgrYSJzw2Kiuc0ihYOM="></latexit>

! =

∫

x

1

4
F a
µωF

a
µω + Lgf + Lgh + ωi

(
ε̄Tiε

)2
+ ϑi

(
ε̄Tiε

)3
+ . . .
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 a chiral QCD example<latexit sha1_base64="ImkUGcMZDgrYSJzw2Kiuc0ihYOM="></latexit>

! =

∫

x

1

4
F a
µωF

a
µω + Lgf + Lgh + ωi

(
ε̄Tiε

)2
+ ϑi

(
ε̄Tiε

)3
+ . . .
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 a chiral QCD example<latexit sha1_base64="ImkUGcMZDgrYSJzw2Kiuc0ihYOM="></latexit>

! =

∫

x

1

4
F a
µωF

a
µω + Lgf + Lgh + ωi

(
ε̄Tiε

)2
+ ϑi

(
ε̄Tiε

)3
+ . . .
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 a chiral QCD example<latexit sha1_base64="ImkUGcMZDgrYSJzw2Kiuc0ihYOM="></latexit>

! =

∫

x

1

4
F a
µωF

a
µω + Lgf + Lgh + ωi

(
ε̄Tiε

)2
+ ϑi

(
ε̄Tiε

)3
+ . . .
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 a chiral QCD example
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1
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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
+ . . .
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 a chiral QCD example

Stratonovich’57 Hubbard’59

0.1 1 10 100 1000

10-4

1
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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
+ . . .
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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
+ . . .

<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="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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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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<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)
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First steps: dynamical emergence of confinement and dSB in the BY class of chiral gauge theories

• fRG approach: approximate, first-principles and nonperturbative  

- Well-defined criteria for confinement (Kugo-Ojima) and dSB (FP merger) 

• Phase structure: 

1. dSB,  condensate, tumbling 

2. Confinement without dSB 

★ Novel dynamics and features to be explored deeper 

★ Massless hadrons, SMG, ?, …   

• Promising path towards systematically studying chiral gauge theories

⟨χχ⟩
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Thank you for your attention!
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