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Cartography of gauge-fermion dynamics
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Gauge-fermion theories
✦ Importance in the natural world: ~QCD, ~EW sector 

✦ Non-trivial dynamics and features: 

• Confinement 

• Dynamical chiral symmetry breaking ( ) 

• Walking dynamics
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✦ Answer to fundamental puzzles of nature: 

• Strong dark sectors responsible for Dark Matter  

• Composite Higgs and Technicolour models 

• Cosmological phase transitions and gravitational wave signatures
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What we know so far from first-principles? 
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✦ Few flavours: QCD-like theories
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✦ CBZ IR fixed-point (perturbative) 

✦ Tailor-made task for the functional Renormalisation Group: 

• Quantitative  

• Versatile: easily study large range of parameter and theory space 

• Chiral limit with no difficulties
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Colour confinement and the gluon mass gap
✦ Absence of coloured asymptotic states 

✦ Massive spectrum of bound states (glueballs) 

✦ Existence of a gluon mass gap: 

- Wilson area law 

- Kugo-Ojima conditions 

- Confinement-deconfinement phase transition

4

✦ fRG bootstrap approach to confinement: 

- Mass gap generated by quantum fluctuations 

- Uniquely defined confinement condition 

✦ New: “easy” confinement  

- Cutoff dependences suffice  

- Semi-analytical 

- Facilitate study beyond QCD-limit
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gap,k) = ẐA,k(p) p

2

Cyrol,Fister,Mitter,Pawlowski [1605.01856] Herbst,Luecker,Pawlowski[1510.03830]

Po
ly

ak
ov

 lo
op



 Álvaro Pastor Gutiérrez, Max Planck Institute for Nuclear Physics, Heidelberg 

Confinement in correlation functions
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✦ Flows computed: 

✦ Exchange couplings: 

✦ Decay of correlation functions below the mass gap scale 

✦ The interplay of gapped gauge and ghost contributions 

Cyrol,Fister,Mitter,Pawlowski [1605.01856]
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“Easy” confinement
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Emergent composites
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Gies, Wetterich ’01
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�̄k =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + (@µc̄

a)Dab
µ cb +

1

2⇠
(@µA

a
µ)

2 +  ̄
⇥
(�µDµ) +m(�)

⇤
 

+ h  ̄
�
T 0
f � + i�5 T

a
f ⇡

a
�
 +

1

2
(@µ�)

2 + V (�2)

<latexit sha1_base64="4Ymxt+uM5fN2+juRODFOEwAhZv8="></latexit>

�̄k =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + (@µc̄

a)Dab
µ cb +

1

2⇠
(@µA

a
µ)

2 +  ̄
⇥
(�µDµ)

⇤
 � �

h �
 ̄ T 0

f  
�2

+ ( ̄ i�5 T
a
f  )

2
i
+ h  ̄

�
T 0
f � + i�5 T

a
f ⇡

a
�
 +

1

2
(@µ�)

2 + V (�2)

Stratonovich’57 Hubbard’59

<latexit sha1_base64="Wchui/y8PAPJRP9Xm9MQGsmEpXU="></latexit>

� = (�, i�5⇡
a)

<latexit sha1_base64="AFnLQIaNEAA0qcJznAOhjTIZcmM="></latexit>

V (�2) =
NmaxX

n=1

�n

n!

✓
�2

2

◆n

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

�

Fukushima,Pawlowski,Strodthoff [2103.01129]Pawlowski [hep-th/0512261]

+…

+…
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Dynamical SBχ
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✦ Obtaining fundamental parameters  

- Constituent fermion masses:  (within 10% error) 

- Chiral condensate:  

- Composite masses of bosonised channels:  

✦ Account for higher dimensional fermionic operators 

via higher-order scalar potential

mψ

⟨σ⟩ ∼ fπ

mσ, mπ

<latexit sha1_base64="kdMiUGZXEmcNZILjSMPX5EmeEiE="></latexit>�

<latexit sha1_base64="kdMiUGZXEmcNZILjSMPX5EmeEiE="></latexit>�

<latexit sha1_base64="kdMiUGZXEmcNZILjSMPX5EmeEiE="></latexit>�

<latexit sha1_base64="kdMiUGZXEmcNZILjSMPX5EmeEiE="></latexit>�

<latexit sha1_base64="U7S5akzn4hbCK49QXiUpckDtbVc="></latexit>⇡

<latexit sha1_base64="U7S5akzn4hbCK49QXiUpckDtbVc="></latexit>⇡

<latexit sha1_base64="U7S5akzn4hbCK49QXiUpckDtbVc="></latexit>⇡

<latexit sha1_base64="U7S5akzn4hbCK49QXiUpckDtbVc="></latexit>⇡

✦ Flows computed: 

✦ Continuous interpolation between chirally symmetric 

and broken regimes 

✦ A clear and precise way to diagnose SBχ

<latexit sha1_base64="k+gIh6uDEh5QUdtAU5LM+C1q4+Q=">AAACGXicbVDLSgMxFM3UV62vqks3g0WoUMqMSHVZdOOygn1gMwyZNNMJzTxI7ghl6G+48VfcuFDEpa78G9N2Ftp6IORwzr03ucdLBFdgWd9GYWV1bX2juFna2t7Z3SvvH3RUnErK2jQWsex5RDHBI9YGDoL1EslI6AnW9UbXU7/7wKTicXQH44Q5IRlG3OeUgJbcsoUF8wFnQa1TxUnAT2v3Lk4Un10Br2GhZw2Iy7HkwwDwxC1XrLo1g7lM7JxUUI6WW/7Eg5imIYuACqJU37YScDIigVPBJiWcKpYQOiJD1tc0IiFTTjbbbGKeaGVg+rHUJwJzpv7uyEio1Dj0dGVIIFCL3lT8z+un4F86GY+SFFhE5w/5qTAhNqcxmQMuGQUx1oRQyfVfTRoQSSjoMEs6BHtx5WXSOavbjXrj9rzSvMrjKKIjdIyqyEYXqIluUAu1EUWP6Bm9ojfjyXgx3o2PeWnByHsO0R8YXz8Lc6Bf</latexit>

{h, V (�), Z , Z�,�i}

0.01

10

104

<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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Many flavour dynamics
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<latexit sha1_base64="hjRlmElMjm4hdpjAe4cYN5P4Kq0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAdklzA7mU2GzGOZmRXCkt/w4kERr/6MN//GSbIHjRY0FFXddHfFKWfG+v6XV1pb39jcKm9Xdnb39g+qh0cdozJNaJsornQvxoZyJmnbMstpL9UUi5jTbjy5nfvdR6oNU/LBTlMaCTySLGEEWyeFk0EeaoGIkslsUK35dX8B9JcEBalBgdag+hkOFckElZZwbEw/8FMb5VhbRjidVcLM0BSTCR7RvqMSC2qifHHzDJ05ZYgSpV1Jixbqz4kcC2OmInadAtuxWfXm4n9eP7PJdZQzmWaWSrJclGQcWYXmAaAh05RYPnUEE83crYiMscbEupgqLoRg9eW/pHNRDxr1xv1lrXlTxFGGEziFcwjgCppwBy1oA4EUnuAFXr3Me/bevPdla8krZo7hF7yPbxwhkcA=</latexit>

kconf

<latexit sha1_base64="/9+gdvEpu+6qic88K5oEIIR05eo=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEqsdSLx4r2g9oQthsN+3S3STsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbZU2Nre2d8q7lb39g8Mj+/iko5JMEtomCU9kL8SKchbTtmaa014qKRYhp91wfDf3uxMqFUviJz1NqS/wMGYRI1gbKbDtcZB7ZMRyTwr02JzNArvq1JwF0DpxC1KFAq3A/vIGCckEjTXhWKm+66Taz7HUjHA6q3iZoikmYzykfUNjLKjy88XlM3RhlAGKEmkq1mih/p7IsVBqKkLTKbAeqVVvLv7n9TMd3fo5i9NM05gsF0UZRzpB8xjQgElKNJ8agolk5lZERlhiok1YFROCu/ryOulc1dx6rf5wXW00izjKcAbncAku3EAD7qEFbSAwgWd4hTcrt16sd+tj2VqyiplT+APr8wd2NJOQ</latexit>

k�SB

walking
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Interplay of scales and fundamental parameters

10

1 2 3 4 5 6 7 8 9 10 11
0.01

0.05
0.10

0.50 1 2 3 4 5 6 7 8 9 10 11
0.0
0.1
0.2
0.3
0.4
0.5

■■ ■■ ■■ ■■ ■■ ■■ ■■ ■■ ■■ ■■ ■■ ■■ ■■ ■■
■■

■■
■■

■■
■■

■■

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

1 2 3 4 5 6 7 8 9 10 11 12

0.1

0.5
1

5
10



 Álvaro Pastor Gutiérrez, Max Planck Institute for Nuclear Physics, Heidelberg 

Cartography and 
walking distance
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<latexit sha1_base64="02wm089AGPiVC3muTHGPxcvRJIU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktUr0IRS+epIL9gHYp2TTbxmaTJckKZel/8OJBEa/+H2/+G7PtHrT6YODx3gwz84KYM21c98sprKyurW8UN0tb2zu7e+X9g7aWiSK0RSSXqhtgTTkTtGWY4bQbK4qjgNNOMLnO/M4jVZpJcW+mMfUjPBIsZAQbK7VvB+SyVhqUK27VnQP9JV5OKpCjOSh/9oeSJBEVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SwWOqPbT+bUzdGKVIQqlsiUMmqs/J1IcaT2NAtsZYTPWy14m/uf1EhNe+CkTcWKoIItFYcKRkSh7HQ2ZosTwqSWYKGZvRWSMFSbGBpSF4C2//Je0a1WvXq3fnVUaV3kcRTiCYzgFD86hATfQhBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENRRuOSg==</latexit> N c
=
2

<latexit sha1_base64="XwO7sMvBx+aI2xPDeBsbUipSWXc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqV6EohdPUsF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jdl2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g5aWiSK0SSSXqhNgTTkTtGmY4bQTK4qjgNN2ML7J/PYTVZpJ8WAmMfUjPBQsZAQbK7Xu+uSqVuqXK27VnQEtEy8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnE5LvUTTGJMxHtKupQJHVPvp7NopOrHKAIVS2RIGzdTfEymOtJ5Ege2MsBnpRS8T//O6iQkv/ZSJODFUkPmiMOHISJS9jgZMUWL4xBJMFLO3IjLCChNjA8pC8BZfXiats6pXq9buzyv16zyOIhzBMZyCBxdQh1toQBMIPMIzvMKbI50X5935mLcWnHzmEP7A+fwBSy+OTg==</latexit> N c
=
6

<latexit sha1_base64="J6PIMUxc+5Purv9q5nAuY1jTWkI=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9lVqV6EohdPUsFtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rdTWFldW98obpa2tnd298r7B00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1O/dYTVZpJ8WjGCQ1iPBAsYgQbK/n3PXJ93itX3Ko7A1omXk4qkKPRK391+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZsRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroKMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT8mG4C2+vEyaZ1WvVq09XFTqN3kcRTiCYzgFDy6hDnfQAB8IMHiGV3hzhPPivDsf89aCk88cwh84nz8RDI43</latexit> N c
=
3

<latexit sha1_base64="k4bMQT3Hp8qUpZ32g1r9uwT386w=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqV6EohdPUsFtC+1Ssmm2Dc1mlyQrlKW/wYsHRbz6g7z5b0zbPWjrg4HHezPMzAsSwbVxnG9UWFvf2Nwqbpd2dvf2D8qHRy0dp4oyj8YiVp2AaCa4ZJ7hRrBOohiJAsHawfh25refmNI8lo9mkjA/IkPJQ06JsZJ336fXtX654lSdOfAqcXNSgRzNfvmrN4hpGjFpqCBad10nMX5GlOFUsGmpl2qWEDomQ9a1VJKIaT+bHzvFZ1YZ4DBWtqTBc/X3REYirSdRYDsjYkZ62ZuJ/3nd1IRXfsZlkhom6WJRmApsYjz7HA+4YtSIiSWEKm5vxXREFKHG5lOyIbjLL6+S1kXVrVfrD7VK4yaPowgncArn4MIlNOAOmuABBQ7P8ApvSKIX9I4+Fq0FlM8cwx+gzx8SkI44</latexit> N c
=
4

<latexit sha1_base64="9HzHiGrPTC19/iLysHNjA7ccPsQ=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVrV6EohdPUsFtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rdTWFldW98obpa2tnd298r7B00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1O/dYTVZpJ8WjGCQ1iPBAsYgQbK/n3PXJ90StX3Ko7A1omXk4qkKPRK391+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZsRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroKMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT8mG4C2+vEyaZ1WvVq09nFfqN3kcRTiCYzgFDy6hDnfQAB8IMHiGV3hzhPPivDsf89aCk88cwh84nz8UFI45</latexit> N c
=
5

Length of walking regime
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Boundary of the conformal window
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: Critical strength of gauge dynamics necessary to trigger dynamically SBχ
<latexit sha1_base64="3s5Ewcqcg7VO+/NdiqfY97SY28o=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLUjcuK9gFNDJPppBk6MwkzE6GEbN34K25cKOLWP3Dn35ikXWjrgQvnnnMvl3v8mFGlLevbqKysrq1vVDdrW9s7u3vm/kFPRYnEpIsjFsmBjxRhVJCuppqRQSwJ4j4jfX9yVfj9ByIVjcSdnsbE5WgsaEAx0rnkmdBBLA7RfepIDrGkOvNSB4e07G/bWeaZdathlYDLxJ6TOpij45lfzijCCSdCY4aUGtpWrN0USU0xI1nNSRSJEZ6gMRnmVCBOlJuWn2TwJFdGMIhkXkLDUv29kSKu1JT7+SRHOlSLXiH+5w0THVy6KRVxoonAs0NBwqCOYBELHFFJsGbTnKAiBoohDpFEWOfh1fIQ7MWXl0nvrGE3G82b83qrPY+jCo7AMTgFNrgALXANOqALMHgEz+AVvBlPxovxbnzMRivGfOcQ/IHx+QP++5qK</latexit>

↵crit
�SB Gies, Jaeckel ’05

Braun, Gies’05’06

<latexit sha1_base64="/LCUY1PeNLjj5vUR1ankF4f71rE=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0URxJBISd0IRTeupIJ9QB9hMp20QycPZiZCCfkDN/6KGxeKuHXrzr9x0mahrQcu93DOvVzucSNGhTTNb62wtLyyulZcL21sbm3v6Lt7TRHGHJMGDlnI2y4ShNGANCSVjLQjTpDvMtJyx9eZ33ogXNAwuJeTiPR8NAyoRzGSSnL049t+0uU+xJzK1PEuoWUaVbufnJqGXUmd5Ex1O4WOXjYNcwq4SKyclEGOuqN/dQchjn0SSMyQEB3LjGQvQVxSzEha6saCRAiP0ZB0FA2QT0Qvmf6TwiOlDKAXclWBhFP190aCfCEmvqsmfSRHYt7LxP+8Tiy9i15CgyiWJMCzQ17MoAxhFg4cUE6wZBNFUJYIxRCPEEdYqghLKgRr/uVF0jw3LNuw7yrl2lUeRxEcgENwAixQBTVwA+qgATB4BM/gFbxpT9qL9q59zEYLWr6zD/5A+/wBaMmZuA==</latexit>

N crit
f = 10.76+0.64

�0.66
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Summary and conclusions
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✦ Comprehensive first-principles study of the landscape of gauge-fermion theories: 

- “Easy” new treatment of confinement  

- Determination of fundamental parameters:  

➡   , ,  , size of walking regime, … 

- Lower boundary of the CBZ window 

- Flow over Effective Field Theories 

- Scalings of strongly coupled CFTs

mψ ⟨σ⟩ mσ
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New Physics

ask me! 

Thank you for your attention!

<latexit sha1_base64="/LCUY1PeNLjj5vUR1ankF4f71rE=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0URxJBISd0IRTeupIJ9QB9hMp20QycPZiZCCfkDN/6KGxeKuHXrzr9x0mahrQcu93DOvVzucSNGhTTNb62wtLyyulZcL21sbm3v6Lt7TRHGHJMGDlnI2y4ShNGANCSVjLQjTpDvMtJyx9eZ33ogXNAwuJeTiPR8NAyoRzGSSnL049t+0uU+xJzK1PEuoWUaVbufnJqGXUmd5Ex1O4WOXjYNcwq4SKyclEGOuqN/dQchjn0SSMyQEB3LjGQvQVxSzEha6saCRAiP0ZB0FA2QT0Qvmf6TwiOlDKAXclWBhFP190aCfCEmvqsmfSRHYt7LxP+8Tiy9i15CgyiWJMCzQ17MoAxhFg4cUE6wZBNFUJYIxRCPEEdYqghLKgRr/uVF0jw3LNuw7yrl2lUeRxEcgENwAixQBTVwA+qgATB4BM/gFbxpT9qL9q59zEYLWr6zD/5A+/wBaMmZuA==</latexit>

N crit
f = 10.76+0.64

�0.66


