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Cartography of gauge-chiral dynamics
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Gauge-chiral theories

✦ Importance in the natural world 

✦ Non-trivial dynamics and phenomena: 

• Confinement 

• Dynamical chiral symmetry breaking ( ) 

• Near-conformality (walking)
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✦ Can be the solution to our problems and puzzles 

• Dark strong sectors 

• Composite Higgs and Technicolour   

• Cosmological phase transitions and gravitational wave signatures
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✦ Where asymptotic freedom is lost 

✦ Few flavours: QCD-like theories 
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What we know so far from first-principles? 

3

<latexit sha1_base64="xBtNUoQILox9JF7fewLiYHRK+NQ=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJSHVZFcRlBfuAJpTJdNIOnUeYmQg19EvcuFDErZ/izr9x2mahrQcuHM65l3vviRJGtfG8b6ewsrq2vlHcLG1t7+yW3b39lpapwqSJJZOqEyFNGBWkaahhpJMognjESDsa3Uz99iNRmkrxYMYJCTkaCBpTjIyVem45CxSHV7fBKWRSm0nPrXhVbwa4TPycVECORs/9CvoSp5wIgxnSuut7iQkzpAzFjExKQapJgvAIDUjXUoE40WE2O3wCj63Sh7FUtoSBM/X3RIa41mMe2U6OzFAvelPxP6+bmvgyzKhIUkMEni+KUwaNhNMUYJ8qgg0bW4KwovZWiIdIIWxsViUbgr/48jJpnVX9WrV2f16pX+dxFMEhOAInwAcXoA7uQAM0AQYpeAav4M15cl6cd+dj3lpw8pkD8AfO5w/QHZKQ</latexit> A
F
lo
st

<latexit sha1_base64="g7XIQkySHUxdHD9ZhfbrmPyc3aw=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURqS5L3bisaC/QhDKZTNuhM5MwMxFCiK/ixoUibn0Qd76N0zQLbf1h4OM/53DO/EHMqNKO822trW9sbm1Xdqq7e/sHh/bRcU9FicSkiyMWyUGAFGFUkK6mmpFBLAniASP9YHYzr/cfiVQ0Eg86jYnP0UTQMcVIG2tk1zJPchjmHp7SAu/b+ciuOw2nEFwFt4Q6KNUZ2V9eGOGEE6ExQ0oNXSfWfoakppiRvOolisQIz9CEDA0KxInys+L4HJ4ZJ4TjSJonNCzc3xMZ4kqlPDCdHOmpWq7Nzf9qw0SPr/2MijjRRODFonHCoI7gPAkYUkmwZqkBhCU1t0I8RRJhbfKqmhDc5S+vQu+i4TYbzbvLeqtdxlEBJ+AUnAMXXIEWuAUd0AUYpOAZvII368l6sd6tj0XrmlXO1MAfWZ8/a9aUow==</latexit>

d�SB
<latexit sha1_base64="GqZ9T7zhlLY5JzS4rLPlqyk2Yb8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1elogomTcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7vFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmz6MB05RYPnEEE83crYiMsMbEuohKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gQCHZ3iFN+/Re/HevY9Fa8HLZ47hD7zPH85mj9Y=</latexit>

conf
<latexit sha1_base64="rcgAY+Pi1nvjzl5NkcYUp46Ei58=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KolI9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9dM96pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8qXrVSvb8s127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDx5CjRs=</latexit>

&

<latexit sha1_base64="1Mk+XGqT4P5+DGoJlzm/ajg7WCM=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0Wom5KIVJdFNy4rmrbQhDKZTNqhk0mch1BDv8SNC0Xc+inu/BunbRbaeuDC4Zx7ufeeMGNUKsf5tlZW19Y3Nktb5e2d3b2KvX/QlqkWmHg4ZanohkgSRjnxFFWMdDNBUBIy0glH11O/80iEpCm/V+OMBAkacBpTjJSR+nYl90UC77xJzX/QKDrt21Wn7swAl4lbkCoo0OrbX36UYp0QrjBDUvZcJ1NBjoSimJFJ2deSZAiP0ID0DOUoITLIZ4dP4IlRIhinwhRXcKb+nshRIuU4CU1ngtRQLnpT8T+vp1V8GeSUZ1oRjueLYs2gSuE0BRhRQbBiY0MQFtTcCvEQCYSVyapsQnAXX14m7bO626g3bs+rzasijhI4AsegBlxwAZrgBrSABzDQ4Bm8gjfryXqx3q2PeeuKVcwcgj+wPn8A6eCSnw==</latexit>

SU( )

<latexit sha1_base64="BDqPCEcU98LL90Nd07liN/9YAFo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWw2m3bp7ibuboQS+ie8eFDEq3/Hm//GbZqDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wuZ373SeqNIvlg5km1Bd4JFnECDZW6g2UQFEqw2G15tbdHGiVeAWpQYHWsPo1CGOSCioN4Vjrvucmxs+wMoxwOqsMUk0TTCZ4RPuWSiyo9rP83hk6s0qIoljZkgbl6u+JDAutpyKwnQKbsV725uJ/Xj810bWfMZmkhkqyWBSlHJkYzZ9HIVOUGD61BBPF7K2IjLHCxNiIKjYEb/nlVdK5qHuNeuP+sta8KeIowwmcwjl4cAVNuIMWtIEAh2d4hTfn0Xlx3p2PRWvJKWaO4Q+czx/ZF4/d</latexit>

fund



 Álvaro Pastor Gutiérrez, MPIK Heidelberg 

✦ Where asymptotic freedom is lost 

✦ Few flavours: QCD-like theories 

What we know so far from first-principles? 

3

<latexit sha1_base64="Aw/Z1TFckBIJxeK/McDDJXL6l88="></latexit>

�g = � g3

(4⇡)2

✓
11

3
CA � 4

3
TFNf

◆

<latexit sha1_base64="6Oqmky8BYatJ5YThC8OoJkxlNZc="></latexit>

�g = � g3

(4⇡)2

✓
11

3
CA � 4

3
TFNf

◆
� g5

(4⇡)4

✓
34

3
CA � 4CFTFNf � 20

3
CATFNf

◆
+ · · ·

<latexit sha1_base64="xBtNUoQILox9JF7fewLiYHRK+NQ=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJSHVZFcRlBfuAJpTJdNIOnUeYmQg19EvcuFDErZ/izr9x2mahrQcuHM65l3vviRJGtfG8b6ewsrq2vlHcLG1t7+yW3b39lpapwqSJJZOqEyFNGBWkaahhpJMognjESDsa3Uz99iNRmkrxYMYJCTkaCBpTjIyVem45CxSHV7fBKWRSm0nPrXhVbwa4TPycVECORs/9CvoSp5wIgxnSuut7iQkzpAzFjExKQapJgvAIDUjXUoE40WE2O3wCj63Sh7FUtoSBM/X3RIa41mMe2U6OzFAvelPxP6+bmvgyzKhIUkMEni+KUwaNhNMUYJ8qgg0bW4KwovZWiIdIIWxsViUbgr/48jJpnVX9WrV2f16pX+dxFMEhOAInwAcXoA7uQAM0AQYpeAav4M15cl6cd+dj3lpw8pkD8AfO5w/QHZKQ</latexit> A
F
lo
st ?

?

<latexit sha1_base64="M8xaJOxz+9CrGpjWGxqmV7a0z3U=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewaAx4JXDxiIh8KG9ItXWhou5u2a0I2/AovHjTGqz/Hm//GAntQ8CWTvLw3k5l5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51g0pj7nSeqNIvkvZnG1Bd4JFnICDZWekj7SqBG/XE2KJbcsrsAWideRkqQoTkofvWHEUkElYZwrHXPc2Pjp1gZRjidFfqJpjEmEzyiPUslFlT76eLgGbqwyhCFkbIlDVqovydSLLSeisB2CmzGetWbi/95vcSEN37KZJwYKslyUZhwZCI0/x4NmaLE8KklmChmb0VkjBUmxmZUsCF4qy+vk/ZV2auUK3fXpVo9iyMPZ3AOl+BBFWpwC01oAQEBz/AKb45yXpx352PZmnOymVP4A+fzB0C1kBE=</latexit>

CB
Z

<latexit sha1_base64="g7XIQkySHUxdHD9ZhfbrmPyc3aw=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURqS5L3bisaC/QhDKZTNuhM5MwMxFCiK/ixoUibn0Qd76N0zQLbf1h4OM/53DO/EHMqNKO822trW9sbm1Xdqq7e/sHh/bRcU9FicSkiyMWyUGAFGFUkK6mmpFBLAniASP9YHYzr/cfiVQ0Eg86jYnP0UTQMcVIG2tk1zJPchjmHp7SAu/b+ciuOw2nEFwFt4Q6KNUZ2V9eGOGEE6ExQ0oNXSfWfoakppiRvOolisQIz9CEDA0KxInys+L4HJ4ZJ4TjSJonNCzc3xMZ4kqlPDCdHOmpWq7Nzf9qw0SPr/2MijjRRODFonHCoI7gPAkYUkmwZqkBhCU1t0I8RRJhbfKqmhDc5S+vQu+i4TYbzbvLeqtdxlEBJ+AUnAMXXIEWuAUd0AUYpOAZvII368l6sd6tj0XrmlXO1MAfWZ8/a9aUow==</latexit>

d�SB
<latexit sha1_base64="GqZ9T7zhlLY5JzS4rLPlqyk2Yb8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1elogomTcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7vFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmz6MB05RYPnEEE83crYiMsMbEuohKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gQCHZ3iFN+/Re/HevY9Fa8HLZ47hD7zPH85mj9Y=</latexit>

conf
<latexit sha1_base64="rcgAY+Pi1nvjzl5NkcYUp46Ei58=">AAAB6XicbVBNS8NAEJ34WetX1aOXxaJ4KolI9Vj04rGK/YA2lM120i7dbMLuRiih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9dM96pbJbcWcgy8TLSRly1Hulr24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1ns0sn5NQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpyiDcFbfHmZNC8qXrVSvb8s127yOApwDCdwDh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeuuLkM0fwB87nDx5CjRs=</latexit>

&

<latexit sha1_base64="llZ2boAWpRdGmSGpwNpzOoMpI+M="></latexit>g

<latexit sha1_base64="koFSN8bpKtNyakpytmuJU89Dtd8="></latexit>

g⇤

<latexit sha1_base64="xNbTxtfgDoC/DyF4+jr7rv/Rki4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqJP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB3auM/w==</latexit>p

Caswell ’74 
Banks, Zaks ‘82

<latexit sha1_base64="1Mk+XGqT4P5+DGoJlzm/ajg7WCM=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0Wom5KIVJdFNy4rmrbQhDKZTNqhk0mch1BDv8SNC0Xc+inu/BunbRbaeuDC4Zx7ufeeMGNUKsf5tlZW19Y3Nktb5e2d3b2KvX/QlqkWmHg4ZanohkgSRjnxFFWMdDNBUBIy0glH11O/80iEpCm/V+OMBAkacBpTjJSR+nYl90UC77xJzX/QKDrt21Wn7swAl4lbkCoo0OrbX36UYp0QrjBDUvZcJ1NBjoSimJFJ2deSZAiP0ID0DOUoITLIZ4dP4IlRIhinwhRXcKb+nshRIuU4CU1ngtRQLnpT8T+vp1V8GeSUZ1oRjueLYs2gSuE0BRhRQbBiY0MQFtTcCvEQCYSVyapsQnAXX14m7bO626g3bs+rzasijhI4AsegBlxwAZrgBrSABzDQ4Bm8gjfryXqx3q2PeeuKVcwcgj+wPn8A6eCSnw==</latexit>

SU( )

<latexit sha1_base64="BDqPCEcU98LL90Nd07liN/9YAFo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWw2m3bp7ibuboQS+ie8eFDEq3/Hm//GbZqDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wuZ373SeqNIvlg5km1Bd4JFnECDZW6g2UQFEqw2G15tbdHGiVeAWpQYHWsPo1CGOSCioN4Vjrvucmxs+wMoxwOqsMUk0TTCZ4RPuWSiyo9rP83hk6s0qIoljZkgbl6u+JDAutpyKwnQKbsV725uJ/Xj810bWfMZmkhkqyWBSlHJkYzZ9HIVOUGD61BBPF7K2IjLHCxNiIKjYEb/nlVdK5qHuNeuP+sta8KeIowwmcwjl4cAVNuIMWtIEAh2d4hTfn0Xlx3p2PRWvJKWaO4Q+czx/ZF4/d</latexit>

fund

✦ CBZ IR fixed-point (perturbative) 
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&

<latexit sha1_base64="llZ2boAWpRdGmSGpwNpzOoMpI+M="></latexit>g

<latexit sha1_base64="koFSN8bpKtNyakpytmuJU89Dtd8="></latexit>

g⇤

<latexit sha1_base64="xNbTxtfgDoC/DyF4+jr7rv/Rki4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqJP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB3auM/w==</latexit>p

Caswell ’74 
Banks, Zaks ‘82

<latexit sha1_base64="1Mk+XGqT4P5+DGoJlzm/ajg7WCM=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0Wom5KIVJdFNy4rmrbQhDKZTNqhk0mch1BDv8SNC0Xc+inu/BunbRbaeuDC4Zx7ufeeMGNUKsf5tlZW19Y3Nktb5e2d3b2KvX/QlqkWmHg4ZanohkgSRjnxFFWMdDNBUBIy0glH11O/80iEpCm/V+OMBAkacBpTjJSR+nYl90UC77xJzX/QKDrt21Wn7swAl4lbkCoo0OrbX36UYp0QrjBDUvZcJ1NBjoSimJFJ2deSZAiP0ID0DOUoITLIZ4dP4IlRIhinwhRXcKb+nshRIuU4CU1ngtRQLnpT8T+vp1V8GeSUZ1oRjueLYs2gSuE0BRhRQbBiY0MQFtTcCvEQCYSVyapsQnAXX14m7bO626g3bs+rzasijhI4AsegBlxwAZrgBrSABzDQ4Bm8gjfryXqx3q2PeeuKVcwcgj+wPn8A6eCSnw==</latexit>

SU( )

<latexit sha1_base64="BDqPCEcU98LL90Nd07liN/9YAFo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWw2m3bp7ibuboQS+ie8eFDEq3/Hm//GbZqDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wuZ373SeqNIvlg5km1Bd4JFnECDZW6g2UQFEqw2G15tbdHGiVeAWpQYHWsPo1CGOSCioN4Vjrvucmxs+wMoxwOqsMUk0TTCZ4RPuWSiyo9rP83hk6s0qIoljZkgbl6u+JDAutpyKwnQKbsV725uJ/Xj810bWfMZmkhkqyWBSlHJkYzZ9HIVOUGD61BBPF7K2IjLHCxNiIKjYEb/nlVdK5qHuNeuP+sta8KeIowwmcwjl4cAVNuIMWtIEAh2d4hTfn0Xlx3p2PRWvJKWaO4Q+czx/ZF4/d</latexit>

fund

✦ CBZ IR fixed-point (perturbative) 

✦ Lattice deficiencies: 

• Individual theory investigations  

• The chiral limit is difficult: singular fermion determinant
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Towards the uncharted regime

4

1. Chart the landscape of gauge-chiral theories 

2. Understand dynamics in the many-flavour limit from first principles  

3. Obtain fundamental parameters and the relation between scales 

4. Determine the boundary between phases: conformal & non-conformal 

5. Provide UV input to low-energy effective theories

✦ Functional methods in the continuum limit: the functional Renormalisation Group 

• No difficulties in the exact chiral limit

dynamics
d SBχ

confinement

conformality

<latexit sha1_base64="BOrJqLqkeXjl+dSjsX4Rt/Yoy9Y=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LHvRYwX5Ady3ZNNuGJtklySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Hrqtx+p0iyW92ac0EDggWQRI9hY6cG/wULg3qjrJ0MW9MoVt+rOgJaJl5MK5Gj0yl9+PyapoNIQjrXuem5iggwrwwink5KfappgMsID2rVUYkF1kM2unqATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif101NdBlkTCapoZLMF0UpRyZG0whQnylKDB9bgoli9lZEhlhhYmxQJRuCt/jyMmmdVb1atXZ3Xqlf5XEU4QiO4RQ8uIA63EIDmkBAwTO8wpvz5Lw4787HvLXg5DOH8AfO5w9ZTpJv</latexit>

�k[�]
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Functional Renormalisation Group
✦ Effective average action:  

- Average action of fields over a  volume  

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

k−d

✦ Pedagogical introduction to fRG: 

✦ Review of achievements:

Gies [0611146]

Dupuis,Canet,Eichhorn,     
Metzner,Pawlowski,Tissier,Wschebor [2006.04853]

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

�k[�] =

Z

x
J(x)�(x)�Wk[J ]��Sk[�]
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Functional Renormalisation Group
✦ Effective average action:  

- Average action of fields over a  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="suqPWuNa2zWWAXkMs2yysxfPXDY="></latexit>

�Sk[�] =

Z

p
�(p)Rk�(�p)

<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

✦ Pedagogical introduction to fRG: 

✦ Review of achievements:

Gies [0611146]

Dupuis,Canet,Eichhorn,     
Metzner,Pawlowski,Tissier,Wschebor [2006.04853]

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

�k[�] =

Z

x
J(x)�(x)�Wk[J ]��Sk[�]
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✦ One loop exact 

✦Non-perturbative 

✦ Mass-dependent 

✦ Analytic regulators 

✦ Versatile 

✦ Systematic expansion schemes 

✦ UV-IR finite 

✦ Diagrammatic 

✦ Real-time formulation 

Functional Renormalisation Group

Wetterich ’93

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

@t�k [�] =
1

2
Tr

"
1

�(2)
k +Rk

@tRk

#

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

@t ⌘ k @k

✦ Effective average action:  

- Average action of fields over a  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="suqPWuNa2zWWAXkMs2yysxfPXDY="></latexit>

�Sk[�] =

Z

p
�(p)Rk�(�p)

<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

✦ Pedagogical introduction to fRG: 

✦ Review of achievements:

Gies [0611146]

Dupuis,Canet,Eichhorn,     
Metzner,Pawlowski,Tissier,Wschebor [2006.04853]

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

�k[�] =

Z

x
J(x)�(x)�Wk[J ]��Sk[�]
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Deriving correlation functions
<latexit sha1_base64="hBY0GCvEGYwNBtkDUCSvv16wHdM="></latexit>

�k[�] =
1X

n

Z

p
�(n)
k,�i1 ···�in

(p1, ..., pn)�in(pn) · · ·�i1(p1)
<latexit sha1_base64="s4PeoloXmDDCreZ6UWsXOKlLLX4="></latexit>

�(n)
k,�i1 ···�in

(p1, ..., pn) =
�

��i1(p1)
· · · �

��in(pn)
�k[�]

Flow =
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2
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2

Flow =
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2
© 2

2
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<latexit sha1_base64="N4Br0JlO11803PD/3uDOD31WzX0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWsB/YLiWbZtvQbHZJZoVS+i+8eFDEq//Gm//GbLsHbX0QeLw3M5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY32Z++4lrI2L1gJOE+xEdKhEKRtFKj72EahRU9rFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhPs3lM8lmplxqeUDamQ961VNGIG38633hGzqwyIGGs7VNI5urvjimNjJlEga2MKI7MspeJ/3ndFMNrfypUkiJXbPFRmEqCMcnOJwOhOUM5sYQyLeyuhI2opgxtSCUbgrd88ippXVS9WrV2f1mp3+RxFOEETuEcPLiCOtxBA5rAQMEzvMKbY5wX5935WJQWnLznGP7A+fwBzWGRBQ==</latexit>

@t

Ihsen,Pawlowski,Sattler,Wink [2408.xxxx]

<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

⌘
Example: quark-gluon vertex and gauge coupling

Flow =
2

2
© 2

2
© 2

2

© 2

2
© 2

2
© 1

2

<latexit sha1_base64="N4Br0JlO11803PD/3uDOD31WzX0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWsB/YLiWbZtvQbHZJZoVS+i+8eFDEq//Gm//GbLsHbX0QeLw3M5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY32Z++4lrI2L1gJOE+xEdKhEKRtFKj72EahRU9rFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhPs3lM8lmplxqeUDamQ961VNGIG38633hGzqwyIGGs7VNI5urvjimNjJlEga2MKI7MspeJ/3ndFMNrfypUkiJXbPFRmEqCMcnOJwOhOUM5sYQyLeyuhI2opgxtSCUbgrd88ippXVS9WrV2f1mp3+RxFOEETuEcPLiCOtxBA5rAQMEzvMKbY5wX5935WJQWnLznGP7A+fwBzWGRBQ==</latexit>

@t

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

⌘�i = �@tZ�i

Z�i

= �
@p2 @t�

(�i�i)
k

Z�i

with anomalous dimensions:

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

Ntr
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Colour confinement: gluon mass gap
✦ Absence of colour asymptotic states 

✦ Massive spectrum of bound states (glueballs) 

✦ Existence of a gluon mass gap: 

- Wilson area law 

- Kugo-Ojima conditions 

- Confinement-deconfinement phase transition

7

<latexit sha1_base64="ohLdq/7KlVyjHtv2+f6yzhVAslg="></latexit>

Zc(p) /
�
p2
�ghost

ZA(p) /
�
p2
��2gluon

<latexit sha1_base64="kJACuYcUrG7uYHXObxbZEN76G4k="></latexit>

ghost = 0.579± 0.005

gluon = 0.573± 0.002
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Colour confinement: gluon mass gap
✦ Absence of colour asymptotic states 

✦ Massive spectrum of bound states (glueballs) 

✦ Existence of a gluon mass gap: 

- Wilson area law 

- Kugo-Ojima conditions 

- Confinement-deconfinement phase transition

7

✦ fRG bootstrap approach to confinement: 

- Mass gap generated by quantum fluctuations 

- Uniquely defined confinement condition 

- Confinement from correlation function 

✦ New: “easy” confinement  

- Cutoff dependences suffice  

- Semi-analytical 

- Facilitate study beyond QCD-limit

<latexit sha1_base64="lE9Bf9RjIZJMJqFnP3bDgRXOu4s="></latexit>

�(AA)
k (p2) = ZA, k(p)

�
p2 +m2

A, k

�
= ẐA, k(p) p

2

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

Po
ly

ak
ov

 lo
op

<latexit sha1_base64="ohLdq/7KlVyjHtv2+f6yzhVAslg="></latexit>

Zc(p) /
�
p2
�ghost

ZA(p) /
�
p2
��2gluon

<latexit sha1_base64="kJACuYcUrG7uYHXObxbZEN76G4k="></latexit>

ghost = 0.579± 0.005

gluon = 0.573± 0.002
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Confinement in correlation functions

8

✦ Flows computed: 

✦ Exchange couplings: 

✦ Decay of correlation functions below the mass gap scale 

✦ The interplay of gapped gauge and ghost contributions 

<latexit sha1_base64="8BBB6JkRbFrx90P9pLSVh50eTH4="></latexit>
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<latexit sha1_base64="NsjKO6FvOGDmdJJbvTvwmNzF414=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kD1heM+g==</latexit>

k

<latexit sha1_base64="NsjKO6FvOGDmdJJbvTvwmNzF414=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPulsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kD1heM+g==</latexit>

k

<latexit sha1_base64="uysXK89Ea49gzwFor74XhGNWXkE="></latexit>

kconf ⇠ mA, gap ⇠ Tconf ⇠ ⇤QCD

Cyrol,Fister,Mitter,Pawlowski [1605.01856]

<latexit sha1_base64="M0YTd3EOmwQHhpYT3tzY8UeL3q4="></latexit>�
gA ̄ , gAc̄c, gA3 , gA4 , m̄A, ZA, Zc
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<latexit sha1_base64="4bEzx8LALiIAiXG+jLIP5T9oAf4="></latexit>

p2 hA(�p)A(p)i = p2
h
�(AA)
k (p2 = 0)

i�1

k=c p
Gluon propagator dressing:
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<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S
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<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2
<latexit sha1_base64="b1FzsTn2NOlp3z/32iYSlkX6UVk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48V7Ae0oWw2m3bpZjfuboQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3+Z+54kqzaR4MJOE+jEeChYxgo2Vuud9Hkqjy4NK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/N7p2iU6uEKJLKljBopv6eyHCs9SQObGeMzUgvern4n9dLTXTtZ0wkqaGCzBdFKUdGovx5FDJFieETSzBRzN6KyAgrTIyNKA/BW3x5mbQval69Vr+/rDZuijhKcAwncAYeXEED7qAJLSDA4Rle4c15dF6cd+dj3rriFDNH8AfO5w9doY+M</latexit>

+ . . .
<latexit sha1_base64="cgtyFfUA8ravcL89gS8MRI+K9/w=">AAACFXicbVDJSgNBEO1xN25Rj14ag6AoYUYlehS9eIyQDTIx1HR6kiY9M013jRCG/IQXf8WLB0W8Ct78GzvLwe1Bwev3quiqFygpDLrupzMzOze/sLi0nFtZXVvfyG9u1UySasarLJGJbgRguBQxr6JAyRtKc4gCyetB/2rk1++4NiKJKzhQvBVBNxahYIBWauePDv0+KAXUlzzEfT8A7SsjaOYzkLQyHD18Lbo9PLg9aecLbtEdg/4l3pQUyBTldv7D7yQsjXiMTIIxTc9V2MpAo2CSD3N+argC1ocub1oaQ8RNKxtfNaR7VunQMNG2YqRj9ftEBpExgyiwnRFgz/z2RuJ/XjPF8LyViVilyGM2+ShMJcWEjiKiHaE5QzmwBJgWdlfKeqCBoQ0yZ0Pwfp/8l9SOi16pWLo5LVxcTuNYIjtkl+wTj5yRC3JNyqRKGLknj+SZvDgPzpPz6rxNWmec6cw2+QHn/QuaH55+</latexit>

+
�
 ̄T  

�3<latexit sha1_base64="crIBX0OiEwfM9ODWrVPuAVhEhTQ=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoQY8RzAOSJfROZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7AkM5k7RhmeW0nWgKIuK0FY1upn7riWrDlHyw44SGAgaSxYyAdVKzewtCQK9U9iv+DHiZBDkpoxz1Xumr21ckFVRawsGYTuAnNsxAW0Y4nRS7qaEJkBEMaMdRCYKaMJtdO8GnTunjWGlX0uKZ+nsiA2HMWESuU4AdmkVvKv7ndVIbX4UZk0lqqSTzRXHKsVV4+jruM02J5WNHgGjmbsVkCBqIdQEVXQjB4svLpHleCaqV6v1FuXadx1FAx+gEnaEAXaIaukN11EAEPaJn9IrePOW9eO/ex7x1xctnjtAfeJ8/WX2PAA==</latexit>

�
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<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2
<latexit sha1_base64="b1FzsTn2NOlp3z/32iYSlkX6UVk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48V7Ae0oWw2m3bpZjfuboQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3+Z+54kqzaR4MJOE+jEeChYxgo2Vuud9Hkqjy4NK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/N7p2iU6uEKJLKljBopv6eyHCs9SQObGeMzUgvern4n9dLTXTtZ0wkqaGCzBdFKUdGovx5FDJFieETSzBRzN6KyAgrTIyNKA/BW3x5mbQval69Vr+/rDZuijhKcAwncAYeXEED7qAJLSDA4Rle4c15dF6cd+dj3rriFDNH8AfO5w9doY+M</latexit>

+ . . .
<latexit sha1_base64="cgtyFfUA8ravcL89gS8MRI+K9/w=">AAACFXicbVDJSgNBEO1xN25Rj14ag6AoYUYlehS9eIyQDTIx1HR6kiY9M013jRCG/IQXf8WLB0W8Ct78GzvLwe1Bwev3quiqFygpDLrupzMzOze/sLi0nFtZXVvfyG9u1UySasarLJGJbgRguBQxr6JAyRtKc4gCyetB/2rk1++4NiKJKzhQvBVBNxahYIBWauePDv0+KAXUlzzEfT8A7SsjaOYzkLQyHD18Lbo9PLg9aecLbtEdg/4l3pQUyBTldv7D7yQsjXiMTIIxTc9V2MpAo2CSD3N+argC1ocub1oaQ8RNKxtfNaR7VunQMNG2YqRj9ftEBpExgyiwnRFgz/z2RuJ/XjPF8LyViVilyGM2+ShMJcWEjiKiHaE5QzmwBJgWdlfKeqCBoQ0yZ0Pwfp/8l9SOi16pWLo5LVxcTuNYIjtkl+wTj5yRC3JNyqRKGLknj+SZvDgPzpPz6rxNWmec6cw2+QHn/QuaH55+</latexit>

+
�
 ̄T  

�3<latexit sha1_base64="crIBX0OiEwfM9ODWrVPuAVhEhTQ=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoQY8RzAOSJfROZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7AkM5k7RhmeW0nWgKIuK0FY1upn7riWrDlHyw44SGAgaSxYyAdVKzewtCQK9U9iv+DHiZBDkpoxz1Xumr21ckFVRawsGYTuAnNsxAW0Y4nRS7qaEJkBEMaMdRCYKaMJtdO8GnTunjWGlX0uKZ+nsiA2HMWESuU4AdmkVvKv7ndVIbX4UZk0lqqSTzRXHKsVV4+jruM02J5WNHgGjmbsVkCBqIdQEVXQjB4svLpHleCaqV6v1FuXadx1FAx+gEnaEAXaIaukN11EAEPaJn9IrePOW9eO/ex7x1xctnjtAfeJ8/WX2PAA==</latexit>

�
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<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2
<latexit sha1_base64="b1FzsTn2NOlp3z/32iYSlkX6UVk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48V7Ae0oWw2m3bpZjfuboQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3+Z+54kqzaR4MJOE+jEeChYxgo2Vuud9Hkqjy4NK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/N7p2iU6uEKJLKljBopv6eyHCs9SQObGeMzUgvern4n9dLTXTtZ0wkqaGCzBdFKUdGovx5FDJFieETSzBRzN6KyAgrTIyNKA/BW3x5mbQval69Vr+/rDZuijhKcAwncAYeXEED7qAJLSDA4Rle4c15dF6cd+dj3rriFDNH8AfO5w9doY+M</latexit>

+ . . .
<latexit sha1_base64="cgtyFfUA8ravcL89gS8MRI+K9/w=">AAACFXicbVDJSgNBEO1xN25Rj14ag6AoYUYlehS9eIyQDTIx1HR6kiY9M013jRCG/IQXf8WLB0W8Ct78GzvLwe1Bwev3quiqFygpDLrupzMzOze/sLi0nFtZXVvfyG9u1UySasarLJGJbgRguBQxr6JAyRtKc4gCyetB/2rk1++4NiKJKzhQvBVBNxahYIBWauePDv0+KAXUlzzEfT8A7SsjaOYzkLQyHD18Lbo9PLg9aecLbtEdg/4l3pQUyBTldv7D7yQsjXiMTIIxTc9V2MpAo2CSD3N+argC1ocub1oaQ8RNKxtfNaR7VunQMNG2YqRj9ftEBpExgyiwnRFgz/z2RuJ/XjPF8LyViVilyGM2+ShMJcWEjiKiHaE5QzmwBJgWdlfKeqCBoQ0yZ0Pwfp/8l9SOi16pWLo5LVxcTuNYIjtkl+wTj5yRC3JNyqRKGLknj+SZvDgPzpPz6rxNWmec6cw2+QHn/QuaH55+</latexit>

+
�
 ̄T  

�3<latexit sha1_base64="crIBX0OiEwfM9ODWrVPuAVhEhTQ=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoQY8RzAOSJfROZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7AkM5k7RhmeW0nWgKIuK0FY1upn7riWrDlHyw44SGAgaSxYyAdVKzewtCQK9U9iv+DHiZBDkpoxz1Xumr21ckFVRawsGYTuAnNsxAW0Y4nRS7qaEJkBEMaMdRCYKaMJtdO8GnTunjWGlX0uKZ+nsiA2HMWESuU4AdmkVvKv7ndVIbX4UZk0lqqSTzRXHKsVV4+jruM02J5WNHgGjmbsVkCBqIdQEVXQjB4svLpHleCaqV6v1FuXadx1FAx+gEnaEAXaIaukN11EAEPaJn9IrePOW9eO/ex7x1xctnjtAfeJ8/WX2PAA==</latexit>

�
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<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2

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

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

+

<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2
<latexit sha1_base64="b1FzsTn2NOlp3z/32iYSlkX6UVk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48V7Ae0oWw2m3bpZjfuboQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3+Z+54kqzaR4MJOE+jEeChYxgo2Vuud9Hkqjy4NK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/N7p2iU6uEKJLKljBopv6eyHCs9SQObGeMzUgvern4n9dLTXTtZ0wkqaGCzBdFKUdGovx5FDJFieETSzBRzN6KyAgrTIyNKA/BW3x5mbQval69Vr+/rDZuijhKcAwncAYeXEED7qAJLSDA4Rle4c15dF6cd+dj3rriFDNH8AfO5w9doY+M</latexit>

+ . . .
<latexit sha1_base64="cgtyFfUA8ravcL89gS8MRI+K9/w=">AAACFXicbVDJSgNBEO1xN25Rj14ag6AoYUYlehS9eIyQDTIx1HR6kiY9M013jRCG/IQXf8WLB0W8Ct78GzvLwe1Bwev3quiqFygpDLrupzMzOze/sLi0nFtZXVvfyG9u1UySasarLJGJbgRguBQxr6JAyRtKc4gCyetB/2rk1++4NiKJKzhQvBVBNxahYIBWauePDv0+KAXUlzzEfT8A7SsjaOYzkLQyHD18Lbo9PLg9aecLbtEdg/4l3pQUyBTldv7D7yQsjXiMTIIxTc9V2MpAo2CSD3N+argC1ocub1oaQ8RNKxtfNaR7VunQMNG2YqRj9ftEBpExgyiwnRFgz/z2RuJ/XjPF8LyViVilyGM2+ShMJcWEjiKiHaE5QzmwBJgWdlfKeqCBoQ0yZ0Pwfp/8l9SOi16pWLo5LVxcTuNYIjtkl+wTj5yRC3JNyqRKGLknj+SZvDgPzpPz6rxNWmec6cw2+QHn/QuaH55+</latexit>

+
�
 ̄T  

�3<latexit sha1_base64="crIBX0OiEwfM9ODWrVPuAVhEhTQ=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoQY8RzAOSJfROZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7AkM5k7RhmeW0nWgKIuK0FY1upn7riWrDlHyw44SGAgaSxYyAdVKzewtCQK9U9iv+DHiZBDkpoxz1Xumr21ckFVRawsGYTuAnNsxAW0Y4nRS7qaEJkBEMaMdRCYKaMJtdO8GnTunjWGlX0uKZ+nsiA2HMWESuU4AdmkVvKv7ndVIbX4UZk0lqqSTzRXHKsVV4+jruM02J5WNHgGjmbsVkCBqIdQEVXQjB4svLpHleCaqV6v1FuXadx1FAx+gEnaEAXaIaukN11EAEPaJn9IrePOW9eO/ex7x1xctnjtAfeJ8/WX2PAA==</latexit>

�
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<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2

<latexit sha1_base64="OLCJk4pLiCVI1WuLi5EzseNFjOw="></latexit>

�<latexit sha1_base64="llZ2boAWpRdGmSGpwNpzOoMpI+M="></latexit>g

<latexit sha1_base64="xNbTxtfgDoC/DyF4+jr7rv/Rki4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqJP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB3auM/w==</latexit>p

Landau pole?

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

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

+

<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2
<latexit sha1_base64="b1FzsTn2NOlp3z/32iYSlkX6UVk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48V7Ae0oWw2m3bpZjfuboQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3+Z+54kqzaR4MJOE+jEeChYxgo2Vuud9Hkqjy4NK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/N7p2iU6uEKJLKljBopv6eyHCs9SQObGeMzUgvern4n9dLTXTtZ0wkqaGCzBdFKUdGovx5FDJFieETSzBRzN6KyAgrTIyNKA/BW3x5mbQval69Vr+/rDZuijhKcAwncAYeXEED7qAJLSDA4Rle4c15dF6cd+dj3rriFDNH8AfO5w9doY+M</latexit>

+ . . .
<latexit sha1_base64="cgtyFfUA8ravcL89gS8MRI+K9/w=">AAACFXicbVDJSgNBEO1xN25Rj14ag6AoYUYlehS9eIyQDTIx1HR6kiY9M013jRCG/IQXf8WLB0W8Ct78GzvLwe1Bwev3quiqFygpDLrupzMzOze/sLi0nFtZXVvfyG9u1UySasarLJGJbgRguBQxr6JAyRtKc4gCyetB/2rk1++4NiKJKzhQvBVBNxahYIBWauePDv0+KAXUlzzEfT8A7SsjaOYzkLQyHD18Lbo9PLg9aecLbtEdg/4l3pQUyBTldv7D7yQsjXiMTIIxTc9V2MpAo2CSD3N+argC1ocub1oaQ8RNKxtfNaR7VunQMNG2YqRj9ftEBpExgyiwnRFgz/z2RuJ/XjPF8LyViVilyGM2+ShMJcWEjiKiHaE5QzmwBJgWdlfKeqCBoQ0yZ0Pwfp/8l9SOi16pWLo5LVxcTuNYIjtkl+wTj5yRC3JNyqRKGLknj+SZvDgPzpPz6rxNWmec6cw2+QHn/QuaH55+</latexit>

+
�
 ̄T  

�3<latexit sha1_base64="crIBX0OiEwfM9ODWrVPuAVhEhTQ=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoQY8RzAOSJfROZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7AkM5k7RhmeW0nWgKIuK0FY1upn7riWrDlHyw44SGAgaSxYyAdVKzewtCQK9U9iv+DHiZBDkpoxz1Xumr21ckFVRawsGYTuAnNsxAW0Y4nRS7qaEJkBEMaMdRCYKaMJtdO8GnTunjWGlX0uKZ+nsiA2HMWESuU4AdmkVvKv7ndVIbX4UZk0lqqSTzRXHKsVV4+jruM02J5WNHgGjmbsVkCBqIdQEVXQjB4svLpHleCaqV6v1FuXadx1FAx+gEnaEAXaIaukN11EAEPaJn9IrePOW9eO/ex7x1xctnjtAfeJ8/WX2PAA==</latexit>

�
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<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2

<latexit sha1_base64="OLCJk4pLiCVI1WuLi5EzseNFjOw="></latexit>

�<latexit sha1_base64="llZ2boAWpRdGmSGpwNpzOoMpI+M="></latexit>g

<latexit sha1_base64="xNbTxtfgDoC/DyF4+jr7rv/Rki4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqJP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB3auM/w==</latexit>p

Landau pole?

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

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

+

<latexit sha1_base64="T8cWCy/rXvprFcbPCIpdExkCbo4="></latexit>

� / 1

p2 +m2
�

<latexit sha1_base64="EftervhUbUfJc9+Jb10XrvAq3Ok="></latexit>

h( ̄ )2i ⇠ h( ̄ )( ̄ )i
<latexit sha1_base64="nGyTlfG2Cg6e1p6BW0pOlNNoqeY="></latexit>

h��i�1 ⟶

Resonant channel 

<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2
<latexit sha1_base64="b1FzsTn2NOlp3z/32iYSlkX6UVk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48V7Ae0oWw2m3bpZjfuboQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3+Z+54kqzaR4MJOE+jEeChYxgo2Vuud9Hkqjy4NK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/N7p2iU6uEKJLKljBopv6eyHCs9SQObGeMzUgvern4n9dLTXTtZ0wkqaGCzBdFKUdGovx5FDJFieETSzBRzN6KyAgrTIyNKA/BW3x5mbQval69Vr+/rDZuijhKcAwncAYeXEED7qAJLSDA4Rle4c15dF6cd+dj3rriFDNH8AfO5w9doY+M</latexit>

+ . . .
<latexit sha1_base64="cgtyFfUA8ravcL89gS8MRI+K9/w=">AAACFXicbVDJSgNBEO1xN25Rj14ag6AoYUYlehS9eIyQDTIx1HR6kiY9M013jRCG/IQXf8WLB0W8Ct78GzvLwe1Bwev3quiqFygpDLrupzMzOze/sLi0nFtZXVvfyG9u1UySasarLJGJbgRguBQxr6JAyRtKc4gCyetB/2rk1++4NiKJKzhQvBVBNxahYIBWauePDv0+KAXUlzzEfT8A7SsjaOYzkLQyHD18Lbo9PLg9aecLbtEdg/4l3pQUyBTldv7D7yQsjXiMTIIxTc9V2MpAo2CSD3N+argC1ocub1oaQ8RNKxtfNaR7VunQMNG2YqRj9ftEBpExgyiwnRFgz/z2RuJ/XjPF8LyViVilyGM2+ShMJcWEjiKiHaE5QzmwBJgWdlfKeqCBoQ0yZ0Pwfp/8l9SOi16pWLo5LVxcTuNYIjtkl+wTj5yRC3JNyqRKGLknj+SZvDgPzpPz6rxNWmec6cw2+QHn/QuaH55+</latexit>

+
�
 ̄T  

�3<latexit sha1_base64="crIBX0OiEwfM9ODWrVPuAVhEhTQ=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoQY8RzAOSJfROZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7AkM5k7RhmeW0nWgKIuK0FY1upn7riWrDlHyw44SGAgaSxYyAdVKzewtCQK9U9iv+DHiZBDkpoxz1Xumr21ckFVRawsGYTuAnNsxAW0Y4nRS7qaEJkBEMaMdRCYKaMJtdO8GnTunjWGlX0uKZ+nsiA2HMWESuU4AdmkVvKv7ndVIbX4UZk0lqqSTzRXHKsVV4+jruM02J5WNHgGjmbsVkCBqIdQEVXQjB4svLpHleCaqV6v1FuXadx1FAx+gEnaEAXaIaukN11EAEPaJn9IrePOW9eO/ex7x1xctnjtAfeJ8/WX2PAA==</latexit>

�
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<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2

<latexit sha1_base64="2OFy6In/fKzV2w6kN5XQkvs5PUA="></latexit>

(� = 1) ⌘ (m� = 0)χSB ⟶<latexit sha1_base64="OLCJk4pLiCVI1WuLi5EzseNFjOw="></latexit>

�<latexit sha1_base64="llZ2boAWpRdGmSGpwNpzOoMpI+M="></latexit>g

<latexit sha1_base64="xNbTxtfgDoC/DyF4+jr7rv/Rki4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqJP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB3auM/w==</latexit>p

Landau pole?

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

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

+

<latexit sha1_base64="T8cWCy/rXvprFcbPCIpdExkCbo4="></latexit>

� / 1

p2 +m2
�

<latexit sha1_base64="EftervhUbUfJc9+Jb10XrvAq3Ok="></latexit>

h( ̄ )2i ⇠ h( ̄ )( ̄ )i
<latexit sha1_base64="nGyTlfG2Cg6e1p6BW0pOlNNoqeY="></latexit>

h��i�1 ⟶

Resonant channel 

<latexit sha1_base64="1hzCCtsfbbSwF/zsltzmsgkxjHg="></latexit>

�̄ =

Z

x

1

4
F a
µ⌫F

a
µ⌫ + Lgf + Lgh +  ̄�µDµ  + �

�
 ̄ T  

�2
<latexit sha1_base64="b1FzsTn2NOlp3z/32iYSlkX6UVk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48V7Ae0oWw2m3bpZjfuboQS+ie8eFDEq3/Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dlZW19Y3Nktb5e2d3b39ysFhW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3+Z+54kqzaR4MJOE+jEeChYxgo2Vuud9Hkqjy4NK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/N7p2iU6uEKJLKljBopv6eyHCs9SQObGeMzUgvern4n9dLTXTtZ0wkqaGCzBdFKUdGovx5FDJFieETSzBRzN6KyAgrTIyNKA/BW3x5mbQval69Vr+/rDZuijhKcAwncAYeXEED7qAJLSDA4Rle4c15dF6cd+dj3rriFDNH8AfO5w9doY+M</latexit>

+ . . .
<latexit sha1_base64="cgtyFfUA8ravcL89gS8MRI+K9/w=">AAACFXicbVDJSgNBEO1xN25Rj14ag6AoYUYlehS9eIyQDTIx1HR6kiY9M013jRCG/IQXf8WLB0W8Ct78GzvLwe1Bwev3quiqFygpDLrupzMzOze/sLi0nFtZXVvfyG9u1UySasarLJGJbgRguBQxr6JAyRtKc4gCyetB/2rk1++4NiKJKzhQvBVBNxahYIBWauePDv0+KAXUlzzEfT8A7SsjaOYzkLQyHD18Lbo9PLg9aecLbtEdg/4l3pQUyBTldv7D7yQsjXiMTIIxTc9V2MpAo2CSD3N+argC1ocub1oaQ8RNKxtfNaR7VunQMNG2YqRj9ftEBpExgyiwnRFgz/z2RuJ/XjPF8LyViVilyGM2+ShMJcWEjiKiHaE5QzmwBJgWdlfKeqCBoQ0yZ0Pwfp/8l9SOi16pWLo5LVxcTuNYIjtkl+wTj5yRC3JNyqRKGLknj+SZvDgPzpPz6rxNWmec6cw2+QHn/QuaH55+</latexit>

+
�
 ̄T  

�3<latexit sha1_base64="crIBX0OiEwfM9ODWrVPuAVhEhTQ=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6DHoQY8RzAOSJfROZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7AkM5k7RhmeW0nWgKIuK0FY1upn7riWrDlHyw44SGAgaSxYyAdVKzewtCQK9U9iv+DHiZBDkpoxz1Xumr21ckFVRawsGYTuAnNsxAW0Y4nRS7qaEJkBEMaMdRCYKaMJtdO8GnTunjWGlX0uKZ+nsiA2HMWESuU4AdmkVvKv7ndVIbX4UZk0lqqSTzRXHKsVV4+jruM02J5WNHgGjmbsVkCBqIdQEVXQjB4svLpHleCaqV6v1FuXadx1FAx+gEnaEAXaIaukN11EAEPaJn9IrePOW9eO/ex7x1xctnjtAfeJ8/WX2PAA==</latexit>

�

Higher dimensional operators carry information 
of bound states formation and d SB χ

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

�
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Gies, Wetterich ’01

<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

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

Fukushima,Pawlowski,Strodthoff [2103.01129]Pawlowski [hep-th/0512261]
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Gies, Wetterich ’01

<latexit sha1_base64="ZbonqiZvs51sqe6wZghp/b6+Q/c="></latexit>

�̄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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✦ Obtaining fundamental parameters  

- Constituent fermion masses:  

- 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}
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✦ Purpose: 

• Practical simplification of the pure gauge sector 

• Connection with high-order perturbative computations towards the CBZ limit 

• Implement IR fixed-point solutions from perturbative approaches

✦ Implementation: 

• Employ a single adapted gauge coupling avatar 

• Bosonised sector in full glory 

<latexit sha1_base64="80ycOKNQ5o5tOnrzi0x5maErf2Q="></latexit>
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(1)
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+
@tg
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���
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1

(1 + imax)

1

(1 + m̄2
A)

3n+i

0
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"
(2 + m̄2

 )

2 (1 + m̄2
 )

3
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�(n)
 

1

A
)

* Fundamental parameters in good agreement with best truncations

Non-perturbative
Perturbative

Smooth decoupling of dof
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Interplay of scales and fundamental parameters

15

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

0.1

0.5
1

5
10

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

0.05
0.10

0.50

0.01

0.05
0.10

0.50
1

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

■■

0.0
0.2
0.4
0.6
0.8
1.0
1.2



 Álvaro Pastor Gutiérrez, MPIK Heidelberg 

<latexit sha1_base64="X9+rApvKzKZFKkKK1uAOEaV7chA="></latexit>

h2
�

1 + m̄2
�Walking dynamics and flow over EFTs

16

0.01 0.10 1 10 100 1000 104
0.0
0.5
1.0
1.5
2.0
2.5
3.0



 Álvaro Pastor Gutiérrez, MPIK Heidelberg 

Cartography

17

5 10 15 200

2

4

6

8

10

<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
=
50.5

1.0

5.0

10.0

50.0

0.05

0.10

0.20

0.50

0.2

0.4

0.6

0.8

1.0

0.2

0.3

0.4

0.5

0.6

Length of walking regime



 Álvaro Pastor Gutiérrez, MPIK Heidelberg 

Boundary of the conformal window
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✦ The fRG is a powerful approach to strong dynamics: 

- Qualitatively new treatment of confinement  

- Charted the many-flavour landscape from first 

principles 

- Determination of fundamental parameters:     

 , ,  , size of walking regime, … 

- Provided a new prediction for the lower boundary 

of the CBZ window

mψ ⟨σ⟩ mσ
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Outlook
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✦ A large number of applications: 

- Ph: Solving the Dark Matter - Baryon Coincidence: 

Exploring Theories of Dark-Color Unification (with Yi Chung, 

Florian Goertz and Aika Tada) 

- Th: Dynamical symmetry breaking in the Bars-Yankielowicz  

model (with Shahram Vatani and Haolin Li) 

- Th-Ph: Phase diagram of scalar-QCD theories (with Maciej 

Kierkla, Masatoshi Yamada and Jisuke Kubo) 
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Cyrol,Fister,Mitter,Pawlowski [1605.01856]

Fu,Pawlowski, 
Rennecke [1909.02991]

Mitter,Pawlowski, 
Strodthoff[1411.7978]

Functional Renormalisation Group in QCD

fQCD collaboration

Fister,Pawlowski [1301.4163]
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6 ✦ Observations: 

- The peak of the pure-glue vertex is 
rather constant and independent of 
the number of flavours 

- The ghost-gauge coupling in the 
deep IR always reaches the same 
constant coupling given it is only 
colour-group dependent 

- Increment of gauge-chiral coupling 
strength. The stronger value of this 
avatar causes a flattening of the 
chiral potential and consequently an 
earlier SB. χ
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Yang-Mills phases and confinement
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✦ Mass gap as a dialing parameter 

✦ Confining solutions: 

- Scaling  

- Decoupling 

✦ Non-confining solutions: 

- Coulomb phase 

- Massive Yang-Mills
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Criticality of low Nf
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Dynamical bosonisation
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Boundary of the conformal window: systematics
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Boundary of the conformal window: γm
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Dynamical hadronisation and flow over EFTs
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32

Quarks and gluons 
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and 
Mesons

<latexit sha1_base64="GrhtyD4baxmJjq9CLcpzV415NtQ="></latexit>

S
<latexit sha1_base64="G560Xlw/dZx8QyR+2QQDTAODE4E="></latexit>

�

<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

✓ Well defined implementation with the fRG

<latexit sha1_base64="A1thREbzGl+XdmIsNin+/PowMus="></latexit>

k



 Álvaro Pastor Gutiérrez, MPIK Heidelberg 

Dynamical hadronisation and flow over EFTs

32

Quarks and gluons 
Quarks, gluons  

and 
Mesons

<latexit sha1_base64="GrhtyD4baxmJjq9CLcpzV415NtQ="></latexit>

S
<latexit sha1_base64="G560Xlw/dZx8QyR+2QQDTAODE4E="></latexit>

�

<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

✓ Well defined implementation with the fRG

<latexit sha1_base64="A1thREbzGl+XdmIsNin+/PowMus="></latexit>

k



 Álvaro Pastor Gutiérrez, MPIK Heidelberg 

Dynamical hadronisation and flow over EFTs

32

Quarks and gluons 
Quarks, gluons  

and 
Mesons

<latexit sha1_base64="GrhtyD4baxmJjq9CLcpzV415NtQ="></latexit>

S
<latexit sha1_base64="G560Xlw/dZx8QyR+2QQDTAODE4E="></latexit>

�

<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

✓ Well defined implementation with the fRG

✴ Composites at all scales 

✴ Address theories in a full and 

complete manner 

✴ Input parameters in the 

fundamental theory predict the 

composite sector
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