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QFTs require regularization and renormalization. 
Dimensional regularization is the most popular scheme because: 

• It is efficiently applicable to high order calculations 
• It regulates both UV and IR divergences 
• It is a mass-independent scheme  
• It is compatible with gauge invariance

’t Hooft-Veltman (1972)
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Definition

1) Extend to d-dimensions (formally, d is complex!)

2) Compute amplitudes in d-dimensions: they are meromorphic functions of d=4- .ϵ

3) Take the 4-dimensional limit where  and all evanescent terms disappeard → 4

4-dimensions

Removes all 1/ϵ poles

(d-4)-dimensions

<latexit sha1_base64="ixgC23iqwJSfL11Vc2AfyINiIYo="></latexit>

�[⇠c] ⌘ LIMd!4 �reg[⇠c]

<latexit sha1_base64="MKGBsrQe9OrJSb4DZPns12ukMEQ="></latexit>

ei�reg[⇠c] =

Z

1PI
D⇠ eiS[⇠+⇠c]+iSct[⇠+⇠c]

Systematically 
applicable at all loops!

<latexit sha1_base64="zsUxFqVPua/ibTDfTYiEAAneUdU="></latexit>

S �
Z

d4x
1

2
@µ�@

µ� !
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ddx
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Why does it work?

<latexit sha1_base64="Iem/dWVewGFgSdB9jRnLiY5UTqE="></latexit>

L = (@�)2 +  i�µ@µ � y  �� ��4

<latexit sha1_base64="qamPDkUKIwSPxEOXoUYtTTdR1Rg=">AAAB/XicbVDLSsNAFL3xWesrPnZugkVwY0mKVDdCwY3uKtgHJKFMppN26GQSZiZCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGJXKtr+NpeWV1bX10kZ5c2t7Z9fc22/LOBWYtHDMYtENkCSMctJSVDHSTQRBUcBIJxhdT/zOAxGSxvxejRPiR2jAaUgxUlrqmYeulwypf+WFAuGsf1bLs1reMyt21Z7CWiROQSpQoNkzv7x+jNOIcIUZktJ17ET5GRKKYkbyspdKkiA8QgPiaspRRKSfTa/PrROt9K0wFrq4sqbq74kMRVKOo0B3RkgN5bw3Ef/z3FSFl35GeZIqwvFsUZgyS8XWJAqrTwXBio01QVhQfauFh0jnoHRgZR2CM//yImnXqk69Wr87rzRuizhKcATHcAoOXEADbqAJLcDwCM/wCm/Gk/FivBsfs9Ylo5g5gD8wPn8A+MmU9A==</latexit>

[�] =
d� 2

2
<latexit sha1_base64="avQwpefUDYbVDRi/tNaaSJANHsY=">AAAB/XicbVDLSsNAFL3xWesrPnZugkVwY0mKVDdCwY3uKtgHJKFMppN26GQSZiZCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIGJXKtr+NpeWV1bX10kZ5c2t7Z9fc22/LOBWYtHDMYtENkCSMctJSVDHSTQRBUcBIJxhdT/zOAxGSxvxejRPiR2jAaUgxUlrqmYeul0jqX3mhQDjrnzl5Vst7ZsWu2lNYi8QpSAUKNHvml9ePcRoRrjBDUrqOnSg/Q0JRzEhe9lJJEoRHaEBcTTmKiPSz6fW5daKVvhXGQhdX1lT9PZGhSMpxFOjOCKmhnPcm4n+em6rw0s8oT1JFOJ4tClNmqdiaRGH1qSBYsbEmCAuqb7XwEOkclA6srENw5l9eJO1a1alX63fnlcZtEUcJjuAYTsGBC2jADTShBRge4Rle4c14Ml6Md+Nj1rpkFDMH8AfG5w8IrJT+</latexit>

[ ] =
d� 1

2

<latexit sha1_base64="n6ZRfDiwbD4jJYZv8rk8ZKOzDWE=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4sSRFqhuh4EZ3FewD2lAmk0k7dPJgZqKEmE9x40IRt36JO//GaZuFth64cDjnXu69x405k8qyvo2V1bX1jc3SVnl7Z3dv36wcdGSUCELbJOKR6LlYUs5C2lZMcdqLBcWBy2nXnVxP/e4DFZJF4b1KY+oEeBQynxGstDQ0K/3UuaqfDXyBSeblWT0fmlWrZs2AloldkCoUaA3Nr4EXkSSgoSIcS9m3rVg5GRaKEU7z8iCRNMZkgke0r2mIAyqdbHZ6jk604iE/ErpChWbq74kMB1Kmgas7A6zGctGbiv95/UT5l07GwjhRNCTzRX7CkYrQNAfkMUGJ4qkmmAimb0VkjHUKSqdV1iHYiy8vk069ZjdqjbvzavO2iKMER3AMp2DDBTThBlrQBgKP8Ayv8GY8GS/Gu/Exb10xiplD+APj8we3E5Oy</latexit>

[y] = 2� d

2
<latexit sha1_base64="JXftngRNofjCFmi7D1vBP2mQbFM=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgxpJIqW6EghvdVbAPSEOZTCbt0MkkzkwKJfQ73LhQxK0f486/cdpmoa0HBg7nnMu9c/yEM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKU0loi8Q8ll0fK8qZoC3NNKfdRFIc+Zx2/NHtzO+MqVQsFo96klAvwgPBQkawNpLn9rjJBti7qV0E/XLFrtpzoFXi5KQCOZr98lcviEkaUaEJx0q5jp1oL8NSM8LptNRLFU0wGeEBdQ0VOKLKy+ZHT9GZUQIUxtI8odFc/T2R4UipSeSbZIT1UC17M/E/z011eO1lTCSppoIsFoUpRzpGswZQwCQlmk8MwUQycysiQywx0aankinBWf7yKmlfVp16tf5QqzTu8zqKcAKncA4OXEED7qAJLSDwBM/wCm/W2Hqx3q2PRbRg5TPH8AfW5w/S+pGF</latexit>

[�] = 4� d

<latexit sha1_base64="yfmsnTSAsS0FeFqZ61IuwbVH7wI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA76U2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSKQ5MnMlGdgGmQIoYmCpTQSRWwKJDQDkY3U7/9CEqLJL7HcQp+xAaxCAVnaKQHT0KItqfEYIjepFetObYzA10mbkFqpECjV/3y+gnPIoiRS6Z113VS9HOmUHAJk4qXaUgZH7EBdA2NWQTaz2dXT+iJUfo0TJSpGOlM/T2Rs0jrcRSYzojhUC96U/E/r5theOXnIk4zhJjPF4WZpJjQaQS0LxRwlGNDGFfC3Er5kCnG0QRVMSG4iy8vk9aZ7V7Y53fntfp1EUeZHJFjckpccknq5JY0SJNwosgzeSVv1pP1Yr1bH/PWklXMHJI/sD5/AJkVkpc=</latexit>

}⇒ For d<4 all couplings are relevant:  
control on UV divergences

Analogously, d>4 all couplings are irrelevant: 
control on IR divergences

Complex d regulates 
both UV and IR divergences!
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No power-law divergences  

→ no contamination from higher-dimensional operators 

→ RG evolution constrained by dimensional analysis

<latexit sha1_base64="QCo0TMBa1da0tEfjx7kGJTJKVk8=">AAACEHicbVDLSsNAFJ34rPUVdekmWMR2U5Ii1Y1QdOOygn1Ak5TJZNIOmUzCzEQoIZ/gxl9x40IRty7d+TdO2yy09cCFwzn3cu89XkKJkKb5ra2srq1vbJa2yts7u3v7+sFhV8QpR7iDYhrzvgcFpoThjiSS4n7CMYw8inteeDP1ew+YCxKzezlJsBPBESMBQVAqaaif2YRJO+AQZb7rh3lWbdgJqbl+Xg3dRs21IU3G8Moc6hWzbs5gLBOrIBVQoD3Uv2w/RmmEmUQUCjGwzEQ6GeSSIIrzsp0KnEAUwhEeKMpghIWTzR7KjVOl+EYQc1VMGjP190QGIyEmkac6IyjHYtGbiv95g1QGl05GWJJKzNB8UZBSQ8bGNB3DJxwjSSeKQMSJutVAY6jSkSrDsgrBWnx5mXQbdatZb96dV1rXRRwlcAxOQBVY4AK0wC1ogw5A4BE8g1fwpj1pL9q79jFvXdGKmSPwB9rnD52WnE8=</latexit>Z
ddk

(2⇡)d
(k2)↵ = 0

<latexit sha1_base64="4Px4LrtiB1HTOcNluxziZzm4KFU=">AAACG3icbVC7SgNBFJ2Nrxhfq5Y2g0GwCrshRMugjYVFBPOA7CbMzs4mQ2YfzNwVwpL/sPFXbCwUsRIs/BsnmxSaeGDgcM493LnHSwRXYFnfRmFtfWNzq7hd2tnd2z8wD4/aKk4lZS0ai1h2PaKY4BFrAQfBuolkJPQE63jj65nfeWBS8Ti6h0nC3JAMIx5wSkBLA7PqBJLQjA7q08y51Tmf9KtTJxnxft2B2PGZAOKI3MC5XBuYZati5cCrxF6QMlqgOTA/HT+macgioIIo1bOtBNyMSOBUsGnJSRVLCB2TIetpGpGQKTfLb5viM634OIilfhHgXP2dyEio1CT09GRIYKSWvZn4n9dLIbh0Mx4lKbCIzhcFqcAQ41lR2OeSURATTQiVXP8V0xHRZYGus6RLsJdPXiXtasWuV+p3tXLjalFHEZ2gU3SObHSBGugGNVELUfSIntErejOejBfj3fiYjxaMReYY/YHx9QNUfqGZ</latexit> c6
⇤2

�6 ! ���4

It is a mass-independent scheme: 
Great for Effective Field Theories!!!
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Respects QCD and QED

By extending this theory to d dimensions we have 
d-dimensional gauge-invariance and  
d-dimensional Lorentz invariance

<latexit sha1_base64="TM35nShMBG3w/nm2TbBh66wHmsA="></latexit>

L =  i�µ(@µ � iTAAA
µ ) � 1

4
FA
µ⌫F

Aµ⌫
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Chirality?!
The notion of chirality does not exist at arbitrary d. 
The  problem:γ5

<latexit sha1_base64="avFzU0RtaF5FzkUb5GmCegLYm3A=">AAACDXicbZDLSsNAFIYnXmu9RV26CVbBhZREtLoRCm50V8FeoAlhMp2kQ2eSMHMilNAXcOOruHGhiFv37nwbp20W2vrDwMd/zuHM+YOUMwW2/W0sLC4tr6yW1srrG5tb2+bObkslmSS0SRKeyE6AFeUspk1gwGknlRSLgNN2MLge19sPVCqWxPcwTKkncBSzkBEM2vLNQ5fTENzcjbAQ2HdFdlLguStZ1Ad3dGX7ZsWu2hNZ8+AUUEGFGr755fYSkgkaA+FYqa5jp+DlWAIjnI7KbqZoiskAR7SrMcaCKi+fXDOyjrTTs8JE6heDNXF/T+RYKDUUge4UGPpqtjY2/6t1MwgvvZzFaQY0JtNFYcYtSKxxNFaPSUqADzVgIpn+q0X6WGICOsCyDsGZPXkeWqdVp1at3Z1V6rdFHCW0jw7QMXLQBaqjG9RATUTQI3pGr+jNeDJejHfjY9q6YBQze+iPjM8fhIab3g==</latexit>

{�µ, �5} = 0

<latexit sha1_base64="HgRhQrTxBOFaVfKH7sL7gY77ucA="></latexit>

Tr (�µ�⌫�↵���5) = �4i✏µ⌫↵�

<latexit sha1_base64="Vdgqe/RcSUI5+eHXm75ZYhZSovc=">AAACOnicdVDLSgMxFM34tr6qLt0MFkE3ZaZIdSMILtRdC31Bp5RMeqcNJjNDckcsQ7/LjV/hzoUbF4q49QNM20F8Xgg5nAfJPX4suEbHebBmZufmFxaXlnMrq2vrG/nNrYaOEsWgziIRqZZPNQgeQh05CmjFCqj0BTT9q7Ox3rwGpXkU1nAYQ0fSfsgDzigaqpuvph7CDaY1NRp5AgLc986plLTrZnfJU7w/wIOT/4ylz8DU2M0XnKIzGfs3cDNQINlUuvl7rxexREKITFCt264TYyelCjkTMMp5iYaYsivah7aBIZWgO+lk9ZG9Z5ieHUTKnBDtCfs1kVKp9VD6xikpDvRPbUz+pbUTDI47KQ/jBCFk04eCRNgY2eMe7R5XwFAMDaBMcfNXmw2oogxN2zlTgvtz5d+gUSq65WK5elg4vczqWCI7ZJfsE5cckVNyQSqkThi5JY/kmbxYd9aT9Wq9Ta0zVpbZJt/Gev8A8hSutA==</latexit>

Tr (�1�2) = Tr (�2�1)

<latexit sha1_base64="yfmsnTSAsS0FeFqZ61IuwbVH7wI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA76U2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSKQ5MnMlGdgGmQIoYmCpTQSRWwKJDQDkY3U7/9CEqLJL7HcQp+xAaxCAVnaKQHT0KItqfEYIjepFetObYzA10mbkFqpECjV/3y+gnPIoiRS6Z113VS9HOmUHAJk4qXaUgZH7EBdA2NWQTaz2dXT+iJUfo0TJSpGOlM/T2Rs0jrcRSYzojhUC96U/E/r5theOXnIk4zhJjPF4WZpJjQaQS0LxRwlGNDGFfC3Er5kCnG0QRVMSG4iy8vk9aZ7V7Y53fntfp1EUeZHJFjckpccknq5JY0SJNwosgzeSVv1pP1Yr1bH/PWklXMHJI/sD5/AJkVkpc=</latexit>

}⇒ <latexit sha1_base64="7CPrBadrbtcEEHmInxHhQv9ufek="></latexit>

(d� 4)Tr (�µ�⌫�↵���5) = 0

d=4 is “singular”: we cannot 
analytically continue these properties!
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Solution!
Levi-Civita and  are 4-dimensional objectsγ5

<latexit sha1_base64="yfmsnTSAsS0FeFqZ61IuwbVH7wI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA76U2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSKQ5MnMlGdgGmQIoYmCpTQSRWwKJDQDkY3U7/9CEqLJL7HcQp+xAaxCAVnaKQHT0KItqfEYIjepFetObYzA10mbkFqpECjV/3y+gnPIoiRS6Z113VS9HOmUHAJk4qXaUgZH7EBdA2NWQTaz2dXT+iJUfo0TJSpGOlM/T2Rs0jrcRSYzojhUC96U/E/r5theOXnIk4zhJjPF4WZpJjQaQS0LxRwlGNDGFfC3Er5kCnG0QRVMSG4iy8vk9aZ7V7Y53fntfp1EUeZHJFjckpccknq5JY0SJNwosgzeSVv1pP1Yr1bH/PWklXMHJI/sD5/AJkVkpc=</latexit>

}⇒  is not 
anti-commuting

γ5

’t Hooft-Veltman (1972)


<latexit sha1_base64="NYoUpXQU2w2V4RJIy4IKWn8NG6k="></latexit>

�5 ⌘ i

4!
✏µ̄⌫̄↵̄�̄�

µ̄�⌫̄�↵̄��̄

<latexit sha1_base64="PW6qnAV58t2JIxHQLhhh0cIMwAQ=">AAACE3icbVA9SwNBEN3z2/gVtbQ5DIKIhDvRaCMINtpFMBrIhjC32UuW7N4du3NCOPIfbPwrNhaK2NrY+W/cJFdo4oOBx3szzMwLEikMet63MzM7N7+wuLRcWFldW98obm7dmTjVjNdYLGNdD8BwKSJeQ4GS1xPNQQWS3we9y6F//8C1EXF0i/2ENxV0IhEKBmilVvGASh4izWgHlIJWRgPQVKWDw1w4oVp0ukgH516rWPLK3gjuNPFzUiI5qq3iF23HLFU8QibBmIbvJdjMQKNgkg8KNDU8AdaDDm9YGoHippmNfhq4e1Zpu2GsbUXojtTfExkoY/oqsJ0KsGsmvaH4n9dIMTxrZiJKUuQRGy8KU+li7A4DcttCc4aybwkwLeytLuuCBoY2xoINwZ98eZrcHZX9Srlyc1y6uM7jWCI7ZJfsE5+ckgtyRaqkRhh5JM/klbw5T86L8+58jFtnnHxmm/yB8/kDm6+eow==</latexit>

{�µ̄, �5} = 0
<latexit sha1_base64="Ao1XT+G/cSOqljM6Zvp1Pm/k/KU=">AAACEXicbVBNS8NAEN34WetX1aOXYBE8SEnEr4sgeNFbBVsLSQiT7aZd3E3C7kQooX/Bi3/FiwdFvHrz5r9x2+ag1QcDj/dmmJkXZYJrdJwva2Z2bn5hsbJUXV5ZXVuvbWy2dZorylo0FanqRKCZ4AlrIUfBOpliICPBbqO7i5F/e8+U5mlyg4OMBRJ6CY85BTRSWNvzBYvR83sgJYSF3wf0ZT7cL4UjX/FeH4MzJ6zVnYYzhv2XuCWpkxLNsPbpd1OaS5YgFaC15zoZBgUo5FSwYdXPNcuA3kGPeYYmIJkOivFHQ3vXKF07TpWpBO2x+nOiAKn1QEamUwL29bQ3Ev/zvBzj06DgSZYjS+hkUZwLG1N7FI/d5YpRFANDgCpubrVpHxRQNCFWTQju9Mt/Sfug4R43jq8P6+dXZRwVsk12yB5xyQk5J5ekSVqEkgfyRF7Iq/VoPVtv1vukdcYqZ7bIL1gf38K+nZ8=</latexit>

[�µ̂, �5] = 0<latexit sha1_base64="GacMV+cX7TwOSpr2h0EUmlwRScQ=">AAACGXicbZDNSsNAFIUn9a/Wv6pLN8EiuJCSFKluhIIb3VWwtdCUMJlO0qEzkzBzI5TQ13Djq7hxoYhLXfk2TtsI2nph4OOce7lzT5BwpsFxvqzC0vLK6lpxvbSxubW9U97da+s4VYS2SMxj1QmwppxJ2gIGnHYSRbEIOL0LhpcT/+6eKs1ieQujhPYEjiQLGcFgJL/seJyG4GVehIXAvifSkx+UqadYNABvfFGL/MxYRhr75YpTdaZlL4KbQwXl1fTLH14/JqmgEgjHWnddJ4FehhUwwum45KWaJpgMcUS7BiUWVPey6WVj+8gofTuMlXkS7Kn6eyLDQuuRCEynwDDQ895E/M/rphCe9zImkxSoJLNFYcptiO1JTHafKUqAjwxgopj5q00GWGECJsySCcGdP3kR2rWqW6/Wb04rjes8jiI6QIfoGLnoDDXQFWqiFiLoAT2hF/RqPVrP1pv1PmstWPnMPvpT1uc3CfGhnQ==</latexit>

{�µ, �⌫} = 2gµ⌫

<latexit sha1_base64="NYoUpXQU2w2V4RJIy4IKWn8NG6k="></latexit>

�5 ⌘ i

4!
✏µ̄⌫̄↵̄�̄�

µ̄�⌫̄�↵̄��̄

Breitenlohner and Maison showed that the above definition implies a 
consistent regularization at all orders in perturbation

Breitenlohner-Maison (1977)  
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A nuisance !
Consider a chiral transformation 

Chiral symmetries are explicitly broken, even if gauged!!!

<latexit sha1_base64="FlQ8VcNdza9ReFFwsomNFt9JGxA=">AAACCHicbVDLSsNAFJ3UV62vqEsXBovgqiSi1WXBje4q2Ac0MdxMJ+3QmSTMTIQSunTjr7hxoYhbP8Gdf+OkzUJbDwwczrmXO+cECaNS2fa3UVpaXlldK69XNja3tnfM3b22jFOBSQvHLBbdACRhNCItRRUj3UQQ4AEjnWB0lfudByIkjaM7NU6Ix2EQ0ZBiUFryzUM3kdRVsUXuM+oCS4bgDoBz8M8nueWbVbtmT2EtEqcgVVSg6Ztfbj/GKSeRwgyk7Dl2orwMhKKYkUnFTSVJAI9gQHqaRsCJ9LJpkIl1rJW+FcZCv0hZU/X3RgZcyjEP9CQHNZTzXi7+5/VSFV56GY2SVJEIzw6FKbN08LwVq08FwYqNNQEsqP6rhYcgACvdXUWX4MxHXiTt05pTr9Vvz6qNm6KOMjpAR+gEOegCNdA1aqIWwugRPaNX9GY8GS/Gu/ExGy0Zxc4++gPj8wcpjpob</latexit>

 ! ei↵�5 
<latexit sha1_base64="1wGdTwVEGFvTRIBeaGQAsFgXrpI=">AAACG3icbVDLSgMxFM34rPVVdekmWARXZaZodVlwo7sK9gGdsdxJ0zY0mQlJRihD/8ONv+LGhSKuBBf+jWk7C9t6IHA45x5u7gklZ9q47o+zsrq2vrGZ28pv7+zu7RcODhs6ThShdRLzWLVC0JSziNYNM5y2pKIgQk6b4fB64jcfqdIsju7NSNJAQD9iPUbAWKlTKPuxtSdpX2rmmxjPCZg+pMwHLgfg90EI6FyMO4WiW3KnwMvEy0gRZah1Cl9+NyaJoJEhHLRue640QQrKMMLpOO8nmkogQ+jTtqURCKqDdHrbGJ9apYt7sbIvMniq/k2kILQeidBOCjADvehNxP+8dmJ6V0HKIpkYGpHZol7Csa1gUhTuMkWJ4SNLgChm/4rJABQQY+vM2xK8xZOXSaNc8iqlyt15sXqb1ZFDx+gEnSEPXaIqukE1VEcEPaEX9IbenWfn1flwPmejK06WOUJzcL5/AbN4onk=</latexit>

 !  ei↵�5

<latexit sha1_base64="ZftiSkiW/SFrbpv2ULfkucS4zHo="></latexit>

S =

Z
ddx i�µ@µ =

Z
ddx

⇥
 i�µ̄@µ̄ +  i�µ̂@µ̂ 

⇤

<latexit sha1_base64="dlljmoOMa10jkR9Jmn2Vp5ZDRZ8="></latexit>Z
ddx

⇥
 i�µ̄@µ̄ +  e2i↵�5i�µ̂@µ̂ 

⇤
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Unavoidable: d-dim kinetic term mixes L with R → explicit breaking of chiral symmetry. 
Evanescent: the anomaly must vanish as d → 4. 

A classical anomaly!

<latexit sha1_base64="IZZp782ooiUeqqw2WkAIIk/xwNY="></latexit>

�S = �
Z

ddx↵
⇥
2 �5�

µ̂@µ̂ 
⇤
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Is it strange that chiral symmetries are broken by the classical action?  
No, it had to be this way!

<latexit sha1_base64="72x8z4b9QgS9aOcW6tsAg4zNfNo=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovoqiQi1Y1QdOOyQl/QxDKZTtuhk0mYmYg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDmTGnH+bYWFpeWV1Zza/n1jc2tbXtnt66iRBJaIxGPZDPAinImaE0zzWkzlhSHAaeNYHA99hv3VCoWiaoextQPcU+wLiNYG6lt73sP7PiS3qWs6mEe9/HICG274BSdCdA8cTNSgAyVtv3ldSKShFRowrFSLdeJtZ9iqRnhdJT3EkVjTAa4R1uGChxS5aeT60foyCgd1I2kKaHRRP09keJQqWEYmM4Q676a9cbif14r0d0LP2UiTjQVZLqom3CkIzSOAnWYpETzoSGYSGZuRaSPJSbaBJY3IbizL8+T+mnRLRVLt2eF8lUWRw4O4BBOwIVzKMMNVKAGBB7hGV7hzXqyXqx362PaumBlM3vwB9bnD2RklTY=</latexit>

⇠0 = eiT↵⇠

<latexit sha1_base64="BzAw1R6AjicpNSqOSEq0ReJ92L4="></latexit>

ei�[⇠c] =

Z

1PI
D⇠ eiS[⇠+⇠c]

Let us prove Ward identities:

<latexit sha1_base64="UEiP8ZvrF/CiL0dYNlW9iWcs1/I="></latexit>

ei�[⇠
0
c] =

Z

1PI
D⇠ eiS[⇠+⇠0c] =

Z

1PI
D⇠0 eiS[⇠0+⇠0c]
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Crucially, in Dimensional Regularization the measure is always invariant:

<latexit sha1_base64="Mw9FZ2y506waJrmza8ptLdFlaW0=">AAACGXicbVC7SgNBFJ31GeNr1dJmMIgWEnZFoo0Q1EKsIpgHZDfh7uwkGTL7YGZWEpb8ho2/YmOhiKVW/o2TRxETDwwczjmXufd4MWdSWdaPsbC4tLyymlnLrm9sbm2bO7sVGSWC0DKJeCRqHkjKWUjLiilOa7GgEHicVr3u9dCvPlIhWRQ+qH5M3QDaIWsxAkpLTdNKHQIc3wycHju6pI2UOSxU2G/4PefEAR53AN8NpkJNM2flrRHwPLEnJIcmKDXNL8ePSBLQUBEOUtZtK1ZuCkIxwukg6ySSxkC60KZ1TUMIqHTT0WUDfKgVH7cioZ9ea6ROT6QQSNkPPJ0MQHXkrDcU//PqiWpduCkL40TRkIw/aiUcqwgPa8I+E5Qo3tcEiGB6V0w6IIAoXWZWl2DPnjxPKqd5u5Av3J/lileTOjJoHx2gY2Sjc1REt6iEyoigJ/SC3tC78Wy8Gh/G5zi6YExm9tAfGN+/sX2gIQ==</latexit>

D⇠0 = ei
R
ddx↵JD⇠

<latexit sha1_base64="FZZXyW9DniHn4EgYadgYE5RDd/0=">AAACCHicbVDJSgNBEO1xjXGLevTgYBCSS5gRiV6EoBfxFCEbJGPo6anEJj0L3TViGOboxV/x4kERr36CN//GznLQxAcFj/eqqKrnRoIrtKxvY2FxaXllNbOWXd/Y3NrO7ew2VBhLBnUWilC2XKpA8ADqyFFAK5JAfVdA0x1cjvzmPUjFw6CGwwgcn/YD3uOMopa6uYPr86SD8IBJTaZpu+Z0PBBIb5OCV0wLVrGby1slawxznthTkidTVLu5r44XstiHAJmgSrVtK0InoRI5E5BmO7GCiLIB7UNb04D6oJxk/EhqHmnFM3uh1BWgOVZ/TyTUV2rou7rTp3inZr2R+J/XjrF35iQ8iGKEgE0W9WJhYmiOUjE9LoGhGGpCmeT6VpPdUUkZ6uyyOgR79uV50jgu2eVS+eYkX7mYxpEh++SQFIhNTkmFXJEqqRNGHskzeSVvxpPxYrwbH5PWBWM6s0f+wPj8AfLcmUg=</latexit>

J = Tr[T ]�(d)(0)

<latexit sha1_base64="p0P3+7zVSyWkSKlq9MFUgul+v84="></latexit>

�(d)(0) =

Z
ddk

(2⇡)d
⌘ 0

<latexit sha1_base64="SMB3GGK+gVeCEuNK1VdrGhtS+xs=">AAACAXicbVDLSgMxFL3js9bXqBvBTbCIrsqMSHUjFHXhsoJ9QGcomTTThmYyQ5IRy1A3/oobF4q49S/c+Temj0VtPXDh5Jx7yb0nSDhT2nF+rIXFpeWV1dxafn1jc2vb3tmtqTiVhFZJzGPZCLCinAla1Uxz2kgkxVHAaT3oXQ/9+gOVisXiXvcT6ke4I1jICNZGatn7mUcwRzcD75EdX049WnbBKTojoHniTkgBJqi07G+vHZM0okITjpVquk6i/QxLzQing7yXKppg0sMd2jRU4IgqPxtdMEBHRmmjMJamhEYjdXoiw5FS/SgwnRHWXTXrDcX/vGaqwws/YyJJNRVk/FGYcqRjNIwDtZmkRPO+IZhIZnZFpIslJtqEljchuLMnz5PaadEtFUt3Z4Xy1SSOHBzAIZyAC+dQhluoQBUIPMELvMG79Wy9Wh/W57h1wZrM7MEfWF+/i4iWVA==</latexit>

D⇠0 = D⇠⇒ <latexit sha1_base64="K2U/6NxOjpG4wMzr6o3eyyxZ4l0="></latexit>

ei�[⇠
0
c] =

Z

1PI
D⇠ eiS[⇠+⇠c]+i�S[⇠+⇠c]

<latexit sha1_base64="yfmsnTSAsS0FeFqZ61IuwbVH7wI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA76U2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSKQ5MnMlGdgGmQIoYmCpTQSRWwKJDQDkY3U7/9CEqLJL7HcQp+xAaxCAVnaKQHT0KItqfEYIjepFetObYzA10mbkFqpECjV/3y+gnPIoiRS6Z113VS9HOmUHAJk4qXaUgZH7EBdA2NWQTaz2dXT+iJUfo0TJSpGOlM/T2Rs0jrcRSYzojhUC96U/E/r5theOXnIk4zhJjPF4WZpJjQaQS0LxRwlGNDGFfC3Er5kCnG0QRVMSG4iy8vk9aZ7V7Y53fntfp1EUeZHJFjckpccknq5JY0SJNwosgzeSVv1pP1Yr1bH/PWklXMHJI/sD5/AJkVkpc=</latexit>

}



Luca Vecchi    Dimensional regularization and spurious gauge invariance

1) Anomalies (ex: chiral anomaly in QCD) ⇔ non-invariance of the regularised action

<latexit sha1_base64="TbiHKktpkG9RMJ81egqcEGBqT4A="></latexit>

��[⇠c] =

R
1PI D⇠ eiS[⇠+⇠c]�S[⇠ + ⇠c]R

1PI D⇠ eiS[⇠+⇠c]

At infinitesimal level the variation of the 1PI effective action is given by the matrix elements of 
the classical anomaly (Quantum Action Principle)

— Symmetries of the classical action hold at all orders (4-dim Lorentz, vector-like, CP, P). 
— What happens to anomalous symmetries?  
     Spurious (gauge, non-abelian axial) or Physical (abelian axial, scale invariance)



Luca Vecchi    Dimensional regularization and spurious gauge invariance

When a consistent regularization breaks a symmetry, we have a spurious anomaly

<latexit sha1_base64="NZtLIETqEriMKJ/ypvwe4bTodGU=">AAACGnicbVBNSxxBEO0x8Wv9WpOjlyaLoJdlRmT1IigeYm4GsirsLENNb+3a2N0zdNeIyzi/w4t/xUsOhuBNcsm/Se+6Ab8eFLx+r4quemmupKMw/BtMffg4PTM7N19bWFxaXqmvfjpxWWEFtkWmMnuWgkMlDbZJksKz3CLoVOFpenE48k8v0TqZmR80zLGrYWBkXwogLyX1KO6hIuDxV9AakjImvKLS4qCqrpNyw2xWe2UsQPGD/++k3gib4Rj8LYkmpMEmOE7qj3EvE4VGQ0KBc50ozKlbgiUpFFa1uHCYg7iAAXY8NaDRdcvxaRVf90qP9zPryxAfq88nStDODXXqOzXQuXvtjcT3vE5B/d1uKU1eEBrx9FG/UJwyPsqJ96RFQWroCQgr/a5cnIMFQT7Nmg8hen3yW3Ky1Yxazdb37cb+t0kcc2yNfWEbLGI7bJ8dsWPWZoLdsDt2z34Ft8HP4Hfw8NQ6FUxmPrMXCP78A9BGoWA=</latexit>

��reg|(n) = A|(n)

<latexit sha1_base64="0DsqEDlXIrjp6BmvhFlY4CluA5c="></latexit>

�(�SFin
ct |(n)) = �A|(n)

Spurious anomaly

We can define a symmetric 1PI effective action as

<latexit sha1_base64="tOaUUx1y8J50+h6WP3yNNqKOEMs="></latexit>

�inv[⇠c]|(n) = �reg[⇠c]|(n) +�SFin
ct [⇠c]|(n)

2) For axial symmetries  is evanescent ( ), the anomaly must be multiplied by  div: 
   → it is finite and local → may be removed by a counterterm.  

δS ϵ 1/ϵ
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An appropriate counterterm exists as long as 

No new anomalies emerge in perturbation theory (even beyond renormalizable). 

Breaking due to Dim-Reg is artificial ➾ the anomaly can be removed via counterterms. 

See, e.g., Gomis-Weinberg (1995) 

<latexit sha1_base64="OY0lv4VAkW+YCo11CMD0JLJMlFg="></latexit>

Dabc = tr(T a
L{T b

L, T
c
L})� tr(T a

R{T b
R, T

c
R}) = 0 . Georgi-Glashow (1972) 

Tonin et al. (1977) 

Luscher (1999) 
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Consider a chiral gauge theory 

d-dimensional Lorentz is broken 
Only 4-dimensional Lorentz is preserved (real world)

<latexit sha1_base64="zz2nqqaUdasgeXzOCXXMBXUV+qs=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBiIVhN2i0EQI2ChYRzAOyyzI7mU2GzMwuM7NCWNL4KzYWitj6GXb+jZNHoYkHLhzOuZd77wkTRpV2nG8rt7S8srqWXy9sbG5t79i7e00VpxKTBo5ZLNshUoRRQRqaakbaiSSIh4y0wsH12G89EqloLB70MCE+Rz1BI4qRNlJgH9SDuysvkgi7lZJ76vUQ5yg4PwnsolN2JoCLxJ2RIpihHthfXjfGKSdCY4aU6rhOov0MSU0xI6OClyqSIDxAPdIxVCBOlJ9NHhjBY6N0YRRLU0LDifp7IkNcqSEPTSdHuq/mvbH4n9dJdXTpZ1QkqSYCTxdFKYM6huM0YJdKgjUbGoKwpOZWiPvIpKFNZgUTgjv/8iJpVsputVy9PyvWbmdx5MEhOAIl4IILUAM3oA4aAIMReAav4M16sl6sd+tj2pqzZjP74A+szx8Z1ZTY</latexit>

PL =
1

2
(1� �5)

<latexit sha1_base64="bO9x8YXuTHLKJ5F2oIJmY2STKGk=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLUBHKTNHqRii40V0V+4DOMGTSTBuaZIYkI5ShG3/FjQtF3PoZ7vwb08dCWw9cOJxzL/feEyaMKu0431ZuaXlldS2/XtjY3NresXf3mipOJSYNHLNYtkOkCKOCNDTVjLQTSRAPGWmFg+ux33okUtFYPOhhQnyOeoJGFCNtpMA+qAf3V14kEXYrJffU6yHOUXB+EthFp+xMABeJOyNFMEM9sL+8boxTToTGDCnVcZ1E+xmSmmJGRgUvVSRBeIB6pGOoQJwoP5s8MILHRunCKJamhIYT9fdEhrhSQx6aTo50X817Y/E/r5Pq6NLPqEhSTQSeLopSBnUMx2nALpUEazY0BGFJza0Q95FJQ5vMCiYEd/7lRdKslN1quXp3VqzdzuLIg0NwBErABRegBm5AHTQABiPwDF7Bm/VkvVjv1se0NWfNZvbBH1ifPyBLlNw=</latexit>

PR =
1

2
(1 + �5)

Different by def.

These are still projectors, 
But they do not commute with the 
Lorentz generators.

Another “nuisance”!

<latexit sha1_base64="S3EZLy6WuaK7nkavn6ETpv16wmg="></latexit>

AA
µ �

µ(TA
L PL + TA

RPR) 
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Implications

The BMHV (Breitenlohner, Maison, ’t Hooft, Veltman) prescription is perfectly consistent but

1)  is not always anti-commuting 
2) We have to add appropriate counterterms order by order 
3) The constraining power of symmetries is lost in intermediate steps

γ5

More care in loop computations
Rather annoying procedure 

(Only chiral symmetry, Lorentz is fine)

A nuisance: 
Symmetry is no more of any guidance?! 
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Naive Dimensional Regularization:  is anti-commuting, but diagrams are treated differently.γ5

Many alternatives have been proposed to avoid these implications: 
None of them has a definition of  
None of them has been shown to be consistent at all orders

γ5

Kreimer’s scheme (KKS):  is anti-commuting, but the trace is not cyclic.γ5

They are supposed to be a “trick” to avoid the introducing the counterterms.  
You can “use them if you know what you are doing” (Altarelli?) Do we?!

Most popular:

<latexit sha1_base64="KqNL2k7PYQ08fBM1XjUcp5sF+dw="></latexit>

{�µ, �5} =

(
0 Naive

2�µ̂�5 BMHV

They differ by 
an evanescent term 

(Compensated by loops)
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1) At 4-loops (!!!) the QCD beta function in the SM can acquire different values…

Alternatives imply ambiguities:

2) In QCD, the Chern-Simons current mixes with the axial current at 2-loops  
    (must add a new counterterm anyway!) 

3) Disagreement already at 1-loop in the evaluation of  (deep inelastic scattering)g1

We cannot implement these alternative 
prescriptions on a code and be done with it!

Zoller (2015)

Bednyakov, Pikelner (2016)

Chen (2023)

Manohar

(Private communication)
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Implications

The BMHV (Breitenlohner, Maison, ’t Hooft, Veltman) prescription is perfectly consistent but

1)  is not always anti-commuting 
2) We have to add appropriate counterterms order by order 
3) The constraining power of symmetries is lost in intermediate steps

γ5
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Spurious axial-invariance
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In massive QCD, the chiral  symmetry can be restored  
treating the quark mass as a field (spurion)

SU(3)L × SU(3)R

Explicitly broken symmetries are still useful, 
if we know how they are broken.

<latexit sha1_base64="XE9pGrJyDITToBAlVoCC07L3iXg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi1WPBi4KFKvYDmlg2m026dLMJu5tCCf0nXjwo4tV/4s1/47bNQasPBh7vzTAzz08Zlcq2v4zSyura+kZ5s7K1vbO7Z+4fdGSSCUzaOGGJ6PlIEkY5aSuqGOmlgqDYZ6Trj65mfndMhKQJf1CTlHgxijgNKUZKSwPTbLoqsW6b949ugKKIiIFZtWv2HNZf4hSkCgVaA/PTDRKcxYQrzJCUfcdOlZcjoShmZFpxM0lShEcoIn1NOYqJ9PL55VPrRCuBFSZCF1fWXP05kaNYykns684YqaFc9mbif14/U+Gll1OeZopwvFgUZszSz85isAIqCFZsognCgupbLTxEAmGlw6roEJzll/+SzlnNqdfqd+fVxk0RRxmO4BhOwYELaMA1tKANGMbwBC/wauTGs/FmvC9aS0Yxcwi/YHx8A7Dzkxg=</latexit>

M ! LMR†

We can do the same in 
Dimensional Regularization
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We therefore introduce a new field (spurion)  that transforms asΩ

<latexit sha1_base64="EojxPTMkcju00WjPGebFmxgtYBY=">AAACMnicjVDLSsNAFJ3UV62vqEs3wSK4KolIdVlwY3cV7AOaWG6mk3boTCbMTIQS+k1u/BLBhS4UcetHOGm70NaFBwYO55zLnXvChFGlXffFKqysrq1vFDdLW9s7u3v2/kFLiVRi0sSCCdkJQRFGY9LUVDPSSSQBHjLSDkdXud++J1JREd/qcUICDoOYRhSDNlLPrvvC2Pl05ieKTvwBcA53mR+C9Hk6yUVfi3+kenbZrbhTOMvEm5MymqPRs5/8vsApJ7HGDJTqem6igwykppiRSclPFUkAj2BAuobGwIkKsunJE+fEKH0nEtK8WDtT9edEBlypMQ9NkoMeqkUvF//yuqmOLoOMxkmqSYxni6KUOVo4eX9On0qCNRsbAlhS81cHD0EC1qblkinBWzx5mbTOKl61Ur05L9fq8zqK6Agdo1PkoQtUQ9eogZoIowf0jN7Qu/VovVof1ucsWrDmM4foF6yvb2yzre4=</latexit>

 �µ̄ !  �µ̄ 
<latexit sha1_base64="sWgjHcOGcxL6HdOknr8knpYnCq4="></latexit>

 �µ̂ !  �µ̂(R†LPL + L†RPR) 

<latexit sha1_base64="arpdzhQqih/IijNzgYVky3p3CHU=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIrkoiUl0W3Ch0UcFeoAlhMp22QyeTMDMRQqiv4saFIm59EHe+jdM2C239YeDjP+cw5/xhwpnSjvNtra1vbG5tl3bKu3v7B4f20XFHxakktE1iHsteiBXlTNC2ZprTXiIpjkJOu+HkZlbvPlKpWCwedJZQP8IjwYaMYG2swK60gqaXKObpGDULDuyqU3PmQqvgFlCFQq3A/vIGMUkjKjThWKm+6yTaz7HUjHA6LXupogkmEzyifYMCR1T5+Xz5KTozzgANY2me0Gju/p7IcaRUFoWmM8J6rJZrM/O/Wj/Vw2s/ZyJJNRVk8dEw5chcOksCDZikRPPMACaSmV0RGWOJiTZ5lU0I7vLJq9C5qLn1Wv3+stq4K+IowQmcwjm4cAUNuIUWtIFABs/wCm/Wk/VivVsfi9Y1q5ipwB9Znz8LRpRs</latexit>

PL ! LPL 
<latexit sha1_base64="N4aiJwzYdapyPngPFSDCqFb6bcY=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIrkoiUl0W3OiuFnuBJoTJdNoOnUzCzEQIob6KGxeKuPVB3Pk2TtsstPWHgY//nMOc84cJZ0o7zre1tr6xubVd2inv7u0fHNpHxx0Vp5LQNol5LHshVpQzQduaaU57iaQ4CjnthpObWb37SKVisXjQWUL9CI8EGzKCtbECu9IMWl6imKdj1Co4sKtOzZkLrYJbQBUKNQP7yxvEJI2o0IRjpfquk2g/x1Izwum07KWKJphM8Ij2DQocUeXn8+Wn6Mw4AzSMpXlCo7n7eyLHkVJZFJrOCOuxWq7NzP9q/VQPr/2ciSTVVJDFR8OUI3PpLAk0YJISzTMDmEhmdkVkjCUm2uRVNiG4yyevQuei5tZr9fvLauOuiKMEJ3AK5+DCFTTgFprQBgIZPMMrvFlP1ov1bn0sWtesYqYCf2R9/gAnMJR+</latexit>

PR ! RPR 

<latexit sha1_base64="yfmsnTSAsS0FeFqZ61IuwbVH7wI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA76U2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSKQ5MnMlGdgGmQIoYmCpTQSRWwKJDQDkY3U7/9CEqLJL7HcQp+xAaxCAVnaKQHT0KItqfEYIjepFetObYzA10mbkFqpECjV/3y+gnPIoiRS6Z113VS9HOmUHAJk4qXaUgZH7EBdA2NWQTaz2dXT+iJUfo0TJSpGOlM/T2Rs0jrcRSYzojhUC96U/E/r5theOXnIk4zhJjPF4WZpJjQaQS0LxRwlGNDGFfC3Er5kCnG0QRVMSG4iy8vk9aZ7V7Y53fntfp1EUeZHJFjckpccknq5JY0SJNwosgzeSVv1pP1Yr1bH/PWklXMHJI/sD5/AJkVkpc=</latexit>

}⇒

<latexit sha1_base64="yfmsnTSAsS0FeFqZ61IuwbVH7wI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA76U2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSKQ5MnMlGdgGmQIoYmCpTQSRWwKJDQDkY3U7/9CEqLJL7HcQp+xAaxCAVnaKQHT0KItqfEYIjepFetObYzA10mbkFqpECjV/3y+gnPIoiRS6Z113VS9HOmUHAJk4qXaUgZH7EBdA2NWQTaz2dXT+iJUfo0TJSpGOlM/T2Rs0jrcRSYzojhUC96U/E/r5theOXnIk4zhJjPF4WZpJjQaQS0LxRwlGNDGFfC3Er5kCnG0QRVMSG4iy8vk9aZ7V7Y53fntfp1EUeZHJFjckpccknq5JY0SJNwosgzeSVv1pP1Yr1bH/PWklXMHJI/sD5/AJkVkpc=</latexit>

}

Under a (global) chiral symmetry

<latexit sha1_base64="PoF1Tu3OTPzA3aXCZCLgMWtbI/s=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQi1WXBjYJgFfuAJpbJ5CYdOnkwMxFK6MKNv+LGhSJu/Qh3/o3Tx0JbDwwczrmXO+d4KWdSWda3UVhaXlldK66XNja3tnfM3b2WTDJBoUkTnoiORyRwFkNTMcWhkwogkceh7Q3Ox377AYRkSXynhim4EQljFjBKlJZ6Ztm5jiAkjkrw1ZTi23vHJ2EIomdWrKo1AV4k9oxU0AyNnvnl+AnNIogV5UTKrm2lys2JUIxyGJWcTEJK6ICE0NU0JhFIN5+EGOFDrfg4SIR+scIT9fdGTiIph5GnJyOi+nLeG4v/ed1MBWduzuI0UxDT6aEg41hHHjeCfSaAKj7UhFDB9F8x7RNBqNK9lXQJ9nzkRdI6rtq1au3mpFK/nNVRRGV0gI6QjU5RHV2gBmoiih7RM3pFb8aT8WK8Gx/T0YIx29lHf2B8/gDHyZeW</latexit>

⌦ ! L⌦R†

<latexit sha1_base64="oX1S30km95jtJ552HnS/0lhnmrA="></latexit>

 i�µ̄@µ̄ +  i�µ̂(⌦†PL + ⌦PR)@µ̂ 

We have thus formally recovered the axial symmetries:
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We therefore introduce a new field (spurion)  that transforms asΩ

<latexit sha1_base64="EojxPTMkcju00WjPGebFmxgtYBY=">AAACMnicjVDLSsNAFJ3UV62vqEs3wSK4KolIdVlwY3cV7AOaWG6mk3boTCbMTIQS+k1u/BLBhS4UcetHOGm70NaFBwYO55zLnXvChFGlXffFKqysrq1vFDdLW9s7u3v2/kFLiVRi0sSCCdkJQRFGY9LUVDPSSSQBHjLSDkdXud++J1JREd/qcUICDoOYRhSDNlLPrvvC2Pl05ieKTvwBcA53mR+C9Hk6yUVfi3+kenbZrbhTOMvEm5MymqPRs5/8vsApJ7HGDJTqem6igwykppiRSclPFUkAj2BAuobGwIkKsunJE+fEKH0nEtK8WDtT9edEBlypMQ9NkoMeqkUvF//yuqmOLoOMxkmqSYxni6KUOVo4eX9On0qCNRsbAlhS81cHD0EC1qblkinBWzx5mbTOKl61Ur05L9fq8zqK6Agdo1PkoQtUQ9eogZoIowf0jN7Qu/VovVof1ucsWrDmM4foF6yvb2yzre4=</latexit>

 �µ̄ !  �µ̄ 
<latexit sha1_base64="sWgjHcOGcxL6HdOknr8knpYnCq4="></latexit>

 �µ̂ !  �µ̂(R†LPL + L†RPR) 

<latexit sha1_base64="yfmsnTSAsS0FeFqZ61IuwbVH7wI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA76U2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSKQ5MnMlGdgGmQIoYmCpTQSRWwKJDQDkY3U7/9CEqLJL7HcQp+xAaxCAVnaKQHT0KItqfEYIjepFetObYzA10mbkFqpECjV/3y+gnPIoiRS6Z113VS9HOmUHAJk4qXaUgZH7EBdA2NWQTaz2dXT+iJUfo0TJSpGOlM/T2Rs0jrcRSYzojhUC96U/E/r5theOXnIk4zhJjPF4WZpJjQaQS0LxRwlGNDGFfC3Er5kCnG0QRVMSG4iy8vk9aZ7V7Y53fntfp1EUeZHJFjckpccknq5JY0SJNwosgzeSVv1pP1Yr1bH/PWklXMHJI/sD5/AJkVkpc=</latexit>

}⇒

<latexit sha1_base64="yfmsnTSAsS0FeFqZ61IuwbVH7wI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA76U2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSKQ5MnMlGdgGmQIoYmCpTQSRWwKJDQDkY3U7/9CEqLJL7HcQp+xAaxCAVnaKQHT0KItqfEYIjepFetObYzA10mbkFqpECjV/3y+gnPIoiRS6Z113VS9HOmUHAJk4qXaUgZH7EBdA2NWQTaz2dXT+iJUfo0TJSpGOlM/T2Rs0jrcRSYzojhUC96U/E/r5theOXnIk4zhJjPF4WZpJjQaQS0LxRwlGNDGFfC3Er5kCnG0QRVMSG4iy8vk9aZ7V7Y53fntfp1EUeZHJFjckpccknq5JY0SJNwosgzeSVv1pP1Yr1bH/PWklXMHJI/sD5/AJkVkpc=</latexit>

}

Under a local chiral symmetry

We have thus formally recovered the axial symmetries:

<latexit sha1_base64="WaxSq5mfYLMf+SXMtBC0sM8QjNc=">AAACBHicbVC7SgNBFL3rM8bXqmWawSDEJuyKRMuAjUKKCOYB2WWZncwmQ2YfzMyKYUlh46/YWChi60fY+TdOki008cDA4Zx7uXOOn3AmlWV9Gyura+sbm4Wt4vbO7t6+eXDYlnEqCG2RmMei62NJOYtoSzHFaTcRFIc+px1/dDX1O/dUSBZHd2qcUDfEg4gFjGClJc8sNb2Gk0jmqBg1Ko6PBXo4zTXPLFtVawa0TOyclCFH0zO/nH5M0pBGinAsZc+2EuVmWChGOJ0UnVTSBJMRHtCephEOqXSzWYgJOtFKHwWx0C9SaKb+3shwKOU49PVkiNVQLnpT8T+vl6rg0s1YlKSKRmR+KEg50omnjaA+E5QoPtYEE8H0XxEZYoGJ0r0VdQn2YuRl0j6r2rVq7fa8XL/J6yhACY6hAjZcQB2uoQktIPAIz/AKb8aT8WK8Gx/z0RUj3zmCPzA+fwAya5c2</latexit>

PL ! L(x̄)PL 
<latexit sha1_base64="U0yHKLqE0cxxqO8oWklYbKetkr4=">AAACBHicbVC7SgNBFL3rM8bXqmWawSDEJuyKRMuAjXYxmAdkl2V2MpsMmX0wMyuGJYWNv2JjoYitH2Hn3zhJttDEAwOHc+7lzjl+wplUlvVtrKyurW9sFraK2zu7e/vmwWFbxqkgtEViHouujyXlLKItxRSn3URQHPqcdvzR1dTv3FMhWRzdqXFC3RAPIhYwgpWWPLPU8JpOIpmjYtSsOD4W6OE01zyzbFWtGdAysXNShhwNz/xy+jFJQxopwrGUPdtKlJthoRjhdFJ0UkkTTEZ4QHuaRjik0s1mISboRCt9FMRCv0ihmfp7I8OhlOPQ15MhVkO56E3F/7xeqoJLN2NRkioakfmhIOVIJ542gvpMUKL4WBNMBNN/RWSIBSZK91bUJdiLkZdJ+6xq16q12/Ny/SavowAlOIYK2HABdbiGBrSAwCM8wyu8GU/Gi/FufMxHV4x85wj+wPj8AU61l0g=</latexit>

PR ! R(x̄)PR 

<latexit sha1_base64="lCkwcOoo2hDe8M7iZDsP6X084vo="></latexit>

 i�µ̄Dµ̄ +  i�µ̂(⌦†PL + ⌦PR)@µ̂ 

<latexit sha1_base64="OFdmf3HFrGQ6pqpSIYTmb21b4xA=">AAACFHicbZDJSgNBEIZ74hbjNurRS2MQIkKYEYkeBS8KglHMApkYajqVSZOehe4eMQQfwouv4sWDIl49ePNt7CyC2w8NP19VUV2/nwiutON8WJmp6ZnZuex8bmFxaXnFXl2rqjiVDCssFrGs+6BQ8AgrmmuB9UQihL7Amt87GtZr1ygVj6NL3U+wGUIQ8Q5noA1q2TveWYgBeDqmpwXPB0lvtseIXlx5bQgClF+8ZeedojMS/WvcicmTicot+91rxywNMdJMgFIN10l0cwBScybwNuelChNgPQiwYWwEIarmYHTULd0ypE07sTQv0nREv08MIFSqH/qmMwTdVb9rQ/hfrZHqzkFzwKMk1Rix8aJOKqiJYJgQbXOJTIu+McAkN3+lrAsSmDY55kwI7u+T/5rqbtEtFUvne/nDk0kcWbJBNkmBuGSfHJJjUiYVwsgdeSBP5Nm6tx6tF+t13JqxJjPr5Iest09ZXp0q</latexit>

⌦ ! L(x̄)⌦R†(x̄)

In the end what matters  
is the 4-dimensional limit
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The standard BMHV action is 
recovered setting .Ω = 1

<latexit sha1_base64="yVPhT8k9nehpkCAecYdSfn0Og+s="></latexit>

SReg[⇠,⌦] = SBos + SYuk +
1

2

Z
ddx

�
 i�µ̄Dµ̄ +  i�µ̂(⌦†PL + ⌦PR)@µ̂ + hc

 

Finally, the regularised action is written as

Dynamical fields

Pure boson part 
(No issues)

Yukawa sector 
(No issues)

What do we gain?!

Conserved global symmetries: 

— SO(1,3)xSO(d-4). There is no need of Lorentz-restoring counterterms. 
— Spurious CP and P (under which generators transform)  
— Spurious chiral rotations
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— the divergences are symmetric 
— the associated counterterms are symmetric 
— the symmetry-restoring counterterms are symmetric

<latexit sha1_base64="7zDg+iqnrFkV8OzUJgXf7G1/9dE="></latexit>Z

1PI
D⇠ eiS

Reg[⇠+⇠c,⌦]

Adopting the background gauge (with gauge-covariant gauge-fixing), 
all symmetries are linearly realized by construction:

Alternatively: 
Gauge-fixing leaves BRST ➔ (non-linear) Slavnov-Taylor Identities. Martin-SanchezRuiz (2000)


SanchezRuiz (2003) 

BeluscaMaito et al. (2020-2021)

See, e.g. Abbott
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The “Divergent counterterms” are derived as usual: 
Non-symmetric divergent 1PI diagrams have external ’sΩ

The “Finite counterterms” are defined so that the result 
is symmetric even if . How is it done concretely?Ω = 1

<latexit sha1_base64="cQV7/GMo+AXH1rjX0avOqdDI80M="></latexit>

ei�inv[⇠c,⌦] ⌘
Z

1PI
D⇠ eiS

Reg[⇠+⇠c,⌦]+SDiv
ct [⇠+⇠c,⌦]+SFin

ct [⇠+⇠c,⌦]
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This is the object that standard BMHV gives. 
It has a spurious anomaly

<latexit sha1_base64="26+72gik2v6NZJNSoOb2BLARR6w="></latexit>

ei�[⇠c,⌦]|(n) =

Z

1PI
D⇠ eiS

Reg[⇠+⇠c,⌦]+SDiv
ct [⇠+⇠c,⌦]|(n)+SFin

ct [⇠+⇠c,⌦]|(n�1)

Iteratively: 
Assume we have found the symmetry-restoring counterterm at order :ℏn−1

<latexit sha1_base64="EwTv8ghLR8g1pVe0wVQ7ts/Cajs=">AAACGHicbZBLSwMxFIUz9VXrq+rSTbAILUidEaluhIqgLivYWugMw500raFJZkgyYhkL/gk3/hU3LhRx253/xulj4etA4PCdG5J7gogzbWz708rMzM7NL2QXc0vLK6tr+fWNhg5jRWidhDxUzQA05UzSumGG02akKIiA0+ugdzrKr2+p0iyUV6YfUU9AV7IOI2BS5Of33DblBoruOQgBLfeO+WTX8e79pChLg9Jx4hLg+GQwBTk/X7DL9lj4r3GmpoCmqvn5odsOSSyoNISD1i3HjoyXgDKMcDrIubGmEZAedGkrtRIE1V4yXmyAd1LSxp1QpUcaPKbfbyQgtO6LIJ0UYG7072wE/8tasekceQmTUWyoJJOHOjHHJsSjlnCbKUoM76cGiGLpXzG5AQXEpF2OSnB+r/zXNPbLTqVcuTwoVM8eJnVk0RbaRkXkoENURReohuqIoEf0jF7Rm/VkvVjv1sdkNGNNK9xEP2QNvwDOLZ9q</latexit>

�(�[⇠c, 1]|(n)) = A|(n)

<latexit sha1_base64="r/f5buJeukNYiuuzOYkT2e4j9pQ=">AAACAHicbZBNS8MwHMbT+TbnW9WDBy/BIUyQ0YpMjwNBPU5wL9CWkmbZFpakJUnFUQviV/HiQRGvfgxvfhvbbQfdfCDw43n+Ifk/QcSo0pb1bRQWFpeWV4qrpbX1jc0tc3unpcJYYtLEIQtlJ0CKMCpIU1PNSCeSBPGAkXYwvMjz9h2RiobiVo8i4nHUF7RHMdKZ5Zt77hXiHDnuPfXxse09+ElFHKUl3yxbVWssOA/2FMpgqoZvfrndEMecCI0ZUsqxrUh7CZKaYkbSkhsrEiE8RH3iZCgQJ8pLxguk8DBzurAXyuwIDcfu7xsJ4kqNeJBNcqQHajbLzf8yJ9a9cy+hIoo1EXjyUC9mUIcwbwN2qSRYs1EGCEua/RXiAZII66yzvAR7duV5aJ1U7Vq1dnNarl8+Tuoogn1wACrABmegDq5BAzQBBil4Bq/gzXgyXox342MyWjCmFe6CPzI+fwBkpJYP</latexit>

�[⇠c, 1]|(n)

<latexit sha1_base64="1hmJa3zR21Z39U2fq/ek+z2tCrc="></latexit>

�inv[⇠c, 1]|(n) ⌘ �[⇠c, 1]|(n) +�SFin
ct [⇠, 1]|(n)

We want to find this
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On the other hand, with  turned on, all chiral symmetries are preserved:Ω

<latexit sha1_base64="gVGZvn//MtKrbkAbtK1JF6Odgsc="></latexit>

�[⇠c,⌦]|(n) = � 6⌦[⇠c]|(n) + �⌦[⇠c,⌦]|(n)

No dependence on Ω This is invariant ONLY because of Ω
<latexit sha1_base64="y6Bd0npo1r06gsxXVIDmJVXoz9g=">AAACF3icbVDLSgNBEJz1bXxFPXpZDEIECbsi6kUQBPVmBBOF7LL0TjpxcGZ2mZkVwxrwI7z4K148KOJVb/6Nk8fBV0FDTVU3011xypk2nvfpjIyOjU9MTk0XZmbn5heKi0t1nWSKYo0mPFEXMWjkTGLNMMPxIlUIIuZ4Hl8d9Pzza1SaJfLMdFIMBbQlazEKxkpRsRI0kRsoB0cgBER5cCKwDd1GcMMiujF4hbdRXpbr3fU9LyqWvIrXh/uX+ENSIkNUo+JH0ExoJlAaykHrhu+lJsxBGUY5dgtBpjEFegVtbFgqQaAO8/5dXXfNKk23lShb0rh99ftEDkLrjohtpwBzqX97PfE/r5GZ1m6YM5lmBiUdfNTKuGsStxeS22QKqeEdS4AqZnd16SUooMZGWbAh+L9P/kvqmxV/u7J9ulXaP7wbxDFFVsgqKROf7JB9ckyqpEYouSeP5Jm8OA/Ok/PqvA1aR5xhhMvkB5z3Lzprn78=</latexit>

�(�⌦[⇠c,⌦]|(n)) = 0
<latexit sha1_base64="7pVApIuoWwdAlPY2mdkXD+My28k="></latexit>

�(� 6⌦[⇠c]|(n)) = 0

They are separately invariant under the symmetries of the theory

The  variation is compensated by that of ξ Ω
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The “symmetry-restoring counterterm” is just the opposite of  
the -dependent part of the 1PI actionΩ

What does this mean for the  theory?!Ω = 1

<latexit sha1_base64="xOYMvskzfPHG4IFfO8UZo2QYTqs="></latexit>

�(�[⇠c, 1]|(n)) = �(�⌦[⇠c, 1]|(n)) = A|(n) ⌘ ��(�SFin
ct [⇠c, 1]|(n))

<latexit sha1_base64="8lx/OJFBYtCbhJkMeeVTBAe9lCs="></latexit>

�inv[⇠c, 1]|(n) = � 6⌦[⇠c]|(n)

<latexit sha1_base64="Wx+qr5T9Va6nEcgXhGXnSoBOPT4="></latexit>

�SFin
ct [⇠c, 1]|(n) = ��⌦[⇠c, 1]|(n)
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Symmetry-restoring  
counterterms at 1-loop 
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Consider a general renormalizable gauge theory with scalars and fermions:

<latexit sha1_base64="gWd9iBZaGTTsWDA/lenHH5SPcik=">AAACM3icbZBLSwMxFIUz9VXrq+rSTbAIglBmRKoboSiIqIsK9iFtKZk0bUMzmSG5I5ZhwJ/kxj/iQhAXirj1P5g+BG17IPBxzg3JPW4guAbbfrUSM7Nz8wvJxdTS8srqWnp9o6T9UFFWpL7wVcUlmgkuWRE4CFYJFCOeK1jZ7Z728/IdU5r78gZ6Aat7pC15i1MCxmqkL6IaJQJfxce/0IhqwO4hOvF1HO+Nu7dhd4p7yWUcN9IZO2sPhCfBGUEGjVRopJ9rTZ+GHpNABdG66tgB1COigFPB4lQt1CwgtEvarGpQEo/pejTYOcY7xmnilq/MkYAH7t8bEfG07nmumfQIdPR41jenZdUQWkf1iMsgBCbp8KFWKDD4uF8gbnLFKIieAUIVN3/FtEMUoWBqTpkSnPGVJ6G0n3Vy2dz1QSZ/9jCsI4m20DbaRQ46RHl0jgqoiCh6RC/oHX1YT9ab9Wl9DUcT1qjCTfRP1vcPrputQA==</latexit>

L = LBos + LYuk + LKin

<latexit sha1_base64="IKNmHAov4vhnxU5/6kz4lIpwoeM="></latexit>

LBos = �1

4
FA
µ⌫F

Aµ⌫ + (Dµ�)
†
a(D

µ�)a � V (�)

<latexit sha1_base64="Jv4gLCAHBJgC/6OErmceoQJGtFk="></latexit>

LYuk = �Y a
ij iPR j�a + hc

<latexit sha1_base64="m+0nrQQjRLwJSDDBBAt6WZKV/Aw="></latexit>

LKin =
1

2

�
 i�µ̄Dµ̄ + i�µ̂(⌦†PL + ⌦PR)@µ̂ + hc

 

The non-symmetric counterterms (Finite and Divergent) are found among 
the operators involving  (analogy with pions in QCD!) Ω
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Operators with vectors 
and no Levi-Civita

Operators with scalars 
and no fermions

Operators with 
fermions

<latexit sha1_base64="i3sGiG2pHh9j62WlyzC8Y29gRtQ=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSFKkeC170VsHWQhPLZrtpl242YXcjlJCLf8WLB0W8+jO8+W/ctjlo64OBx3szzMwLEs6Udpxvq7Syura+Ud6sbG3v7O7Z+wcdFaeS0DaJeSy7AVaUM0HbmmlOu4mkOAo4vQ/GV1P//pFKxWJxpycJ9SM8FCxkBGsj9e0jT7OIKi+UmGRunrkNL2EP9bxvV52aMwNaJm5BqlCg1be/vEFM0ogKTThWquc6ifYzLDUjnOYVL1U0wWSMh7RnqMBmq5/NHsjRqVEGKIylKaHRTP09keFIqUkUmM4I65Fa9Kbif14v1eGlnzGRpJoKMl8UphzpGE3TQAMmKdF8YggmkplbERlhk4U2mVVMCO7iy8ukU6+5jVrj9rzavCniKMMxnMAZuHABTbiGFrSBQA7P8Apv1pP1Yr1bH/PWklXMHMIfWJ8/iF+WZg==</latexit>

⇥ 1

16⇡2

<latexit sha1_base64="qJZ+BtmqeesKVJWvy32kjt4ZlJU=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiQi1WXBje4q2Ic0MUymN+3YycOZSaGE7tz4K25cKOLWX3Dn3zhts9DqgQtnzrmXuff4CWdSWdaXUVhYXFpeKa6W1tY3NrfM7Z2mjFNBoUFjHou2TyRwFkFDMcWhnQggoc+h5Q/OJ35rCEKyOLpWowTckPQiFjBKlJY8c9+p95mXsbuxA/cpG+KbWzJ7Jlonnlm2KtYU+C+xc1JGOeqe+el0Y5qGECnKiZQd20qUmxGhGOUwLjmphITQAelBR9OIhCDdbHrHGB9qpYuDWOiKFJ6qPycyEko5Cn3dGRLVl/PeRPzP66QqOHMzFiWpgojOPgpSjlWMJ6HgLhNAFR9pQqhgeldM+0QQqnR0JR2CPX/yX9I8rtjVSvXqpFy7zOMooj10gI6QjU5RDV2gOmogih7QE3pBr8aj8Wy8Ge+z1oKRz+yiXzA+vgGf0JnV</latexit>

�ij ⌘ Y a
ij�a

Annoying 
But systematic
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Operators with Levi-Civita

As in the chiral Lagrangian, the only term involving Levi-Civita is the Wess-Zumino-Witten term:

Here n=1 cannot be affected by radiative corrections: exact at all orders
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In the Standard Model (excluding H, for simplicity): 
— QCD & QED are vector-like and manifest 
— no terms with Levi-Civita, peculiarity of SU(2)xU(1) 
— Contains all interactions that respect QCD & QED but violate SU(2)xU(1)

<latexit sha1_base64="xg4yzIF+PtPY1Vypl7MXCNHFK5U=">AAACBXicbVDLSgMxFM3UV62vUZe6CBZBEMuMFHVZsAuXFewDOtMhk2ba0CQzJBmhDN248VfcuFDErf/gzr8xnXah1QOBc8+5l5t7woRRpR3nyyosLa+srhXXSxubW9s79u5eS8WpxKSJYxbLTogUYVSQpqaakU4iCeIhI+1wdD312/dEKhqLOz1OiM/RQNCIYqSNFNiH9cDjKWwHnkh7Z7Dey6tedmrqSWCXnYqTA/4l7pyUwRyNwP70+jFOOREaM6RU13US7WdIaooZmZS8VJEE4REakK6hAnGi/Cy/YgKPjdKHUSzNExrm6s+JDHGlxjw0nRzpoVr0puJ/XjfV0ZWfUZGkmgg8WxSlDOoYTiOBfSoJ1mxsCMKSmr9CPEQSYW2CK5kQ3MWT/5LWecW9qFRvq+VafR5HERyAI3ACXHAJauAGNEATYPAAnsALeLUerWfrzXqftRas+cw++AXr4xvPnJeG</latexit>

DµW
�
⌫ DµW+⌫

<latexit sha1_base64="JhH8klXaavZ1GkvkNI63zUQlJw4=">AAACDXicbZBNS8MwGMfT+TbnW9Wjl+AUPI1Whnoc6MHjBPeCa1fSLN3C0rQkqTDKvoAXv4oXD4p49e7Nb2PaVdDNPwT+/J7nSfL8/ZhRqSzryygtLa+srpXXKxubW9s75u5eW0aJwKSFIxaJro8kYZSTlqKKkW4sCAp9Rjr++DKrd+6JkDTit2oSEzdEQ04DipHSyDOPnBgJRRHznDCBd57Dkx/Sz0lfE8+sWjUrF1w0dmGqoFDTMz+dQYSTkHCFGZKyZ1uxctPsXszItOIkksQIj9GQ9LTlKCTSTfNtpvBYkwEMIqEPVzCnvydSFEo5CX3dGSI1kvO1DP5X6yUquHBTyuNEEY5nDwUJgyqCWTRwQAXBik20QVhQ/VeIR0ggrHSAFR2CPb/yommf1uyzWv2mXm1cFXGUwQE4BCfABuegAa5BE7QABg/gCbyAV+PReDbejPdZa8koZvbBHxkf3+UqnBg=</latexit>

@µZ⌫@
µZ⌫

<latexit sha1_base64="CvtDcAZFxr9T6ipGG58t6jM6IJo=">AAACAnicbZBPS8MwGMbT+W/Of1VP4iU4BEEcrQz1OFDE4wS3DtaupFm2hSVpSVJhlOHFr+LFgyJe/RTe/DZmWw86fSDwy/O+L8n7RAmjSjvOl1VYWFxaXimultbWNza37O2dpopTiUkDxyyWrQgpwqggDU01I61EEsQjRrxoeDmpe/dEKhqLOz1KSMBRX9AexUgbK7T3rjuZz1NfpGOvcxwahF7nJDT30C47FWcq+BfcHMogVz20P/1ujFNOhMYMKdV2nUQHGZKaYkbGJT9VJEF4iPqkbVAgTlSQTVcYw0PjdGEvluYIDafuz4kMcaVGPDKdHOmBmq9NzP9q7VT3LoKMiiTVRODZQ72UQR3DSR6wSyXBmo0MICyp+SvEAyQR1ia1kgnBnV/5LzRPK+5ZpXpbLdeu8jiKYB8cgCPggnNQAzegDhoAgwfwBF7Aq/VoPVtv1vustWDlM7vgl6yPb4xjluY=</latexit>

Fµ⌫W+
µ W�

⌫

<latexit sha1_base64="mQd9wv0hJ1NRvZ63DAFm13zhUfs=">AAACBHicbVDLSgMxFM3UV62vUZfdBIsgiGVGiros2IXLCvaBnemQSTNtaJIZkoxQhi7c+CtuXCji1o9w59+YPhbaeiC5h3PuJbknTBhV2nG+rdzK6tr6Rn6zsLW9s7tn7x80VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0gqH1xO/9UCkorG406OE+Bz1BY0oRtpIgV2sdT2ewlb3LJjV08ATKbzvmjuwS07ZmQIuE3dOSmCOemB/eb0Yp5wIjRlSquM6ifYzJDXFjIwLXqpIgvAQ9UnHUIE4UX42XWIMj43Sg1EszREaTtXfExniSo14aDo50gO16E3E/7xOqqMrP6MiSTURePZQlDKoYzhJBPaoJFizkSEIS2r+CvEASYS1ya1gQnAXV14mzfOye1Gu3FZK1do8jjwogiNwAlxwCargBtRBA2DwCJ7BK3iznqwX6936mLXmrPnMIfgD6/MH1zyW+A==</latexit>

DµW�
µ W+

⌫ Z⌫
<latexit sha1_base64="fvwraAjp2AeU1KkD5fLRmqSdPzM=">AAACBHicbVBNS8MwGE7n15xfVY+7BIcgiKOVoR4H7uBxgvvAtStplm5haVqSVBhlBy/+FS8eFPHqj/DmvzHdetDNB0Ke93nel+R9/JhRqSzr2yisrK6tbxQ3S1vbO7t75v5BW0aJwKSFIxaJro8kYZSTlqKKkW4sCAp9Rjr++DrzOw9ESBrxOzWJiRuiIacBxUhpyTPLjb7DE9jpn3lOmN2nXlbf93XlmRWras0Al4mdkwrI0fTML2cQ4SQkXGGGpOzZVqzcFAlFMSPTkpNIEiM8RkPS05SjkEg3nS0xhcdaGcAgEvpwBWfq74kUhVJOQl93hkiN5KKXif95vUQFV25KeZwowvH8oSBhUEUwSwQOqCBYsYkmCAuq/wrxCAmElc6tpEOwF1deJu3zqn1Rrd3WKvVGHkcRlMEROAE2uAR1cAOaoAUweATP4BW8GU/Gi/FufMxbC0Y+cwj+wPj8AddSlvg=</latexit>

D⌫W�
µ W+

⌫ Zµ
<latexit sha1_base64="q4rvBQ/9UzjL2EpcHOL05HQfnys=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEsiRV0W7MJlBfvAJg2T6aQdOpmEmYlQQjdu/BU3LhRx6z+482+ctFlo64HhHs65lzv3+DGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29lowSgUkTRywSHR9JwignTUUVI51YEBT6jLT90XXmtx+IkDTid2ocEzdEA04DipHSkmce1j2HJ7DdO/OcMKvpqa4TeN/TsmeWrYo1BVwkdk7KIEfDM7+cfoSTkHCFGZKya1uxclMkFMWMTEpOIkmM8AgNSFdTjkIi3XR6xQQea6UPg0joxxWcqr8nUhRKOQ593RkiNZTzXib+53UTFVy5KeVxogjHs0VBwqCKYBYJ7FNBsGJjTRAWVP8V4iESCCsdXEmHYM+fvEha5xX7olK9rZZr9TyOIjgAR+AE2OAS1MANaIAmwOARPINX8GY8GS/Gu/Exay0Y+cw++APj8wfxh5ec</latexit>

D⌫W
�
µ W+µZ⌫

<latexit sha1_base64="T1aQ05uxt/mIRImv6E4PBwSKwD4=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxCRSwzpajLgi5cVrCdQjsdMmlaQ5PMkGSEOhR/xY0LRdz6H+78G9N2Ftp64HIP59xLbk4YM6q043xbuaXlldW1/HphY3Nre8fe3WuqKJGYNHDEItkKkSKMCtLQVDPSiiVBPGTEC4dXE997IFLRSNzpUUx8jgaC9ilG2kiBfVDyumdBhyfQ66anpo9PupXALjplZwq4SNyMFEGGemB/dXoRTjgRGjOkVNt1Yu2nSGqKGRkXOokiMcJDNCBtQwXiRPnp9PoxPDZKD/YjaUpoOFV/b6SIKzXioZnkSN+reW8i/ue1E92/9FMq4kQTgWcP9RMGdQQnUcAelQRrNjIEYUnNrRDfI4mwNoEVTAju/JcXSbNSds/L1dtqsXadxZEHh+AIlIALLkAN3IA6aAAMHsEzeAVv1pP1Yr1bH7PRnJXt7IM/sD5/AKOtlBQ=</latexit>

(W�
µ W+µ)2

<latexit sha1_base64="BFMEQcQbVSot3mdj1SMOeV84Oxw=">AAACDXicbVDLSsNAFJ34rPUVdelmsAotpSWRoi4LunBZwTaFPsJkOm2HTiZhZiKUkB9w46+4caGIW/fu/BunaRbaemC4h3Pu5c49XsioVJb1baysrq1vbOa28ts7u3v75sFhSwaRwKSJAxaItockYZSTpqKKkXYoCPI9Rhxvcj3znQciJA34vZqGpOejEadDipHSkmueFp1+xe36EXT6cUXXpKSVstvlqVLWNSm5ZsGqWingMrEzUgAZGq751R0EOPIJV5ghKTu2FapejISimJEk340kCRGeoBHpaMqRT2QvTq9J4JlWBnAYCP24gqn6eyJGvpRT39OdPlJjuejNxP+8TqSGV72Y8jBShOP5omHEoArgLBo4oIJgxaaaICyo/ivEYyQQVjrAvA7BXjx5mbTOq/ZFtXZXK9Rvsjhy4BicgCKwwSWog1vQAE2AwSN4Bq/gzXgyXox342PeumJkM0fgD4zPH9KJmiw=</latexit>

(W�
µ W�µ)(W+

⌫ W+⌫)
<latexit sha1_base64="MlLJIeHdTVLBURbQxKbsu5zx6FU=">AAAB+HicbVDLTsJAFJ3iC/FB1aWbicQEN6QlRF2S6MIlJvIIUJrpMIUJ02kzDxNs+BI3LjTGrZ/izr9xgC4UPMm9OTnn3sydEySMSuU431ZuY3Nreye/W9jbPzgs2kfHLRlrgUkTxywWnQBJwignTUUVI51EEBQFjLSDyc3cbz8SIWnMH9Q0IV6ERpyGFCNlJN8ulrt+P9KwOzD9YlD17ZJTcRaA68TNSAlkaPj2V38YYx0RrjBDUvZcJ1FeioSimJFZoa8lSRCeoBHpGcpRRKSXLg6fwXOjDGEYC1NcwYX6eyNFkZTTKDCTEVJjuerNxf+8nlbhtZdSnmhFOF4+FGoGVQznKcAhFQQrNjUEYUHNrRCPkUBYmawKJgR39cvrpFWtuJeV2n2tVL/N4siDU3AGysAFV6AO7kADNAEGGjyDV/BmPVkv1rv1sRzNWdnOCfgD6/MHTNSSOg==</latexit>

(ZµZ
µ)2

<latexit sha1_base64="HNQ2MJUmbwDHZuyu43Sp+W4qNa8=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvQIpYZKeqyoAuXFewDO9Mhk2ba0ExmSDJCKd258VfcuFDErb/gzr8xnc5CWw8knHvOvST3+DGjUlnWt5FbWl5ZXcuvFzY2t7Z3zN29powSgUkDRywSbR9JwignDUUVI+1YEBT6jLT84dXUbz0QIWnE79QoJm6I+pwGFCOlJc88LLW6J54TJvC+q++yLk89h6clT8qeWbQqVgq4SOyMFEGGumd+Ob0IJyHhCjMkZce2YuWOkVAUMzIpOIkkMcJD1CcdTTkKiXTH6R4TeKyVHgwioQ9XMFV/T4xRKOUo9HVniNRAzntT8T+vk6jg0h1THieKcDx7KEgYVBGchgJ7VBCs2EgThAXVf4V4gATCSkdX0CHY8ysvkuZZxT6vVG+rxdp1FkceHIAjUAI2uAA1cAPqoAEweATP4BW8GU/Gi/FufMxac0Y2sw/+wPj8AUPLl64=</latexit>

(W+
µ Zµ)(W�

⌫ Z⌫)
<latexit sha1_base64="+vP4nKmGPs3SW+7gMBqfo2lQsK8=">AAACCHicbVBNT8IwGO7wC/Fr6tGDjcQEYiSbIeqRRA8eMRFGYGPpSoGGrlvazoQsHL34V7x40Biv/gRv/hsL7KDok7Tvk+d537TvE8SMSmVZX0ZuaXlldS2/XtjY3NreMXf3mjJKBCYNHLFItAIkCaOcNBRVjLRiQVAYMOIEo6up79wTIWnE79Q4Jl6IBpz2KUZKS755WHK6J74bJtDppqe6Tsqltu/yBLa7+i77ZtGqWDPAv8TOSBFkqPvmp9uLcBISrjBDUnZsK1ZeioSimJFJwU0kiREeoQHpaMpRSKSXzhaZwGOt9GA/EvpwBWfqz4kUhVKOw0B3hkgN5aI3Ff/zOonqX3op5XGiCMfzh/oJgyqC01RgjwqCFRtrgrCg+q8QD5FAWOnsCjoEe3Hlv6R5VrHPK9XbarF2ncWRBwfgCJSADS5ADdyAOmgADB7AE3gBr8aj8Wy8Ge/z1pyRzeyDXzA+vgFgGphS</latexit>

(W+
µ W�µ)(Z⌫Z

⌫)

VVDD:

VVVD:

VVVV:

ffW:
<latexit sha1_base64="WzQp7oLtK8ktfPD3BhC9IYN1u8s=">AAACD3icbVDNS8MwHE3n15xfVY9egkMRhNHKUI8DPXjwMMF9wNqVNE23sKQtSSqMsv/Ai/+KFw+KePXqzf/GdOtBNx8EHu+9X5Lf8xNGpbKsb6O0tLyyulZer2xsbm3vmLt7bRmnApMWjlksuj6ShNGItBRVjHQTQRD3Gen4o6vc7zwQIWkc3atxQlyOBhENKUZKS5553Omfeg5PnVin8kuy0EsnzgBxjvpah03vNvQCz6xaNWsKuEjsglRBgaZnfjlBjFNOIoUZkrJnW4lyMyQUxYxMKk4qSYLwCA1IT9MIcSLdbLrPBB5pJYBhLPSJFJyqvycyxKUcc18nOVJDOe/l4n9eL1XhpZvRKEkVifDsoTBlUMUwLwcGVBCs2FgThAXVf4V4iATCSldY0SXY8ysvkvZZzT6v1e/q1cZ1UUcZHIBDcAJscAEa4AY0QQtg8AiewSt4M56MF+Pd+JhFS0Yxsw/+wPj8AVw9nOA=</latexit>

W+
µ fu�

µPLfd
<latexit sha1_base64="Xk6Ack7uhQCpUZS2rj2PLHs2jWs=">AAACD3icbVDNS8MwHE3n15xfVY9egkMRhNHKUI8DPXic4j5g7UqapltY0pYkFUbZf+DFf8WLB0W8evXmf2O69aCbDwKP994vye/5CaNSWda3UVpaXlldK69XNja3tnfM3b22jFOBSQvHLBZdH0nCaERaiipGuokgiPuMdPzRVe53HoiQNI7u1TghLkeDiIYUI6Ulzzzu9E89h6dOrFP5JVnopRNngDhHfa3DpncXeoFnVq2aNQVcJHZBqqBA0zO/nCDGKSeRwgxJ2bOtRLkZEopiRiYVJ5UkQXiEBqSnaYQ4kW423WcCj7QSwDAW+kQKTtXfExniUo65r5McqaGc93LxP6+XqvDSzWiUpIpEePZQmDKoYpiXAwMqCFZsrAnCguq/QjxEAmGlK6zoEuz5lRdJ+6xmn9fqt/Vq47qoowwOwCE4ATa4AA1wA5qgBTB4BM/gFbwZT8aL8W58zKIlo5jZB39gfP4AZWec5g==</latexit>

W+
µ fu�

µPRfd

ffZ:
<latexit sha1_base64="bdM2DR4puqURt/eLN5VMFgr5u0w=">AAACCXicbVA7T8MwGHTKq5RXgJHFokJiqhJUAWMlGBgYikQfogmR4zqtVTuObAepirqy8FdYGECIlX/Axr/BaTNAy0mWTnf32f4uTBhV2nG+rdLS8srqWnm9srG5tb1j7+61lUglJi0smJDdECnCaExammpGuokkiIeMdMLRRe53HohUVMS3epwQn6NBTCOKkTZSYMO7wOOpJ0wmvyKLJt4AcY7ujQqbwXUU2FWn5kwBF4lbkCoo0AzsL68vcMpJrDFDSvVcJ9F+hqSmmJFJxUsVSRAeoQHpGRojTpSfTTeZwCOj9GEkpDmxhlP190SGuFJjHpokR3qo5r1c/M/rpTo69zMaJ6kmMZ49FKUMagHzWmCfSoI1GxuCsKTmrxAPkURYm/IqpgR3fuVF0j6puae1+k292rgs6iiDA3AIjoELzkADXIEmaAEMHsEzeAVv1pP1Yr1bH7NoySpm9sEfWJ8//wSahw==</latexit>

Zµf�
µPLf

<latexit sha1_base64="dg8tGaT1Hab33CaBA6tbXEIsZwQ=">AAACCXicbVA7T8MwGHTKq5RXgJHFokJiqhJUAWMlGBgLog/RhMhxndaq7US2g1RFXVn4KywMIMTKP2Dj3+C0GaDlJEunu/tsfxcmjCrtON9WaWl5ZXWtvF7Z2Nza3rF399oqTiUmLRyzWHZDpAijgrQ01Yx0E0kQDxnphKOL3O88EKloLG71OCE+RwNBI4qRNlJgw7vA46kXm0x+RRZNvAHiHN0bFTaDmyiwq07NmQIuErcgVVCgGdhfXj/GKSdCY4aU6rlOov0MSU0xI5OKlyqSIDxCA9IzVCBOlJ9NN5nAI6P0YRRLc4SGU/X3RIa4UmMemiRHeqjmvVz8z+ulOjr3MyqSVBOBZw9FKYM6hnktsE8lwZqNDUFYUvNXiIdIIqxNeRVTgju/8iJpn9Tc01r9ul5tXBZ1lMEBOATHwAVnoAGuQBO0AAaP4Bm8gjfryXqx3q2PWbRkFTP74A+szx8IMZqN</latexit>

Zµf�
µPRf

<latexit sha1_base64="3IqTsh5He5ZhY7XVXrYhw7d7o1g=">AAACH3icbVDLSgMxFL3js9a3Lt0EiyCIZUaKuiwI4rKC1Uo7SCZzxwaTzJBkhDIU/Ae3uvBr3Inb/o3pY2GtBwKHc26495woE9xY3x94c/MLi0vLpZXy6tr6xubW9s6tSXPNsMlSkepWRA0KrrBpuRXYyjRSGQm8i54uhv7dM2rDU3VjexmGkj4qnnBGrZPuj4qOlqTL+g9bFb/qj0BmSTAhFZig8bDtQSdOWS5RWSaoMe3Az2xYUG05E9gvd3KDGWVP9BHbjioq0YTF6OI+OXBKTJJUu6csGam/fxRUGtOTkZuU1HbNX28o/ue1c5uchwVXWW5RsfGiJBfEpmQYn8RcI7Oi5whlmrtbCetSTZl1JU1tSbCnZHZMc5tOhSmMS9vFuF92nQV/G5oltyfV4LRau65V6pcv4/ZKsAf7cAgBnEEdrqABTWAg4RXe4N378D69L+97PDrnTRrfhSl4gx8bbqMM</latexit>

+hc

<latexit sha1_base64="3IqTsh5He5ZhY7XVXrYhw7d7o1g=">AAACH3icbVDLSgMxFL3js9a3Lt0EiyCIZUaKuiwI4rKC1Uo7SCZzxwaTzJBkhDIU/Ae3uvBr3Inb/o3pY2GtBwKHc26495woE9xY3x94c/MLi0vLpZXy6tr6xubW9s6tSXPNsMlSkepWRA0KrrBpuRXYyjRSGQm8i54uhv7dM2rDU3VjexmGkj4qnnBGrZPuj4qOlqTL+g9bFb/qj0BmSTAhFZig8bDtQSdOWS5RWSaoMe3Az2xYUG05E9gvd3KDGWVP9BHbjioq0YTF6OI+OXBKTJJUu6csGam/fxRUGtOTkZuU1HbNX28o/ue1c5uchwVXWW5RsfGiJBfEpmQYn8RcI7Oi5whlmrtbCetSTZl1JU1tSbCnZHZMc5tOhSmMS9vFuF92nQV/G5oltyfV4LRau65V6pcv4/ZKsAf7cAgBnEEdrqABTWAg4RXe4N378D69L+97PDrnTRrfhSl4gx8bbqMM</latexit>

+hc

<latexit sha1_base64="3IqTsh5He5ZhY7XVXrYhw7d7o1g=">AAACH3icbVDLSgMxFL3js9a3Lt0EiyCIZUaKuiwI4rKC1Uo7SCZzxwaTzJBkhDIU/Ae3uvBr3Inb/o3pY2GtBwKHc26495woE9xY3x94c/MLi0vLpZXy6tr6xubW9s6tSXPNsMlSkepWRA0KrrBpuRXYyjRSGQm8i54uhv7dM2rDU3VjexmGkj4qnnBGrZPuj4qOlqTL+g9bFb/qj0BmSTAhFZig8bDtQSdOWS5RWSaoMe3Az2xYUG05E9gvd3KDGWVP9BHbjioq0YTF6OI+OXBKTJJUu6csGam/fxRUGtOTkZuU1HbNX28o/ue1c5uchwVXWW5RsfGiJBfEpmQYn8RcI7Oi5whlmrtbCetSTZl1JU1tSbCnZHZMc5tOhSmMS9vFuF92nQV/G5oltyfV4LRau65V6pcv4/ZKsAf7cAgBnEEdrqABTWAg4RXe4N378D69L+97PDrnTRrfhSl4gx8bbqMM</latexit>

+hc

<latexit sha1_base64="f7+yTpiou4BwvA/RWYDEj/tiNn4=">AAACF3icbVDLSsNAFL2pr1pfrS7dBIvgxpJIUZcFQVy2YB/QhjKZ3rRDJ5MwMxFCKLh3qwu/xp24denfOH0sbOuBgcM5d7j3HD/mTGnH+bFyG5tb2zv53cLe/sHhUbF03FJRIik2acQj2fGJQs4ENjXTHDuxRBL6HNv++G7qt59QKhaJR53G6IVkKFjAKNFGarB+sexUnBnsdeIuSBkWqPdLFvQGEU1CFJpyolTXdWLtZURqRjlOCr1EYUzomAyxa6ggISovm106sc+NMrCDSJontD1T//7ISKhUGvpmMiR6pFa9qfif1010cOtlTMSJRkHni4KE2zqyp7HtAZNINU8NIVQyc6tNR0QSqk05S1sCTEUYX5JER0thMmXSjnAwKZjO3NWG1knrquJeV6qNarl2/zxvLw+ncAYX4MIN1OAB6tAECggv8Apv1rv1YX1aX/PRnLVo/ASWYH3/AgNGn9w=</latexit>

i
<latexit sha1_base64="f7+yTpiou4BwvA/RWYDEj/tiNn4=">AAACF3icbVDLSsNAFL2pr1pfrS7dBIvgxpJIUZcFQVy2YB/QhjKZ3rRDJ5MwMxFCKLh3qwu/xp24denfOH0sbOuBgcM5d7j3HD/mTGnH+bFyG5tb2zv53cLe/sHhUbF03FJRIik2acQj2fGJQs4ENjXTHDuxRBL6HNv++G7qt59QKhaJR53G6IVkKFjAKNFGarB+sexUnBnsdeIuSBkWqPdLFvQGEU1CFJpyolTXdWLtZURqRjlOCr1EYUzomAyxa6ggISovm106sc+NMrCDSJontD1T//7ISKhUGvpmMiR6pFa9qfif1010cOtlTMSJRkHni4KE2zqyp7HtAZNINU8NIVQyc6tNR0QSqk05S1sCTEUYX5JER0thMmXSjnAwKZjO3NWG1knrquJeV6qNarl2/zxvLw+ncAYX4MIN1OAB6tAECggv8Apv1rv1YX1aX/PRnLVo/ASWYH3/AgNGn9w=</latexit>

i
<latexit sha1_base64="f7+yTpiou4BwvA/RWYDEj/tiNn4=">AAACF3icbVDLSsNAFL2pr1pfrS7dBIvgxpJIUZcFQVy2YB/QhjKZ3rRDJ5MwMxFCKLh3qwu/xp24denfOH0sbOuBgcM5d7j3HD/mTGnH+bFyG5tb2zv53cLe/sHhUbF03FJRIik2acQj2fGJQs4ENjXTHDuxRBL6HNv++G7qt59QKhaJR53G6IVkKFjAKNFGarB+sexUnBnsdeIuSBkWqPdLFvQGEU1CFJpyolTXdWLtZURqRjlOCr1EYUzomAyxa6ggISovm106sc+NMrCDSJontD1T//7ISKhUGvpmMiR6pFa9qfif1010cOtlTMSJRkHni4KE2zqyp7HtAZNINU8NIVQyc6tNR0QSqk05S1sCTEUYX5JER0thMmXSjnAwKZjO3NWG1knrquJeV6qNarl2/zxvLw+ncAYX4MIN1OAB6tAECggv8Apv1rv1YX1aX/PRnLVo/ASWYH3/AgNGn9w=</latexit>

i
<latexit sha1_base64="f7+yTpiou4BwvA/RWYDEj/tiNn4=">AAACF3icbVDLSsNAFL2pr1pfrS7dBIvgxpJIUZcFQVy2YB/QhjKZ3rRDJ5MwMxFCKLh3qwu/xp24denfOH0sbOuBgcM5d7j3HD/mTGnH+bFyG5tb2zv53cLe/sHhUbF03FJRIik2acQj2fGJQs4ENjXTHDuxRBL6HNv++G7qt59QKhaJR53G6IVkKFjAKNFGarB+sexUnBnsdeIuSBkWqPdLFvQGEU1CFJpyolTXdWLtZURqRjlOCr1EYUzomAyxa6ggISovm106sc+NMrCDSJontD1T//7ISKhUGvpmMiR6pFa9qfif1010cOtlTMSJRkHni4KE2zqyp7HtAZNINU8NIVQyc6tNR0QSqk05S1sCTEUYX5JER0thMmXSjnAwKZjO3NWG1knrquJeV6qNarl2/zxvLw+ncAYX4MIN1OAB6tAECggv8Apv1rv1YX1aX/PRnLVo/ASWYH3/AgNGn9w=</latexit>

i



Luca Vecchi    Dimensional regularization and spurious gauge invariance

Example, fermion-gauge counterterms 
in the Standard Model:

Cornella-Feruglio-LV (2022) 
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Spurious d-dimensional Lorentz
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Technically, the  symmetry is broken by , 
an invariant tensor of : . 

The axial part is recovered introducing a coset representative 

 

and defining , so that 

 

is covariant. 

SU(N)L × SU(N)R × U(1)A γ ̂μ

H = SU(3)L+R γ ̂μ = hγ ̂μh†

Ω → L Ωh† = h ΩR†

σ = Ω†PL + ΩPR

σγ ̂μσ = Ω†PL + ΩPR
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Technically, the  symmetry is broken by , 
an invariant tensor of : . 

Lorentz is recovered introducing a coset representative 

 

and defining , so that  

,   and  

are covariant.  

The following fermionic action is fully symmetric:

SO(1,d − 1) → SO(1,3) × SO(d − 4) γ5
H = SO(1,3) γ5 = S(Λ4)γ5S−1(Λ4)

Ω′ → ΛΩ′ Λ−1
4 (Π′ )

Γ5 = S(Ω′ )γ5S−1(Ω′ ) → S(Λ)Γ5S−1(Λ)

+L = 1
2 (1 − Γ5) +R = 1

2 (1 + Γ5) Σ = Ω†+L + Ω+R

<latexit sha1_base64="XMkQ21Tx5ofnj/FU2jQyrbwFMcY="></latexit>Z
ddx


1

2
 j⌃�

µ⌃iDµ j + Y a
ij iPR j�a + hc

�
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Conclusions 
 BMHV is the only rigorous approach: safely automatized  
 A spurious symmetry can be restored → some order! 
 Outcome: 

 Very efficient way of determining the symmetry-restoring counterterms 
 Some of these counterterms are 1-loop exact 
 … 

 Much still to be done… 


