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Motivations

 Electroweak corrections will become more and more relevant

 Question of principle: find 100% reliable results for chiral gauge theories

 Long term RG program has to start basically from scratch (low-hanging fruit)
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Gauge Anomaly Cancellation


 Self-consistency (unitarity, physical dof, renormalizability) ➔ anomaly cancellation:


 No new relevant anomalies emerge at non-renormalizable level. See, e.g., Gomis-Weinberg (1995) 
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In practical perturbative calculations, however, 

Gauge Invariance is explicitly broken:


 by gauge fixing


 by regularization (action and/or measure not invariant)
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In practical perturbative calculations, however, 

Gauge Invariance is explicitly broken:


 by gauge fixing: BRST symmetry ➔ self-consistent


 by regularization: unphysical ➔ must be removable by counterterms
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In practical perturbative calculations, however, 

Gauge Invariance is explicitly broken:


 by gauge fixing: BRST symmetry ➔ self-consistent


 by regularization: unphysical ➔ must be removable by counterterms

 

Sometimes it is not possible to find a regulator that respects all symmetries.

In Dimensional-Regularization breaking is unavoidable if the theory is chiral (Standard Model).

⟹ we must add counterterms to amplitudes!
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Dimensional Regularization

and the BMHV scheme
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Recipe:

— Space-time dimension continued to (complex) d. Coordinates split

— Kinetic terms (propagators) promoted to d-dimensions ➔ UV convergence

— Interactions (vertices) are scheme-dependent: just need to reduce to the familiar 4-dim theory

— Regularized bosonic part can respect all 4-dim symmetries (we make natural choice). 

— Regularized fermionic action cannot respect the 4-dim chiral symmetries…
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’t Hooft-Veltman (1972)

Breitenlohner-Maison (1977)  

Dimensional Regularization

4-dimensional (d-4)-dimensional
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}Cyclicity of the trace

Chirality?

All traces with one Ɣ5 vanish: cannot have

There is no notion of chirality in arbitrary d-dimensions

➔ Chirality-projectors are trivial

➔ The usual 4-dim relations must become inconsistent

⇒



Luca Vecchi    Gauge Invariance and Finite Counterterms in Chiral Gauge Theories       

’t Hooft-Veltman: 

— Cyclicity of trace is sacred (no anti-commuting Ɣ5)

— Chirality (and hence Levi-Civita) is a purely 4-dimensional concept
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Breitenlohner-Maison: 

— Algebraically consistent definitions

— Allows to identify an unambiguous scheme at all orders 
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No alternative prescription 

has ever been proven consistent

— BMTV based on a definition of Ɣ5, the other prescriptions DO NOT

— All alternatives have ambiguities 

    Example in naive anti-commuting approach:

    Yukawa coupling at 3-loops and QCD gauge coupling at 4-loops in the SM have ambiguity


Bednyakov, A. F. Pikelner and V. N. Velizhanin (2014), F. Herren, L. Mihaila and M. Steinhauser (2017), Florian Herren and Anders Eller Thomsen (2021)

Alternatives?
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Current Status

 Full 2-loop counterterms (finite and divergent) for single fermion chirality


    (Algebraic method, BRST)


 Finite 1-loop counterterm (and divergent) for general gauge theories (SM)

    (Background field method)


 2-loop beta functions and anomalous dimensions for U(1) gauge

    (Algebraic method Vs Standard Method)

Stockinger et al (2021) 

Cornella et al (2022) 

BeluscaMaito (2022)
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A low-hanging Program…

 Reduction to scalar integrals

 Decompositions into master integrals

 2-loop anomalous dimensions and beta functions

 ….
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General Chiral Theories 

in Background Field Gauge 


with BMHV
Cornella et al (2022) 
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Consider the following 4-dimensional theory
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Z
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µT
a] 

Arbitrary compact gauge theory: product of U(1)’s and simple factors.

Arbitrary fermion content: LH and RH charged under different (reducible) representations

<latexit sha1_base64="3s0fHbCqU85nlqPJdDnZ40nwfH8=">AAACH3icbZDLSsNAFIYn9VbrLerSTbAIgqUkUqqbQtGNiy5i6Q3SNEymk3bo5MLMRCihPokbX8WNC0XEXd/GSVtEW3848PGfc5g5vxtRwoWuT5XM2vrG5lZ2O7ezu7d/oB4etXgYM4SbKKQh67iQY0oC3BREUNyJGIa+S3HbHd2m/fYDZpyEQUOMI2z7cBAQjyAopOWo5UYPVmQ5NdOpXaRQN5164fFHlvQKjZ5rV4jXS6CLJo0eyjlqXi/qM2mrYCwgDxYyHfWr2w9R7ONAIAo5tww9EnYCmSCI4kmuG3McQTSCA2xJDKCPuZ3M7ptoZ9Lpa17IZAVCm7m/NxLocz72XTnpQzHky73U/K9nxcK7thMSRLHAAZo/5MVUE6GWhqX1CcNI0LEEiBiRf9XQEDKIhIw0DcFYPnkVWpdFo1ws3Zfy1ZtFHFlwAk7BOTDAFaiCO2CCJkDgCbyAN/CuPCuvyofyOR/NKIudY/BHyvQbWHyikw==</latexit>

T a = T a
LPL + T a

RPR, [T a, T b] = ifabcT c

Same for LH and RH generators

Chiral projectors
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S =

Z
d4x i�µ̄@µ̄ + · · · ! S(d) =

Z
ddx i�µ@µ + · · ·

Denominator of propagator falls off 

as p^2 in any d-direction— Kinetic term must be promoted to d-dimensions.

Regularized version in Dim-Reg with BMHV:

— Interaction: a lot of freedom, just needs to recover the familiar 4-dim limit
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Jµ
L =  �µPL or  PR�

µ or  PR�
µPL ???
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Jµ
L ⌘  PR�

µPL =  �µ̄PL = [Jµ
L ]

†
Our choice:

It is hermitian (unitarity retained by regulator) 

It minimizes the spurious anomaly. 

Hermitian ➔ 4-dimensional!

Chiral projectors 
defined as in d=4
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Our regularized fermion action finally reads (= choice of scheme):

<latexit sha1_base64="TgCnRTct0SL4cCWNZPASBqDNmXg="></latexit>
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d-dimensional  

4-dimensional  
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⇤

Conserved global symmetries:


— SO(1,3)xSO(d-4) → no need of Lorentz-restoring counterterms

— CP

— Spurious P (under which generators transform) 

— Vector-like rotations

— Chiral rotations (even non-abelian) are classically anomalous!
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Our regularized fermion action finally reads (choice of scheme):
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S(d)
Fermions ⌘

Z
ddx
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 i�µ@µ + �µ̄Aa

µ̄T
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⇤
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=

Z
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⇥
 i�µ̄(@µ̄ � iAa

µ̄T
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⇤

Local symmetries?


They must be defined in d-dimensions… 

We declare they are purely 4-dimensional. 

— This way vector-like symmetries are preserved.

— Axial symmetries are broken….
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U = ei↵
a(x̄)Ta
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<latexit sha1_base64="xoyQXsXUH029Z/1pKCUKhkdNUCA=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA7mU2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSK8SZLZKI6AdVcipg3UaDknVRxGgWSt4PRzdRvP3KlRRLf4zjlfkQHsQgFo2ikB0/yEL3cU2IwRLtXrTm2MwNZJm5BalCg0at+ef2EZRGPkUmqddd1UvRzqlAwyScVL9M8pWxEB7xraEwjrv18dvWEnBilT8JEmYqRzNTfEzmNtB5HgemMKA71ojcV//O6GYZXfi7iNEMes/miMJMEEzKNgPSF4gzl2BDKlDC3EjakijI0QVVMCO7iy8ukdWa7F/b53Xmtfl3EUYYjOIZTcOES6nALDWgCAwXP8Apv1pP1Yr1bH/PWklXMHMIfWJ8/mASSlQ==</latexit>

{
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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.

Minimality: our assumptions lead to minimal, irreducible anomaly (practical utility).

Generality: same anomaly found including Yukawas (result is general at ren. level).

<latexit sha1_base64="dDSqwI2CS2t1thavNFOVtnUz8oA="></latexit>

�↵S
(d) ⌘

Z
ddx ↵a(x̄)LaS

(d) = �
Z

ddx ↵a(x̄) (T
a
R � T a

L)�5�
µ̂@µ̂ 

Small parameter Generator of infinitesimal

gauge transformations of fields

Classical anomaly!
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Quantum Symmetries:

Spurious anomalies and Counterterms
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Quantum Symmetries in Dim-Reg

2) The transformation of the background is given by:
<latexit sha1_base64="yefNKEgDGrK+XlBziVkQsdHYZ+A="></latexit>

ei�[�
0
c] =

Z

1PI
D� eiS[�+�0

c] =

Z

1PI
D�0 eiS[�0+�0

c] =

Z

1PI
D� eiS[�0+�0

c]

1) In Dim-Reg the measure is invariant under local transformations of fields since δ(0)=0:
<latexit sha1_base64="Am3jiRsoI09Nh9XAibpj9qp6waE="></latexit>

D�0 = ei�
(d)(0)

R
ddx f(x)D� = D�

<latexit sha1_base64="KnYm8Pu5ZFyWCcim9Aw0XzxgpDU="></latexit>

ei�[�c] =

Z

1PI
D� eiS[�+�c]
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At infinitesimal level the variation of the 1PI effective action is given by the matrix elements of 
the classical anomaly (Quantum Action Principle)

<latexit sha1_base64="u/VqxOTQASAlu2n435s53ms291I="></latexit>

Lbckgrd
a �[�c] =

R
1PI D� eiS[�+�c]LaS[�+ �c]R

1PI D� eiS[�+�c]

Infinitesimal transformation 

of background fields

Infinitesimal transformation 

of quantum+classical fields

— 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)
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Gauge anomaly can be removed by a local counterterm, order by order.

<latexit sha1_base64="kr8asFYKtig7WZmYG9Glao779Ng=">AAACI3icbVDLSgMxFM34rPVVdekmWISKUGakqLgquFB3Fe0DOrVk0kwbmmTGJFMow/yLG3/FjQuluHHhv5i2s6itBwKHc87l5h4vZFRp2/62lpZXVtfWMxvZza3tnd3c3n5NBZHEpIoDFsiGhxRhVJCqppqRRigJ4h4jda9/PfbrAyIVDcSjHoakxVFXUJ9ipI3Uzl25N4hz9BQXxEnSjl3JIRWDxCXPER3MeqcPsxmsk2w7l7eL9gRwkTgpyYMUlXZu5HYCHHEiNGZIqaZjh7oVI6kpZiTJupEiIcJ91CVNQwXiRLXiyY0JPDZKB/qBNE9oOFFnJ2LElRpyzyQ50j01743F/7xmpP3LVkxFGGki8HSRHzGoAzguDHaoJFizoSEIS2r+CnEPSYS1qXVcgjN/8iKpnRWd82LpvpQv36V1ZMAhOAIF4IALUAa3oAKqAIMX8AY+wKf1ar1bI+trGl2y0pkD8AfWzy+1vKRS</latexit>

�(n)
inv ⌘ �(n) + S(n)

ct

That is, we can find S_{ct} such that                                      and so 
<latexit sha1_base64="p7k7FD1zkZ3kmogqzrQTBObkKqA=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJioUoQrwWpggEGhiLoQ2pC5Lhua9V2IttBqqL+BQu/wsIAQqyw8Te4bQbacqQrHZ9zr3zvCWNGlXacHys3N7+wuJRfLqysrq1v2JtbNRUlEpMqjlgkGyFShFFBqppqRhqxJIiHjNTD3uXQrz8SqWgk7nU/Jj5HHUHbFCNtpMAu3TyknuQwxL2ObA3ugtEL68H5waTjXSHOUWAXnZIzApwlbkaKIEMlsL+9VoQTToTGDCnVdJ1Y+ymSmmJGBgUvUSRGuIc6pGmoQJwoPx3dNYB7RmnBdiRNCQ1H6t+JFHGl+jw0nRzprpr2huJ/XjPR7TM/pSJONBF4/FE7YVBHcBgSbFFJsGZ9QxCW1OwKcRdJhLWJsmBCcKdPniW1w5J7Ujq+PSqWL7I48mAH7IJ94IJTUAbXoAKqAIMn8ALewLv1bL1aH9bnuDVnZTPbYALW1y8E4Z/a</latexit>

LbckgrdSct = �Lbckgrd�

<latexit sha1_base64="ouRLXhKZsz7DdAUopYFQA117Yws=">AAACD3icbVC7SgNBFJ2Nrxhfq5Y2g0GJTdgVX40QtNDCIoJ5QDYJs5NJMmRmdpmZDYRl/8DGX7GxUMTW1s6/cbJJoYkHLhzOuZd77/FDRpV2nG8rs7C4tLySXc2trW9sbtnbO1UVRBKTCg5YIOs+UoRRQSqaakbqoSSI+4zU/MH12K8NiVQ0EA96FJImRz1BuxQjbaS2fXjXij3JoY8HPdlJvBvEOWqnEhXDpBUXxFFy6bTtvFN0UsB54k5JHkxRbttfXifAESdCY4aUarhOqJsxkppiRpKcFykSIjxAPdIwVCBOVDNO/0nggVE6sBtIU0LDVP09ESOu1Ij7ppMj3Vez3lj8z2tEunvRjKkII00EnizqRgzqAI7DgR0qCdZsZAjCkppbIe4jibA2EeZMCO7sy/Okelx0z4qn9yf50tU0jizYA/ugAFxwDkrgFpRBBWDwCJ7BK3iznqwX6936mLRmrOnMLvgD6/MHjjmcWw==</latexit>

Lbckgrd�(n)
inv = 0{
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<latexit sha1_base64="exHn1jxU2Iu/eu4j5Lypbm+YKT0=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBhZREiroRCm4UuqhgH5CGMJlO2qGTSZiZCCUU/BU3LhRx63e482+cPhbaeuDC4Zx7ufeeMOVMacf5tpaWV1bX1gsbxc2t7Z1de2+/qZJMEtogCU9kO8SKciZoQzPNaTuVFMchp61wcDP2W49UKpaIBz1MqR/jnmARI1gbKbAPvVqAz2pB6F+zKMhxSEa1gAR2ySk7E6BF4s5ICWaoB/ZXp5uQLKZCE46V8lwn1X6OpWaE01GxkymaYjLAPeoZKnBMlZ9Pzh+hE6N0UZRIU0Kjifp7IsexUsM4NJ0x1n01743F/zwv09GVnzORZpoKMl0UZRzpBI2zQF0mKdF8aAgmkplbEeljiYk2iRVNCO78y4ukeV52L8qV+0qpejeLowBHcAyn4MIlVOEW6tAAAjk8wyu8WU/Wi/VufUxbl6zZzAH8gfX5A1a3lSE=</latexit>

[La, Lb] = ifabcLc

Casimir 

— invertible because anomaly is non-trivial

— trivial for abelian symmetries (axial, scale-inv.)

Result: 

At order n the spurious anomaly can be 
removed by an appropriate counterterm.

<latexit sha1_base64="YzIyhfv+oBIXqwgmZijBqWvMKok=">AAACCXicbVA9SwNBEN2L3/Hr1NJmMQixCXcS1EaIWKhgoWBiIInH3GaTLNndO3b3hHCktfGv2FgoYus/sPPfuIlXaOKDgcd7M8zMC2POtPG8Lyc3Mzs3v7C4lF9eWV1bdzc2azpKFKFVEvFI1UPQlDNJq4YZTuuxoiBCTm/D/unIv72nSrNI3phBTFsCupJ1GAFjpcDFlwE0z0AIuEuLcm94nDYJcHwyDDIhcAteyRsDTxM/IwWU4SpwP5vtiCSCSkM4aN3wvdi0UlCGEU6H+WaiaQykD13asFSCoLqVjj8Z4l2rtHEnUrakwWP190QKQuuBCG2nANPTk95I/M9rJKZz1EqZjBNDJflZ1Ek4NhEexYLbTFFi+MASIIrZWzHpgQJibHh5G4I/+fI0qe2X/INS+bpcqFxkcSyibbSDishHh6iCztEVqiKCHtATekGvzqPz7Lw57z+tOSeb2UJ/4Hx8AwxemVI=</latexit>

La�
(n) = A(n)

a
<latexit sha1_base64="lUoXv0cpgnp0Ri4w7AbwcnfUbt8="></latexit>

LaA(n)
b � LbA(n)

a = ifabcA(n)
c

<latexit sha1_base64="1RKcXWgI8WS0rgnZPBrziObOuUc=">AAACFXicbVDJSgNBEO2JW4xb1KOXxiAkIGEmBPUiRLwo5BDBLJBlqOl0kiY9PUN3jxCG/IQXf8WLB0W8Ct78GzvLQRMfFDzeq6KqnhdyprRtf1uJldW19Y3kZmpre2d3L71/UFNBJAmtkoAHsuGBopwJWtVMc9oIJQXf47TuDa8nfv2BSsUCca9HIW370BesxwhoI7np03KnELcIcHw17sRZkRu7cFl2IVt2vQXdy7npjJ23p8DLxJmTDJqj4qa/Wt2ARD4VmnBQqunYoW7HIDUjnI5TrUjREMgQ+rRpqACfqnY8/WqMT4zSxb1AmhIaT9XfEzH4So18z3T6oAdq0ZuI/3nNSPcu2jETYaSpILNFvYhjHeBJRLjLJCWajwwBIpm5FZMBSCDaBJkyITiLLy+TWiHvnOWLd8VM6XYeRxIdoWOURQ46RyV0gyqoigh6RM/oFb1ZT9aL9W59zFoT1nzmEP2B9fkD3qadaw==</latexit>

L2A(n)
a = La(LbA(n)

b )
<latexit sha1_base64="/hKmxIUj/dQwOBcXqTqhhMKLBpQ=">AAACJHicbVDLSsNAFJ34tr6qLt0MFkEXlkREBREUNwpdKNgqNDHcTCft4GQSZm6EEvIxbvwVNy584MKN32L6WGj1wMDhnHO5c0+QSGHQtj+tsfGJyanpmdnS3PzC4lJ5eaVh4lQzXmexjPVNAIZLoXgdBUp+k2gOUSD5dXB32vOv77k2IlZX2E24F0FbiVAwwELyy4eZy0DSk/w221RbuQ9HNR9cyUNs1m6z7Z285gcjkcDVot1Br+SXK3bV7oP+Jc6QVMgQF375zW3FLI24QibBmKZjJ+hloFEwyfOSmxqeALuDNm8WVEHEjZf1j8zpRqG0aBjr4imkffXnRAaRMd0oKJIRYMeMej3xP6+ZYnjgZUIlKXLFBovCVFKMaa8x2hKaM5TdggDTovgrZR3QwLDotVeCM3ryX9LYqTp71d3L3crx+bCOGbJG1skmccg+OSZn5ILUCSMP5Im8kFfr0Xq23q2PQXTMGs6skl+wvr4BbJmkGA==</latexit>

A(n)
a = La

h
L�2LbA(n)

b

i

<latexit sha1_base64="kr8asFYKtig7WZmYG9Glao779Ng=">AAACI3icbVDLSgMxFM34rPVVdekmWISKUGakqLgquFB3Fe0DOrVk0kwbmmTGJFMow/yLG3/FjQuluHHhv5i2s6itBwKHc87l5h4vZFRp2/62lpZXVtfWMxvZza3tnd3c3n5NBZHEpIoDFsiGhxRhVJCqppqRRigJ4h4jda9/PfbrAyIVDcSjHoakxVFXUJ9ipI3Uzl25N4hz9BQXxEnSjl3JIRWDxCXPER3MeqcPsxmsk2w7l7eL9gRwkTgpyYMUlXZu5HYCHHEiNGZIqaZjh7oVI6kpZiTJupEiIcJ91CVNQwXiRLXiyY0JPDZKB/qBNE9oOFFnJ2LElRpyzyQ50j01743F/7xmpP3LVkxFGGki8HSRHzGoAzguDHaoJFizoSEIS2r+CnEPSYS1qXVcgjN/8iKpnRWd82LpvpQv36V1ZMAhOAIF4IALUAa3oAKqAIMX8AY+wKf1ar1bI+trGl2y0pkD8AfWzy+1vKRS</latexit>

�(n)
inv ⌘ �(n) + S(n)

ct

<latexit sha1_base64="yPi0dZ4DzXOtP9RbEYiVFmOK8uM=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQF5ZEirosuNFdRfuANobJdNoOnZmEmYlYQn7FjQtF3Poj7vwbJ20W2nrgwuGce7n3niBiVGnH+bYKK6tr6xvFzdLW9s7unr1fbqswlpi0cMhC2Q2QIowK0tJUM9KNJEE8YKQTTK4yv/NIpKKhuNfTiHgcjQQdUoy0kXy7fHr3kFTFSeonfckh1mnJtytOzZkBLhM3JxWQo+nbX/1BiGNOhMYMKdVznUh7CZKaYkbSUj9WJEJ4gkakZ6hAnCgvmd2ewmOjDOAwlKaEhjP190SCuFJTHphOjvRYLXqZ+J/Xi/Xw0kuoiGJNBJ4vGsYM6hBmQcABlQRrNjUEYUnNrRCPkURYm7iyENzFl5dJ+6zmntfqt/VK4yaPowgOwRGoAhdcgAa4Bk3QAhg8gWfwCt6s1Hqx3q2PeWvBymcOwB9Ynz+qyJOX</latexit>

�S(n)
ct

<latexit sha1_base64="xoyQXsXUH029Z/1pKCUKhkdNUCA=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA7mU2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSK8SZLZKI6AdVcipg3UaDknVRxGgWSt4PRzdRvP3KlRRLf4zjlfkQHsQgFo2ikB0/yEL3cU2IwRLtXrTm2MwNZJm5BalCg0at+ef2EZRGPkUmqddd1UvRzqlAwyScVL9M8pWxEB7xraEwjrv18dvWEnBilT8JEmYqRzNTfEzmNtB5HgemMKA71ojcV//O6GYZXfi7iNEMes/miMJMEEzKNgPSF4gzl2BDKlDC3EjakijI0QVVMCO7iy8ukdWa7F/b53Xmtfl3EUYYjOIZTcOES6nALDWgCAwXP8Apv1pP1Yr1bH/PWklXMHMIfWJ8/mASSlQ==</latexit> {

Theorem (anomaly of non-abelian global symmetries):


If the renormalized 1PI effective action is symmetric up to order (n-1) in ℏ

then the anomaly is the variation of a local functional ➔ it is spurious.


Proof:


<latexit sha1_base64="xoyQXsXUH029Z/1pKCUKhkdNUCA=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgadkVUY9BLx4jmAdk1zA7mU2GzD6Y6VXCkv/w4kERr/6LN//GSbIHTSxoKKq66e4KUik0Os63VVpZXVvfKG9WtrZ3dveq+wctnWSK8SZLZKI6AdVcipg3UaDknVRxGgWSt4PRzdRvP3KlRRLf4zjlfkQHsQgFo2ikB0/yEL3cU2IwRLtXrTm2MwNZJm5BalCg0at+ef2EZRGPkUmqddd1UvRzqlAwyScVL9M8pWxEB7xraEwjrv18dvWEnBilT8JEmYqRzNTfEzmNtB5HgemMKA71ojcV//O6GYZXfi7iNEMes/miMJMEEzKNgPSF4gzl2BDKlDC3EjakijI0QVVMCO7iy8ukdWa7F/b53Xmtfl3EUYYjOIZTcOES6nALDWgCAwXP8Apv1pP1Yr1bH/PWklXMHMIfWJ8/mASSlQ==</latexit>

{
➾

➾ It is local at each order!
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Gauge theories are self-consistent 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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Explicit form of the Counterterm?

Background Field Method:


1-loop results
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— Split physical fields in bckgrnd + quantum fluctuations.

— Gauge-fixing can be chosen to preserve bckgrnd gauge-invariance:

— Then: the symmetry acts linearly on the 1PI effective action ➔ easier. 


Alternatively:

Gauge-fixing leaves BRST ➔ (non-linear) Slavnov-Taylor Identities.

Gauge theories: Background Field Method
<latexit sha1_base64="KnYm8Pu5ZFyWCcim9Aw0XzxgpDU="></latexit>

ei�[�c] =

Z

1PI
D� eiS[�+�c]

See, e.g. Abbott

Martin-SanchezRuiz (2000)

SanchezRuiz (2003) 

BeluscaMaito et al. (2020-2021)

<latexit sha1_base64="DrZwA7xypwwp//qQsSCu6d5WpqY="></latexit>

Lg.f. = � 1

2⇠
(Dµ

cAµ)a(D
µ
cAµ)a
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Chiral gauge theories at 1-loop
Use MSbar: introduce divergent counterterms (symmetric & evanescent non-symmetric!) 
to make the regularized 1PI effective action finite. At 1-loop:

<latexit sha1_base64="iywT4dtKxyobNCKOfgJZfvIgwaY=">AAACH3icbVDLSgMxFM3UV62vUZdugkWoKGVGSnUjFNwouKhoH9CpQyZN29BMZkgyhTLMn7jxV9y4UETc9W9MpwW19UDgcM693JzjhYxKZVljI7O0vLK6ll3PbWxube+Yu3t1GUQCkxoOWCCaHpKEUU5qiipGmqEgyPcYaXiDq4nfGBIhacAf1CgkbR/1OO1SjJSWXLN86TDEe4zAWxfdP8aFznHiiFRxYzs5+VHd2BE+7NDhqZ3kXDNvFa0UcJHYM5IHM1Rd88vpBDjyCVeYISlbthWqdoyEopiRJOdEkoQID1CPtDTlyCeyHaf5EniklQ7sBkI/rmCq/t6IkS/lyPf0pI9UX857E/E/rxWp7kU7pjyMFOF4eqgbMagCOClLpxUEKzbSBGFB9V8h7iOBsNKVTkqw5yMvkvpZ0S4XS3elfOVmVkcWHIBDUAA2OAcVcA2qoAYweAIv4A28G8/Gq/FhfE5HM8ZsZx/8gTH+BgHmobs=</latexit>

= hLaS
(d)i1 + LaS

(d)
div,1

<latexit sha1_base64="QjuE1IaQlkqHzbZBc6kTbIxem8w="></latexit>

= hLaS
(d)i1

���
finite part

<latexit sha1_base64="D8HweRrNWJiDyftjcZUS1j7dvPM="></latexit>

Lbckgrd
a �(d)

fin,1 =

R
1PI D� eiS

(d)+iS(d)
div,1La

h
S(d) + S(d)

div,1

i

R
1PI D� eiS

(d)+iS(d)
div,1

Cancels the divergent part of the 1-loop matrix 
element of classical anomaly.

Combining evanescent & divergent (local)

we get a local finite quantum anomaly.

<latexit sha1_base64="jSUw/ai4w5ZmtoGdiqn4MTfOFXw="></latexit>

ei�
(d)
fin,1[�c] =

Z

1PI
D� eiS

(d)[�+�c]+iS(d)
div,1[�+�c]
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<latexit sha1_base64="3pMo9TnG7LyUCfT3ZBHJP7Bxhjs="></latexit>

Lbckgrd
a �(d)

fin,1 =

R
1PI D� eiS

(d)

LaS(d)

R
1PI D� eiS(d)

�����
finite

In summary, at 1-loop:

— the quantum anomaly is given by the finite part of the matrix element of the classical anomaly 

— it is local because LS is evanescent: to survive in 4-dim it must be multiplied by a divergence.


Note it is trivial to automatize: 

Introduce η Anomaly=η LS as a new vertex and evaluate finite part of diagrams with 1 external η.
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The explicit form of the gauge-restoring counterterm (up to gauge-invariant terms) is:

<latexit sha1_base64="7Girc8tMahHMSJJrh6DdbcWDnFc="></latexit>

Lct|(1) =
✏µ⌫↵�

16⇡2
Tr

⇢
8

3
@µV⌫ {V↵,A�}+ 4iVµV⌫V↵A� +

4

3
iVµA⌫A↵A�

�

<latexit sha1_base64="9sHaWASojzBHtFJKYNOeDofVslw="></latexit>

+
1

16⇡2
Tr

⇢
�4

3
(DV

µA⌫)
2 + 2(DV

µAµ)2 � 4

3
[Aµ,A⌫ ]

2 +
4

3
(AµA⌫)

2 +A2
µ⌫

�

<latexit sha1_base64="IbPQC+kEGpKWl9+pVX2oJ2cBuxo="></latexit>

� 2

16⇡2

✓
1 +

⇠ � 1

6

◆
Gaaf̄�5�

µT aAµT
af

Cornella-Feruglio-LV (2022) 

Holds for most general 
fermion + gauge theory

Very compact: CP and (spurious) P are manifest.
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In the Standard Model:

— 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
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Finally…

<latexit sha1_base64="lontxhMYQaw/Zng3hOF03NKhaow="></latexit>

ei�
(d)
fin,invariant,1[�c] =

Z

1PI
D� eiS

(d)[�+�c]+iS(d)
div,1[�+�c]+iS(d)

ct,1[�+�c]

At 1-loop 

(local and global symmetries)

Standard result (Bardeen)
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Previous slide
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Conclusions

 In concrete calculations, counterterms needed to restore chiral invariance

 1-loop counterterm in dim-reg & BMHV for general fermionic reps

(i) Non-trivial check of explicit calculations 

(ii) Useful for automation

 Our results should be extended to Yukawa sector and SM-EFT: in progress.

 Inertia: for QED & QCD our renormalization functions are different!

 RG equations, anomalous dimensions, etc all expected to differ! 

…
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 Since “everybody else” uses “alternative approaches to Ɣ5”… lots of inertia! 

 Must address conceptual questions on these “alternative approaches”:

(i) Ambiguity or inconsistency? An ambiguity may be resolved by a more complete prescription. 

(ii) If inconsistent, in which sense: Is it a different theory at n>N loops? Is it flawed?  

(iii) If it is flawed for n>N loops? Are n<N loops correct? RG- and IR-resummation?

(iv) Are there instances in which such approaches CANNOT give the right answer? (θ angle?)

 It would be very useful to study a toy model (in the SM we need 4-loops…)

Conceptual Issues


