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Gauge Anomaly Cancellation

% Self-consistency (unitarity, physical dof, renormalizability) = anomaly cancellation:
D¢ = tr(TA{T7, TEY) — tr(TE{Tp, TE}) = 0. cooncusnon o

% No new relevant anomalies emerge at non-renormalizable level. see e.g., Gomis-weinberg (1995)



In practical perturbative calculations, however,
Gauge Invariance is explicitly broken:

s by gauge fixing

s 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 + Cohomology = self-consistency

s by regularization: unphysical = must be removed by a counterterm

!

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 a counterterm to amplitudes!



In this talk we discuss the Gauge-Restoring Counterterm for a
renormalizable theory with arbitrary gauge group and (chiral) fermion
(reducible) representation.



In this talk we discuss the Gauge-Restoring Counterterm for a
renormalizable theory with arbitrary gauge group and (chiral) fermion
(reduciblle) representation.

Why renormalizable and no Yukawa?
Simplicity, result missing.
Inclusion of Yukawa and higher-dim. operators leads to no conceptual difficulty



The counterterm depends on the regularization and renormalization scheme.
We use:

(1) Background field method

(1) Dimensional regularization

(1) Renormalization via minimal subtraction

(iv) Breitenlohner-Maison-'t Hooft-Veltman prescription for Y 5



Why background field method?
The gauge symmetry acts linearly on the 1PI effective action: easier.

1Pl effective action/\
0o = / d*x ag(x)Lo(z)

7

Generator of infinitesimal
gauge transformations of fields

Gauge parameter

The previous literature impose Slavnov-Taylor:
Martin-SanchezRuiz (2000), SanchezRuiz (2003) BeluscaMaito et al. (20202021)



't Hooft-Veltman (1972)

Dimensional Regularization

— Coordinates split into 4-dimensional and (d-4)-dimensional: 4 = [ D ﬂ

— ——

neSO,3) peo(d—4)

— PROBLEM: Fermion chirality does not exist in arbitrary d: Y 5 problem...



Vs !

{,y,u7 75} =0
There is no way to simultaneously respect: tr(YHA P s) = 4iettPe

Cyclicity of the trace
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There is no way to simultaneously respect: H ’/ﬂy v — AjehvPo
Cycllc:lty of the trace

't Hooft-Veltman: chirality is a purely 4-dimensional concept. 75 = _GFLD@BW 7 y y
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There is no way to simultaneously respect: H ’/7 v — AjehvPo
CycI|C|ty of the trace

't Hooft-Veltman: chirality is a purely 4-dimensional concept. 75 = —éﬂD@B”y 7 y 7

Breitenlohner-Maison proved consistency at all orders (necessary).
No alternative prescription has been proven consistent (yet?).




Our regularization scheme (continued...)

— Kinetic terms and space-time measure are continued to arbitrary (complex) d.
A lot of freedom in the interactions — additional regularization scheme-dependence.

— Bosonic sector can be continued without violating any of the 4-dimensional symmetries
We choose natural extension to d dimensions. Then LaS(d) =

Bosons
»CFermions — if’y’uauf — AZ f (’y’uPLTg —+- W“PRT%) f P R=(1+Y 5)/2

(@) l /

r — z’fﬂy“ﬁuf — Af—j f (PRVFLPLTE + PLVﬁPRT}%) /

Fermions

Scheme-dependent



Our regularization scheme (continued...)

— Regularization of Fermionic Action:
Kinetic term must be d-dimensional and mixes L with R — explicit breaking!

(@

Fermions

= ify O, f — A% f (Pry" PLT + Py PRTR) f

= LS =

Evanescent

The fermionic action is not invariant unless vector-like (T_A=0).
T =Tk — T}
TY = T}%PR - TICJLPL



The calculation

In Dim-Reg the path integral measure is invariant. This is true for local transformations since 0(0)=0.
The anomaly arises because the regularized action is not invariant.

Regularized action

/_ (includes gauge-fixing)

eiI‘(d) P _ DQB eisigjl)l o+

Only from fermions
| | (In our scheme)
4-dimensional

gauge transformation

In the minimal subtraction scheme the anomaly is the finite part of this variation
UV-divergent diagrams combine with the evanescent operator to give a finite effect.
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— Calculation performed via path integral (heat kernel)

Do not commute

EPCA"

— Multiple checks using Feynman diagrams V 2 (TR + TL)Aa
— Compatible with Wess-Zumino consistency conditions 1
— Satisfies spurious P and CP A, =5 ~(Tg —T7)A,

T = T¢Pg

Gaa = 0598
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Consistently, the “regularization anomaly” is the variation of a local counterterm
only if the theory is anomaly free (D=0).

Spurious anomaly

Invariant 1Pl action:
renormalization and
regularization dependent




The explicit result (up to gauge-invariant terms) is:

- A = 3 — . L - 2 - - 4 2 e © - = ~ - » — 3 > 'y t _ g - - -'. - - =0 - - » ~e _ - - - - - - - - - > -
- 5 . . = . S o : b, . I - _ = e - ” y -, .. S " = - - z - ‘. o e e g s
v v & - . = - - bad O P o - ¢ . > . B o - fad " g, < P . E 3 . o - nd P — - - -~ . - . = . . a
- ~n By - - & K o, D > ° - B R - - e — 2 T - =z = - &2 . / p > o o A om - - GEpe — g < = = = - &3 . < p B - ~ s -y > A~ = - o
P - sou R o ; Y AR ..____’_-_,.' ™ /2 A o T W I SR £ _' V- = —.___-’_-_;' » /.2 AR T W ol . SE £ _’ V-5 - -.4_—'_->‘_ ' S v € A ,.’ AR — - P Y VP % S A

4
—1q
3

S chvofs

« 3 .
Ect‘(l) — 167‘(‘2 Tr {gﬁuv,/ {VOM Aﬁ} -+ 47/VILLVI/VO{AB +

VMA,,AQAg}

.
S N
' Q
'

: 1 4 4 4
5T 5 R+ 2D — S A+ S+ A |

2 — 1 -
RSP

-, - - e’ - - -y = . o - -, - - - - e 2 o . . - - e » ‘e - - - - - - . ‘e - - .o ~_~ o9 > - R - - . -l= © w2 s N Ky - e - - Y . ‘ - P - - v gce
," P _‘ - = -9 " J -4 & N3 2., . - oF ’4 . o LY :" / - ] Q 5 VRS o 25 5 -2 oW, N ~ 4 a F X - = Y — N1 \. : T & Yoo R - TSN - 23 -\ Al - R \"‘ A N - 2% - = O = N \‘ N I 3 y
. z PR b & . . s < T - _ - R Ay - - e - - L -~ - . A 4 < S < . . T3 -~ -
_ < = . = o . - S - - - . . . - = < —~ = « = . . - =

Vanishes in the vector-like limit, as expected.

Invariant under spurious P & CP.
Cornella-Feruglio-LV (2022)



In the Standard Model:

— only electroweak vertices, no gluon couplings

— no terms with Levi-Civita, peculiarity of SU(2)xU(1)
— QCD & QED are vector-like and manifest

vvDD: D, W, D'W " 0, 2,0" 7"

VVVD: iFWiW,  iDFWWFZY iDYW,WFzh iD,W,WTZY +he

VVVV: (W, Wtz (W, W) (WIWTY) (Z,2")° (wWrzmyw,zv)y (W W) (Z,2")
ffW: W, fuy"Prfa Wi fu"Prfs 4he

ffz:  Z.y"Puf  Zufy"Prf  +he



Our calculation was performed in a specific scheme.
Scheme-independent mapping “Regularization Anomaly” — Counterterm
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up to gauge invariant terms.



Conclusions

™ In concrete calculations, counterterms needed to restore gauge invariance
™ Explicit 1-loop in dim-reg with MS & BMHYV for general fermionic reps

(i) Useful for automation (rather than adding “by hand”)
(i) At the very least, non-trivial check of explicit calculations

M General map anomaly — counterterm, valid for any regularization that
(i) respects vectorial symmetry
(i) 4-dimensional Lorentz
(i) Spurionic CP and P

J Extendable to Yukawa sector and SM-EFT



