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Abstract: Any consistent regularization scheme induces an apparent violation of gauge invariance in non-anomalous chiral gauge theories. This
violation shows up in perturbative calculations, and can be removed by including appropriate finite counterterms. In this talk | will discuss the
derivation of such counterterms for a renormalizable chiral gauge theory. | will use the background field method, which ensures background gauge
invariance in the quantized theory. As a concrete application, | will show the finite counterterm at one loop in the Standard Model, within
dimensional regularization and the Breitenlohner-Maison-'t Hooft-V eltman prescription for gammab.
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Introduction

Perimeter-B

Chiral gauge theories are everywhere (SM, SMEFT.....).
Their quantization and renormalization are well understood!

Gauge invariance is their defining feature.
However, it is explicitly broken in practical calculations:

* by gauge fixing
* by regularization
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Introduction

Perimeter-B

Chiral gauge theories are everywhere (SM, SMEFT.....).
Their quantization and renormalization are well understood!

Gauge invariance is their defining feature.
However, it is explicitly broken in practical calculations:

* by gauge fixing

¢ by regularization

Problem: for chiral gauge theories there is no consistent regularization procedure
preserving gauge invariance, even when the field content is anomaly-free, i.e. when:

D% = te(THT?, TE)) — te(Te{T5,T5}) = 0.  [Georgi-Glashow (1972)]
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Introduction

Perimeter-B

Two possible strategies:

e enforce gauge invariance by hand, process by process

Easier, but - need to identify the corrrect Ward Identities case by case
- possible ambiguities when comparing different processes

¢ enforce gauge invariance of the effective action I'[¢] (generator of all 1Pl graphs)
.....all amplitudes handled at once!

Here: we pursue this for a (strictly) renormalizable theory with arbitrary gauge
group and chiral fermion representations.

Remarks:

e we wanted to consider directly the SMEFT, but we realized that this “simpler”,
prerequisite case had only been partially treated in the literature (only fermions of a
single chirality, not directly applicable to the SM)

e Scalars and higher dimensional operators are left for the future.
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The theory

Perimeter-B

Very simple setup:

- Compact gauge group &, gauge fields A; (a = 1...dim¥ ), structure constants f,,.,

« Massless chiral fermions f;, f transforming under reps of & generated by T, Tg.

Classical action: STA el = [d“x (Fone+ Freion) X=LR
1 8¢
cae a pbuv = =
T i G~ 82

"(ZFermions b= fLiy#Dpr & fRinDﬂfR

Invariant under the infinitesimal gauge transformations

5aAa,u = a,uaa +f;1bcabAcp (San i iaaT;;fX
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Ward Identities and Wess-Zumino condition

Perimeter-B

Ward identity expresses the gauge invariance of a functional F[A, f, fx]

infinitesimal gauge parameter LX) =—0,———+f,.A, (x)L
_ 4 “ H8A,,(x) T BA(x)
O FIAfJ1 = | F -
) . )
differentisl coorator + —1i T? fx(x) + if (O Tg——.
differential operator: = 8f(x) xJX X X&fx(x)

FIA, fi. fx] gauge invariant «— §,F=0 «— Lx)F=0 Ward identity for F
Wess-Zumino consistency conditions
L), Ly FIA, fx, ] = = 8 = ) fop LLXFIA, fy, f] -

- follow from the algebra of & and hold for any F[A, fx. fx]-
* Reduce to 0=0 if F' is gauge invariant, non-trivial constraint otherwise.
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CPand P

Perimeter-B

e CP is a symmetry of our theory.

e P is not, unless the theory is vector-like (77 = Ty ).
Still, we can define a generalized, “spurious” P symmetry.

Introduce both P and CP as spurious transformations:

I CP 1 B -
2° —* T, ¥ = T =z,
By = O, B, D 0
Agu(z) = —Ab(zp), Auu(z) = Ab(zp),
frr(@) =5 Cfi r(zp), for(@) 24 frL(zp),
CP a P a
T — Ti(r)» Trry — Tr) -

— P and CP are formally symmetries of S[A, fx, fX].

By choosing a regularization preserving these symmetries, we can use them to
restrict the structure of the WIi-restoring counterterms.
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Goal and plan

Perimeter-B

Our goal is to remove the unphysical gauge-violating contributions induced by
regularization by adding appropriate local counterterms to the classical action S[¢].

In particular, we want to:

e characterize these counterterms at 1 loop for a wide class of regularization schemes,
using functional methods
* derive explicit expressions in Dimensional Regularization (DimReg)

Starting from S[¢], we need to:
l. Regularize S[¢] = S™E[¢]
Il. Quantize  S™2[¢] —» ["8[¢]
lll. Renormalize T™¢[¢] — I'[¢]

IV. Restore gauge invariance ['¢] = Tl + Syl@] | L,T[P]+ Syl =0
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Regularize: S[¢] — S™¢[¢]

Perimeter-B

We choose a regularization statisfying these Properties:

invariance under vectorial gauge transformations
* invariance under 4-dimensional Lorentz

* invariance under generalized P,CP

quantum action principle (g.a.p.)
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Quantize: S™g[¢] - I™g[¢]

* at intermediate steps!
Perimeter-B

Problem: when quantizing a non-abelian theory, gauge invariance is lost* to BRST.
— I'[¢] obeys non-linear Slavnov-Taylor identities instead of linear Ward Identities.

— finding the counterterm is more complicated.
[Martin-Sanchez Ruiz (2000), Sanchez Ruiz (2003), Stéckinger et al (2020)

The solution is the Background Field Method:

1. split fields in classical background + quantum fluctuation:

P> P+, S*E[p] — S + @]

2. integrate over quantum fluctuations:

ot ~ . qgreg 7 reg — qreg reg reg
BIF il — J 9@‘? e' Stuii [4+¢] Sfull =85+ Sg.f. + Sghost
1PI

3 1 3 s
3. choose a smart gauge fixing:  ZLyeld+ Pl =— z_gf;zﬁa Ja = 0,44 — funcAp, AL

= Slg+ @] is invariant under gauge transformations of the bckg fields,

I'[¢] satisfies the linear Ward Identity (up to our regularization effectsl)
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Renormalize: I'™¢[¢] — I'[¢]

Perimeter-B

We assume the existence of a consistent subtraction procedure allowing to
evaluate the renormalized I'[¢] from the bare, regularized one, and is such that I'[¢]
is finite order by order in perturbation theory.
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Restore gauge invariance

Perimeter-B

Let’s prove that we can always add a finite counterterm S, [¢] to I'[¢] such that the
result is gauge invariant, i.e. L,(I'[¢] + S [¢]) = 0.

Say I'[¢] satisfies the WI up to loop order n — 1: L,x0I'[¢] | © =0 k<n-1,

At order n, in general L (x)['[¢] = #0,

but the g.a.p. implies

LT =[a .r}x =+@h”+1
i) =8, D =(8,@][_J+ o

gen. functional of the 1PI Green @(A") local polynomial in the fields:
functions with an insertion of A (x) |-\;—.=: Dimension 4, CP odd, P even, invariant

under 4d Lorentz, vanishes for TL = TR
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|

Perimeter-B

A, (x)] & must satisfy the WZ condition:
LOM®| |~ LEAM| | === A -

For non-anomalous theories, the solution is

Aa(X) | o = — La(x)Sct[¢] | ) ’ Sct[¢] ‘ n = Id4y gct(y) |(n)

Integrated @(#™) local polynomial in ¢, d¢
invariant under 4d Lorentz, P, CP, vanishes for TL=TR

Adding this counterterm to the effective action, the result is gauge invariant:

ri""[d)] |(n) . F[¢] |(n) ok Sct[d)] |(n) La(x)rinv[qb] |(n) - @(hm-l) -
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Perimeter-B

The explicit form of A (x)| (n)and Sel®] 1, is regularization dependent.
However, we can deduce several of their features solely from the Properties®,

One loop analysis
for well behaved® regularization schemes

13
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A basis for A (x)|,,and S, [¢]]

Perimeter-B

The one-loop gauge variation of I'[¢] is a finite polynomial of dimension 4 in the fields.

We can write it as: | ce | P |
0 00" A, -

14 5 € (0aAay) (0 Abv) - -
Am)| =) C, Ik B, | A0 —Og™)4, |+ +
@ = I, A, DAY % +
I, (0 Aap) (0 A}) + +
1% (0y Aap) (0" AY) % +
Iy, (0" Aay) (8" Aby) + i
| (0, A5) An Aj - +
Loy (0, A7) A Ay - %
Ic?bd Eﬁyaﬁ(aﬁAay)Avadcx + —
Tabee Ay Ay Aav AL + +
I %7 Aoy Ay AdpAca - o

2, Fxid fx; ~fxi® fxi | fxidfx;

1Y fX-iEfXj _fXjani f“)‘ﬁgf;(j

I Fxidofx; +ixidafxi | Frifhafz;
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A basis for A,(x) | ;,and S.[¢]]

Perimeter-B

The one-loop gauge variation of I'[¢] is a finite polynomial of dimension 4 in the fields.

We can write it as: ce | P |
10 00% Ag,, _
monomials I}, €8 (O Auy) (05 Any) - -
Ayx) ‘ E | A0 —0¢")An |+ I3
M I3 A, DA + +
I, (0, Aap) (0" AY) 2+ +
Coefficients with definite 5 w AV
symmetry properties Loy (0, Aay) (0" AF) + +
IS (8‘“/4&“) (6”A;,,,) + +
| Al) Ay, A - 5
Ioba (allAu) Ay Ad - +
A, (x) |, must satisfy the WZ condition Ina e (85 Aa) A Ade i —
3 10 I v
— (many) relations between the C*,: Tabde Aau Ay A A, i +
Ill-bl(ir’ EMV‘DOAU,LAbuArprﬁU st
= — = =
Iz Fxid fxi —Fxi 8 fxi | Fridfz;
— P - T - -
WZ[C,,] = 12, Fxid fx; Ty 9 fxs | el i
I ¥aij fxidafx; +fxihafxi | Frifalz;
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A basis for A,(x) | ;,and S.[¢]]

Perimeter-B

The one-loop gauge variation of I'[¢] is a finite polynomial of dimension 4 in the fields.

We can write it as: . | Cp \ k \
Il + ol + Gl Clon =1 Bty |-
(2fpdeCecy + 2Cpp1ea) symm. inbd _f peeCoar l (an,; _H#Dgfv):bu + +
(4Cbag) + 4Cicnag) + FoaeCouipr) + fcdecseibﬂ)‘amigymm‘ g gy =it . WYY, = 5
(2foseClstea) — FoseCoepa) — feaeCrelgy) = 2fecse gbied]) |,mm}mm o o (0 Aap) (9" AF) + it
+12Cy; plebdf] T feCo c,s,[fd] = —fpce eb[fd] | (OyAau)(0*AY) + +
(4fphb [badf 4fchb [badf]) | antisymm, in adfh —fpeeCela _fdh BMAG,‘)(G”A;,,,) — +
“abd AR) Ay A - i
| I N (allAa)AbuAd - +
A, (x) |, must satisfy the WZ condition Iy &P (8 Aap) Ay Ada - =
— (many) relations between the C*,: Labie Awuy AavAg i &
Iopge e Ay Ap AgpAey -
I, fX¢3fxi —fxg(f;fx-; f)ﬁ'jgf)?j
WZ[C ] - I}(':%ij fX-s%fXj _ijafxi f).(igf)_(j
Idui; Fxidafx; +fxiAafxi | Frifhalz;
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A basis for A,(x) | ;,and S.[¢]]

Analogously:

Sct[qb] |(1) = J-d4y gcl.(y)

monomials

8
- [ 2 o)
j=1

Coefficients

(with definite symmetry properties)

Perimeter-B

monomial | explicit expression || coeflicient | CP p
Th (8 A2) An A, gy | - | +
Ian Ag 04 o + | +
T, Ay 040” Apy 3 + +
I;‘m €% A g Anu (0, Ato) §f45.h]1 + -

I;;’mm 7 Agu Ay AlpAmo Eﬁ}him] - -
If;um Ag.uAﬁ A!,,Af’m f?_gh)(lm) + +
L, Fue® fxs Gy | Gu | &y
Taij Fxifofx; Eaii | Exaii | Exais
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A basis for A,(x) | ;,and S.[¢]]

Perimeter-B

Analogously:

S]] = J.d4y 2.0) monomial | explicit expression || coefficient | CP P
. ) monomials Ton (0 45) Anv Ay ahi - e
Id“y i Igzh A, OA% %h + +
=1 Lo Ag0*0” Apy gh + *
Coeﬁlments Zyu €7 Aoy An (BpAts) &lgnl + -
(with definite symmetry properties) Tonim | € AguAnw ApAma | &nimg = —
Tohim Agu Al A AT, Elnyam) s +

Tkii .f_Xingj Ekij % }(i-;,-

T uij Fxidafx; E%ais Exaji | Exais

Take the gauge variation:
14
LSl @ yy = — &g, + &3 + &, + E0) 100 + 280, L, () + ... = Z A(x)
k=0

automatically satisfy WZ[Ck,]1 =0
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Solving the key equations

A +L@SP1] | =)

(M
14 X .
MY |+ 0] hw = 2,0
k=0
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Solving the key equations

AM| , +L@SP1] | =)

A
.
14 i
MY |+ 0w = 2, &  WZICk1=0

k=0

We need to solve these two sets of equations:

1. Determine the most general form of the CffA satisfying Wess Zumino

2. Find the counterterm coefficients cfé such that [M] is fulfilled.

Perimeter-B
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Solving the key equations

Perimeter-B

At 1 loop, these tensors are linear combinations of single traces of generators:

k — k a)...3,
Cal,‘.a,, - Z CXl...Xn TX,...X,,

a...d, _ a a,
7 i . a T}(,...X,1 - tr(TX, T Tx,,)
= 1ty
ay..ay — Zxxl...x,, Ty

>

¢

Several constraints restrict their form significantly:

¢ definite properties under P, CP
¢ definite symmetry transformations under exchange of indices
o Ckand CX(€) must be O for vectorlike theories (T¢ = T%)

Example: Cal(bc) three indices in ADg = Tyyy XY.Z=LR
CPevenandPodd =  Tif — Trep This— Tixg
symmetric in be > Capey = Lur(Tisi + Tiir, — Trik = Trke)
+ere(Trey + Trir = Tirk — Tikk
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Solving the key equations

[M] consists of three independent sets of equations:  ® fermionic
¢ bosonic, P-even

® bosonic, P-odd

Perimeter-B

Bosonic, P-even. Ay, Sl
# of independent parameters (pefore Wz) 61 13
- # of independent WZ conditions —49 =
# of really independent parameters 12 13

* |n this sector we can always (even in an anomalous theory!) choose the counterterms in
such a way to remove the “spurious” anomaly induced by the regularization

e the residual freedom amounts to the possibility of adding a gauge invariant term to &,

1 (] (7] ZLZL a LV 'a '
Ly XEL (f ib =7 ﬁb W Efdgafecbj Sgcd) (TLE + TR??) =~ TF pd s (TLE it TRf{) )
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Solving the key equations

Perimeter-B

Bosonic, P-odd. Ay | Sdollg,
# of independent parameters (before WZ) 27 3
- # of independent WZ parameters —13 —
# of really independent parameters 4 3

e We don’t have enough freedom to cancel A ,(x) |(1) completely.

We remain with:

i s fecae abe
A0) |y + S A1y = —cfp €7, (AfapAg — ZAfA;Ag(zf o )) D% = o,

« No more freedom in choosing the countertems = &,=0 «— D% =0
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Perimeter-B

We found a general map gauge variation of effective action — counterterm,
valid for any regularization respecting the properties.

Let’s pick the most used one: Dimensional Regularization
= extend Lorentz indices analytically from d = 4 to d = 4 — 2e complex dimensions.

20
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Chirality in Dimensional Regularization

Perimeter-B

“The y5 problem” Properties of 5 in d = 4:
) {rr}=0
i) ey yPyys) = 4ietr”
i) cyclicity of the trace

No definition of s in d # 4 obeys all of them.

Several treatments have been proposed to deal with this.

Only the Breitenlohner-Maison’t Hooft-Veltman (BMHV) prescription has been proven
to be consistent at all orders: A
' d-4
» split indices as: U=ADh <«
i o
* 75 is an intrinsically 4d object:  ys = 4—!%@&3?’”?’”)’“?‘8
V=YtV { {rmrs} =0

[yﬂs yS] =0
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Classical action in Dim Reg

Perimeter-B

S(d)[A’fX’fX] - Jddx (3’% + g(d) ) = 5

Fermions

The bosonic part can be continued to d dimensions without violating any symmetry of the
unregularized action:

d d) _
Lym = L9, LS® =0.

Fermionic Lagrangian less trivial:

¢ Kinetic term must be continued to d dimensions (else: propagator not regularized)

¢ More freedom in the interaction term: scheme-dependent choice

@ =ify'd,f —A (fPi"PLT; f+ (L~ R))

Fermions

Py, y*P;...

Pirsa: 22070001 Page 27/42



Pirsa: 22070001

Breaking of gauge invariance in DimReg

The d-dimensional kinetic terms necessarily mediates f; <> fx transitions. ..

LD = ify*d, f— A% ( fPr*P,Tif+ (L — R))

Fermions
= fJFL?’ﬁaﬁﬁe *In l:fRyﬁaﬁfL +LL,RR
Hence breaks gauge invariance:

LSO =159  =2fT%— TOy rso,f

Fermions

Perimeter-B
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Breaking of gauge invariance in DimReg

Perimeter-B

The d-dimensional kinetic terms necessarily mediates f; <> fx transitions. ..

() = ify"d,f— AS ( fPw/"P,TEf+ (L = R))

Fermions

= ifLyﬁam + ifRyﬁaﬁfL + LL,RR
Hence breaks gauge invariance:

LSD=LSD  =2fT%—TOr rsd,f

Fermions

e The (reg.) classical action is not invariant unless the theory is vector-like: 77 = Ty

® Evanescent: irrelevant at the tree level, but not beyond!
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Breaking of gauge invariance in DimReg

“* Regularized action, including gauge fixing:

Perimeter-B

v

TP — J D ¢Suld+4] §@ = g 4 §@ | g(@
full gl ghost
1PI

In DimReg the path integral measure is invariant:

Indet ¥ = 5(d)A(O)J.ddx foy=0 = F=1
Scaléless

— any regularization-induced breaking of gauge invariance comes solely from the non
invariance of the classical action:

~ :o(d) 7 -~
[ @9 S99 158000 + 6

LT D[¢] = -
A [P] [ D eiSio+d
1PI
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Breaking of gauge invariance in DimReg

Perimeter-B
“* Regularized action, including gauge fixing:

v

TPl — J D ¢St +4] §@ = @ 4 §@ 4 g
full gl ghost
1PI

In DimReg the path integral measure is invariant:

Indet ¥ = 5(d3$0)J.ddx foy=0 = F=1
Scaléless

— any regularization-induced breaking of gauge invariance comes solely from the non
invariance of the classical action:

a

LPI D eSuld+dl [ Sf(lclfl)l[qg + @]
[0 26 e

Lar(d)[¢] =

But to find for the WI restoring counterterm we want L, T[@] < 'enor"‘a:gggne‘cfec’“"e
— need to specify a subtraction scheme to evaluate I'[¢] from I'@[¢]!
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Defining a renormalization scheme

Perimeter-B

Two types of contributions to the regularized effective action at 1 loop:

. 1_ ~ 1 ¢,
@) —hn| 4 LAy fin) o 1 Pdiv
) [ g5 = T ly+ T |(D+/ "

e ————

non-evanescent evanescent

Minimal subtraction: renormalized action defined by subtracting all divergent terms
(evanescent and non evanescent) and taking the limit d — 4

= Tfin T fin __ Tfin
F'(n—}i‘f;{r loy+ T |<1)}—F lay

— — 7 71
= Balg)= Ll gy = LI gy -

This is the quantity we want!

We can find it directly by computing L,I'®[¢], keeping only the finite piece:

d — fi fi d
Lar( )l(l) - Aa,nl(l)"' Aan|(1)+z Aawl(l)
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Gauge variation of the effective action

Perimeter-B

G Ga Fermions
Aa = AVHge £ Aa wge+Fermions
4] (1) )
Gauge i o _ P
B EE - = @ tr [TAi’saz(x, x)] =—tr [TA(az(x) + af(x))]
€ E}Li'/ﬂ'ﬁ 1 8 . 32
(12 = 1671_2 VHVVQ,S + EA#-U'A‘Q,B = gz (“A(IAﬁvﬂ.j/ + AuvpuA.S + VFLUAQAB) — ?A}LAL’A(IAIH
aé B 16?1'2 |:3D3D3DL’)A” fis §3[¢4’u, Dl}v}ﬂ/] 7 g?’[‘A'}Lm V;u/]:|
1 . 8 4 A
T Tom2 {_SA#(DM )Au = 5 {DVA, + DL Ay AJA} + 2 {DL A ,AUA,,}} .
1 a [} a
vn“' = _(TR + TL)A}J.
AGaugc+Fermions _ 2Gaa 1 5 -1 z 4 5} (5 e ?
’ w16z "6 Jrst ( i *‘) AT F1] Ap = 5 (Th = TE) AL
2Gaa 5_1 - = i Ta:TaPR+TaPL
+ 1637;2 (1 + _6 ) A}T f}fs}rf" { [T . TﬂTer] — lfcanaTgTa}f R I

Gaa = 09
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Gauge variation of the effective action

Perimeter-B
— AGau ge
H

A

g ASau ge+Fermions
1)

a

(1)

A few comments on this result:

e computed with the path integral (heat kernel method)

¢ diagrammatic cross-checks in Feynman gauge

® [t can be put in the form

1 4,
Cra = 16w2tr7ﬁ{_§TA}
14 ] 1
s k k 1 - a b arb
Aa(x)‘m— Y Ck, 1K) cL, = 16F2trirﬁ{4 (TVTV+3TATA)}
k=0

1 8 @ a
Cop = @trﬁ{—gi ([TA:T3]+[TV1T.?1])}

.

the C*, satisfy WZ[C¥,] = 0
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Counterterm

Perimeter-B

Sal@ll ) = [d4y'?ct(3’) oy

EP'VC"JB

8 4
*Cctl(l) - 167r2 rI‘I‘ {gapvy {Va, Aﬁ} “‘r" 4iV“VVVaAg ”J(— gin,AyAaAﬁ}

1 4 4 4
f gog IF {—g(D}fA,,)2 +2(Dy A*)? — E[Ap,, A% + g(AuA,,V - Afw}

2 £—1 A
- = (HT) Gaafysy T AT f.

[Rescaling needed to normalize canonically the kinetic terms: A¢ — g;65A% |

¢ not gauge invariant (by definition)
¢ vanishes manifestly for a vector-like theory

¢ consistent with the general anomaly — counterterm map we derived, for a particular
choice for the gauge-invariant counterterm.
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Gauge variation of the effective action

Perimeter-B
G: Gauge+Fermions
Aa = Ve =L AadUgL+ ermions
(1 (1) a
Gauge i o _ S
A W 8z tr [Tiysan(x 0] = = tr [T(a5(0) + a5 ()]
2 Sl 1 8 39
@ = Tgmz |VaVes + gAwAes = 5i (AaAsViw + AaViwAs + ViwAaAs) = 5 AuhuAads
aé - 16?1'2 !:3DID3DE'A'U w gz[‘AJ’“ ‘DL)VHU] o gf’[‘A'}u/: Vp_u]:|
1 . 8 4 A
T Tem [_SAIL(DE“"‘ }Au = 5 {DYA, + DAy ALA} + 2 {DLA ,AI,A,,}} .
1 a {3 a
vl“' i _(TR o TL)A}J.
AGauch:ermions _ 2G¢za 1 5 -1 2 4 5} (5 i %
’ w6z "6 Jrsy ( wt f‘) ATl Ay = 5(Tr —TL)A,
e (2 I . T = T4Pr + T¢P;
or Ton2 (1 a5 6 ) AL" fys}n” { [T . TﬂTgde] — lfcanaTETa}f R T

Gaa = 059
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Counterterm

Perimeter-B

Sl@ll 1y = Jd4y3’9ct(3’) oy

wop (8 4
Ect |(1) = 3611'2 Tr {gapvu {VCX} Aﬁ} + 4?;VMVVVQAB + givauAaAﬁ}

1 4 4 4
ooy L {—5(1_725,4,,)2 +2(Dy A*)? — g[Ap,, A%+ g(AuAuf + Afw}

2 £—1 o e
- = (HT) Gaafysy T AT f.

[Rescaling needed to normalize canonically the kinetic terms: A¢ — g;65A” |

¢ not gauge invariant (by definition)
¢ vanishes manifestly for a vector-like theory

e consistent with the general anomaly — counterterm map we derived, for a particular
choice for the gauge-invariant counterterm.
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Gauge variation of the effective action

Perimeter-B

Ge G Fermions
Aa = A NEE L Aa auge+Fermions
1) (1) n
Gauge i o . -
AR 0 e tr [TA?’saz(x, x)] =—tr [TA(az(x) + af(x))]
. ghval 1 8 %
@ = 6.2 Vi Vos + EA}LU-AQ,B — 3t (AaAgV + AoV Ag + V0 AgAg) — gA#AvAaAg
¢ 1 4 8 2
= 16?1'2 ]iSDrDZ’D:iAH e gz[‘A#: Drva] - g%[.A}w, ij]
1 & 8 4 L
+ {—SA#(D:’-A JAu = 5 {DiA + DY A, AAY + 5 (DA ,AUAJ,}} .
1o b1
2G, -1 Vu=5(Tr+TL)A,
Gauge+Fermions . aa = 2 e e ) S 2 a o
Aa o)) 1671;2 (1+_6 ) fySy (a,u‘l' a‘u it TATf]] -A,u i E(TR—TL)A#

Ta:T}%PR+TEPL

Gaa = 05,98

ZGM ‘f_l m £, U c amya Feenmrana
+l6:r2 1+ 6 Ay f?’s]’{[T,TTAT]—zf TTAT}f
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Counterterm

Perimeter-B

Sal@ll ) = [d4y3)ct(3’) loy

Epuaﬁ

8 _ 4
Ectl(l) = 1671‘2 Tr {gapvy {VQ, Aﬁ} + 42]}“.1)1;)}&443 -+ gzvauAaAﬁ}

1 4 ! 4
g LE {—g(D}jA,,)2 +2(D}A*)? — g[A#, A% + E(J«:IHA,,)2 + Afw}

2 £E—1 Pl a
= W (1+ ‘T) Gaaf’}’g)’}’ T A#T f

[Rescaling needed to normalize canonically the kinetic terms: A¢ — g;65A” |

¢ not gauge invariant (by definition)
¢ vanishes manifestly for a vector-like theory

e consistent with the general anomaly — counterterm map we derived, for a particular
choice for the gauge-invariant counterterm.
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In the Standard Model

As an application we can derive the WI-restoring counterterm for the SM, using DimReg
and the BMHV scheme for s.

Partial result: valid in the limit of vanishing Yukawa couplings.

Perimeter-B

vwvDD: D, W, DFW 8,2,0"Z" *D,WE = (0, +ieA )W
VVVD: FHWiW,  iDFWWiZY  iDYW, W}z¢  iD,W W*ttZY  the

VWVV: (W WH)?2 (W W (WSiw™)  (Z,24)? (Wyz9) W, 27)  (WyW™)(Z2,2")
W: W[ f"Pufs W/ fu'Prfs  +he

ffZ: Z,fy"PLf Z,fy"* Prf +he [©Luca Vecchi]

Potentially relevant for NLO calculations of Drell-Yan, WW scattering....
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In the Standard Model

As an application we can derive the WI-restoring counterterm for the SM, using DimReg
and the BMHV scheme for s.

Partial result: valid in the limit of vanishing Yukawa couplings.

Perimeter-B

VVvDD: D, W, DFWH 0,2,0"Z" *D,WE = (9, +ieA )W
VVVD: (FHWiIW, iDFWoW,FZ¥  iD'W, wiz+ iD,W,Wttz¥ +hc

VWV (W Wt (W, W H)(WIWt) (Z,2%)? (Wizh)W,z") (WIiWw™#)(Z,2")
W: W[ fA"Pufs W/ f'Prfs  +he

ffZ: Zy fy P f Z“T’Y“PRJC +hc [©Luca Vecchi]
Potentially relevant for NLO calculations of Drell-Yan, WW scattering....

* &, has to be invariant under the “vector” groups SU(3), and U(1),,,
— does not contain gluons, photons only via ¥, and D,

e No counterterms with €#*¥° are need; peculiarity of the EW gauge group.
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Conclusion and outlook

Any consistent regularization scheme induces an apparent violation of gauge invariance in
chiral gauge theories.

Perimeter-B

These theories require a two-step renormalization procedure,to be reiterated order by order:
1. remove infinities by adding a set of local, divergent counterterms

2. remote finite, gauge-violating contributions by adding a set of local, finite counterterms

Our main result is an analytic expression of the finite one-loop counterterms for
renormalizable chiral gauge theories including fermions:

- general result for a wide class of regularization schemes

- explicit calculation for using DimReg, MS & BHMV for ys
- application to the SM

Main differences with respect to previous approaches:
- use of the Background Field Methord

- inclusion of charged fermions of both chiralities
- no need for additional sterile fermions

Possible extensions to theories with scalars, and to the SMEFT.
Output could be implemented in the automated one-loop computations in the SMEFT.
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