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‣ In Dimensional Regularization (DR), we regularize the action extending it 
to  dimensions.d = 4 − 2ϵ

{γμ, γν} = 2 ημν {γμ, γ5} = 0

‣ Dirac algebra can be extended to  dimensions keeping the usual 
anticommutation relations for  (NDR):

d
γ5

NDR scheme
Motivation
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‣ It is not possible to consistently define  maintaining these  4-
dimensional properties:


(i) 


(ii) 


(iii) Cyclicity of the trace.

γ5

{γμ, γ5} = 0

Tr[γμγνγργσγ5] = 4iϵμνρσ

NDR scheme
Motivation
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‣ Traces with  and six or more gammas are, in fact, ambiguous.γ5

NDR scheme
Motivation

Tr[γ5γμγνγρ . . . ] = Tr[γμγνγρ . . . γ5] + 𝒪(ϵ)

‣ Matching weakly-coupled extensions into SMEFT dimension six is not 
ambiguous.


‣ Ambiguity is proportional to  or .


‣ Imposing a real Wilson Coefficient fixes the ambiguity.

ϵμνρσ → ϕ†ϕXμνX̃μν XXX̃
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NDR scheme
Motivation

‣ There are some reading-point prescriptions to keep using NDR.

‣ Recent modifications/extensions for shortcomings in multi-loop 
calculations.

[J. G. Körner, D. Kreimer, and K. Schilcher, Z. Phys. C54 (1992) 503–512]


[D. Kreimer, arXiv:hep-ph/9401354]


[L. Chen, arXiv:2304.13814]


[L. Chen, arXiv:2409.08099]


‣ There is no proof that this works in general.
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‣ The Breitenlohner-Maison-t’Hooft-Veltman (BMHV) prescription is 
consistent at all others.

γμ = γμ + γ ̂μ

‣  matrices are split into a 4- and -dimensional part:γμ (d − 4)

‣ Consistency is obtained by requiring:

{γμ, γ5} = 0 [γ ̂μ, γ5] = 0

BMHV scheme
Motivation
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‣ Consider the regularized fermionic action:

S(d)
F = ∫ ddx f iγμ∂μ f = ∫ ddx ( fX iγμ∂μ fX + fX iγ ̂μ∂ ̂μ fX)

with   ,          ( )fX = PX f fX = (1 − PX)f X = L, R

‣ In a chiral gauge theory, this constitutes a explicit breaking of gauge 
invariance.

Classical action in DR
Motivation

fL
̂∂fR → fLU†

LUR
̂∂fR
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‣ Defining the gauge variation of a functional  as:F

δα F = ∫ dx αa(x) La(x) F

‣ Gauge invariance is manifest in the “Ward identity” for :F

La(x) F = 0

Variation of the effective action
 Breaking of gauge invariance

δα S(d)
F = αa f Ta

A γ5
̂∂/ f (Ta

A ≡ Ta
R − Ta

L)

‣ For instance, for the classical action:
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‣ Quantization of a gauge theory leaves the action invariant only under 
BRST transformations.

[H. Bélusca-Maïto, D. Stöckinger et al., arXiv:2004.14398] -> One-loop YM


Variation of the effective action
 Breaking of gauge invariance

‣ The theory now obeys the Slavnov-Taylor identities, also broken by 
regularization even at the classical level.

‣ Various works in the literature restoring BRST symmetry.
[H. Bélusca-Maïto, D. Stöckinger et al., arXiv:2303.09120] -> Review


[D. Stöckinger and M. Weißwange, arXiv:2312.11291] -> Three loop abelian


[D. Stöckinger, M. Weißwange et al., arXiv:2411.02543] -> Evanescent schemes


https://arxiv.org/abs/2303.09120
https://arxiv.org/abs/2312.11291
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‣ We can, however, use the background-field method: 


     to keep the action background-gauge invariant.

ϕ → ϕ + ϕ̃

‣ The only source of gauge-symmetry breaking is then the gauge variation 
of the regularized action . S(d)

Variation of the effective action
 Breaking of gauge invariance
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‣ We can restore gauge invariance perturbatively by the addition of some 
local counterterms:

La Γ(n) = − La S(n)
c.t.

‣ Therefore, the goal is to compute  to identify .La Γ(1) S(1)
c.t.

‣ The gauge variation of the 1PI effective action is:

La Γ(d)[ϕ] =
∫ Dϕ̃ LaS(d)

F [ϕ + ϕ̃] eiS(d)[ϕ+ϕ̃]

∫ Dϕ̃ eiS(d)[ϕ+ϕ̃]

[C. Cornella, F. Feruglio, L. Vecchi, 2205.10381]


Variation of the effective action
 Breaking of gauge invariance



13

‣  is conformed by an unintegrated basis of local, independent 
operators (or, equivalently, an integrated basis of all the fields and ).
La Γ

αa(x)

La Γ = Σ ξi
aIi

Sc.t = Σ ̂ξi𝒪i

δα Γ = ∫ dx αa Σ ξi
aIi

‣  will contain a subset of the former operators because some of them 
can be reduced with integration by parts:
Sc.t.

Structure of the gauge variation
Calculation of the counterterms
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‣ We impose the condition:

Structure of the gauge variation
Calculation of the counterterms

‣ The necessary steps are:


‣ Computing .


‣ ``Formal integration’’.

LaΓ

Σ (ci( ̂ξ) + ξi) Ii = 0→La Sc.t. = − La Γ
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‣ Consider a generic gauge theory with a set of fermions :f

S[ϕ + ϕ̃] = SYM + Sg.f. + Sgh + SF

‣ A basis of monomials (containing fermions) for the gauge variation and 
the action:

I1 = αa fX,i ∂/ fX,j

I3 = αa fX,i γμ fX,j Ac
μ

I2 = αa fX,i ∂/ fX,j 𝒪2 = fX,i γμ fX,j Aa
μ

𝒪1 = fX,i ∂/ fX,j

Example
Calculation of the counterterms
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‣ We need to compute all 1PI amplitudes with an insertion of the gauge 
variation of the fermionic action:

δα S(d)
F = αa f Ta

A γ5
̂∂/ f

‣ Non-trivial results will arise with divergent integrals, for which we can 
extract their hard region.

‣ We can compute it automatically using Matchmakereft.

(Ta
A ≡ Ta

R − Ta
L)

Example
Calculation of the counterterms
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Automated matching
Matchmakereft

[Carmona, Lazopoulos, PO, Santiago ’21]

‣ It can also compute one-loop RGEs of arbitrary EFTs and check the off-
shell independence of a set of operators.

‣ Since it is prepared to compute the hard region of one-loop actions, it 
can be used to compute these counterterms.

‣ Matchmakereft is a fully automated tool to perform tree-level and one-
loop matching between arbitrary models and arbitrary EFTs.
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Automated matching
Matchmakereft

‣ Define UV and EFT theories:
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‣ We need to compute the following diagrams:

ff

αa
I1 = αa fX,i ∂/ fX,j

I2 = αa fX,i ∂/ fX,j

Example
Calculation of the counterterms
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‣ We need to compute the following diagrams:

ff

αa αa
αa

f ff f

Ac
μ Ac

μ

Ac
μ

I3 = αa fX,i γμ fX,j Ac
μ

Example
Calculation of the counterterms



21

‣ For instance:

I(L)
2 = αa fL,i ∂/ fL,j

I(R)
2 = αa fR,i ∂/ fR,j

Example
Calculation of the counterterms
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Example
Calculation of the counterterms

[C. Cornella, F. Feruglio, L. Vecchi, 2205.10381]


‣ All counterterms with fermions and gauge bosons have been 
crosschecked with Matchmakereft.
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‣ We can formally maintain gauge invariance introducing a spurious field:

as long as  transforms as .Ω Ω → eiαaTa
L Ω e−iαaTa

R

Spurion technique
Unbreaking gauge invariance

[PO, L. Vecchi, 2406.17013]

S(d)
F = ∫ ddx f iγμ∂μ f = ∫ ddx [ fX iγμ∂μ fX + fL iΩ ̂∂/fR + fR iΩ† ̂∂/fL]

‣ We can take  to be a special unitary matrix .Ω ΩΩ† = 1
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‣ There is some freedom in the interactions with gauge bosons:

Spurion technique
Unbreaking gauge invariance

S(d)
F = ∫ ddx [ f iγμDμ f + fL iΩ ̂∂/fR + fR iΩ† ̂∂/fL + c( fL Ω ̂AATA

R fR + fR Ω† ̂AATA
L fL)]

[D. Stöckinger, M. Weißwange et al., arXiv:2411.02543] -> Evanescent schemes


‣ For  the theory is invariant under the full D-dimensional spurious 
gauge symmetry.

c = 1

‣ A recent work explores the different alternatives.
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‣ The theory is also endowed with spurious versions of P and C:

Spurion technique
Unbreaking gauge invariance
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eiΓinv[ϕ,Ω] = ∫1PI
Dϕ̃ eiS(d)

reg[ϕ+ϕ̃,Ω]+iSdiv
ct [ϕ+ϕ̃,Ω]+iSfin

ct [ϕ+ϕ̃,Ω]

‣ We define the effective action including a non-dynamical :Ω

Spurion technique
Unbreaking gauge invariance

‣  is defined so that chiral invariance is ensured in the limit :Sct Ω → 1

Γinv[ϕ] = Γ[ϕ,1] + Sct[ϕ,1]
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‣ In general, we can split  into:Γ

Spurion technique
Unbreaking gauge invariance

Γ /Ω[ϕ] ΓΩ[ϕ, Ω]

‣ With:

δΓ /Ω[ϕ] = 0 δΓΩ[ϕ, Ω] = 0

δΓ[ϕ,1] = − δSct ⇒ ΓΩ[ϕ,1] = − Sct

‣ But then:
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‣ It is convenient to work with . The fermionic propagator reads:Ω ≡ Ω0

Spurion technique
Unbreaking gauge invariance

i
p2 [γμ̄pμ̄ + (Ω0PL + Ω†

0PR) γ ̂μ p ̂μ]

‣ Then we cannot recover terms with .∂μΩ

‣ We write a basis of  and evaluate it at  to fix the 
coefficients.

Sct[ϕ, Ω] Ω = Ω0
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‣ Summing up, the steps are the following:


‣ Compute the -dependent part of .


‣ Write a basis of counterterms  with arbitrary coefficients and 
extract the -dependent part.


‣ Equate to fix the coefficients.

Ω0 ΓΩ[ϕ, Ω0]

Sct[ϕ, Ω]
Ω0

Spurion technique
Unbreaking gauge invariance
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‣ Let us consider a general theory with a set of scalars :φa

ℒ ⊃
1
2

(Dμφa)2 + [Ya
ij φa fL,i fR,j + h . c . ]

‣ And define the following spurion:

Φij ≡ Ya
ij φa Φ → eiαaTa

L Φ e−iαaTa
R

Spurion technique
Unbreaking gauge invariance
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Results
Unbreaking gauge invariance
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Results
Unbreaking gauge invariance

‣ We can also write a WZW term:

‣ Our result gives . This result is exact at all orders.n = 1
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SM embedding
Unbreaking gauge invariance

‣ We can describe the particle content in a fermion and scalar multiplets:



34

SM embedding
Unbreaking gauge invariance
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SM embedding
Unbreaking gauge invariance
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‣ Compute generic results for general EFT.

What is left?
Unbreaking gauge invariance

‣ How does matching work? Method of regions VS counterterms?

‣ Automatize the calculation.
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‣ In practice, the difference between the two schemes lies in the following 
anticommutator:

BMHV vs NDR
Mapping BMHV & NDR

‣ The two schemes, if computed consistently, can be translated.
[S. Di Noi et al., Phys.Rev.D 109 (2024) 9, 095024] 

[M. Ciuchini et al., Nucl. Phys. B 415, 403 (1994)]
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‣ We can define a shift in the SMEFT Wilson Coefficients so that:

SMEFT
Mapping BMHV & NDR

ΔS(1)
SMEFT = ∫ dx ̂c(1)

i 𝒪i

Γ(1)
BMHV ≡ Γ(1)

NDR + ΔS(1)
SMEFT

‣ We define the SMEFT in BMHV keeping all gamma matrices four-
dimensional. 

[S. Di Noi, R. Gröber and PO, in preparation]
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‣ In the limit , the SMEFT is vector-like and we do not have to 
compute symmetry-restoring counterterms in BMHV.

g1, g2 → 0

SMEFT
Mapping BMHV & NDR

‣ The SMEFT still has, however, an  global symmetry that is 
going to be broken by regularization.

SU(2) ⊗ U(1)

‣ Recovering this global symmetry is particularly simple introducing a 
spurious .Ω
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Conclusions

‣ The BMHV prescription is the only one proven to be consistent at all 
orders.

‣ We have developed a novel method to restore gauge-invariance in the 
BMHV prescription and computed counterterms for SM.

‣ It would be interesting to explore the relation/translation between the 
two schemes 

‣ In the future, the results for more counterterms and the automatization 
will make BMHV much easier to use.


