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1. Introduction
• When we do loop calculations in QFTs we often use the

Dimensional Regularization procedure.
• In Chiral Theories we need to define the properties of the 𝛾𝛾5 matrix

in D-dimensions.
• The only known Mathematically-Consistent way to do so is to use

the Breitenlohner-Maison-’t Hooft-Veltman (BMHV) scheme.
• Already at the classical level, this scheme induces Symmetry-

Breaking terms in the Lagrangian for which we need to add both
Evanescent Divergent and Finite Symmetry-Restoring
Counterterms.
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2. Renormalization of Gauge Theories

•  Quantum Gauge Theories are invariant under the BRST 
Transformation:

• The action is:
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𝛿𝛿𝜃𝜃𝜓𝜓𝑖𝑖 𝑥𝑥 = 𝑖𝑖𝜃𝜃𝜔𝜔𝛼𝛼 𝑥𝑥 𝑇𝑇𝛼𝛼 𝑖𝑖𝑖𝑖𝜓𝜓𝑗𝑗 𝑥𝑥

𝛿𝛿𝜃𝜃𝐴𝐴𝜇𝜇𝛼𝛼 𝑥𝑥 = 𝜃𝜃 𝜕𝜕𝜇𝜇𝜔𝜔𝛼𝛼 𝑥𝑥 + 𝐶𝐶𝛾𝛾𝛾𝛾
𝛼𝛼 𝜔𝜔𝛽𝛽 𝑥𝑥 𝐴𝐴𝜇𝜇

𝛾𝛾(𝑥𝑥)

𝛿𝛿𝜃𝜃𝜔𝜔𝛼𝛼 𝑥𝑥 = −
1
2 𝜃𝜃𝐶𝐶𝛽𝛽𝛽𝛽

𝛼𝛼 𝜔𝜔𝛽𝛽 𝑥𝑥 𝜔𝜔𝛾𝛾 𝑥𝑥

𝛿𝛿𝜃𝜃𝜔𝜔∗𝛼𝛼(𝑥𝑥) = −𝜃𝜃ℎ𝛼𝛼 𝑥𝑥

𝛿𝛿𝜃𝜃ℎ𝛼𝛼 𝑥𝑥 = 0
  𝜔𝜔𝛼𝛼  Ghost.
  𝜔𝜔∗𝛼𝛼 Antighost.
  ℎ𝛼𝛼 Nakanishi-Lautrup Field.
  𝜖𝜖𝛼𝛼 𝑥𝑥 = 𝜃𝜃𝜔𝜔𝛼𝛼(𝑥𝑥)

𝐼𝐼 𝐴𝐴𝜇𝜇𝛼𝛼 ,𝜓𝜓𝑖𝑖,𝜔𝜔𝛼𝛼 ,𝜔𝜔∗𝛼𝛼, ℎ𝛼𝛼 = 𝐼𝐼0 𝐴𝐴𝜇𝜇𝛼𝛼 ,𝜓𝜓𝑖𝑖 + 𝑠𝑠Ψ 𝐴𝐴𝜇𝜇𝛼𝛼 ,𝜓𝜓𝑖𝑖,𝜔𝜔𝛼𝛼,𝜔𝜔∗𝛼𝛼 ,ℎ𝛼𝛼
𝛿𝛿𝜃𝜃𝜒𝜒 = 𝜃𝜃 𝑠𝑠𝑠𝑠

𝑠𝑠2 = 0 (Nilpotent)

Classical 
Action

Ghost Number=-1

• Becchi, C.; Rouet, A.; Stora, R. (1974)
• I.V. Tyutin (1975)



2. Renormalization of Gauge Theories

•  BRST Invariance implies that the Quantum Effective Action (QEA) 
will satisfy the Zinn-Justin Equation:

• The QEA is NOT BRST invariant. Loop effects can produce FINITE 
local effective interactions that break this symmetry. But:
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Γ,Γ = 0

If the Regularization procedure preserves the BRST 
Symmetry, then the Divergent Terms of the QEA are BRST 
Invariant. Thus, they can be Reabsorbed by shifting the 

Original Parameters of the classical action.

• Zinn-Justin, (1974)

In the 
Absence of 
Anomalies

𝑠𝑠Γ ≠ 0 in 
general



3. BMHV Scheme

•  The most used Regularization procedure is Dimensional 
Regularization, where we compute the integrals in 𝐷𝐷 = 4 − 2𝜖𝜖 
dimensions.

• The extension of 𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇  and 𝛾𝛾5  to 𝐷𝐷 dimensions is non-trivial. 
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If 𝛾𝛾𝜇𝜇 , 𝛾𝛾5 = 0 then tr 𝛾𝛾𝜇𝜇𝛾𝛾𝜈𝜈𝛾𝛾𝜌𝜌𝛾𝛾𝜎𝜎𝛾𝛾5 = 0 for 𝐷𝐷 ≠ 2 or𝐷𝐷 ≠ 4.

In𝐷𝐷 = 4 tr 𝛾𝛾𝜇𝜇𝛾𝛾𝜈𝜈𝛾𝛾𝜌𝜌𝛾𝛾𝜎𝜎𝛾𝛾5 = 4𝑖𝑖𝜖𝜖𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 .  

If 𝛾𝛾𝜇𝜇 , 𝛾𝛾5 = 0 then the scheme is
Mathematically Inconsistent

If the 
Trace is 

Cylic

• Hooft, G. 't; Veltman, M. (1972)

• S. Adler (1969)
• J.S. Bell and 

R. Jackiw 
(1969)



3. BMHV Scheme

•  The only known scheme that is mathematically consistent is the 
BMHV where we split the 𝐷𝐷 -Dimensional space into 4-
Dimensional and (𝐷𝐷 − 4)-Dimensional subspaces.
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𝜂̅𝜂𝜇𝜇𝜇𝜇 ≔ �
𝜂𝜂𝜇𝜇𝜇𝜇 , μ, ν ≤ 3
0, Otherwise

𝜂̂𝜂𝜇𝜇𝜇𝜇 ≔ 𝜂𝜂𝜇𝜇𝜇𝜇 − 𝜂̅𝜂𝜇𝜇𝜇𝜇

𝑝̅𝑝𝜇𝜇 ≔ 𝜂̅𝜂𝜇𝜇𝜇𝜇𝑝𝑝𝜈𝜈 𝛾̅𝛾𝜇𝜇 ≔ 𝜂̅𝜂𝜇𝜇𝜇𝜇𝛾𝛾𝜈𝜈 𝑝̂𝑝𝜇𝜇 ≔ 𝜂̂𝜂𝜇𝜇𝜇𝜇𝑝𝑝𝜈𝜈 �𝛾𝛾𝜇𝜇 ≔ 𝜂̂𝜂𝜇𝜇𝜇𝜇𝛾𝛾𝜈𝜈Projectors:

Basic Properties: 𝛾𝛾𝜇𝜇 , 𝛾𝛾𝜈𝜈 = 2𝜂𝜂𝜇𝜇𝜇𝜇𝕀𝕀 tr 𝕀𝕀 = 4

𝛾𝛾5 is purely 4-Dimensional
𝛾𝛾5 ≔ 𝑖𝑖𝛾̅𝛾0𝛾̅𝛾1𝛾̅𝛾2𝛾̅𝛾3

𝛾̅𝛾𝜇𝜇 , 𝛾𝛾5 = 0
�𝛾𝛾𝜇𝜇 , 𝛾𝛾5 = 0

• Hooft, G. 't; Veltman, M. (1972)
• Breitenlohner, P.; Maison, D. (1977)



3. BMHV Scheme

•  In this scheme Propagators are purely 4-Dimensional in chiral 
Theories:

• This leads to Unregularized Amplitudes:
• We add Ficticious right- or left-handed fields for the left- and right-

handed chiral fermions that do not interact 𝑠𝑠𝜓𝜓𝑓𝑓 = 0.
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�𝜓𝜓𝑃𝑃𝐿𝐿𝛾𝛾𝜇𝜇𝜕𝜕𝜇𝜇𝑃𝑃𝑅𝑅𝜓𝜓 = �𝜓𝜓𝑃𝑃𝐿𝐿𝛾̅𝛾𝜇𝜇𝜕̅𝜕𝜇𝜇𝑃𝑃𝑅𝑅𝜓𝜓 �𝜓𝜓𝑃𝑃𝑅𝑅𝛾𝛾𝜇𝜇𝜕𝜕𝜇𝜇𝑃𝑃𝐿𝐿𝜓𝜓 = �𝜓𝜓𝑃𝑃𝑅𝑅𝛾̅𝛾𝜇𝜇𝜕̅𝜕𝜇𝜇𝑃𝑃𝐿𝐿𝜓𝜓

�d𝐷𝐷𝑘𝑘
1
�𝑘𝑘2

=�d4 �𝑘𝑘
1
�𝑘𝑘2
�d𝐷𝐷−4 �𝑘𝑘 = ∞ ⋅ 0

̅𝑙𝑙𝛾𝛾𝜇𝜇𝜕𝜕𝜇𝜇𝑙𝑙 = ̅𝑙𝑙𝐿𝐿𝛾̅𝛾𝜇𝜇𝜕̅𝜕𝜇𝜇𝑙𝑙𝐿𝐿 + ̅𝑙𝑙𝑅𝑅 𝛾̅𝛾𝜇𝜇𝜕̅𝜕𝜇𝜇𝑙𝑙𝑅𝑅 + ̅𝑙𝑙𝐿𝐿 �𝛾𝛾𝜇𝜇𝜕̂𝜕𝜇𝜇𝑙𝑙𝑅𝑅+ ̅𝑙𝑙𝑅𝑅 �𝛾𝛾𝜇𝜇𝜕̂𝜕𝜇𝜇𝑙𝑙𝐿𝐿
Evanescent 

Operator

• Bélusca-Maïto, H. et al. (2020)



Symmetry 
Breaking 
Operator

3. BMHV Scheme

• The classical action is not BRST invariant due to the propagator:

• It will induce symmetry breaking at the quantum level:
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Symmetry Breaking at the Quantum Level can 
be Computed from 1PI Diagrams with Single 

Insertions of the SB Operator Δ

𝑡𝑡𝛼𝛼𝐿𝐿 →Physical 
Doublet

𝑡𝑡𝛼𝛼𝑅𝑅 →Physical Singlet

Δ ≔ s 𝑖𝑖 �𝜓𝜓𝑖𝑖𝛾𝛾𝜇𝜇𝜕𝜕𝜇𝜇𝜓𝜓𝑖𝑖 = 𝜂̂𝜂𝜇𝜇𝜇𝜇𝜔𝜔𝛼𝛼 𝑡𝑡𝛼𝛼
𝐿𝐿,𝑅𝑅

𝑖𝑖𝑖𝑖
�𝜓𝜓𝑖𝑖 𝛾𝛾𝜇𝜇𝜕⃗𝜕𝜈𝜈𝑃𝑃𝑅𝑅,𝐿𝐿 + 𝛾𝛾𝜇𝜇𝜕⃖𝜕𝜈𝜈𝑃𝑃𝐿𝐿,𝑅𝑅 𝜓𝜓𝑗𝑗

Algebraic 
Renormali

zation



4. Bonneau Method

• We need to Restore the Symmetry in the limit 𝐷𝐷 → 4 . The 
symmetry breaking contributions that we find in loop caculations 
with the Evanescent Operator Δ can have three different forms:

8

1.  𝜖𝜖 Terms: Evanescent operators that vanish when 𝐷𝐷 → 4.
2. 1

𝜖𝜖
 Terms: Absorbed when we eliminate the divergences.

3. 𝜖𝜖
𝜖𝜖

Terms: They have to be cancelled adding Finite Counterterms.

𝜖𝜖 → 0

• 𝐼𝐼sct Singular 
Counterterms

• 𝐼𝐼fct Finite Counterterms



4. Bonneau Method

• We use the Bonneau Method to find the 𝜖𝜖
𝜖𝜖

 terms in the 1PI 
diagrams with single insertions of the symmetry breaking 
operator:

• We have to define the operator �Δ which is Δ substituting 𝜂̂𝜂𝜇𝜇𝜇𝜇 by 
𝜂̌𝜂𝜇𝜇𝜇𝜇 ≔ −𝜂̂𝜂𝜇𝜇𝜇𝜇 /2𝜖𝜖. Then, at One Loop, the 𝜖𝜖

𝜖𝜖
 terms are computed 

using:
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Δ ≔ 𝜂̂𝜂𝜇𝜇𝜇𝜇𝜔𝜔𝛼𝛼 𝑡𝑡𝛼𝛼
𝐿𝐿,𝑅𝑅

𝑖𝑖𝑖𝑖
�𝜓𝜓𝑖𝑖 𝛾𝛾𝜇𝜇𝜕⃗𝜕𝜈𝜈𝑃𝑃𝑅𝑅,𝐿𝐿 + 𝛾𝛾𝜇𝜇𝜕⃖𝜕𝜈𝜈𝑃𝑃𝐿𝐿,𝑅𝑅 𝜓𝜓𝑗𝑗

𝐼𝐼𝜖𝜖𝐺𝐺
�ΔAmplitude of the 

1PI diagram with single 
insertion of �Δ.

• Bonneau, G. (1980)



5. One-Loop SB from Four-Fermion Operators

•  The calculation has been done in 
the Warsaw basis.

•  No contributions from evanescent 
operators at one loop, because of 
the additional 𝜖𝜖 factor.

•  No contributions from B-violating 
operators at one loop.

10
• Grzadkowski, B. et al. (2010)



SDD=3

SDD=1

SDD=2

There is no contribution coming
from SSD=0 diagrams. Some of
them are convergent due to the
structure of the SB vertex and the
other two cancel each other:
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5. One-Loop SB from Four-Fermion Operators

Symmetry 
Breaking

Vertex



• Up to this point, only the amount of symmetry breaking at one loop has been computed.
Now it is necessary to obtain the finite counterterm that cancels that contribution and for
that one needs to find the "inverse" of a gauge transformation:

• This is the most difficult part of the calculation. Main advantage of the spurion method.

5. One-Loop SB from Four-Fermion Operators

12

• Fuentes-Martín, J. et al. (2025)



6. Conclusions
• The only known Mathematically-Consistent scheme in 

Dimensional Regularization (BMHV) breaks the gauge symmetry in 
Chiral Theories.

• In a theory without physical anomalies, the obstructions to the 
Slavnov-Taylor identities can be eliminated adding the proper set 
of finite counterterms.

• We have obtained the set of finite counterterms needed to restore 
the symmetry breaking induced by four-fermion operators in 
SMEFT at one-loop using the well-known techniques of algebraic 
renormalization. Results coming soon.
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Symmetry Breaking at the Quantum Level

• Symmetry Breaking at Tree-
Level:

• Generating Functional:

• Classical Field:

• Quantum Effective Action:

• Antibracket:

Antifield

Classical 
Sources
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