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Although the Standard Model (SM) has proven remarkably effective in accounting for a wide range of exper-
imental data from particle colliders, it remains an incomplete framework. It does not account for several key
phenomena, such as the oscillations of active neutrinos, the observed matter–antimatter imbalance in the Uni-
verse, and the nature of dark matter. Consequently, the SM requires extensions that introduce new particles
and fundamental interactions.

One explanation for why these hypothetical particles have eluded detection is that they are either verymassive
with weak couplings to SM particles or very light but interact so feebly that their presence is difficult to
observe. In the case of heavy particles, future high-energy colliders like the FCC may have sufficient reach to
detect them. Conversely, if these particles are light, they could potentially be discovered at existing facilities
in experiments operating at the intensity frontier—such as MATHUSLA, FACET, FASER, SHiP, and others at
CERN.

Here we investigate a specific extension of the SM that introduces a new massive vector boson, known as the
Chern–Simons (CS) boson, which interacts through terms analogous to the Chern–Simons structure. These
interactions are encapsulated by a minimal, gauge-invariant Lagrangian constructed from dimension-six op-
erators {1}:

L1 = CY

Λ2
Y

·Xµ(DνH)†HBλρ · ϵµνλρ + h.c., (1)

L2 =
CSU(2)

Λ2
SU(2)

·Xµ(DνH)†FλρH · ϵµνλρ + h.c., (2)

In these expressions, ΛY and ΛSU(2) denote new energy thresholds associated with physics beyond the SM,
and CY , CSU(2) are dimensionless coupling constants. The Levi-Civita symbol ϵµνλρ is defined with ϵ0123 =
+1. The vector field Xµ corresponds to the CS boson, while H is the Higgs doublet scalar field. The field
strength tensors Bµν and Fµν describe the dynamics of the U(1)Y and SU(2)W gauge fields of the SM,
respectively.

After electroweak symmetry breaking, the interactions defined by Lagrangians (1) and (2) give rise to ad-
ditional terms in the effective theory, including three-particle interactions characterized by dimension-four
operators:

LCS = czϵ
µνλρXµZν∂λZρ + cγϵ

µνλρXµZν∂λAρ+
+
{
cwϵ

µνλρXµW
−
ν ∂λW

+
ρ + h.c.

}
, (3)

Here, Aµ is the photon field, while W±
µ and Zµ denote the charged and neutral weak gauge bosons, respec-

tively. The coefficients cz and cγ are real-valued constants, whereas cw may generally be complex. Impor-
tantly, in this minimal scenario, the CS boson Xµ does not couple directly to matter fields.

Effective loop interactions involving the CS boson and fermions of different flavors are well-behaved and finite.
This finiteness arises because any potential divergence is tied to off-diagonal terms in the matrix product
(V †V )ij , where V represents the CKMmatrix. These terms vanish, eliminating problematic contributions, as
previously demonstrated in {2,3}.

However, complications emerge in the case where the CS boson interacts with fermions of the same gener-
ation. Our prior work {4} explored this scenario within the unitary gauge, using a purely four-dimensional
interaction basis defined by (3). The findings revealed persistent divergences in loop diagrams, which could
not be eliminated by conventional means.

In the present work {5}, we extend the investigation to the more general Rξ gauge, allowing for arbitrary
but finite values of the gauge-fixing parameters ξi, and concentrate on the CS boson’s loop interactions with
same-flavor leptons.

Our analysis shows that even when all one-loop diagrams are considered in this gauge setting, ultraviolet
divergences persist. As a result, the seemingly renormalizable theory defined by (3) fails to meet renormaliz-
ability requirements in the presence of a massive vector field.

Analysing the sum of the divergent parts of all considered diagrams, we identify two divergent terms for the
CS boson interacting with same-flavor fermions that are present in both the unitary andRξ gauge calculations.



Since the initial interaction of the CS bosons with SM fields is given by dimension-6 operators (1) and (2), we
conclude that after the electroweak symmetry breaking the interaction of the CS boson with fermions of the
same flavor should be considered within the framework of the effective field theory approach and can be
written as

Lint
Xff = f̄γµ(αf + βfγ

5)fXµ +
mf

v2 f̄σµν(γf + δfγ
5)fXµν + L′

Xff , (4)

where Xµν = ∂µXν − ∂νXµ. Here dimensionless parameters αf βf , γf , δf should be considered as new
4 parameters of the effective theory and L′

Xff is a well-defined Lagrangian of interaction depending on the
coupling parameters of the Lagrangian (3).
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