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DIVERGENCES IN THE EFFECTIVE
INTERACTION BETWEEN CHERN–SIMONS BOSONS
AND SM FERMIONS IN NON-UNITARY GAUGE 1

A vector extension of the Standard Model (SM) involving an interaction of the Chern–Simons
type is analyzed. The model introduces a new massive vector field, referred to as the Chern–
Simons (CS) boson, which does not couple directly to the fermionic sector of the SM. The study
focuses on the structure and renormalizability of the effective loop-induced interactions between
the CS boson and SM fermions in an arbitrary gauge. It is demonstrated that the ultraviolet
divergences arising in the loop calculations cannot be consistently removed for interactions
involving fermions of identical flavor, while the corresponding loop-induced couplings between
fermions of distinct flavors remain finite. The specific interaction operators associated with
divergent coefficients are identified, and their treatment within the framework of effective field
theory is proposed.
K e yw o r d s: vector extension of the Standard Model, effective field theory, Chern–Simons
type interaction.

1. Introduction
Although the Standard Model (SM) [1] has been ex-
traordinarily successful, it leaves several key observa-
tions unexplained. Among these are the presence of
dark matter [2–4], the phenomenon of neutrino os-
cillations [5–8], and the observed matter–antimatter
asymmetry of the Universe [9, 10]. These shortcom-
ings suggest the existence of an additional (hidden)
sector of particles. Such a hidden sector may con-
tain new particles that are either too massive to be
produced at current collider energies or interact only
feebly with the SM degrees of freedom. Light feebly
coupled particles may be found in intensity-frontier
experiments at present [11–13].
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The nature of these particles remains uncer-
tain. Depending on the underlying theory, they could
manifest as new vector [14,15], scalar [16,17], or pseu-
doscalar bosons [18, 19], or fermions [20, 21]. In the
present paper, we concentrate on an extension of the
SM that introduces a massive vector boson (the CS
boson), which directly interacts only with the Higgs
and vector fields of the SM.

The simplest gauge-invariant realization of such in-
teractions can be formulated in terms of dimension-
six operators [11, 22]:

ℒ1 =
𝐶𝑌

Λ2
𝑌

𝑋𝜇(D𝜈𝐻)†𝐻 𝐵𝜆𝜌 𝜖
𝜇𝜈𝜆𝜌 + h.c., (1)

ℒ2 =
𝐶𝑆𝑈(2)

Λ2
𝑆𝑈(2)

𝑋𝜇(D𝜈𝐻)†𝐹𝜆𝜌𝐻 𝜖𝜇𝜈𝜆𝜌 + h.c., (2)

where 𝑋𝜇 denotes the new vector field with mass
𝑀𝑋 , and 𝜖𝜇𝜈𝜆𝜌 is the Levi–Civita tensor normal-
ized as 𝜖0123 = +1. The Higgs doublet is denoted

1 This work is based on the results presented at the 2025 “New
Trends in High-Energy Physics” Conference.
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by 𝐻, while 𝐵𝜇𝜈 and 𝐹𝜇𝜈 are the field strength ten-
sors of the 𝑈𝑌 (1) and 𝑆𝑈𝑊 (2) gauge groups, respec-
tively. The constants 𝐶𝑌 and 𝐶𝑆𝑈(2) are dimension-
less coefficients, and Λ𝑌 , Λ𝑆𝑈(2) represent the heavy
mass scales associated with new physics. The The La-
grangians remain gauge invariant because 𝑋𝜇 is the
Stueckelberg field.

After electroweak symmetry breaking, the opera-
tors in Eqs. (1), (2) give rise (among other terms) to
a set of three-field interactions between the physical
Higgs field, the Standard Model vector bosons, and
the CS boson:

ℒ(4)
CS = 𝑐𝑧 𝜖

𝜇𝜈𝜆𝜌𝑋𝜇𝑍𝜈𝜕𝜆𝑍𝜌 + 𝑐𝛾 𝜖
𝜇𝜈𝜆𝜌𝑋𝜇𝑍𝜈𝜕𝜆𝐴𝜌 +

+
{︀
𝑐𝑤 𝜖𝜇𝜈𝜆𝜌𝑋𝜇𝑊

−
𝜈 𝜕𝜆𝑊

+
𝜌 + h.c.

}︀
, (3)

ℒ(5)
CS = 𝑐𝛾ℎ 𝜖

𝜇𝜈𝜆𝜌𝑋𝜇
𝜕𝜈ℎ

𝑣
𝜕𝜆𝐴𝜌 +

+ 𝑐𝑧ℎ 𝜖
𝜇𝜈𝜆𝜌𝑋𝜇

𝜕𝜈ℎ

𝑣
𝜕𝜆𝑍𝜌, (4)

where Eq. (3) contains dimension-four operators,
while Eq. (4) represents dimension-five contribu-
tions. The field ℎ corresponds to the physical exci-
tation of the Higgs doublet with vacuum expectation
value 𝑣, and 𝐴𝜇, 𝑊±

𝜇 , and 𝑍𝜇 denote the photon and
the electroweak vector bosons, respectively. The co-
efficients 𝑐𝛾ℎ, 𝑐𝑧ℎ, 𝑐𝛾 , and 𝑐𝑧 are real-valued, whereas
𝑐𝑤 may, in general, possess a complex phase. Notably,
the Chern–Simons field 𝑋𝜇 interacts only with the
bosonic sector of the Standard Model and has no di-
rect coupling to fermions.

The renormalizability of the interactions in Eq. (3)
has been the subject of several earlier analyses [23–
25]. These studies established that loop interactions
of the CS boson with quarks of different flavors are
finite, while loop interactions with leptons or quarks
of the same flavor contain ultraviolet divergences
[26]. Calculations performed in the unitary gauge [27]
further demonstrated that such divergences cannot be
removed.

In this paper, we extend the analysis of renormaliz-
ability to the case of a general 𝑅𝜉 gauge, incorporat-
ing the full set of diagrams that include both Higgs
and Goldstone bosons. The purpose of this investiga-
tion is twofold: first, to determine whether the di-
vergences persist when the gauge parameters 𝜉𝑖 are
finite, and second, to establish the correspondence be-
tween results obtained in the 𝑅𝜉 and unitary gauges.

A rigorous treatment of loop-induced interactions
between the Chern–Simons boson and Standard
Model fermions is necessary for experimental searches
for feebly-coupled vector extensions of the Standard
Model [28]. Following the approach of Ref. [27], we
will focus primarily on leptonic interactions, thereby
avoiding the additional complexities associated with
quark flavor mixing through the CKM matrix.

2. Interactions in the 𝑅𝜉 Gauge

In a general 𝑅𝜉 gauge, the Higgs doublet takes the
form

𝐻 =

⎛⎝ 𝜑+

𝑣 + ℎ+ 𝑖𝜑𝑧√
2

⎞⎠. (5)

Here 𝜑+ and 𝜑𝑧 correspond to the charged and neu-
tral Goldstone bosons, respectively, and ℎ denotes the
physical Higgs field. Within this gauge choice, the
three-point Chern–Simons (CS) interactions defined
by Eqs. (3) and (4) acquire additional contributions
that explicitly involve the Goldstone bosons. These
new vertices can be obtained directly from the higher-
dimensional operators in Eqs. (1) and (2), and their
explicit forms read

ℒ𝑋𝜑∓𝑊±
=

2𝑖

𝑔𝑣

(︁
𝑐𝑤 𝑋𝜇 𝜕𝜈𝜑

− 𝜕𝜆𝑊
+
𝜌 −

− 𝑐*𝑤 𝑋𝜇 𝜕𝜈𝜑
+ 𝜕𝜆𝑊

−
𝜌

)︁
𝜖𝜇𝜈𝜆𝜌, (6)

ℒ𝑋𝜑𝑧𝑍 =
𝑐𝑧𝑔

2 cos 𝜃𝑊
𝑋𝜇

𝜕𝜈𝜑𝑧

𝑣
𝜕𝜆𝑍𝜌 𝜖

𝜇𝜈𝜆𝜌, (7)

ℒ𝑋𝜑𝑧𝐴 =
𝑐𝛾𝑔

2 cos 𝜃𝑊
𝑋𝜇

𝜕𝜈𝜑𝑧

𝑣
𝜕𝜆𝐴𝜌 𝜖

𝜇𝜈𝜆𝜌. (8)

In what follows, we analyze the decay process of a
massive Chern–Simons boson into a pair of charged
leptons 𝑋 → ℓ+ℓ− (ℓ = 𝑒, 𝜇, 𝜏) within the 𝑅𝜉 gauge
formalism.

3. Triangle Diagrams

An example of triangle diagrams describing lepton
production in the decay of the CS boson, mediated
by interactions with 𝑊± and Goldstone bosons, is
shown in Fig. 1. In addition to the diagrams dis-
played, the 𝑅𝜉 gauge also introduces analogous di-
agrams involving photons, 𝑍 bosons, the Higgs bo-
son ℎ, and the Goldstone fields 𝜑± and 𝜑𝑧, as deter-
mined by the Feynman rules derived from interactions
(3), (4), and (6)–(8).
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a b c

Fig. 1. Representative tri-
angle diagrams contributing to
lepton pair production in CS
boson decay via interactions
with two 𝑊 bosons or with 𝑊

and charged 𝜑 bosons

A direct calculation shows that the amplitudes cor-
responding to these triangle diagrams include both
logarithmic and linear divergences, leading to the ap-
pearance of divergent (infinite) parameter

Λ1 =
𝜋2

2(2𝜋)4
ln

(︂
Λ2

𝑀2
𝑊

)︂
−→ ∞. (9)

It can be shown that one-loop diagrams with two
internal lines for lepton production from interactions
of the CS boson with vector fields of the SM, Gold-
stone bosons, or Higgs bosons give zero contribution
due to the properties of the Levi–Civita tensor.

4. Sum of Divergent
Terms in the 𝑅𝜉 Gauge

The divergent summarized contributions from all di-
agrams can be written as∑︁
diagrams

𝑀𝑓𝑖, div = Λ1 ℓ̄(𝑝
′)

[︂
(𝐴+𝐴5𝛾

5) 𝛾𝜈𝛾𝜆𝛾𝜌 +

+
𝐵 +𝐵5𝛾

5

𝑣
𝑞𝜈𝛾𝜆𝛾𝜌

]︂
ℓ(−𝑝) 𝜀𝜆𝑋

𝜇 𝜖𝜇𝜈𝜆𝜌. (10)

Here 𝐴, 𝐴5, 𝐵, and 𝐵5 are dimensionless coefficients
given by

𝐴+𝐴5𝛾
5 =

− 𝑖
𝑔2

4

[︁
Θ𝑊1 +

2𝑐𝑧
cos2 𝜃𝑊

(𝑡ℓ3(𝑡
ℓ
3 − 2𝑞ℓ sin

2 𝜃𝑊 )+

+2𝑞2ℓ sin
4 𝜃𝑊 ) + 2𝑞ℓ𝑐𝛾 tan 𝜃𝑊 (𝑡ℓ3 − 2𝑞ℓ sin

2 𝜃𝑊 )
]︁
−

− 𝑖𝛾5 𝑔
2

4

[︁
Θ𝑊1 +

2𝑡ℓ3𝑐𝑧
cos2 𝜃𝑊

(𝑡ℓ3 − 2𝑞ℓ sin
2 𝜃𝑊 )+

+2𝑞ℓ𝑡
ℓ
3𝑐𝛾 tan 𝜃𝑊

]︁
, (11)

𝐵 +𝐵5𝛾
5 = −𝑚ℓ

𝑣

[︂
Θ𝑊2 − 𝑐𝑧ℎ

𝑔(𝑡ℓ3 − 2𝑞ℓ sin
2 𝜃𝑊 )

2 cos 𝜃𝑊
−

− 𝑐𝛾ℎ𝑒𝑞ℓ

]︂
− 𝑖

𝑚ℓ

𝑣
𝛾5

[︁
Θ𝑊1 − 𝑐𝑧(𝑡

ℓ
3 − 2𝑞ℓ sin

2 𝜃𝑊 )−

− 𝑞𝑒𝑐𝛾 sin 2𝜃𝑊

]︁
. (12)

The divergences vanish only when the conditions
𝐴 = 𝐴5 = 𝐵 = 𝐵5 = 0 are satisfied. We did not find
any relation between the couplings 𝑐𝑧, 𝑐𝛾 , 𝑐𝛾ℎ,
𝑐𝑧ℎ, Θ𝑊1, and Θ𝑊2 for which these conditions are
true. They are met only when all couplings vanish.

5. Comparison with the Unitary Gauge

Calculations carried out in the unitary gauge [27]
similarly indicate that ultraviolet divergences in the
effective loop coupling between the Chern–Simons
(CS) boson and Standard Model leptons cannot be
eliminated 2.

At first sight, the divergent terms obtained in [27]
appear to be structurally more complex than those
arising in non-unitary gauge, Eq. (10). Nevertheless,
once the lepton equations of motion are applied,

ℓ̄(𝑝′) ̸𝑝 ′ = 𝑚ℓℓ̄(𝑝
′), − ̸𝑝 ℓ(−𝑝) = 𝑚ℓℓ(−𝑝), (13)

the divergent parts in both gauge choices are found
to be equivalent, confirming the gauge independence
of the divergence structure.

6. Discussion

In this paper, we study a vector extension of the SM
with a Chern–Simons-type interaction. It contains a
new massive vector boson that does not directly cou-
ple to SM fermions.

It is well established that loop-induced interac-
tions of the CS boson with fermions of different fla-
vors remain finite because the divergent contribu-
tions are proportional to the off-diagonal elements

2 All expressions in this paper follow the corrected arXiv
version of [27], which resolves several typographical errors
present in the published text.

110 ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 2



Divergences in the Effective Interaction between Chern–Simons Bosons and SM Fermions

of the unit matrix (𝑉 †𝑉 )𝑖𝑗 , where 𝑉 denotes the
CKM matrix [23–25]. The situation changes for inter-
actions involving fermions of identical flavor: earlier
computations performed in the unitary gauge [27],
based only on the Lagrangian (3), demonstrated that
the divergent terms cannot be canceled or renorma-
lized away.

In the present paper, we extend this analysis to
the general 𝑅𝜉 gauge, allowing arbitrary, finite val-
ues of the gauge parameters 𝜉𝑖. Our calculations show
that the ultraviolet divergences persist in the effec-
tive loop-induced CS-fermion interaction even after
the inclusion of all relevant diagrams derived from
the Lagrangians Eqs. (3), (4), and (6)–(8). This di-
vergence cannot be canceled by counterterms for the
CS boson–fermion interaction, since such terms are
absent in the original Lagrangians of the theory. Con-
sequently, the Lagrangian (3), although composed of
operators of dimension four, is a Lagrangian describ-
ing a nonrenormalizable interaction.

Two terms in the effective CS-fermion interac-
tion (10) are found to contain divergences, which are
consistent across both the unitary and 𝑅𝜉 gauges.

Therefore, the interactions of the CS boson with
fermions of the same flavor after electroweak sym-
metry breaking should be considered only within the
framework of effective field theory [29–31]. These in-
teractions can be parameterized as

ℒint
𝑋𝑓𝑓 = 𝑓𝛾𝜇(𝛼𝑓 + 𝛽𝑓𝛾

5)𝑓𝑋𝜇 +

+
𝑚𝑓

𝑣2
𝑓𝜎𝜇𝜈(𝛾𝑓 + 𝛿𝑓𝛾

5)𝑓𝑋𝜇𝜈 + ℒ′
𝑋𝑓𝑓 , (14)

where 𝛼𝑓 , 𝛽𝑓 , 𝛾𝑓 , and 𝛿𝑓 are dimensionless new cou-
plings of the theory, and ℒ′

𝑋𝑓𝑓 denotes the finite, well-
defined interaction Lagrangian.
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АНАЛIЗ РОЗБIЖНОСТЕЙ В ЕФЕКТИВНIЙ
ВЗАЄМОДIЇ МIЖ БОЗОНАМИ ЧЕРНА–САЙМОНСА
ТА ФЕРМIОНАМИ СТАНДАРТНОЇ
МОДЕЛI В НЕУНIТАРНОМУ КАЛIБРУВАННI

Розглянуто векторне розширення Стандартної моделi (СМ)
зi взаємодiєю типу Черна–Саймонса. В данiй моделi вводи-
ться нове масивне векторне поле, квантами якого є бозо-
ни Черна–Саймонса (ЧС-бозони). Нове векторне поле не
взаємодiє напряму з фермiонним сектором СМ. Дослiджу-
ється питання структури i перенормовностi ефективних пе-
тльових взаємодiй мiж ЧС-бозоном i СМ-фермiонами в до-
вiльному калiбруваннi. Показано, що ультрафiолетовi роз-
бiжностi, якi виникають при розрахунках петльових взає-
модiй, не можна усунути для взаємодiй з фермiонами одна-
кового аромату, тодi як вiдповiднi петльовi взаємодiї з фер-
мiонами рiзних ароматiв позбавленi розбiжностей. Визна-
чено явний вигляд операторiв взаємодiї, що мiстять роз-
бiжнi коефiцiєнти, та запропоновано їх розгляд у пiдходi
ефективної теорiї поля.

Ключ о в i с л о в а: векторне розширення Стандартної
Моделi, ефективна теорiя поля, взаємодiя типу Черна–
Саймонса.
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