
Effective interaction of vector bosons of the SM
expansion of the Chern-Simons type with SM fermions

Volodymyr Gorkavenko1,2, Mariia Tsarenkova1

Yulia Borysenkova3, Oleksandr Khasai2, Ivan Hrynchak1

1Department of Physics, Taras Shevchenko National University of Kyiv, Ukraine
2Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine
3Institut de F́ısica d’Altes Energies, The Barcelona Institute of Science and Technology

V. Gorkavenko Effective interaction of CS bosons with SM fermions 16 September 2025 0 / 21



Introduction
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The Standard Model and Beyond

Despite tremendous success, we know that Standard Model is
incomplete!

There are well-established phenomena that are not explained by the Standard
Model:

Neutrino masses and oscillations of active neutrinos

Dark matter and Dark energy

Baryon asymmetry of the Universe

What physics is responsible for it?
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Unsolved problems may imply the existence of new particles

We did not detect them because either

they are heavy
(energy frontier)

OR

they are light but
very feebly interacting
(intensity frontier)
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Portals as a window to New Physics

The BSM Lagrangian can be represented as: Lfull = LSM +LBSM +Lint
SM,BSM

The interaction part (”portal”) allows to experimentally detect new particles.
The general requirement of gauge invariance and renormalizability
If the “portal particles” are long-lived, they can be searched at the intensity
frontier experiments.

Examples of portals Lint
SM,BSM with renormalized interaction:

Scalar portal: (µS + λS2)(H†H)

Vector portal: F ′
µνF

µν
Y

Neutrino portal: yαI (L̄α · H̃)NI

Examples of portals with non-renormalized effective interaction:

Pseudoscalar portal (axionlike particles):
gi
Λ
a F i

µν F̃
i,µν

Chern-Simons portal (CS boson):

C1

Λ2
1

· Xµ(DνH)†HBλρ · ϵµνλρ +
C2

Λ2
2

· Xµ(DνH)†FλρH · ϵµνλρ + h.c.
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What new particles are they?

What nature of the BSM particles?

We do not know the exact nature of the particles in the new physics.

They can be scalars, pseudoscalars (axionlike particles), vectors or fermions.

Therefore, all possible variants should be considered.

Motivation

The scalar, pseudoscalar, vector and fermion extension of the SM are well
investigated theoretically.

The extension of the SM with the Chern-Simons type of interaction is not
investigated sufficiently.

We will focus our attention on the Chern-Simons extension of the SM.
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Phenomenology of Chern-Simons Portal
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Chern-Simons modification to the Standard Model

The gauge invariant Lagrangian of the Chern-Simons interaction is presented in
the form of dimension-6 operators:

L1 =
c1
v2

· Xµ(DνH)†HBλρ · ϵµνλρ + h.c.

L2 =
c2
v2

· Xµ(DνH)†FλρH · ϵµνλρ + h.c.

Xµ is Stückelberg vector field which is required by the gauge invariance of the
theory.

This extension contains a new massive vector boson Xµ (Chern-Simons boson)
that does not interact directly with fermions of the SM.

I. Antoniadis, A. Boyarsky, S. Espahbodi, O. Ruchayskiy, J.D. Wells, Anomaly driven signatures of new

invisible physics at the Large Hadron Collider, Nucl. Phys. B 824, 296 (2010)
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Low energy effective Lagrangian

In the unitary gauge, the effective Lagrangian of three particle interactions of
CS boson with gauge SM bosons contains terms of dimension-4 and dimension-5:

L(4)
CS = czϵ

µνλρXµZν∂λZρ+cγϵ
µνλρXµZν∂λAρ+

{
cw ϵ

µνλρXµW
−
ν ∂λW

+
ρ + h.c.

}
L(5)
CS = cγhϵ

µνλρXµ
∂νh

v
∂λAρ + czhϵ

µνλρXµ
∂νh

v
∂λZρ

A new massive vector CS boson Xµ that does not interact directly with
fermions of the SM.

The interaction of the CS boson with the SM fermion is derived only by loop
diagrams!
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Vertex diagrams of the interaction of the CS boson with
vector and Goldstone bosons of the SM

All possible vertices of the interaction of CS boson with SM bosons in the unitary gauge.

Additional vertices of the interaction of CS boson with Goldstone bosons in Rξ gauge.
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Chern-Simons GeV-scale bosons
effective loop interaction with

the SM fermions of different flavour

Production of CS bosons
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Interaction of CS bosons with different fermions
Quark (meson) decay dα → X + dβ through the loop

Diagram of decay b-quark into s-quark and X-boson.

For consideration of CS production in quarks decays we need only XWW interaction

LCS = cw ϵ
µνλρXµW

−
ν ∂λW

+
ρ + h.c.,

where cw = Θ1W + iΘ2W is complex coupling.
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Cancellation of divergence in the loop

The loop diagram of quark decay b → X + s has no divergence because of
divergence term is proportional to non-diagonal elements of unit matrix V †V ,
where V is CKM matrix

So, for convenience of calculation we can use∑
i=u,c,t

(V+)biVis ln
Λ2

D(mi )

∣∣∣∣
Λ→∞

=
∑

i=u,c,t

(V+)biVis ln
M2

W

D(mi )

V. Gorkavenko Effective interaction of CS bosons with SM fermions 16 September 2025 9 / 21



Result of loop computations for external down quarks

Mfi = −i s̄(ps)Y µ̄ b(p)ϵ∗λX
µ̄

Y µ̄ =

(
aL P̂R γλ̄ γρ̄ γν̄ P̂L +

+ bL
psλ̄ pν̄
M2

W

P̂R γρ̄ P̂L + cL
ms psλ̄
M2

W

P̂L γρ̄ γν̄ P̂L + dL
ms pλ̄
M2

W

P̂L γρ̄ γν̄ P̂L+

bR
mbms

M2
W

psλ̄ pν̄
M2

W

P̂L γρ̄ P̂R + cR
mb psλ̄
M2

W

P̂R γρ̄ γν̄ P̂R + dR
mb pλ̄
M2

W

P̂R γρ̄ γν̄ P̂R

)
ϵµ̄ν̄λ̄ρ̄

aL = −0.1326 iΘ1W — dominant term

bL = −0.606 iΘ1W − 0.132Θ2W

cL = 0.0077 iΘ1W − 0.03266Θ2W

dL = 0.0202 iΘ1W + 0.03266Θ2W

bR = −0.028 iΘ1W

cR = 0.086 iΘ1W − 0.0984Θ2W

dR = −0.058 iΘ1W + 0.0984Θ2W
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What about interaction Lagrangian with up quarks?

The effective interaction of up quarks with CS boson is suppressed compared to
the case of down quarks interaction.

At first approximation M2
W ≫ m2

i (mi = md ,ms ,mb)

D(mi ) = Am2
i + B M2

W ≈ B M2
W ̸= D(mi ), so

∑
i=d,s,b

(V+)ciViu ln
Λ2

D(mi )

∣∣∣∣
Λ→∞

=
∑

i=d,s,b

(V+)ciViu ln
M2

W

D(mi )
≈ (V+V )cu ln

M2
W

D
= 0

Careful consideration of this interaction shows that interaction coupling will be 4
or 5 orders of magnitude lower than coefficients for down quarks decay.
So, interaction of X -particles with up quarks can be neglected compared to
interaction with down quarks.
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Interaction Lagrangian for different down quarks

Neglecting the interaction of the CS bosons with the different upper quarks, we
can write an effective Lagrangian of the interaction only with the lower different
quarks.
Using only dominant term and relation ϵαµνργµγνγρ = 6iγαγ5 we get effective
Lagrangian of down quarks interactions with CS boson:

Ldown
CS = −

∑
m ̸=n

Θ1W

(
C d
mn d̄n γ

µ P̂L dmXµ + h.c.
)

C d
bs = 1.97 · 10−4

C d
bd = 4.43 · 10−5

C d
sd = 1.77 · 10−6

This Lagrangian can be used to compute the production of CS bosons in meson
decays.

V. Gorkavenko Effective interaction of CS bosons with SM fermions 16 September 2025 12 / 21



Decay of B- and K -mesons with CS boson production

Process final meson lim
mX→0

( mX

1GeV

)2 BR(mX )

θ2W 1

Closing mass
GeV

K± → Xπ± pseudo scalar 2.54 · 101 0.35
K 0
L → Xπ0 pseudo scalar 1.10 · 102 0.36

B± → XK±
1 (1270) pseudo vector 1.72 · 104 4.01

B± → XK∗,±
0 (700) scalar 1.43 · 104 4.46

B± → XK∗,±(892) vector 9.14 · 103 4.39
B± → XK± pseudo scalar 7.73 · 103 4.79

B± → XK∗,±
2 (1430) tensor 6.03 · 103 3.85

B± → XK∗,±(1410) vector 3.99 · 103 3.86
B± → XK∗,±(1680) vector 2.53 · 103 3.56

B± → XK∗,±
0 (1430) scalar 1.85 · 103 3.85

B± → XK±
1 (1400) pseudo vector 2.34 · 102 3.88

B± → Xπ± pseudo scalar 2.37 · 102 5.14

Table: Closing mass is difference of initial and final mesons mass.
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CS boson production from decay of mesons

Vector
Pseudovector

GeV

K
±
→X+π ±

KL→X+π 0
KS→X+π0

1 2 3 4 5

1 10

2 10

3 10

4 10 Scalar
Pseudoscalar
Tensor

X

a) b)
5 10

m

. 4

. 4

. 4

. 4

. 4

GeV
Xm

0.05 0.15 0.25 0.35

5

10
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20

25

Dependence of the branching Br = θ−2
W 1

( mX

1GeV

)2

Br(h → h′X ) of reactions of the CS

boson production on the CS boson mass. Contributions over the (pseudo)scalar,
(pseudo)vector and tensor channels of the B meson decays are summed up.

Yu. Borysenkova, P. Kashko, M. Tsarenkova, K. Bondarenko and V. Gorkavenko, Production of Chern–Simons

bosons in decays of mesons, J. Phys. G: Nucl. Part. Phys. 49 (2022) 8, 085003
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Effective loop interaction with the SM
fermions of the same flavours

Decays of the CS bosons
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Statement of the problem

We want to consider the decay of the CS boson into the same quarks X → qq̄
and consider decay into lepton pairs X → ℓ−ℓ+.

In this case, divergences remain in the theory. They are proportional to diagonal
elements of unitary matrix (V+V )ii

They can not be removed via counterterms of the CS boson interaction with
fermions because the initial Lagrangian does not contain these terms. We must
find a way to eliminate them.

Next, for the convenience of calculations, we will consider the loop interactions of
the CS boson with two leptons in general case of Rξ gauge.

L(4)
CS = czϵ

µνλρXµZν∂λZρ + cγϵ
µνλρXµZν∂λAρ +

{
cw ϵ

µνλρXµW
−
ν ∂λW

+
ρ + h.c.

}
L(5)
CS = cγhϵ

µνλρXµ
∂νh

v
∂λAρ + czhϵ

µνλρXµ
∂νh

v
∂λZρ
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Diagrams with a circular loop

Loop diagrams for leptons production via CS decay due to interactions of the CS boson
with WW , or with W and charged ϕ bosons.

It can be shown that the amplitudes of all diagrams presented here, and any other
diagrams with a circular loop of the same type are equal to zero in the Rξ gauge.
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Triangle diagrams
Triangle diagrams with vertices XWW and XW±ϕ∓

Triangle diagrams for lepton production via CS decay due to interactions of the CS
boson with W and charged ϕ bosons, or with two W bosons.

Triangle diagrams with vertices XWW and XW±ϕ∓

Triangle diagrams for lepton production via CS decay due to interactions of the CS
boson with Z and neutral ϕz bosons, or with two Z bosons.

V. Gorkavenko Effective interaction of CS bosons with SM fermions 16 September 2025 17 / 21



Triangle diagrams

Triangle diagrams with vertices XZA and XAϕz

Triangle diagrams for lepton production via CS decay due to interactions of the CS
boson with photons and neutral ϕz bosons, or with Z bosons and photons.

Triangle diagrams with vertices XZh and XAh

Triangle diagrams for lepton production via CS decay due to interactions of the CS
boson with Z bosons and Higgs bosons, or with photons and Higgs bosons.
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Results of calculations

The sum of the divergent parts of all the above-considered diagrams can be
presented as∑
diagrams

Mfi,div = Λ1ℓ̄(p
′)

[
(A+ A5γ

5) γνγλγρ +
B + B5γ

5

v
qνγλγρ

]
ℓ(−p)ελX

µ ϵµνλρ,

where A, A5, B, B5 are dimensionless factors, namely

A+ A5γ
5 = −i

g2

4

[
ΘW 1 +

2cz
cos2 θW

(
tℓ3
(
tℓ3 − 2qℓ sin

2 θW
)
+ 2q2ℓ sin

4 θW
)
+

+ 2qℓcγ tan θW
(
tℓ3 − 2qℓ sin

2 θW
)]

− iγ5 g
2

4

[
ΘW 1 +

2tℓ3cz
cos2 θW

(
tℓ3 − 2qℓ sin

2 θW
)
+ 2qℓt

ℓ
3cγ tan θW

]
,

B + B5γ
5 = −mℓ

v

[
ΘW 2 − czh

g(tℓ3 − 2qℓ sin
2 θW )

2 cos θW
− cγheqℓ

]
−

− i
mℓ

v
γ5

[
ΘW 1 − cz(t

ℓ
3 − 2qℓ sin

2 θW )− qecγ sin 2θW
]
.
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Result of problem consideration

Problem terms

The sum of the divergent parts of all diagrams can be presented as

Λ1ℓ̄(p
′)

[
(A+ A5γ

5) γνγλγρ +
B + B5γ

5

v
qνγλγρ

]
ℓ(−p)ελX

µ ϵµνλρ,

where A, A5, B, B5 are factors that go to ∞.
Unfortunately, there are no non-trivial values of the theory’s coupling parameters
(ΘW 1, ΘW 2, cz , cγ , cγh and czh) that would satisfy the condition of absence of
divergences A = A5 = B = B5 = 0.

This is true and in the case of calculations in the unitary and Rξ gauge.

Yu. Borysenkova, V. Gorkavenko, I. Hrynchak, O. Khasai, and M. Tsarenkova. Divergences in the effective

interaction between Chern-Simons bosons and fermions. arXiv, 2505.12550, 2025.

Yu. Borysenkova, V. Gorkavenko, I. Hrynchak, O. Khasai, M. Tsarenkova. Divergences in the effective loop

interaction of the Chern-Simons bosons with leptons. The unitary gauge case, Ukr. J. Phys. 69, 897 (2024).
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Conclusions

We considered one of the possible SM extensions, the vector CS portal.

Unfortunately, the low-energy dimension-4 Lagrangian of interaction

L(4)
CS = czϵ

µνλρXµZν∂λZρ+cγϵ
µνλρXµZν∂λAρ+

{
cw ϵ

µνλρXµW
−
ν ∂λW

+
ρ +h.c .

}
is the Lagrangian of the non-renormalized interaction.

Since the initial interaction of the CS bosons with SM fields is given by
dimension-6 operators, we conclude that interaction of the CS boson with
fermions of the same flavour should be considered within the framework of
the Effective Field Theory approach

Lint
Xff = f̄ γµ(αf + βf γ

5)f Xµ +
mf

v2
f̄ σµν(γf + δf γ

5)f Xµν + L′
Xff ,

where αf , βf , γf , δf are new parameters of theory.

It is bad for the sensitivity region of the collider experiments computation,
because many new parameters appear in the theory.
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