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Abstract

In this paper, we consider the extension of the Standard Model with Chern-
Simons type interaction. There is a new vector massive boson (Chern-Simons
bosons) in this extension. Using only three-particle dimension-4 interaction of the
Chern-Simons bosons with vector bosons of the SM we consider effective loop inter-
action of a new vector boson with leptons. We consider the renormalizability of this
loop interaction and conclude that for the case of computation of loop diagrams in
the unitary gauge, we can not get rid of the divergences in the effective interaction
of the Chern-Simons bosons with leptons.

1 Introduction

Despite the success of the Standard Model (SM) [1] in describing numerous collider
experiments, SM is not a complete theory because it cannot explain phenomena such
as active neutrino oscillation (see e.g. [2–4]), baryon asymmetry of the Universe (see
e.g. [5–7]), dark matter (see e.g. [8–10]). In all likelihood, the SM needs to be extended
to include new particles and new interactions.

It may turn out that SM has a hidden sector with many new particles and some of these
particles are not relevant to solving problems of the SM. We do not detect new particles
because they are quite heavy or light but very feebly interact with particles of the SM.
If the new particles are quite heavy and can not be produced at current accelerators, we
hope they will be detected at more powerful future accelerators such as FCC [11,12]. But
if the new particles are light they can be found at existing accelerators nowadays, see
e.g. [13–15], in the intensity frontier experiments such as MATHUSLA [16], FACET [17],
FASER [18,19], SHiP [20, 21], NA62 [22–24], DUNE [25,26], etc.

We don’t know what type of particles of the new physics they will be. They can be
scalar [27–29], pseudoscalar (axionlike) [30–33], fermion [34–37], or vector (dark photons)

1

http://arxiv.org/abs/2405.00164v1


[38–40] particles, see reviews [16, 21]. In this paper, we consider the extension of the
Standard Model with Chern-Simons type interaction with a new massive vector boson
(Chern-Simons bosons or CS bosons in the following). The Chern-Simons interactions
appear in various theoretical models, including extra dimensions and the string theory,
see e.g. [41–46]. The minimal gauge-invariant Lagrangian of the interaction of the CS
bosons with SM particles has a form of 6-dimension operators [21, 47]:

L1 =
CY

Λ2
Y

·Xµ(DνH)†HBλρ · ǫ
µνλρ + h.c., (1.1)

L2 =
CSU(2)

Λ2
SU(2)

·Xµ(DνH)†FλρH · ǫµνλρ + h.c., (1.2)

where ΛY , ΛSU(2) are new scales of the theory; CY , CSU(2) are new dimensionless coupling
constants; ǫµνλρ is the Levi-Civita symbol (ǫ0123 = +1); Xµ – CS vector bosons; H – scalar

field of the Higgs doublet; Bµν = ∂µBν−∂νBµ, Fµν = −ig
3

∑

i=1

τ i

2
V i
µν – field strength tensors

of the UY (1) and SUW (2) gauge fields of the SM.
After the electroweak symmetry breaking Lagrangians (1.1), (1.2) generate (among

other terms of higher dimensions) Lagrangian of three fields interactions in the form of
4-dimension operators:

LCS = czǫ
µνλρXµZν∂λZρ + cγǫ

µνλρXµZν∂λAρ +
{

cwǫ
µνλρXµW

−
ν ∂λW

+
ρ + h.c.

}

, (1.3)

where Aµ is the electromagnetic field; W±
µ and Zµ are fields of the weak interaction; and

cz, cγ, cw are some dimensionless independent coefficients. Coefficients cz and cγ are real,
but cw can be complex. As one can see, there is no direct interaction of the CS vector
boson Xµ with fields of the matter.

If one rewrites the coefficients before operators in (1.1), (1.2) as CY /Λ
2
Y = C1/v

2

and CSU(2)/Λ
2
SU(2) = C2/v

2, where C1 = c1 + ic1i and C2 = c2 + ic2i are dimensionless
coefficients, then in unitary gauge one can obtain

cz = −c1ig
′ +

c2
2
g2, (1.4)

cγ = c1ig +
c2
2
gg

′

, (1.5)

cw =
c2 + ic2i

2
g2 ≡ ΘW1 + iΘW2. (1.6)

Effective interaction of the CS bosons with quarks of different flavours was considered
in [48–50]. It was shown that in this case divergent part of the loop diagrams (containing
only W± bosons) is proportional to a non-diagonal element of the unity matrix U+U (U is
the Cabibbo–Kobayashi–Maskawa matrix) and is removed. It allows one to construct an
effective Lagrangian of the interaction of the CS bosons with quarks of different flavours
and compute the GeV-scale CS bosons’ production in decays of meson. At the same time,
it was shown that effective interaction of the CS bosons with quarks of the same flavours
or with leptons contains divergence. This divergence can not be removed via counterterms
of the CS boson interaction with fermions because the initial Lagrangian does not contain
these terms.
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Figure 1: Diagrams of the CS boson’s decay into leptons in the unitary gauge.

The question of the effective interaction of the CS bosons with fermions of the same
flavour is very important. Solving this problem will make it possible to find all decay
channels of the CS boson and compute the CS boson’s lifetime, which in turn will allow
us to compute the sensitivity region of the intensity frontier experiments for searching the
CS boson.

In this paper, we will consider the effective interaction of the CS bosons with leptons
and compute all corresponding loop diagrams (containing W±, Z bosons, and photons)
in the unitary gauge. We will be interested in the processes of decay of the CS boson into
a lepton pair ℓ+ℓ− (ℓ = e, µ, τ) and neutrinos. We want to check whether there will be a
cancellation of divergences when taking into account all corresponding diagrams.

2 Lepton pair production in the CS boson decays.

Direct computations

In the unitary gauge to compute the amplitude of the CS boson’s decay into leptons
one has to take into account the following diagrams presented in Fig.1, where for the
vertex of the CS boson interaction with vector fields (1.3) we have the following rules, see
Fig.2
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Figure 2: Vertex diagrams of the interaction of the CS boson with vector fields of the
SM in accordance with (1.3).

XWW − (cWp− c∗Wk)λǫ
µνλρ, (2.1)

XZZ − cZpλǫ
µνλρ, (2.2)

XZA − cγpλǫ
µνλρ. (2.3)

One also has to take into account two diagrams with vertex XZZ in Fig.1b (line with a
derivative from Z from the left side or the right side of the diagram).

2.1 Production via XWW interaction

Lepton pair production via XWW interaction is described by the diagrams a and e in
Fig.1. The amplitude of the lepton pair production via diagram e in Fig.1 is identically
equal to zero due to the presence of the Levi-Civita symbol in the vertex of XWW
interaction. The amplitude of the lepton pair production in the CS boson decays via
diagram a in Fig.1 is given by

MWW
fi =

g2

2
ℓ̄(p′)P̂RI

µ̄
W P̂Lℓ(−p)ǫλX

µ̄ , (2.4)

where g is SU(2)L coupling, PL(R) = (1− (+)γ5)/2,

I µ̄W =

∫

d4k

(2π)4
γµGν(−p− k)DW

µρ̄(k + q) [cω(k + q)λ̄ + c∗ωkλ̄]D
W
ν̄ν(k)γ

νǫµ̄ν̄λ̄ρ̄ (2.5)

and

Gf (p) =
mf+ 6 p

m2
f − p2

, DV
µν(k) = gµν −

kµkν
M2

V

(2.6)

are propagators for vector field V in unitary gauge and for fermion f .
After computation using the technique of α (Schwinger) representation, see e.g. [51],

one can get similarly to [50]:

I µ̄W = Λ̂νℓW
0

{

γρ̄( 6 P− 6p)γν̄
{

Θ1
W (q − 2P)λ̄ + iΘ2

W qλ̄
}

+

+
qλ̄
M2

W

Pν̄γρ̄
[

c∗w {2(pP)+ 6q 6 P− 6q 6p} − 2Θ1
WP2 + 2iΘ2

W 6p 6 P
]

}

ǫµ̄ν̄λ̄ρ̄+

+ Λ̂νℓW
1

{

(−iΘ1
W )γρ̄γλ̄γν̄ +

qλ̄
M2

W

[

i
c∗w
2
γρ̄ 6q γν̄ − 6iΘ1

Wγρ̄Pν̄ −Θ2
Wγρ̄ 6pγν̄

]}

ǫµ̄ν̄λ̄ρ̄. (2.7)
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where
P = xp + yq (2.8)

and Λ̂fgV
0 , Λ̂fgV

1 are integral operators acting on some function:

Λ̂fgV
0 u(x, y) =

iπ2

(2π)4

∫ 1

0

dx

∫ 1−x

0

dy
u(x, y)

DfgV (x, y)
, (2.9)

Λ̂fgV
1 u(x, y) =

−π2

(2π)4

∫ 1

0

dx

∫ 1−x

0

dy u(x, y) ln
Λ2x

DfgV (x, y)
, (2.10)

DfgV (x, y) = xm2
f − x(1− x)m2

g + (1− x)M2
V − y(1− x− y)M2

X , (2.11)

Λ is some constant with dimension of mass (it should be put to infinity in the final result,
Λ → ∞). So, the divergent part of the loop diagram is hidden in the operator Λ̂fgV

1 .

2.2 Production via XZZ interaction

The amplitude of the lepton pair production via XZZ interaction is described by the
diagram b in Fig.1

MZZ
fi =

g2

4 cos2 θW
ℓ̄(p′) P̂ZI

µ̄
ZP̂Z ℓ(−p)ǫλX

µ̄ , (2.12)

where
P̂Z = tℓ3(1− γ5)− 2qℓ sin

2 θW , P̂Z = tℓ3(1 + γ5)− 2qℓ sin
2 θW (2.13)

and

I µ̄Z =

∫

d4k

(2π)4
γµGℓ(−p− k)DZ

µρ̄(k + q)cZ(2k + q)λ̄D
Z
ν̄ν(k)γ

νǫµ̄ν̄λ̄ρ̄, (2.14)

where Gf(p) and DV
µν were defined in (2.6), θW is Weinberg angle, qf is electric charge of

lepton ℓ in the unites of proton charge and tℓ3 is the third component of the weak isospin
(+1/2 for neutrinos and −1/2 for electrically charged leptons).

One can get

I µ̄Z = mℓcZΛ̂
ℓℓZ
0

{

γρ̄γν̄(q − 2P)λ̄ +
q λ̄

M2
Z

Pν̄ 6q γρ̄

}

ǫµ̄ν̄λ̄ρ̄+

+ cZΛ̂
ℓℓZ
0

{

γρ̄( 6 P− 6p)γν̄(q − 2P)λ̄ +
qλ̄
M2

Z

Pν̄γρ̄
(

−2P2 + 2(pP)+ 6q 6 P− 6q 6p
)

}

ǫµ̄ν̄λ̄ρ̄+

+ icZΛ̂
ℓℓZ
1

{

−γρ̄γλ̄γν̄ +
qλ̄
M2

Z

[

γρ̄ 6qγν̄
2

− 6γρ̄Pν̄

]}

ǫµ̄ν̄λ̄ρ̄, (2.15)

where Λ̂ℓℓZ
0 , Λ̂ℓℓZ

1 are defined in (2.9) and (2.10).

2.3 Production via XZA interaction

The amplitude of the lepton pair production via XZA interaction is described by the
diagrams c,d in Fig.1

MAZ
fi =

gqfe

2 cos θW
ℓ̄(p′)I µ̄ZAℓ(−p)ǫλX

µ̄ , (2.16)
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where

I µ̄ZA = cγ

∫

d4k

(2π)4

[

P̂Zγ
µGℓ(−p− k)DZ

µρ̄(k + q)kλ̄D
γ
ν̄ν(k)γ

ν+

+ γµGℓ(−p− k)Dγ
µρ̄(k + q)(k + q)λ̄D

Z
ν̄ν(k)γ

νP̂Z

]

ǫµ̄ν̄λ̄ρ̄ = cγP̂ZI
µ̄
ZA1 + cγI

µ̄
ZA2P̂Z , (2.17)

P̂Z , P̂Z are defined by (2.13), Gf (p) and DV
µν were defined in (2.6).

One can get

I µ̄ZA1 = −mf

[

Λ̂1,ℓZγ
0

{

γρ̄ +
qρ̄
M2

Z

( 6 P− 6q )

}

γν̄Pλ̄ + Λ
(1γ)
1

i

2

qρ̄
M2

Z

γλ̄γν̄

]

ǫµ̄ν̄λ̄ρ̄+

+ Λ̂1,ℓZγ
0

{

γρ̄( 6p− 6P)γν̄ +
qρ̄
M2

Z

[

( 6 P 6p− P2)γν̄− 6q ( 6p− 6P)γν̄
]

}

Pλ̄ǫ
µ̄ν̄λ̄ρ̄+

+ Λ1,ℓZγ
1

i

2

{

−γρ̄γλ̄ +
qρ̄
M2

Z

(γλ̄ 6p+ 6q γλ̄ − 6Pλ̄)

}

γν̄ǫ
µ̄ν̄λ̄ρ̄ (2.18)

and

I µ̄ZA2 = −mf

[

Λ̂2,ℓZγ
0 γρ̄

{

γν̄(Pλ̄ − qλ̄) +
qλ̄
M2

Z

6 PPν̄

}

+ Λ
(2γ)
1

i

2
γρ̄

qλ̄
M2

Z

γν̄

]

ǫµ̄ν̄λ̄ρ̄+

+ Λ̂2,ℓZγ
0 γρ̄

{

( 6p− 6P)(Pλ̄ − qλ̄)γν̄ +
qλ̄
M2

Z

( 6p 6 P − P2)Pν̄

}

ǫµ̄ν̄λ̄ρ̄+

+ Λ2,ℓZγ
1

i

2
γρ̄

{

−γλ̄γν̄ +
qλ̄
M2

Z

( 6pγν̄ − 6Pν̄)

}

ǫµ̄ν̄λ̄ρ̄, (2.19)

where Λ̂i,ℓZγ
0 , Λ̂i,ℓZγ

1 (i = 1, 2) are integral operators acting on a some function

Λ̂i,ℓZγ
0 u(x, y) = i

π2

(2π)4

∫ 1

0

dx

∫ 1−x

0

dy
u(x, y)

Di,ℓZγ(x, y)
, (2.20)

Λ̂i,ℓZγ
1 u(x, y) = −

π2

(2π)4

∫ 1

0

dx

∫ 1−x

0

dy u(x, y) ln
Λ2x

Di,ℓZγ(x, y)
, (2.21)

and

D1,ℓZγ(x, y) = x2m2
ℓ + yM2

Z − y(1− x− y)M2
X , (2.22)

D2,ℓZγ(x, y) = x2m2
ℓ + (1− x− y)M2

Z − y(1− x− y)M2
X . (2.23)

3 Combining divergent parts of diagrams in the

direct approach

Let us look only at divergent parts of the diagrams (2.4), (2.12), (2.16) to find the
possible conditions for cancellation of divergences. It is the parts containing corresponding
operators Λ̂j

1, see (2.10), (2.21). We can see, that different Λ̂j
1 operators contain equal

divergent parts

Λ̂j
1 =

−π2

(2π)4

∫ 1

0

dx

∫ 1−x

0

dy

[

ln
Λ2

M2
W

+ ln
M2

Wx

Dj(x, y)

]

=
−π2

2(2π)4
ln

Λ2

M2
W

+ Λ̂j,finite
1

= L+ Λ̂j,finite
1 . (3.1)
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We can write the following useful relation for the operator

Λ̂j
1x = L/3 + Λ̂j,finite

1 x, (3.2)

where

L =
−π2

2(2π)4
ln

Λ2

M2
W

→ ∞. (3.3)

The part of Mfi = MWW
fi +MZZ

fi +MAZ
fi proportional to divergent quantity L is given

by
Mdiv

fi = L · ℓ̄(p′)Iµℓ(−p)ǫλX

µ , (3.4)

where

Iµ = Aγρ̄γλ̄γν̄ǫ
µ̄ν̄λ̄ρ̄ +Bqλ̄γρ̄ 6 qγν̄ǫ

µ̄ν̄λ̄ρ̄ + Cqλ̄γρ̄ 6 pγν̄ǫ
µ̄ν̄λ̄ρ̄ +Dqλ̄γρ̄pν̄ǫ

µ̄ν̄λ̄ρ̄, (3.5)

A = γ5g

2

[

Θ1
Wg

2
+

czg

cos2 θW
tf3

[

tf3 − 2qf sin
2 θW

]

+
cγqfe

cos θW
tf3

]

−

−
g

2

[

Θ1
W g

2
+

czg

cos2 θW

(

tf3

[

tf3 − 2qf sin
2 θW

]

+ 2q2f sin
4 θW

)

+
cγqfe

cos θW

(

tf3 − 2qf sin
2 θW

)

]

,

(3.6)

B = −γ5 g

4M2
W

[

c∗wg

2
+ czgt

f
3

[

tf3 − 2qf sin
2 θW

]

+ cγqfe cos θW tf3

]

+

+
g

4M2
W

[

c∗wg

2
+ czg

(

tf3

[

tf3 − 2qf sin
2 θW

]

+ 2q2f sin
4 θW

)

+ cγqfe cos θW

(

tf3 − 2qf sin
2 θW

)

]

,

(3.7)

C = iΘ2
W

g2

4M2
W

(1− γ5), (3.8)

D = γ5 g

3M2
W

[

Θ1
Wg

2
+ czgt

f
3

[

tf3 − 2qf sin
2 θW

]

+ cγqfe cos θW tf3

]

−

−
g

3M2
W

[

Θ1
Wg

2
+ czg

(

tf3

[

tf3 − 2qf sin
2 θW

]

+ 2q2f sin
4 θW

)

+ cγqfe cos θW

(

tf3 − 2qf sin
2 θW

)

]

.

(3.9)

It would be good if there were some relationships between coefficients like (1.4) – (1.6),
under which the condition A = B = C = D = 0 would be satisfied. But that’s not true.

Putting C = 0, one gets Θ2
W = 0, so cw = c∗w = Θ1

W . Unfortunately, there is no
relationship between the couplings Θ1

W , cZ , cγ in which the conditions A = B = D = 0
are simultaneously satisfied.

Expressions (2.5), (2.15), and (2.17) contain linear divergent integrals. They will
change when the integration variable is shifted by a constant, as in the case of considering
the chiral anomaly, see [52]. However, such a change of variables will cause the value
of the integrals to change only by a finite amount. So, expressions for A – D will not
change.
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4 Conclusions

In this paper, we considerd the extension of the Standard Model with Chern-Simons
type interaction. Limiting ourselves to considering only three-particle dimension-4 inter-
action of the Chern-Simons bosons with vector bosons of the SM (1.3) we considered the
effective loop interaction of a new vector boson with leptons.

As was shown in [48–50] the effective loop interaction (with only W -bosons in the loop)
of the CS bosons with fermions of different flavours (quarks) does not contain divergences,
but interactions with fermions of the same flavours suffer from divergences. But the initial
interaction Lagrangian (1.3) has no direct interaction of the CS boson with fermions, so
we cannot use counterterms to eliminate the divergences. Therefore, the interaction of
the CS bosons with vector bosons of the SM is self-consistent only if divergences will be
eliminated accounting for all appropriate loop diagrams including interactions in the loop
of types XWW , XZZ, and XZA.

We considered loop diagrams with all possible three-particle vertices, see Fig.1, and
concluded that for the case of computation of loop diagrams in the unitary gauge, we can
not get rid of the divergences in the effective interaction of the Chern-Simons bosons with
fermions of the same flavours (leptons). For definitive conclusions, the problem requires
a more detailed consideration within the framework of non-unitary gauge.
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