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1 Introduction

Since the discovery of neutrino oscillations [1–4], it has been well understood that neu-
trinos have tiny masses and that their flavour eigenstates are different from, but merely
superpositions of their mass eigenstates. The mismatch between the flavour and mass basis
is described by lepton flavour mixing. The most important lepton flavour question mixing
remaining is whether CP is violated. A large CP violation is supported by the combined
analysis of current accelerator neutrino oscillation data [5] in the appearance channel of
neutrino oscillations [6, 7]. The next-generation large-scale neutrino experiments DUNE
and T2HK are projected to observe CP violation in the near future [8–10].

On the theoretical side, the origin of finite but tiny neutrino masses is still unknown.
The canonical seesaw mechanism [11–16] and its numerous variations are proposed to solve
this problem. The basic idea is that the small masses of left-handed neutrinos are attributed
to the existence of much heavier right-handed Majorana neutrinos. In this elegant picture
the flavour states are dominantly superpositions of massless left-handed neutrinos but also,
to a smaller degree, their heavy right-handed counterparts. The minimal seesaw model [17]
is a simplified version of the canonical seesaw mechanism with only two right-handed
neutrinos, which has been studied in depth [18]. The seesaw mechanism induces new sources
of CP violation in the heavy neutrino sector, providing the so-called leptogenesis, as one
of the most popular mechanisms to explain the observed matter-antimatter asymmetry in
our Universe [19].

Neutrinos are usually considered as electrically neutral particles which do not par-
ticipate in tree-level electromagnetic interactions. However, they may have electric and
magnetic dipole moments appearing at loop level. The study of the neutrino dipole mo-
ment dates back four decades [20–23]. In the Standard Model (SM), weak charged current
interactions contribute in the loops and induce non-zero dipole moment for neutrinos [24–
31], see also in [32–34]. A transition dipole moment between two different neutrino mass
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eigenstates can trigger a heavier neutrino radiatively decaying to a lighter neutrino through
the release of a photon. In fact, if neutrinos are Majorana particles, the property that Ma-
jorana fermions are their own antiparticles implies that neutrinos have only a transitional
component to their dipole moment [35].

In various studies of the neutrino dipole moment in the literature, CP symmetry is
always considered as an explicit symmetry for the relevant mass regions of neutrinos. How-
ever, a CP violating dipole moment has many interesting phenomenological applications.
It may contribute to leptogenesis to explain the observed baryon-antibaryon asymmetry in
our Universe [36]. It also provides a source of a circular polarisation of photons in the sky
for a suitable range of neutrino masses, [37]. In ref. [38], the general conditions required to
generate CP violation in the dipole moment was elucidated as well as the CP asymmetry
based on a widely studied Yukawa interaction. The latter was applied to both left- and
right-handed neutrino radiative decay scenarios as well as searches for dark matter via
direct detection and collider signatures.

This work will focus on discussing CP violation in the neutrino dipole moment with
right-handed neutrinos. We will provide the one-loop calculation of the CP asymme-
try of the neutrino transition dipole moment in full detail in the framework of the SM
with the addition of SU(2)L-singlet right-handed neutrinos. In section 2, we review the
model-independent neutrino dipole moment written in terms of form factors producing CP
violation. Section 3 contributes to a comprehensive analytical one-loop calculation of form
factors. Finally, a numerical scan of the CP asymmetry with inputs of current neutrino
oscillation data is performed in section 4. We summarise our results in section 5.

2 Neutrino electromagnetic dipole moment with CP violation

In this section we give a brief review of the framework for CP violation in neutrino radiative
decays. We refer to our former paper ref. [38] for the detailed derivation. Discussions in
section 2.1 assumes neutrinos are Dirac particles. The extension to Majorana neutrinos
will be given in section 2.2.

2.1 Form factors for Dirac neutrino

Assuming the decaying fermion is a Dirac particle, amplitudes for the processes νi → νfγ+
and νi → νfγ−, with respect to the photon polarisation + and − are given by

iM(νi → νfγ±) = iū(pf )Γµfi(q2)u(pi)ε∗±,µ(q) , (2.1)

where u(pi) and u(pf ) are spinors for the initial νi and final νf state neutrinos respec-
tively, and the photon momentum q = pi − pf . The vertex function Γµfi(q2) can in general
be decomposed into four terms, electric charge, magnetic dipole moment, electric dipole
moment and the anapole form factors [28–30, 39]. Without introducing a source for the
electric charge, the neutrino will remain electrically neutral forever. By requiring the pho-
ton to be on-shell q2 = 0 and choosing the Lorenz gauge q · εp = 0, the anapole does not
contribute to Γµfi. Therefore, the vertex function is simplified to [28–30, 39]

Γµfi(q2 = 0) = −fM
fi (iσµνqν) + fE

fi (iσµνqνγ5) , (2.2)
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where fE
fi and fM

fi are the electric and magnetic transition dipole moments of νi → νfγ

respectively. It is helpful to rewrite it in the chiral form

Γµfi(0) = iσµνqν [fL
fiPL + fR

fi PR] , (2.3)

where fL,R
fi = −fM

fi ± ifE
fi and the chiral projection operators are defined as PL,R = 1

2(1∓
γ5) [38]. The amplitudesM(νi → νfγ±) are directly correlated with the coefficients as [38]

M(νi → νfγ+) =
√

2fL
fi (m2

i −m2
f ) , M(νi → νfγ−) = −

√
2fR

fi (m2
i −m2

f ) . (2.4)

With the above justification, decay widths for νi → νfγ±, after averaging over the spin for
the initial neutrino, can be written in a simple form

Γ(νi → νfγ+) = A|fL
fi |2 , Γ(νi → νfγ−) = A|fR

fi |2 , (2.5)

with A = (m2
i −m2

f )3/(16πm3
i ). The total radiative decay width Γ(νi → νfγ) is obtained

by summing the decay widths for νi → νfγ+ and νi → νfγ−.
For antineutrinos, amplitudes for ν̄i → ν̄fγ+ and ν̄i → ν̄fγ− are given by

iM(ν̄i → ν̄fγ±) = iv̄(pi)Γ̄µif (q
2)v(pf )ε∗±,µ(q) , (2.6)

respectively, where v(pi) and v(pf ) are antineutrino spinors. The vertex function Γ̄µif when
the photon is on-shell is consequently written in a similar form as shown in eq. (2.3),

Γ̄µif (0) = iσµνqν [f̄L
ifPL + f̄R

if PR] . (2.7)

Where CPT invariance ensures f̄L
if = −fL

if , and f̄R
if = −fR

if [40]. Hence, amplitudesM(ν̄i →
ν̄fγ+) are simplified to [38]

M(ν̄i → ν̄fγ+) =
√

2fL
if (m2

i −m2
f ) , M(ν̄i → ν̄fγ−) = −

√
2fR

if (m2
i −m2

f ) . (2.8)

The antineutrino decay widths are then given by Γ(ν̄i → ν̄fγ+) = A
∣∣∣fL

if

∣∣∣2 and Γ(ν̄i →

ν̄fγ−) = A
∣∣∣fR

if

∣∣∣2.
In [38], we have defined a set of CP asymmetries between neutrino radiative decay and

antineutrino radiative decay. In terms of ratios specifying photon polarisations, we may
write

∆CP,+ = Γ(νi → νfγ+)− Γ(ν̄i → ν̄fγ−)
Γ(νi → νfγ) + Γ(ν̄i → ν̄fγ) , ∆CP,− = Γ(νi → νfγ−)− Γ(ν̄i → ν̄fγ+)

Γ(νi → νfγ) + Γ(ν̄i → ν̄fγ) ,

(2.9)
which can further be simplified to

∆CP,+ = |fL
fi |2 − |fR

if |2

|fL
fi |2 + |fR

fi |2 + |fR
if |2 + |fL

if |2
, ∆CP,− = |fR

fi |2 − |fL
if |2

|fL
fi |2 + |fR

fi |2 + |fR
if |2 + |fL

if |2
. (2.10)

In the case of CP conservation, fL,R
if = [fR,L

fi ]∗, we arrive at vanishing CP asymmetries
∆CP,+ = ∆CP,− = 0.
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2.2 Form factors for Majorana neutrinos

We now extend the discussion to Majorana neutrinos. The Majorana field satisfies ν =
CνT , where C is the charge-conjugation matrix. Compared with the Dirac field which
contains independent left-handed and right-handed components νL ≡ PLν and νR ≡ PRν,
the Majorana field enforces the right-handed component to be the charge conjugation of
the left-handed component, i.e., PRν = CνL

T , leading to the quantisation in the form
ν ∼ au(p)e−ip·x + a†v(p)eip·x. Taking this into account and applying the parametrisation
in eqs. (2.1) and (2.6), the amplitude for νi → νfγ± is proven to be

iMM(νi → νfγ±) = iū(pf )Γµfi(q2)u(pi)ε∗±,µ(q)− iv̄(pi)Γµif (q
2)v(pf )ε∗±,µ(q) (2.11)

in the Majorana case [40]. It can be explained as the sum of amplitudes of the Dirac neu-
trino radiative decay and antineutrino radiative decay channels, i.e., iMM(νi → νfγ±) =
iM(νi → νfγ±)+ iM(ν̄i → ν̄fγ±). Taking the explicit formulas for the amplitudes given in
eq. (2.4) and eq. (2.8), we obtain results with definite spins in the initial and final states as

MM(νi → νfγ+) = +
√

2[fL
fi −fL

if ](m2
i −m2

f ) , MM(νi → νfγ−) = −
√

2[fR
fi −fR

if ](m2
i −m2

f ) .
(2.12)

The decay widths are given by ΓM(νi → νfγ+) = A|fL
fi − fL

if |2 and ΓM(νi → νfγ−) =
A|fR

fi − fR
if |2.

For Majorana fermions, the CP violation is identical to that obtained from P -violation
alone i.e. the CP asymmetry is essentially the same as the asymmetry between the two
polarised photons. Hence, we have

∆M
CP,+ = −∆M

CP,− = ΓM(νi → νfγ+)− ΓM(νi → νfγ−)
ΓM(νi → νf + γ) = |f

L
fi − fL

if |2 − |fR
fi − fR

if |2

|fL
fi − fL

if |2 + |fR
fi − fR

if |2
.

(2.13)
For simplicity, we make the assignment ∆CP ≡ ∆M

CP,+ for use in the following phenomeno-
logical discussions.

3 CP violating form factors induced by charged-current interactions

We present below, the one-loop calculation of neutrino radiative decay νi → νfγ for massive
neutrinos with the existence of CP violation. We work in the framework of the SM extended
with an arbitrary number of SU(2)L-singlet right-handed neutrinos in the Feynman gauge.
The crucial operator for the charged-current interaction is

Lc.c. =
∑
α,m

g√
2
Uαm ¯̀

αγ
µPLνmW

−
µ + h.c. , (3.1)

where g is the electroweak (EW) gauge coupling constant, α is an index that represents
charged lepton flavours α = e, µ, τ and m is an index that represents the neutrino mass
eigenstates. In particular, νm = ν1, ν2, ν3 represent three light neutrino mass eigenstates
and νm = N1, N2, . . . representing heavy neutrino mass eigenstates. The matrix Uαm
denotes the lepton flavour mixing accounting for heavy neutrino mass eigenstates.
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Figure 1. All Feynman diagrams contributing to the neutrino electromagnetic transition dipole
moment, where χ is the charged Goldstone boson.

The one-loop Feynman diagrams for the radiative decay via the SM charged current
interaction are shown in figure 1. The vertex functions of each proper vertex diagram in
figure 1 is given by

Γµ,(1)
fi,α = i

eg2

2 UαiU∗αf

∫ d4p

(2π)4
γνPL(/pf−/p+mα)γµ(/pi−/p+mα)γνPL

[(pf−p)2−m2
α][(pi−p)2−m2

α][p2−m2
W ]

,

Γµ,(2)
fi,α = i

eg2

2 UαiU∗αf

∫ d4p

(2π)4
(mfPL−mαPR)(/pf−/p+mα)γµ(/pi−/p+mα)(mαPL−miPR)

m2
W [(pf−p)2−m2

α][(pi−p)2−m2
α][p2−m2

W ]
,

Γµ,(3)
fi,α = i

eg2

2 UαiU∗αf

∫ d4p

(2π)4
γρPL(/p+mα)γνPLV

µνρ

[(pf−p)2−m2
W ][(pi−p)2−m2

W ][p2−m2
α]
,

Γµ,(4)
fi,α = i

eg2

2 UαiU∗αf

∫ d4p

(2π)4
(2p−pi−pf )µ(mfPL−mαPR)(/p+mα)(mαPL−miPR)

m2
W [(pf−p)2−m2

W ][(pi−p)2−m2
W ][p2−m2

α]
,

Γµ,(5)
fi,α = i

eg2

2 UαiU∗αf

∫ d4p

(2π)4
γµPL(/p+mα)(mαPL−miPR)

[(pf−p)2−m2
W ][(pi−p)2−m2

W ][p2−m2
α]
,

Γµ,(6)
fi,α = i

eg2

2 UαiU∗αf

∫ d4p

(2π)4
(mαPR−mfPL)(/p+mα)γµPL

[(pf−p)2−m2
W ][(pi−p)2−m2

W ][p2−m2
α]
, (3.2)

where

V µνρ = gµν(2pi − p− pf )ρ + gρµ(2pf − p− pi)ν + gνρ(2p− pi − pf )µ . (3.3)

The non-vanishing CP asymmetry requires two conditions. Namely, a CP violating
contribution from coefficients of tree-level vertices and an imaginary part coming purely
from loop kinematics [38]. In the present work, the first condition is satisfied by the
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complex phases in the lepton flavour mixing matrix U and will be discussed in more detail
in subsequent sections. Here, we first contend with the second condition by completing the
loop calculation and deriving its imaginary part analytically.

We follow the standard procedure to integrate the loop momenta with the help of the
Feynman parametrisation. Then, we apply the Gordon decomposition taking chirality into
consideration, and factorise dipole moment terms with coefficients as

Γµ,(k)
fi,α = eg2

4(4π)2UαiU∗αf iσ
µνqν

∫ 1

0
dxdydz δ(x+ y + z − 1)P(k) , (3.4)

where

P(1) = −2x(x+ z)miPR − 2x(x+ y)mfPL
∆αW (x, y, z) ,

P(2) = [xzm2
f − ((1− x)2 + xz)m2

α]miPR + [xym2
i − ((1− x)2 + xy)m2

α]mfPL
m2
W∆αW (x, y, z)

,

P(3) = [(1− 2x)z − 2(1− x)2]miPR + [(1− 2x)y − 2(1− x)2]mfPL
∆Wα(x, y, z) ,

P(4) = [xzm2
f − x(x+ z)m2

α]miPR + [xym2
i − x(x+ y)m2

α]mfPL
m2
W∆Wα(x, y, z)

,

P(5) = −zmiPR
∆Wα(x, y, z) ,

P(6) = −ymfPL
∆Wα(x, y, z) , (3.5)

and

∆Wα(x, y, z) = m2
W (1− x) + xm2

α − x(ym2
i + zm2

f ) ,
∆αW (x, y, z) = m2

α(1− x) + xm2
W − x(ym2

i + zm2
f ) . (3.6)

Eq. (3.4) can be further simplified to

Γµ,(k)
fi,α = eGF

4
√

2π2UαiU∗αf iσ
µνqν(Ffi,αmiPR + Fif ,αmfPL) . (3.7)

Here, F is derived from the sum of the integrals P(k)

Ffi,α =
∫ 1

0
dx
{(
m2

i−m2
α−2m2

W

) (
m2
α+m2

fx
2)+m4

fi,αx(
m2

i−m2
f
)2
x

log
(
m2
α+
(
m2
W−m2

α−m2
i
)
x+m2

i x
2

m2
α+
(
m2
W−m2

α−m2
f
)
x+m2

fx
2

)

+
(
m2

i−m2
α−2m2

W

) (
m2
α+m2

f (1−x)2)+m4
fi,α(1−x)(

m2
i−m2

f
)2
x

log
(
m2
W+

(
m2
α−m2

W−m2
i
)
x+m2

i x
2

m2
W+

(
m2
α−m2

W−m2
f
)
x+m2

fx
2

)}

+m2
f−m2

α−2m2
W

m2
i−m2

f
,

(3.8)
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where we define m4
fi,α = −(m2

i − m2
α − m2

W )(m2
f + m2

α − 2m2
W ) + 2m2

αm
2
W , and Fif ,α is

obtained by exchanging mi and mf . Therefore, we obtain the coefficients fL
fi , fL

if , fR
fi and

fR
if as

fL
fi = eGF

4
√

2π2UαiU∗αfFif ,αmf , fR
fi = eGF

4
√

2π2UαiU∗αfFfi,αmi ,

fL
if = eGF

4
√

2π2UαfU∗αiFfi,αmi , fR
if = eGF

4
√

2π2UαfU∗αiFif ,αmf . (3.9)

The integrals Ffi,α and Fif ,α in eq. (3.8) can be further simplified when the limit of
small neutrino masses, i.e., m2

i ,m
2
f � m2

α,m
2
W is considered. In this case, the logarithm

terms can be expanded in a series of m2
i and m2

f , and after a straightforward calculation,
we prove that both Ffi,α and Fif ,α are identical to F (m2

α/m
2
W ), where

F (a) = 3
4

(
2− a
1− a −

2a
(1− a)2 −

2a2 log a
(1− a)3

)
(3.10)

which is a well known result for the loop factor obtained in the studies of neutrino dipole
moments and radiative decays [26, 28].

We now outline how to obtain non-zero imaginary parts for Ffi,α and Fif ,α when
neutrinos have large masses. They include integral terms of the form

∫ 1
0 dxf(x) log g(x),

where g(x) is not always positive in the domain (0, 1). Instead, one can prove that there
is an interval (x1, x2) ⊂ (0, 1) where g(x) < 0 is satisfied, and x1 and x2 are solutions of
g(x) = 0. The real and imaginary parts in the integral can then be split into∫ 1

0
dxf(x) log g(x) =

∫ 1

0
dxf(x) log |g(x)|+ iπ

∫ x2

x1
dxf(x) . (3.11)

The imaginary part of
∫ x2
x1

dxf(x) can then be analytical obtained. In this way, we derive
the analytical expression for the imaginary part of Ffi,α as

Im(Ffi,α) = πϑ(mi−mW−mα)
{
m2

i−m2
α−2m2

W(
m2

i−m2
f
)2

[
−µ2

i
m2

f
m2

i
+m2

α log
(
m2

i +m2
α−m2

W+µ2
i

m2
i +m2

α−m2
W−µ2

i

)]

+
(
2m2

i−m2
f−m2

α−2m2
W

)
m2
W(

m2
i−m2

f
)2 log

(
m2

i−m2
α+m2

W+µ2
i

m2
i−m2

α+m2
W−µ2

i

)}

+πϑ(mf−mW−mα)
{
−m

2
i−m2

α−2m2
W(

m2
i−m2

f
)2

[
−µ2

f +m2
α log

(
m2

f +m2
α−m2

W+µ2
f

m2
f +m2

α−m2
W−µ2

f

)]

+
(
2m2

i−m2
f−m2

α−2m2
W

)
m2
W(

m2
i−m2

f
)2 log

(
m2

f−m2
α+m2

W+µ2
f

m2
f−m2

α+m2
W−µ2

f

)}
,

(3.12)

where ϑ(x) is the Heaviside step function, and

µ2
i =

√
m4

i +m4
α +m4

W − 2m2
im

2
α − 2m2

im
2
W − 2m2

αm
2
W ,

µ2
f =

√
m4

f +m4
α +m4

W − 2m2
fm

2
α − 2m2

fm
2
W − 2m2

αm
2
W . (3.13)
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Again, Im(Fif ,α) is obtained from Im(Ffi,α) by exchanging mi and mf . Some comments on
the imaginary part of Ffi,α are

• In order to generate a non-zero imaginary part in the loop integration, a threshold
condition for the initial neutrino mass is required. That is mi > mW +mα, namely,
initial neutrino mass larger than the sum of theW -boson mass and the charged lepton
mass. This is consistent with optical theorem as discussed in ref. [38].

• Taking the charged lepton flavour to be the electron, α = e, the threshold condition
for initial neutrino masses is simplified to mi > mW +me ≈ mW .

• There is a second contribution to the imaginary part of Ffi,α if the neutrino in the final
state satisfies the threshold condition, mf > mW + mα. Due to the sign difference,
it partly cancels with the first contribution.

With the above results, we are now able to obtain the most general result for CP
asymmetries in neutrino radiative decays. For Dirac neutrinos, recall eq. (2.10). We derive
the CP asymmetry between νi → νfγ+ and ν̄i → ν̄fγ− and between νi → νfγ− and
ν̄i → ν̄fγ+ as

∆D
CP,+ =

−
∑
α,β J if

αβIm(Fif ,αF∗if ,β)m2
f∑

α,βRif
αβ

[
Re(Ffi,αF∗fi,β)m2

i + Re(Fif ,αF∗if ,β)m2
f

] ,
∆D
CP,− =

−
∑
α,β J if

αβIm(Ffi,αF∗fi,β)m2
i∑

α,βRif
αβ

[
Re(Ffi,αF∗fi,β)m2

i + Re(Fif ,αF∗if ,β)m2
f

] , (3.14)

where α, β run for charged lepton flavours e, µ, τ and

J if
αβ = Im(UαiU∗αfU∗βiUβf ) , Rif

αβ = Re(UαiU∗αfU∗βiUβf ) . (3.15)

We now outline the contribution of coefficients to the tree-level vertices. We have intro-
duced a set of Jarlskog-like parameters J if

αβ to describe the CP violation from the vertex
contribution. This parametrisation follows the famous definition of the Jarlskog invariant
used to describe CP violation in neutrino oscillations [41, 42]. The Jarlskog-like parameters
are invariant under any phase rotation of charged leptons and neutrinos. If the Jarlskog-like
parameters vanish, no CP violation is generated in the neutrino transition dipole moment.

For Majorana neutrinos, the relevant CP asymmetries, via eq. (2.13), are given by

∆M
CP,+ = −∆M

CP,−

=
∑
α,β J if

αβ

[
Im(Ffi,αF∗fi,β)m2

i − Im(Fif ,αF∗if ,β)m2
f

]
− 2V if

αβIm(Ffi,αF∗if ,β)mimf∑
α,βRif

αβ

[
Re(Ffi,αF∗fi,β)m2

i + Re(Fif ,αF∗if ,β)m2
f

]
− 2Cif

αβRe(Ffi,αF∗if ,β)mimf
,

(3.16)

where

V if
αβ = Im(UαiU∗αfUβiU∗βf ) , Cif

αβ = Re(UαiU∗αfUβiU∗βf ) . (3.17)
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V if
αβ is another type of Jarlskog-like parameters which appears only for Majorana neutrinos.

It was first defined in the study of neutrino-antineutrino oscillations in the context of only
three light neutrinos [43]. They are invariant under phase rotations for charged lepton but
not for neutrinos.

4 CP violation in heavy neutrino radiative decays

In the rest of this paper, we will discuss the CP violating radiative decay in the seesaw
model, where the tiny masses for left-handed neutrinos are generated due to the suppression
of heavy right-handed neutrinos. We recall that the notation ∆CP = ∆M

CP,+ for Majorana
neutrinos is used.

We consider the minimal seesaw model where only two copies of right-handed neutri-
nos are introduced [17]. This is the minimal number required to generate two non-zero
mass square differences i.e. ∆m2

21 ≡ m2
2 − m2

1 and ∆m2
31 ≡ m2

3 − m2
1. We denote two

right-handed neutrino mass eigenstates as NI for I = 1, 2, with masses M1 < M2. The
following discussion is straightforwardly generalised to a canonical seesaw model with three
right-handed neutrinos. Including more copies of right-handed neutrinos just increases the
number of free model parameters.

The minimal seesaw model predicts one massless neutrino m1 = 0 in the normal mass
ordering (m1 < m2 < m3) and m3 = 0 in the inverted mass ordering (m3 < m1 < m2)
schemes. In this section, we will only consider the normal mass ordering as we don’t expect
the inverted mass ordering to make a significant difference. Moreover, the inverted ordering
is slightly disfavoured (∆χ2 = 6.2) by the current neutrino oscillation global fit data [44].
We take the best fit (in the 3σ ranges) of mass square differences in the normal ordering
scheme [44], this is

m2 =
√

∆m2
21 = 8.60 (8.24→ 8.95) meV ,

m3 =
√

∆m2
31 = 50.2 (49.3→ 51.2) meV . (4.1)

We recall once again the lepton charged-current interaction in eq. (3.1). The three light
neutrino mixing is represented by the first 3 × 3 submatrix of U , i.e., Uαi for α = e, µ, τ

and i = 1, 2, 3. In the case of negligible non-unitary effect, Uαi is parametrised as

U ≡

 c12c13 c13s12 s13e
−iδ

−c23s12 − c12s13s23e
iδ c12c23 − s12s13s23e

iδ c13s23
s12s23 − c12c23s13e

iδ −c12s23 − c23s12s13e
iδ c13c23


 e

iρ 0 0
0 eiσ 0
0 0 1

 , (4.2)

where cij = cos θij , sij = sin θij , θij (for ij = 12, 13, 23) are three mixing angles, δ is the
Dirac-type CP violating phase and ρ and σ are two Majorana-type CP violating phases.
U is a 3 × 3 unitary matrix, U †U = UU † = 13×3. The three mixing angles and the Dirac
CP violating phase for normal mass ordering are measured to be

θ13 = 8.61◦ (8.22◦ → 8.99◦) ,
θ12 = 33.82◦ (31.61◦ → 36.27◦) ,
θ23 = 48.3◦ (40.8◦ → 51.3◦) ,
δ = 222◦ (141◦ → 370◦) (4.3)

– 9 –



J
H
E
P
1
2
(
2
0
2
0
)
0
9
0

at the best fit (in the 3σ ranges) [44]. As we work in the minimal seesaw model where the
lightest neutrino mass m1 = 0 is massless, ρ is unphysical and will not be considered below.
We are left with two CP violating phases δ and σ from the mixing of light neutrinos.

Accounting for the non-unitary effect, namely, the fraction of heavy neutrinos con-
tributing to the flavour mixing Uα(I+3), which we denote as RαI from now on. Uαi is only
approximately equal to Uαi, Uαi = Uαi +O(RR†). RR† is constrained to be maximally at
milli-level [45, 46]. Therefore, Uαi ≈ Uαi is still a very good approximation.

The charged-current interaction for leptons in the mass eigenstates is now written as

Lc.c. =
∑

α=e,µ,τ

g√
2

¯̀
αγ

µPL
( ∑
i=1,2,3

Uαiνi +
∑
I=1,2

RαINI

)
W−µ +O(RR†) + h.c. . (4.4)

We use the Casas-Ibarra parametrisation [47] to express R in the form

RαI =
∑
i=1,2

UαiΩiI

√
mi+1
MI

. (4.5)

Here, Ω is a 2×2 complex orthogonal matrix satisfying ΩTΩ = ΩΩT = 1.1 We parametrise
it as

Ω =
(

cosω sinω
−ζ sinω ζ cosω

)
, (4.6)

where ω is a complex parameter and ζ = ±1. The two possible values of ζ correspond to
two distinct branches of Ω [48, 49]. The Yukawa coupling Y between lepton doublets and
right-handed neutrinos are directly connected with R via YαI = RαIMI/vH [50].

In the whole model, three CP violating parameters are induced, δ, σ and Im[ω], if
δ = 0, σ = 0 or π/2 and Im[ω] = 0, no CP violation can be generated.

The CP violation in the neutrino transition dipole moment can be checked by the study
of the CP asymmetry of neutrino radiative decay. There are three channels of interest,
νi → νjγ, NI → νiγ and N2 → N1γ. For the first channel, since the light neutrinos
have masses much lighter than the W boson, no CP violation can be generated. The CP
asymmetry for NI → νiγ is non-zero if NI has a massMI > mW +me ≈ mW . Note that in
this case, masses of three light neutrinos νi for i = 1, 2, 3 are negligible and photons released
in the relevant three channels are indistinguishable, so we sum these channels together and
calculate the overall CP asymmetry [cf. eq. (3.16)]

∆CP (NI → νγ) =
∑
i

∑
α,β J

(I+3)i
αβ Im(Fi(I+3),αF∗i(I+3),β)∑

i

∑
α,βR

(I+3)i
αβ Re(Fi(I+3),αF∗i(I+3),β)

. (4.7)

1In the case of three copies of right-handed neutrinos, Ω is a 3 × 3 matrix, this leads to each entry in
RαI for I = 1, 2, 3 to be expressed as

RαI =
∑
i=1,2,3

UαiΩiI
√

mi

MI
.
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Figure 2. The CP asymmetry (left panel) and branching ratio (right panel) for the radiative decay
process N2 → N1γ as a function of the heavy neutrino mass M2. Four different benchmarks for
the lightest right-handed neutrino M1 = 0.2M2, 0.5M2, 0.8M2 are considered as per the respective
plot legends. Values of ω are fixed at ω = 5 (top panel) and 5 − 5i (bottom panel), respectively.
In all cases, we use the best-fit oscillation data as inputs while we set ζ = 1 with a Majorana
phase σ = π/2.

This parameter is tiny, numerically confirmed to be maximally . 10−17. The reason
why it is so small can be understood as follows. Since mi is negligible, Fi(I+3),α =
F1(I+3),α, and ∆CP (NI → νγ) ∝

∑
i

∑
α,β J

(I+3)i
αβ =

∑
i

∑
α,β Im(Uα(I+3)U∗αiU∗β(I+3)Uβi) ≈∑

i

∑
α Im(Uα(I+3)U∗α(I+3)) = 0.

Finally, we focus on the CP asymmetry in N2 → N1γ, which is given by

∆CP (N2 → N1γ) =
∑
α,β J 54

αβ

[
Im(F45,αF∗45,β)M2

2−Im(F54,αF∗54,β)M2
1

]
−2V54

αβIm(F45,αF∗54,β)M2M1∑
α,βR54

αβ

[
Re(F45,αF∗45,β)M2

2 +Re(F54,αF∗54,β)M2
1

]
−2C54

αβRe(F45,αF∗54,β)M2M1
.

(4.8)
Here, Cif

αβ and V if
αβ were defined in eq. (3.17) and the Jarlskog-like parameters are given by

J 54
αβ = Im(Rα2R

∗
α1R

∗
β2Rβ1) and V54

αβ = Im(Rα2R
∗
α1Rβ2R

∗
β1).

The behaviour of the CP asymmetry as a function of the right-handed neutrino mass
M2 is shown in figure 2. We can see that the CP asymmetry of this channel is much larger
than that in N → νγ. In this figure, we vary M2 from 0.1 to 10TeV and consider three
benchmark scenarios where the mass ratio M1/M2 is fixed to 0.2, 0.5 and 0.8 respectively.
In all plots, we fix ζ = 1 and the Majorana phase σ = π/2. Therefore, no Majorana-type
CP violation is induced. We use the best-fit oscillation data as inputs which include a large
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CP violating value for δ. In the top panel, we fix ω to be real, ω = 5. Therefore, δ is the
only source of CP violation. We note that a large CP asymmetry ratio |∆CP | ∼ 10−5-10−3

is easily generated. Peaks of |∆CP | are generated due to the enhancement in the log term of
Im(Ffi,α) around M2 ≈ mW (cf. eq. (3.12)). Sharp changes refer to cancellations occurring
in ∆CP due to the selected values of inputs. In the bottom panel, ω = 5− 5i, both δ and
ω contribute to the CP violation. The constraints on |RR†| from the non-unitarity effect
has been included [45].

We also show the branching ratio B(N2 → N1γ) = Γ(N2 → N1γ)/ΓN2 . In the total
decay width ΓN2 , we include five main decay channels N2 → `−W+

L,T , νZL,T and νH [51].
Although the CP asymmetry is large, the branching ratio is suppressed as shown in the
right panel of figure 2, leading to very small ∆CP × B. We note that there is particularly
interesting phenomenology for ω = 5− 5i as the branching ratio is greatly enhanced when
assigning an imaginary part to ω. This is because the mixing R is enhanced by sinω and
cosω, which are both ∼ e|Im[ω]|. One can further increase the branching ratio to be much
larger than 10−13 by enlarging the imaginary part of ω, hence the combination ∆CP ×B is
also enhanced. Another feature of the right panels is that, in spite of the different orders of
magnitude, the shape profiles of the curves are almost the same between ω = 5 and 5− 5i.
This is because the inclusion of an imaginary part for ω simply changes the size of RαI but
rarely changes the correlation between the decay width and right-handed neutrino masses.

In figure 3 we show a numerical scan performed for M2 in the same range. We sample
M2 logarithmically in the range [0.1, 10]TeV and the ratioM1/M2 in the range [0.1, 1). The
blue points refer to purely real ω randomly sampled from [0, 2π). In this case, only two
of the CP violating phases δ and σ contribute to the CP violation. The CP asymmetry
∆CP shows a roughly linear correlation with M−1

2 . Most points of ∆CP are located in the
regimes (10−3, 10−5) for M2 ' 0.1TeV, (10−4, 10−6) for M2 ' 1TeV and (10−5, 10−7) for
M2 ' 10TeV. However, the branching ratio of the decay is tiny, between (10−20, 10−15),
which makes the CP asymmetry unobservable in experiments. For the red points, we
allow an imaginary part for ω as well, namely, Im[ω] ∈ [−5, 5]. A CP asymmetry of order
one is then easily achieved. The branching ratio of the radiative decay can maximally
reach ∼ 10−11. We have also checked that the combination ∆CP × B can maximally
reach 4× 10−15. Note that considering a larger imaginary part of ω could further enhance
the branching ratio and ∆CP × B. However, as this process happens at one loop and
there are constraints on the non-unitary effect, the branching ratio is always suppressed
by (16π2)−2|RR†|2/|RR†|. By taking RR† ∼ 10−3, we obtain a branching ratio which
maximally reaches ∼ 10−7 and is therefore challenging to probe in future experiments.

5 Conclusion

We study the CP violation in the neutrino electromagnetic dipole moment. A full one-loop
calculation of the transition dipole moment is performed in the context of the Standard
Model with an arbitrary number of right-handed singlet neutrinos. The CP asymmetry
is analytically derived in terms of the leptonic mixing matrix accounting for heavy neu-
trino mass eigenstates. A detailed explanation of how to generate a non-vanishing CP
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Figure 3. The CP asymmetry parameter ∆CP (left) and branching ratio (right) scanned in the
region M2 in [0.1, 10]TeV and the ratio M1/M2 in [0.1, 1), where both masses are scanned in the
logarithmic scale. The red region refers to ω = [0, 2π] + i[−5, 5] while the blue region is the smaller
ω = [0, 2π]. All oscillation parameters are scanned in the 3σ ranges, ω = [0, 2π] and ζ = +1 are
used. The scan performed for the ζ = −1 branch gives the same distribution and is thus omitted.

asymmetry in the neutrino transition dipole moment is provided. This requires a threshold
condition for the initial neutrino mass being larger than the sum of W -boson mass and
the charged leptons runnning in the loop and a CP violating phase in the lepton flavour
mixing matrix. The threshold condition is necessary to generate a non-zero imaginary part
for the loop function. An analytical formulation of this loop integral imaginary component
is derived. The lepton flavour mixing for vertex contributions has been parametrised in
terms of Jarlskog-like parameters. For Majorana particles, the CP asymmetry is identical
to the asymmetry of circularly-polarised photons released from the radiative decay.

The formulation is then applied to a minimal seesaw model where two right-handed
neutrinos N1 and N2 are introduced with the mass ordering M1 < M2. A complete study
of CP asymmetry in all radiative decay channels was performed, where the mass range
0.1 TeV < M2 < 10 TeV is considered. The CP asymmetry in N1,2 → νγ is very small,
maximally reaching 10−17. In the N2 → N1γ channel, the CP asymmetry is significantly
enhanced, with ∆CP achieving 10−5-10−3, even with the Dirac phase δ being the only
source of CP violation. There is a significant correlation between the CP violation in
radiative decay and that coming from oscillation experiments. We performed a parameter
scan of the CP asymmetry with oscillation data in 3σ ranges taken as inputs and found
that the CP asymmetry can maximally reach order one.

Acknowledgments

SB is supported by the Australian Research Council (ARC). MRQ is supported by Con-
sejo Nacional de Ciencia y Tecnologia, Mexico (CONACyT) under grant 440771. YLZ
acknowledges the STFC Consolidated Grant ST/L000296/1 and the European Union’s
Horizon 2020 Research and Innovation programme under Marie Skłodowska-Curie grant
agreements Elusives ITN No. 674896 and InvisiblesPlus RISE No. 690575.

– 13 –



J
H
E
P
1
2
(
2
0
2
0
)
0
9
0

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] Super-Kamiokande collaboration, Evidence for oscillation of atmospheric neutrinos, Phys.
Rev. Lett. 81 (1998) 1562 [hep-ex/9807003] [INSPIRE].

[2] Super-Kamiokande collaboration, Solar 8B and hep neutrino measurements from 1258
days of Super-Kamiokande data, Phys. Rev. Lett. 86 (2001) 5651 [hep-ex/0103032]
[INSPIRE].

[3] SNO collaboration, Measurement of the rate of νe + d→ p+ p+ e− interactions produced by
8B solar neutrinos at the Sudbury Neutrino Observatory, Phys. Rev. Lett. 87 (2001) 071301
[nucl-ex/0106015] [INSPIRE].

[4] SNO collaboration, Direct evidence for neutrino flavor transformation from neutral current
interactions in the Sudbury Neutrino Observatory, Phys. Rev. Lett. 89 (2002) 011301
[nucl-ex/0204008] [INSPIRE].

[5] T2K collaboration, Search for CP-violation in Neutrino and Antineutrino Oscillations by the
T2K Experiment with 2.2× 1021 Protons on Target, Phys. Rev. Lett. 121 (2018) 171802
[arXiv:1807.07891] [INSPIRE].

[6] T2K collaboration, Combined Analysis of Neutrino and Antineutrino Oscillations at T2K,
Phys. Rev. Lett. 118 (2017) 151801 [arXiv:1701.00432] [INSPIRE].

[7] NOvA collaboration, Constraints on Oscillation Parameters from νe Appearance and νµ
Disappearance in NOvA, Phys. Rev. Lett. 118 (2017) 231801 [arXiv:1703.03328] [INSPIRE].

[8] DUNE collaboration, The DUNE Far Detector Interim Design Report, Volume 2:
Single-Phase Module, arXiv:1807.10327 [INSPIRE].

[9] Hyper-Kamiokande Proto collaboration, Physics potential of a long-baseline neutrino
oscillation experiment using a J-PARC neutrino beam and Hyper-Kamiokande, Prog. Theor.
Exp. Phys. 2015 (2015) 053C02 [arXiv:1502.05199] [INSPIRE].

[10] Hyper-Kamiokande collaboration, Physics potentials with the second Hyper-Kamiokande
detector in Korea, Prog. Theor. Exp. Phys. 2018 (2018) 063C01 [arXiv:1611.06118]
[INSPIRE].

[11] P. Minkowski, µ→ eγ at a Rate of One Out of 109 Muon Decays?, Phys. Lett. B 67 (1977)
421 [INSPIRE].

[12] T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, Conf. Proc. C 7902131
(1979) 95 [KEK-79-18-95] [INSPIRE].

[13] M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, Conf.
Proc. C 790927 (1979) 315 [arXiv:1306.4669] [INSPIRE].

[14] S.L. Glashow, The Future of Elementary Particle Physics, NATO Sci. Ser. B 61 (1980) 687
[INSPIRE].

[15] R.N. Mohapatra and G. Senjanović, Neutrino Mass and Spontaneous Parity
Nonconservation, Phys. Rev. Lett. 44 (1980) 912 [INSPIRE].

– 14 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.81.1562
https://arxiv.org/abs/hep-ex/9807003
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ex%2F9807003
https://doi.org/10.1103/PhysRevLett.86.5651
https://arxiv.org/abs/hep-ex/0103032
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ex%2F0103032
https://doi.org/10.1103/PhysRevLett.87.071301
https://arxiv.org/abs/nucl-ex/0106015
https://inspirehep.net/search?p=find+EPRINT%2Bnucl-ex%2F0106015
https://doi.org/10.1103/PhysRevLett.89.011301
https://arxiv.org/abs/nucl-ex/0204008
https://inspirehep.net/search?p=find+EPRINT%2Bnucl-ex%2F0204008
https://doi.org/10.1103/PhysRevLett.121.171802
https://arxiv.org/abs/1807.07891
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.07891
https://doi.org/10.1103/PhysRevLett.118.151801
https://arxiv.org/abs/1701.00432
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.00432
https://doi.org/10.1103/PhysRevLett.118.231801
https://arxiv.org/abs/1703.03328
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.03328
https://arxiv.org/abs/1807.10327
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.10327
https://doi.org/10.1093/ptep/ptv061
https://doi.org/10.1093/ptep/ptv061
https://arxiv.org/abs/1502.05199
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.05199
https://doi.org/10.1093/ptep/pty044
https://arxiv.org/abs/1611.06118
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.06118
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1016/0370-2693(77)90435-X
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB67%2C421%22
https://inspirehep.net/search?p=find+J%20%22Conf.Proc.%2CC7902131%2C95%22
https://arxiv.org/abs/1306.4669
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.4669
https://doi.org/10.1007/978-1-4684-7197-7_15
https://inspirehep.net/search?p=find+J%20%22NATO%20Sci.Ser.%2CB61%2C687%22
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C44%2C912%22


J
H
E
P
1
2
(
2
0
2
0
)
0
9
0

[16] J. Schechter and J.W.F. Valle, Neutrino Masses in SU(2)×U(1) Theories, Phys. Rev. D 22
(1980) 2227 [INSPIRE].

[17] P.H. Frampton, S.L. Glashow and T. Yanagida, Cosmological sign of neutrino CP-violation,
Phys. Lett. B 548 (2002) 119 [hep-ph/0208157] [INSPIRE].

[18] Z.-z. Xing and Z.-h. Zhao, The minimal seesaw and leptogenesis models, arXiv:2008.12090
[INSPIRE].

[19] M. Fukugita and T. Yanagida, Baryogenesis Without Grand Unification, Phys. Lett. B 174
(1986) 45 [INSPIRE].

[20] R. Shrock, Decay L0 → νlγ in gauge theories of weak and electromagnetic interactions, Phys.
Rev. D 9 (1974) 743 [INSPIRE].

[21] S.T. Petcov, The Processes µ→ e+ γ, µ→ e+ e, ν′ → ν + γ in the Weinberg-Salam Model
with Neutrino Mixing, Sov. J. Nucl. Phys. 25 (1977) 340 [Yad. Fiz. 25 (1977) 641] [Erratum
Sov. J. Nucl. Phys. 25 (1977) 698] [Erratum Yad. Fiz. 25 (1977) 1336] [JINR-E2-10176]
[INSPIRE].

[22] W.J. Marciano and A.I. Sanda, Exotic Decays of the Muon and Heavy Leptons in Gauge
Theories, Phys. Lett. B 67 (1977) 303 [INSPIRE].

[23] B.W. Lee and R.E. Shrock, Natural Suppression of Symmetry Violation in Gauge Theories:
Muon-Lepton and Electron Lepton Number Nonconservation, Phys. Rev. D 16 (1977) 1444
[INSPIRE].

[24] K. Fujikawa and R. Shrock, The Magnetic Moment of a Massive Neutrino and Neutrino
Spin Rotation, Phys. Rev. Lett. 45 (1980) 963 [INSPIRE].

[25] J. Schechter and J.W.F. Valle, Majorana Neutrinos and Magnetic Fields, Phys. Rev. D 24
(1981) 1883 [Erratum ibid. 25 (1982) 283] [INSPIRE].

[26] P.B. Pal and L. Wolfenstein, Radiative Decays of Massive Neutrinos, Phys. Rev. D 25 (1982)
766 [INSPIRE].

[27] J. Schechter and J.W.F. Valle, Neutrino Decay and Spontaneous Violation of Lepton
Number, Phys. Rev. D 25 (1982) 774 [INSPIRE].

[28] R.E. Shrock, Electromagnetic Properties and Decays of Dirac and Majorana Neutrinos in a
General Class of Gauge Theories, Nucl. Phys. B 206 (1982) 359 [INSPIRE].

[29] J.F. Nieves, Electromagnetic Properties of Majorana Neutrinos, Phys. Rev. D 26 (1982) 3152
[INSPIRE].

[30] B. Kayser, Majorana Neutrinos and their Electromagnetic Properties, Phys. Rev. D 26
(1982) 1662 [INSPIRE].

[31] S.M. Bilenky and S.T. Petcov, Massive Neutrinos and Neutrino Oscillations, Rev. Mod.
Phys. 59 (1987) 671 [Erratum ibid. 61 (1989) 169] [Erratum ibid. 60 (1988) 575] [INSPIRE].

[32] M.S. Dvornikov and A.I. Studenikin, Electric charge and magnetic moment of massive
neutrino, Phys. Rev. D 69 (2004) 073001 [hep-ph/0305206] [INSPIRE].

[33] M.S. Dvornikov and A.I. Studenikin, Electromagnetic form-factors of a massive neutrino, J.
Exp. Theor. Phys. 99 (2004) 254 [hep-ph/0411085] [INSPIRE].

[34] Z.-z. Xing and Y.-L. Zhou, Enhanced Electromagnetic Transition Dipole Moments and
Radiative Decays of Massive Neutrinos due to the Seesaw-induced Non-unitary Effects, Phys.
Lett. B 715 (2012) 178 [arXiv:1201.2543] [INSPIRE].

– 15 –

https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD22%2C2227%22
https://doi.org/10.1016/S0370-2693(02)02853-8
https://arxiv.org/abs/hep-ph/0208157
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0208157
https://arxiv.org/abs/2008.12090
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.12090
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/0370-2693(86)91126-3
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB174%2C45%22
https://doi.org/10.1103/PhysRevD.9.743
https://doi.org/10.1103/PhysRevD.9.743
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD9%2C743%22
https://inspirehep.net/search?p=find+J%20%22Sov.J.Nucl.Phys.%2C25%2C340%22
https://doi.org/10.1016/0370-2693(77)90377-X
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB67%2C303%22
https://doi.org/10.1103/PhysRevD.16.1444
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD16%2C1444%22
https://doi.org/10.1103/PhysRevLett.45.963
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C45%2C963%22
https://doi.org/10.1103/PhysRevD.25.283
https://doi.org/10.1103/PhysRevD.25.283
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD24%2C1883%22
https://doi.org/10.1103/PhysRevD.25.766
https://doi.org/10.1103/PhysRevD.25.766
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD25%2C766%22
https://doi.org/10.1103/PhysRevD.25.774
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD25%2C774%22
https://doi.org/10.1016/0550-3213(82)90273-5
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB206%2C359%22
https://doi.org/10.1103/PhysRevD.26.3152
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD26%2C3152%22
https://doi.org/10.1103/PhysRevD.26.1662
https://doi.org/10.1103/PhysRevD.26.1662
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD26%2C1662%22
https://doi.org/10.1103/RevModPhys.59.671
https://doi.org/10.1103/RevModPhys.59.671
https://inspirehep.net/search?p=find+J%20%22Rev.Mod.Phys.%2C59%2C671%22
https://doi.org/10.1103/PhysRevD.69.073001
https://arxiv.org/abs/hep-ph/0305206
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0305206
https://doi.org/10.1134/1.1800181
https://doi.org/10.1134/1.1800181
https://arxiv.org/abs/hep-ph/0411085
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0411085
https://doi.org/10.1016/j.physletb.2012.07.043
https://doi.org/10.1016/j.physletb.2012.07.043
https://arxiv.org/abs/1201.2543
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1201.2543


J
H
E
P
1
2
(
2
0
2
0
)
0
9
0

[35] Z.-z. Xing and S. Zhou, Neutrinos in particle physics, astronomy and cosmology, in Advanced
Topics in Science and Technology in China, Springer-Verlag and Zhejing University Press
(2011).

[36] N.F. Bell, B. Kayser and S.S.C. Law, Electromagnetic Leptogenesis, Phys. Rev. D 78 (2008)
085024 [arXiv:0806.3307] [INSPIRE].

[37] C. Bœhm, C. Degrande, O. Mattelaer and A.C. Vincent, Circular polarisation: a new probe
of dark matter and neutrinos in the sky, JCAP 05 (2017) 043 [arXiv:1701.02754] [INSPIRE].

[38] S. Balaji, M. Ramirez-Quezada and Y.-L. Zhou, CP violation and circular polarisation in
neutrino radiative decay, JHEP 04 (2020) 178 [arXiv:1910.08558] [INSPIRE].

[39] B. Kayser, CPT, CP, and c Phases and their Effects in Majorana Particle Processes, Phys.
Rev. D 30 (1984) 1023 [INSPIRE].

[40] C. Giunti and A.I. Studenikin, Neutrino electromagnetic interactions: a window to new
physics, Rev. Mod. Phys. 87 (2015) 531 [arXiv:1403.6344] [INSPIRE].

[41] C. Jarlskog, Commutator of the Quark Mass Matrices in the Standard Electroweak Model
and a Measure of Maximal CP-violation, Phys. Rev. Lett. 55 (1985) 1039 [INSPIRE].

[42] D.-d. Wu, The Rephasing Invariants and CP, Phys. Rev. D 33 (1986) 860 [INSPIRE].

[43] Z.-z. Xing and Y.-L. Zhou, Majorana CP-violating phases in neutrino-antineutrino
oscillations and other lepton-number-violating processes, Phys. Rev. D 88 (2013) 033002
[arXiv:1305.5718] [INSPIRE].

[44] I. Esteban, M.C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni and T. Schwetz,
Global analysis of three-flavour neutrino oscillations: synergies and tensions in the
determination of θ23, δCP , and the mass ordering, JHEP 01 (2019) 106 [arXiv:1811.05487]
[INSPIRE] and online at http://www.nu-fit.org/?q=node/211.

[45] E. Fernandez-Martinez, J. Hernandez-Garcia and J. Lopez-Pavon, Global constraints on
heavy neutrino mixing, JHEP 08 (2016) 033 [arXiv:1605.08774] [INSPIRE].

[46] A.M. Coutinho, A. Crivellin and C.A. Manzari, Global Fit to Modified Neutrino Couplings
and the Cabibbo-Angle Anomaly, Phys. Rev. Lett. 125 (2020) 071802 [arXiv:1912.08823]
[INSPIRE].

[47] J.A. Casas and A. Ibarra, Oscillating neutrinos and µ→ e, γ, Nucl. Phys. B 618 (2001) 171
[hep-ph/0103065] [INSPIRE].

[48] S. Antusch, P. Di Bari, D.A. Jones and S.F. King, Leptogenesis in the Two Right-Handed
Neutrino Model Revisited, Phys. Rev. D 86 (2012) 023516 [arXiv:1107.6002] [INSPIRE].

[49] P. Di Bari, K. Farrag, R. Samanta and Y.-L. Zhou, Density matrix calculation of the dark
matter abundance in the Higgs induced right-handed neutrino mixing model, JCAP 10 (2020)
029 [arXiv:1908.00521] [INSPIRE].

[50] A. Ibarra and G.G. Ross, Neutrino phenomenology: The Case of two right-handed neutrinos,
Phys. Lett. B 591 (2004) 285 [hep-ph/0312138] [INSPIRE].

[51] A. Atre, T. Han, S. Pascoli and B. Zhang, The Search for Heavy Majorana Neutrinos, JHEP
05 (2009) 030 [arXiv:0901.3589] [INSPIRE].

– 16 –

https://doi.org/10.1007/978-3-642-17560-2
https://doi.org/10.1007/978-3-642-17560-2
https://doi.org/10.1103/PhysRevD.78.085024
https://doi.org/10.1103/PhysRevD.78.085024
https://arxiv.org/abs/0806.3307
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0806.3307
https://doi.org/10.1088/1475-7516/2017/05/043
https://arxiv.org/abs/1701.02754
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.02754
https://doi.org/10.1007/JHEP04(2020)178
https://arxiv.org/abs/1910.08558
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.08558
https://doi.org/10.1103/PhysRevD.30.1023
https://doi.org/10.1103/PhysRevD.30.1023
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD30%2C1023%22
https://doi.org/10.1103/RevModPhys.87.531
https://arxiv.org/abs/1403.6344
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1403.6344
https://doi.org/10.1103/PhysRevLett.55.1039
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C55%2C1039%22
https://doi.org/10.1103/PhysRevD.33.860
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD33%2C860%22
https://doi.org/10.1103/PhysRevD.88.033002
https://arxiv.org/abs/1305.5718
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1305.5718
https://doi.org/10.1007/JHEP01(2019)106
https://arxiv.org/abs/1811.05487
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.05487
http://www.nu-fit.org/?q=node/211
https://doi.org/10.1007/JHEP08(2016)033
https://arxiv.org/abs/1605.08774
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.08774
https://doi.org/10.1103/PhysRevLett.125.071802
https://arxiv.org/abs/1912.08823
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.08823
https://doi.org/10.1016/S0550-3213(01)00475-8
https://arxiv.org/abs/hep-ph/0103065
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0103065
https://doi.org/10.1103/PhysRevD.86.023516
https://arxiv.org/abs/1107.6002
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1107.6002
https://doi.org/10.1088/1475-7516/2020/10/029
https://doi.org/10.1088/1475-7516/2020/10/029
https://arxiv.org/abs/1908.00521
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.00521
https://doi.org/10.1016/j.physletb.2004.04.037
https://arxiv.org/abs/hep-ph/0312138
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0312138
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030
https://arxiv.org/abs/0901.3589
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0901.3589

	Introduction
	Neutrino electromagnetic dipole moment with CP violation
	Form factors for Dirac neutrino
	Form factors for Majorana neutrinos

	CP violating form factors induced by charged-current interactions
	CP violation in heavy neutrino radiative decays
	Conclusion

