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1 Introduction

Although the Standard Model (SM) provides a successful description of physics below the

electroweak scale, it cannot accommodate the tiny neutrino masses suggested by neutrino

oscillation experiments. One of the simplest options to generate non-zero neutrino masses

at tree level is the seesaw mechanism, such as the Type-I [1–5], Type-II [6, 7], Type-III [8],

inverse [9] and linear seesaw mechanisms [10, 11].

On the other hand, exploring CP violation is important since it is one of the necessary

ingredients at the origin of the baryon asymmetry of the Universe (BAU). Although CP

violation in the SM has been confirmed in the quark sector, it is not large enough to repro-

duce the BAU as observed by the Planck Collaboration, ns/s = (8.59± 0.11)× 10−11 [12].

The possibility of CP violation in the lepton sector fueled the interest of generating the

BAU via leptogenesis, as proposed in ref. [13], where a lepton asymmetry arises from lep-

ton number and CP violating out-of-equilibrium decays of (heavy) right-handed neutrinos.

In addition, neutrinoless double beta decay (0ν2β) is the observable associated with the
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existence of Majorana neutrinos and with CP violating phases; many other processes re-

flecting total lepton number violation by two units (∆L = 2), as in the case of the latter

observable, are being actively searched for. For instance, at colliders, there are several

possible signatures of lepton number violation [14–20]. As pointed out in several analyses,

neutrino Majorana phases can also give rise to non-vanishing contributions to charged lep-

ton electric dipole moments (EDMs) [21]; in particular, the computation of EDMs in the

presence of right-handed neutrinos (like in the Type-I seesaw model) has been addressed

in refs. [22–24].

Recently, working in the framework of a “3 + nS” (SM extended by a number nS
of sterile fermions) model, a derivation of the 2-loop analytical expressions allowed to

show that a non-vanishing contribution to the EDMs requires at least the addition of two

non-degenerate sterile states to the SM field content [25]. A numerical evaluation of the

contributions to the charged lepton EDMs in the case of the simple “3+2” toy model

showed that, provided the masses of the two mostly sterile states are in the range from

100 GeV to 100 TeV, it is possible to have |de|/e ≥ 10−30 cm (although for the muon and

tau EDMs the predictions remain several orders of magnitude below the corresponding

future sensitivities) [25]. Interestingly, part of the regimes leading to sizable electron EDM

within ACME next generation [26, 27] reach are also within detection reach of a future

ILC. This is in contrast with the inverse seesaw realization, where minimal realizations

have been found in ref. [28], and for which it was shown in ref. [29] that charged lepton

EDMs can indeed be enhanced by large neutrino Yukawa couplings, naturally present in

the inverse seesaw models. However, the maximum value of the predicted electron EDM

is |dmax
e |/e ∼ 5 × 10−31 cm, lying two orders of magnitude below the current experimen-

tal bound, |de|/e ≤ 8.7× 10−29 cm, and thus marginally short of the future sensitivity,

|de|/e ∼ 10−30 cm [26, 27].

The computation of charged lepton EDMs that has been done in the context of tree

level seesaw mechanisms can straightforwardly be applied to the framework of radiative

seesaw models, where small neutrino masses are generated at (one) loop level. Many mod-

els with radiative neutrino masses have been proposed so far. One interesting feature of

the framework we consider in this study is that a dark matter candidate is also naturally

included due to an imposed symmetry which forbids the Dirac neutrino mass term at tree

level, and also stabilizes a lightest new particle, rendering it a possible dark matter candi-

date. The scotogenic model which has been proposed by Ma [30] is the simplest model with

radiative neutrino masses, and is well-studied as a benchmark model. In this model, the

new Yukawa couplings between leptons and the new particles play an important role in gen-

erating neutrino masses at the one-loop level and in providing an interactive dark matter.

In this work, we explore the effect and the magnitude of CP violation in the scotogenic

model by computing the electron EDM while taking into account all experimental and

theoretical constraints such as lepton flavour violation, electroweak precision data, dark

matter searches, vacuum stability and the perturbativity of the couplings.

The paper is organised as follows: in section 2 we present the basic set up of the minimal

scotogenic model we consider, the derivation of neutrino masses and the parametrization

we adopt. In section 3, we give the detailed computation of the electron EDM. We collect
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the relevant experimental and theoretical constraints that we impose in our analysis in

section 4. The numerical results are presented in section 5, and our final remarks and

discussion are collected in section 6. In the appendix, we give the general formulae of the

loop functions for the charged lepton EDMs in the scotogenic model.

2 The model

In the original version of the scotogenic model, which has been proposed in ref. [30], the SM

was extended by three singlet fermions Ni (i = 1, 2, 3) and one inert scalar doublet η. In

this work, we consider the same model but with only two massive neutral (sterile) fermions

Ni (i = 1, 2) with the aim of minimising the degrees of freedom; in this case, only two

non-zero (light) neutrino mass eigenvalues can be generated at one-loop level, the lightest

neutrino remaining massless. A Z2 symmetry is imposed such that the new particles have

odd parity, while the SM particles have even parity. The Lagrangian involving the new

particles is given by

L = (Dµη)† (Dµη) +
1

2
Ni (i∂/−mi)Ni − yiαηNiPLLα + H.c. , (2.1)

where Lα (α = e, µ, τ ) are the SM left-handed lepton doublets and where mi (i = 1, 2)

denotes the mass of the sterile fermions taking m1 < m2. With the additional inert scalar

doublet η, the scalar potential V becomes

V =µ2H |H|2+µ2η|η|2+
λ1
2
|H|4+

λ2
2
|η|4+λ3|H|2|η|2+λ4|η†H|2+

λ5
2

[(
η†H

)2
+H.c.

]
. (2.2)

The coupling λ5 is generally complex, however the CP phase can be absorbed by a field

redefinition of the doublet scalar η. Thus one can always consider λ5 > 0, putting the

new CP violating phases in the Yukawa coupling yiα of eq. (2.1). After the electroweak

symmetry breaking, the neutral component of the inert scalar, η0 = (ηR + iηI)/
√

2, splits

into the CP-even state ηR and the CP-odd one ηI , whose masses are respectively given by

m2
R = µ2η + (λ3 + λ4 + λ5) 〈H〉2 , (2.3)

m2
I = µ2η + (λ3 + λ4 − λ5) 〈H〉2 , (2.4)

where 〈H〉 is the vacuum expectation value of the SM Higgs boson H. Notice that one can

deduce from eqs. (2.3), (2.4) that the latter squared mass difference is given by

m2
R −m2

I = 2λ5〈H〉2 . (2.5)

As will be explained later, we focus on the case where the CP-even and CP-odd states

are nearly degenerate (mR ≈ mI) in order to have large enough Yukawa couplings yiα to

generate sizeable electron EDM. The mass of the charged scalar η+ and the average of the

squared mass of CP-even and CP-odd states are given by

m2
η+ = µ2η + λ3〈H〉2 , m2

η0 = (m2
R +m2

I)/2 . (2.6)

– 3 –



J
H
E
P
0
4
(
2
0
1
8
)
0
3
0

Figure 1. Diagram for Majorana neutrino masses at one-loop level.

In this model, Majorana neutrino masses for left-handed neutrinos are induced at

one-loop level as shown in figure 1 and the (3× 3) neutrino mass matrix is computed as

(mν)αβ =

2∑
i=1

yiαyiβmi

2(4π)2

[
m2
R

m2
R −m2

i

log

(
m2
R

m2
i

)
−

m2
I

m2
I −m2

i

log

(
m2
I

m2
i

)]
. (2.7)

In the particular case where the mass splitting between mR and mI is small (i.e. when the

coupling λ5 is small, see eq. (2.5)), the Majorana neutrino mass matrix is simplified as

(mν)αβ ≈
2∑
i=1

yiαyiβmi

(4π)2
λ5〈H〉2

m2
η0
−m2

i

[
1− m2

i

m2
η0
−m2

i

log

(
m2
η0

m2
i

)]
, (2.8)

that we can parametrize as follows

(mν)αβ ≡
(
yTΛ y

)
αβ

, (2.9)

where the (2 × 3) matrix y collects the Yukawa couplings y1α (first line) and y2α (second

line) with α = e, µ, τ , and where the matrix Λ is given by

Λ =

(
Λ1 0

0 Λ2

)
, with Λi =

mi

(4π)2
λ5〈H〉2

m2
η0
−m2

i

[
1− m2

i

m2
η0
−m2

i

log

(
m2
η0

m2
i

)]
. (2.10)

Interestingly, since the Majorana mass matrix is proportional to the coupling λ5, the latter

is directly linked to lepton number violation and thus, taking small λ5 would be natural in

the sense of t’Hooft [31] to induce small Majorana masses for the left-handed neutrinos.

The 3×3 neutrino mass matrix is diagonalized as UTPMNSmνUPMNS = diag(m̂1, m̂2, m̂3)

with the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix UPMNS where m̂1=0 (m̂3=0)

in the case of normal (inverted) ordering of the light neutrino spectrum. In this case, the

PMNS matrix is parametrized as usual by

UPMNS =

 1 0 0

0 cos θ23 sin θ23
0 − sin θ23 cos θ23


 cos θ13 0 e−iδCP sin θ13

0 1 0

−eiδCP sin θ13 0 cos θ13


×

 cos θ12 sin θ12 0

− sin θ12 cos θ12 0

0 0 1


 1 0 0

0 eiϕCP 0

0 0 1

 . (2.11)
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The PMNS matrix includes one Dirac phase δCP and one Majorana phase ϕCP.1 The

2 × 3 Yukawa matrix y defined in eq. (2.9) can be expressed adapting the Casas-Ibarra

parametrization as [32]

y =
√

Λ
−1
C
√
m̂νU

†
PMNS , (2.12)

where C is a 2 × 3 matrix satisfying CCT = 1l2×2. Furthermore, this matrix C can be

parametrized as

C =

(
0 cos ξ − sin ξ

0 κ sin ξ κ cos ξ

)
, for normal hierarchy , (2.13)

C =

(
cos ξ − sin ξ 0

κ sin ξ κ cos ξ 0

)
, for inverted hierarchy , (2.14)

where κ is the sign parameter κ = ±1 and ξ is a complex angle. The non-zero 2×2 part of

eq. (2.13) and (2.14) corresponds to an element of the O(2,C) group, whose determinant

is given by the parameter κ. Consequently, the 2 × 3 Yukawa matrix y can be defined

in terms of 5 parameters experimentally determined by neutrino oscillation experiments

(i.e. ∆m̂2
ij and the three mixing angles) and 7 free parameters that are: Λ1, Λ2, δCP, ϕCP

and the matrix C which includes three free real parameters. Hereafter we express sin ξ as

sin ξ = | sin ξ|eiηCP .

Since the lightest Z2 odd particle is stabilized, the model also includes a dark matter

candidate which, depending on the mass hierarchy of the Z2 odd particles, can be either

the lightest singlet fermion N1 or the neutral component of the inert scalar doublet η. The

detailed phenomenology regarding neutrinos and dark matter for the scotogenic model has

been explored in, for instance, refs. [33–37].

A necessary requirement for the viability of the model considered here is that there is

no vacuum expectation for the field η (〈η〉 = 0) as otherwise the DM candidate is unstable.

The relevant condition for this to hold is that the scalar masses are real (or their squares

are positive such that the potential has a stable minimum). In order to ensure that a

global minimum exists at finite vacuum expectation value (the potential being bounded

from below), the following theoretical conditions have to be satisfied [38],

λ1 > 0, λ2 > 0 , (2.15)

λ3 > −
√
λ1λ2, λ3 + λ4 − |λ5| > −

√
λ1λ2 . (2.16)

In addition, all the couplings in the model should be perturbative. Here we take a crite-

rion of perturbativity such that all the couplings are smaller than
√

4π. Since the scalar

couplings λ3, λ4 and λ5 are correlated with the mass eigenvalues m2
η+ , m2

R and m2
I , the

perturbativity conditions are translated into the following constraints on the masses

|λ3| ≤min
[√

4π, m2
η+/〈H〉

2
]
,

∣∣∣∣∣m
2
R+m2

I−2m2
η+

2〈H〉2

∣∣∣∣∣≤√4π,

∣∣∣∣m2
R−m2

I

2〈H〉2

∣∣∣∣≤√4π . (2.17)

1We recall that due to the fact that in this minimal model where only two fermionic singlets (right-

handed neutrinos) are considered, the diagonalisation of the neutrino mass matrix leads to a massless

active neutrino and thus to only one Majorana CP violating phase, instead of two CP phases in the case of

3 sterile fermions.
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3 Electron electric dipole moment

3.1 Experimental status

The current experimental bounds for the charged lepton EDMs are

|de|/e ≤ 8.7× 10−29 cm, (3.1)

|dµ|/e ≤ 1.9× 10−19 cm, (3.2)

|dτ |/e ≤ 4.5× 10−17 cm. (3.3)

These have been measured by ACME Collaboration [26], Muon g−2 Collaboration [39] and

Belle Collaboration [40], respectively. In particular, the upper bound for the electron EDM

is much stronger than the bounds for the muon and tau EDMs. Moreover, the electron

EDM is expected to reach |de|/e ∼ 10−30 cm with the next generation experiment of the

ACME Collaboration [27]. We focus thus on the electron EDM hereafter, although the

analytical formula we derive in this work is general for any charged lepton EDM.

3.2 Computation of electron electric dipole moment

Since EDMs are CP violating observables, relevant couplings for EDMs should be complex

to give a non-zero contribution. Note that all the diagrams at one-loop level are propor-

tional to the modulus of the neutrino Yukawa coupling yiα. Thus the leading contribution

to charged lepton EDMs comes at the two-loop level via the diagrams shown in figure 2.

Unlike the case of minimal extensions of the SM via only sterile fermions, where the singlet

fermions mix with the left-handed neutrinos as in, for instance, in refs. [25, 29], there are no

other two-loop level diagrams than those that are shown in figure 2 contributing to EDMs

due to the exact Z2 symmetry. The derivation of the charged lepton EDMs has been made

using FeynCalc for the loop computations [41].

Assuming that the masses of the new particles are much heavier than the charged

lepton ones (mα � mη0 ,mη+ ,mi), the EDM for a charged lepton `α can formally be

expressed as

dα = − emα

(4π)4m2
η+

∑
β

2∑
i,j=1

[
JMijαβ

√
xixjIM (xi, xj) + JDijαβID(xi, xj)

]
, (3.4)

where xi = m2
i /m

2
η+ (i = 1, 2), IM (xi, xj), ID(xi, xj) are the loop functions computed from

the two-loop diagrams of figure 2 and the CP phase factors JM,D
ijαβ are defined by

JMijαβ ≡ Im
(
y∗jαy

∗
jβyiβyiα

)
, JDijαβ ≡ Im

(
y∗jαyjβy

∗
iβyiα

)
. (3.5)

The first term in eq. (3.4) corresponds to the contribution of diagrams (a1), (a2), (a3), (b1)

and (b2), all involving Majorana fermion propagators, they hence pick up the Majorana

mass of the singlet fermions in the propagators which can be regarded as lepton number

violation; they thus contribute to the Majorana type loop function IM (xi, xj). The sec-

ond term in eq. (3.4) stems from diagrams (c1) and (c2) with Dirac fermion propagators

contributing to the Dirac type loop function ID(xi, xj). The explicit expressions of the
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Figure 2. Diagrams for charged lepton EDMs in the minimal scotogenic model.

loop functions IM,D(xi, xj) are given in the appendix. Interestingly, one can see from the

definition of eq. (3.5) that the phase factors JMijαβ and JDijαβ are anti-symmetric under the

exchange of i and j. Thus, only the anti-symmetric part of the loop functions IM (xi, xj)

and ID(xi, xj) contributes to the charged lepton EDMs. For this reason, the general for-

mula of eq. (3.4) can be further simplified in our case, where i, j = 1, 2, by taking into

account the anti-symmetric character of both phase factors and loop functions as follows

dα = − 2 emα

(4π)4m2
η+

∑
β

[
JM12αβ

√
x1x2IM (x1, x2) + JD12αβID(x1, x2)

]
. (3.6)

As for the expression for the electron EDM (α = e), one obtains

de = − 2 eme

(4π)4m2
η+

[
JM
√
x1x2IM (x1, x2) + JDID(x1, x2)

]
, (3.7)

with

JM = JM12eµ + JM12eτ and JD = JD12eµ + JD12eτ . (3.8)

The behaviour of the loop functions IM (xi, xj) and ID(xi, xj) that have been numeri-

cally evaluated, are shown in figure 3 as a function of xi for several values of xj . One can

see that both loop functions are of the same order in most of the parameter space, and that

the maximal values are O(0.01) when there is a large hierarchy between the masses of the

two sterile states, xi � xj (i and j can be interchanged, as discussed above). Conversely,
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Figure 3. Loop functions IM (xi, xj) and ID(xi, xj) as a function of xi where xj = m2
j/m

2
η+ is

fixed to 0.1, 1 and 10.

these loop functions are suppressed for larger new particle masses, mi and mη+ . Further-

more, since the loop functions are anti-symmetric under the exchange of i↔ j, they would

also be suppressed if mi and mj are extremely degenerate as can be noticed from figure 3.

4 Constraints

Here we summarize the relevant experimental constraints on the minimal scotogenic model

we consider.

4.1 Neutrino masses and mixings

We have checked that the considered framework with the parametrization of the neu-

trino Yukawa couplings given in eq. (2.12) reproduce neutrino data (neutrino mixings and

squared neutrino mass differences). We take the following range for the mixing angles and

masses, which corresponds to 3σ confidence level [42, 43],

0.270 ≤ sin2 θ12 ≤ 0.344, 0.382 ≤ sin2 θ23 ≤ 0.643, 0.0186 ≤ sin2 θ13 ≤ 0.0250, (4.1)

7.02 ≤ ∆m2
21

10−5 eV2 ≤ 8.09, 2.317 ≤ ∆m2
31

10−3 eV2 ≤ 2.607, (4.2)

in the case of normal hierarchy, and

0.270≤ sin2 θ12≤ 0.344, 0.389≤ sin2 θ23≤ 0.644, 0.0188≤ sin2 θ13≤ 0.0251, (4.3)

7.02≤ ∆m2
21

10−5 eV2 ≤ 8.09, −2.590≤ ∆m2
32

10−3 eV2 ≤−2.307, (4.4)

in the case of inverted hierarchy.
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4.2 Lepton flavour violating processes

The lepton flavour violating (LFV) process `α → `βγ imposes a very strong constraint on

the model. The branching ratio of the process is computed as [36, 44]

Br (`α → `βγ) =
3αem

64π2G2
Fm

4
η+

∣∣∣∣∣
2∑
i=1

yiαy
∗
iβF2

(
m2
i

m2
η+

)∣∣∣∣∣
2

Br (`α → `βνανβ) , (4.5)

where GF is the Fermi constant, αem is the electromagnetic fine structure constant and

F2(x) is the loop function given in ref. [36]. The current experimental upper bounds for

these processes [45–47] are,

Br(µ→ eγ) ≤ 4.2× 10−13 , (4.6)

Br(τ → µγ) ≤ 4.4× 10−8 , (4.7)

Br(τ → eγ) ≤ 3.3× 10−8 , (4.8)

the bound from µ→ eγ being the most constraining one. One can see from eq. (4.5) that

if all the Yukawa couplings yiα are assumed to be of the same order of magnitude, the

constraint from Br(µ→ eγ) is translated into

|yiα| . 6× 10−3
(

Max[mi,mη+ ]

100 GeV

)
. (4.9)

Therefore the predicted electron EDM can be roughly estimated by eq. (3.4) taking into

account this upper bound on the Yukawa couplings yiα. Unfortunately, the predicted

electron EDM would be far below the future sensitivity of ACME (de/e ∼ 10−30 cm) due

to the smallness of the Yukawa couplings. Thus a destructive interference between the

contributions of the sterile fermion N1 and N2 mediated diagrams for the µ→ eγ process

would be necessary to obtain an electron EDM within future sensitivity reach, while being

consistent with bounds from LFV processes.

4.3 Electroweak precision data

The inert SU(2)L scalar doublet η may impact on electroweak precision observables. In

particular the oblique STU parameters [48] may receive new contributions due to the

existence of the latter scalar doublet. Interestingly, when its CP-even and CP-odd neutral

components are nearly degenerate in mass (mR ≈ mI , meaning for small values of the

coupling λ5), the new contributions to the oblique parameters are computed as

∆S =
1

12π
log

(
m2
η0

m2
η+

)
, ∆T =

2
√

2GF
(4π)2αem

F
(
m2
η+ ,m

2
η0

)
, ∆U =

1

12π
G
(
m2
η+ ,m

2
η0

)
,

(4.10)

where the loop functions F (x, y) and G(x, y) are given below:

F (x, y) =
x+ y

2
− xy

x− y
log

(
x

y

)
, (4.11)

G(x, y) = −5x2 − 22xy + 5y2

3(x− y)2
+

(x+ y)(x2 − 4xy + y2)

(x− y)3
log

(
x

y

)
. (4.12)
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The experimental limits on the oblique parameters [49] are given by

∆S = 0.05± 0.11 , ∆T = 0.09± 0.13 , ∆U = 0.01± 0.11 , (4.13)

with the correlation coefficients 0.90 between ∆S and ∆T , −0.59 between ∆S and ∆U ,

and −0.83 between ∆T and ∆U [50]. The constraint of the T -parameter is especially

strong, and from eqs. (4.10), (4.11) is translated into the following constraint on the mass

splitting [48] ∣∣mη+ −mη0
∣∣ . 140 GeV . (4.14)

In fact, this constraint is not so important especially when the new scalar particle masses are

heavier than a few hundred GeV since the latter mass splitting is proportional to the scalar

coupling λ4 as can be inferred from eqs. (2.3)–(2.6), making the mass splitting bounded

from above by perturbativity, see eq. (2.17). This pertubativity requirement provides a

stronger bound than eq. (4.14) as discussed in ref. [38]. In addition, if the inert scalar is

identified as dark matter, the mass splitting is almost fixed within the bound of eq. (4.14)

for a given mass mη0 in order to reproduce the correct relic abundance of dark matter as

we will see below.

There are also limits from LEP and LHC where the bounds for slepton searches can

be translated into a bound for charged inert scalar η+. The current ATLAS lower bound

translated on mη+ gives mη+ & 270 GeV [51].

4.4 Dark matter searches

Depending on the mass hierarchy between the new particles (neutral fermions and in-

ert scalar particles), this minimal scotogenic model provides two kinds of dark matter

candidates, one bosonic candidate corresponding to the neutral component of η and one

fermionic candidate corresponding to the lightest Majorana fermion N1. For both possible

cases, we discuss in the following the constraints to reproduce the correct thermal dark

matter relic abundance and from dark matter searches through direct and indirect detec-

tion for fermionic and inert scalar dark matter separately. In our numerical analysis, the

relevant quantities such as cross sections and decay widths are computed with the public

code micrOMEGAs [52].

4.4.1 Fermion dark matter

In the case of fermonic dark matter, the lightest neutral fermion N1 being the potential

candidate, the possible annihilation channel determining the dark matter relic abundance

is N1N1 → `α`β , νανβ via the Yukawa coupling yiα.2

In order to obtain the observed relic abundance, the magnitude of the Yukawa coupling

is roughly yiα & 0.1 taking into account the fact that the dark matter mass should be

heavier than the electroweak scale in order to be consistent with the LFV bounds and

collider constraints. As discussed in section 4.2, the Yukawa coupling is strongly constrained

2The co-annihilation channels are also relevant if another fermonic singlet N2, or if the inert scalar

particles ηR, ηI , η
+, are nearly degenerate in mass with N1, see for instance [53].
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by bounds on LFV processes, however these LFV constraints can be evaded with co-

annihilation effects for dark matter relic abundance and/or by destructive interference

(between the N1 and N2 mediated diagrams) in the amplitude of the LFV processes,

for example.

Since the fermionic dark matter candidate N1 interacts only with leptons through the

Yukawa coupling yiα and does not interact with quarks and gluons at tree level, there is

no substantial constraint from direct detection of dark matter.3 For indirect detection, a

possible signal would be the internal bremsstrahlung processes N1N1 → `α`βγ because the

annihilation cross section for N1N1 → `α`β determining the thermal relic abundance is pro-

portional to the small dark matter relative velocity v2 which is estimated to be of the order

of v ∼ 10−3 in the Galactic center [54–56]. Notice that the current experimental bound for

this channel is not very strong and thus does not provide a constraint on the model.

4.4.2 Scalar dark matter

Contrary to the fermionic dark matter case, the inert scalar candidate for dark matter

has additional interactions other than the Yukawa coupling yiα such as gauge and scalar

interactions, and the relic abundance can be controlled by the corresponding additional cou-

plings. In the following, we identify ηI as the dark matter candidate with a positive scalar

coupling λ5. The inert scalar dark matter in the scotogenic model is basically similar to

the inert doublet dark matter [38], the only difference being the existence of the additional

Yukawa coupling yiα. For the case of the original inert doublet dark matter, there are two

allowed regions of dark matter mass: 50 GeV . mI . 70 GeV and 535 GeV . mI . 20 TeV

which can reproduce the correct relic abundance and satisfy the relevant constraints [57].

The upper limit of the dark matter mass is derived from the perturbativity requirement,

see section 2. For the minimal scotogenic model, the dark matter mass would be similarly

restricted in these two regions. Since an extreme fine-tuning between the Yukawa couplings

would be required for the light mass region 50 GeV . mI . 70 GeV to be consistent with

all the constraints and in order to obtain a large enough electron EDM, we focus in our

numerical analysis on the heavy mass region 535 GeV . mχ . 20 TeV.

For direct detection, the elastic scattering with nuclei occurs at tree level via the dia-

gram mediated by the SM Higgs boson if the scalar couplings λ3, λ4 and λ5 are sufficiently

large. The gauge interactions also contribute to this process at one-loop level, however the

order of magnitude of the latter contribution would be subdominant, O(10−50) cm2 [58].

The current bound for the spin-independent cross section with a proton is given by the

XENON1T [59] and the PandaX-II Collaborations [60]. The experimental bound for the

spin-independent cross section gives a strong constraint on the scalar couplings, in partic-

ular when the dark matter mass is less than a few TeV.

For indirect detection, the continuum gamma-rays are generated from the annihilation

modes ηIηI → WW,ZZ, hh and subsequent decays of the final state particles, providing

a constraint on the model. In particular, if the dark matter mass is much heavier than

3Notice that if N1 and N2 are nearly degenerate and if the Yukawa coupling is complex as in our case,

inelastic scattering process with nucleons can be induced at loop level [35].
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the masses of the SM gauge and Higgs bosons, the annihilation cross sections for these

channels are enhanced by non-perturbative Sommerfeld effect, and in this case, the con-

straint becomes stronger. We include in our analysis the Sommerfeld effect, and impose

the experimental bound obtained from the H.E.S.S. Collaboration [61].4 The detailed dis-

cussion for the Sommerfeld effect and the experimental bounds can be found in ref. [57]

and references therein.

5 Numerical analysis

In this section, we investigate viable parameter space in the case of fermionic dark matter

and scalar dark matter below, considering in each case both normal and inverted ordering

of the light neutrino spectrum. The results are displayed and discussed separately for

the cases of fermionic and scalar dark matter since the corresponding phenomenological

constraints for dark matter are different.

5.1 Fermionic dark matter

As motivated above, we consider in this case where the lightest fermonic singlet is the dark

matter candidate, the following intervals in our numerical computations:

100 GeV ≤ m1 ≤ 100 TeV, 1 ≤ m2

m1
,
mη0

m1
,
mη+

m1
≤ 10, (5.1)

0 ≤ δCP, ϕCP, ηCP < 2π, 0 ≤ | sin ξ| ≤ 1, |λ3|, |λ4| ≤
√

4π. (5.2)

The intervals for the different masses in eq. (5.1) cover most of the parameter space.

Notice that the ratio between the mass of the singlet fermion N1 and the inert scalar

doublet cannot be very large, this is due to the fact that the annihilation cross section

for N1N1 → `α`β , νανβ , determining the relic abundance, is mediated by the inert scalar

doublet, and is suppressed if the scalars are too heavy.

The numerical results are shown in figures 4 and 5 for normal and inverted hierarchy

of the light neutrino mass spectrum, respectively, where the electron EDM, the scalar

couplings λ5, λ3 and λ4 the mass ratios between the new particles (m2/m1, mη0/m1 and

mη+/m1), the phase factors |JM |, |JD| and the CP phase ηCP (= Arg(ξ)) are displayed as

a function of the dark matter mass m1.

From the left-top panels in figures 4 and 5, one can see that the electron EDM can be

larger than the future prospect of the next generation experiment of the ACME collabora-

tion [27] (dashed horizontal black line) when the dark matter mass is lighter than 4 TeV.

The predicted electron EDM can be even slightly larger in the case of inverted hierarchy

as can be seen in the first left panel of figure 5.

The scalar couplings |λ3| and |λ4|, and λ5 as a function of the dark matter mass m1 are

displayed on the right-top and left-middle panels of figures 4 and 5. The orange coloured

points for |λ3| and λ5, and the red coloured points for |λ4| denote electron EDM larger

than the future prospect |de|/e ≥ 10−30 cm. One can find that the typical magnitude of

the coupling λ5 is 10−11 . λ5 . 10−8 to satisfy all the constraints. In order to have the

4The bound for the annihilation cross section may be updated with the latest H.E.S.S. measurement [62].
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Figure 4. Numerical results for fermionic dark matter in the case of normal hierarchy for the light

neutrino spectrum. Each point complies with all the constraints discussed in section 4.

electron EDM within future sensitivity reach of ACME, the coupling λ5 should be in the

range λ5 . 3 × 10−10 in the case of normal ordering for the light neutrino spectrum. In

the case of the inverted ordering, the coupling λ5 can be a few factor larger than that in

the case of normal hierarchy, and is bounded from below by the perturbativity condition

on the Yukawa coupling since the coupling λ5 behaves like λ5 ∝ y−2 as one can see from

eq. (2.10) and (2.12). On the other hand, it is bounded from above because of the condition

from the dark matter relic abundance. This can be understood since ΩDMh
2 ∝ |y|−4 ∝ λ25.
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Figure 5. Numerical results for fermion dark matter in the case of inverted hierarchy for the light

neutrino spectrum. Each point complies with all the constraints discussed in section 4.

From the right-middle plots of figures 4 and 5, one can see that the charged inert

scalar mass is close to 2 . mη+/m1 . 4 for most of the parameter points. This is because

the branching ratios of the LFV processes given by eq. (4.5) are drastically reduced when

the mass of the charged inert scalar mη+ is in this range due to destructive interference

between the N1 and N2 mediated diagrams. Because of this, the strong constraint of the

LFV processes can be evaded.
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On the left-bottom panels of figures 4 and 5, we display the phase factors |JM | and

|JD| as a function of the dark matter mass. One can find that the phase factors |JM |
and |JD| are always of the same order in both cases of normal and inverted hierarchies

of the light neutrino mass spectrum. Although the explicit form of the phase factors

JM and JD is not shown here due to complexity (the definition being given in eq. (3.5)

and (3.8)), we found that the phase factor behaves as JM , JD ∝ sin θ13 in the case of

normal hierarchy of the light neutrino spectrum. On the other hand, JM and JD can be

maximal JM , JD ∼ (
√

4π)4 ∼ 100 in the inverted hierarchy case because there is no sin θ13
factor of supression. Notice that we have numerically checked that if one assumes ηCP = 0,

the phase factor |JD| is suppressed with about two orders of magnitude compared to |JM |,
in the inverted hierarchy case.

The right-bottom panels in figure 4 and 5 show Arg(ξ) = ηCP as a function of m1 where

the orange points denote the allowed parameter points with |de|/e ≥ 10−30 cm. One can

see a small dependence on ηCP of the maximum dark matter mass m1 allowed by all the

constraints in the plots while the predicted electron EDM is below the future sensitivity

for a large dark matter mass.

5.2 The case of inert scalar dark matter

In the case in which the neutral component of the inert scalar doublet η is the dark matter

candidate, one expects a larger viable parameter space than in the case of fermonic dark

matter (see section above). This is due to the fact that the inert scalar dark matter can

annihilate into η0
†
η0 →WW, ZZ, ff, hh, other than η0

†
η0 → `α`β , νανβ via the Yukawa

coupling yiα, which are relevant to reproduce the observed relic abundance of dark matter.

We thus explore a larger range for the new particles mass ratios and consider the

following intervals in our numerical computations:

100 GeV ≤ mη0 ≤ 100 TeV, 1 ≤ m1

mη0
,
m2

mη0
,
mη+

mη0
≤ 1000, (5.3)

0 ≤ δCP, ϕCP, ηCP < 2π, 0 ≤ | sin ξ| ≤ 1, |λ3|, |λ4| ≤
√

4π. (5.4)

The numerical results for the bosonic dark matter case are shown in figures 6 and 7

for normal and inverted hierarchy of the light neutrino mass spectrum, respectively, where

the electron EDM, the scalar couplings |λ3|, |λ4| and λ5, the mass ratios between the new

particles (mi/mη0 and mη+/mη0), the phase factors |JM |, |JD|, and Arg(ξ) = ηCP are

plotted as a function of the dark matter mass mη0 .

From the left-top panels in figures 6 and 7 one can see that unlike the case of

fermonic dark matter, the predicted electron EDM cannot reach the future sensitivity

|de|/e = 10−30 cm of the next generation of ACME collaboration. One can see that the

phase factors |JM | and |JD| displayed on the left-bottom panels of figures 6 and 7 as a

function of the dark matter mass, are almost of the same order as the corresponding ones

in the case of fermion dark matter, and the dark matter mass region is also similar. There-

fore the difference between the predicted electron EDM between these cases (bosonic and

fermonic dark matter) can only be due to the behaviour of the loop functions IM and ID
(presented in figure 3).
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Figure 6. Numerical results for scalar dark matter in the case of normal ordering of the light

neutrino mass spectrum. Each point complies with all the constraints discussed in section 4.

The scalar couplings |λ3|, |λ4| and λ5 are displayed on the right-top and left-middle

panels of figures 6 and 7. For dark matter mass lighter than mη0 . 1 TeV, the annihilation

cross sections for the channels into the gauge bosons are large enough in order to obtain the

observed relic abundance, and the scalar couplings |λ3| and |λ4| have to be subdominant.

For mη0 & 1 TeV, the scalar couplings |λ3| and |λ4| starts to be O(1), and reach the

perturbativity bound
√

4π at around mη0 ∼ 5 TeV. The scalar coupling λ5 (∝ y−2) can

be larger compared to the case of fermionic dark matter since the inert scalar dark matter
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Figure 7. Numerical results for scalar dark matter in the case of inverted hierarchy for the light

neutrino mass spectrum. Each point complies with all the constraints discussed in section 4.

has the additional gauge and scalar interactions to reproduce the correct relic abundance.

As can be seen, the parameter space of λ5 drastically changes around mη0 ∼ 6 TeV. This

implies that the correct relic abundance cannot be obtained without the Yukawa coupling

yiα for mη0 & 6 TeV. While only the region of 10−11 ≤ λ5 ≤ 10−8 is shown in the plots, we

have checked that the scalar coupling λ5 can be larger. However in this case, the predicted

electron EDM is still too small due to the smallness of the Yukawa coupling.
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From the right-middle plots of figures 6 and 7, one can find that the fermion masses

can be much larger than the dark matter mass while the charged inert scalar should be

almost degenerate with the dark matter mass (green points). The region of mi/mη0 . 2 is

excluded by the several LFV constraints.

The right-bottom plots show ηCP dependence of dark matter mass allowed by all the

constraints, and these plots are similar to the ones obtained in the case of fermionic dark

matter. In all the plots in figure 6 and 7, the dark matter mass region 6 TeV . mη0 . 9 TeV

is strongly constrained by gamma-ray observations for dark matter indirect detection due

to the peak of the Sommerfeld enhancement for the annihilation cross sections.

6 Conclusions and discussions

We have computed the charged lepton EDMs in the (minimal) scotogenic model whose

leading contribution is induced at two-loop level. The numerical computation has been

conducted taking into account all the various relevant experimental and theoretical con-

straints on the parameter space of the model. We have found that the predicted electron

EDM could reach the future sensitivity |de|/e = 10−30 cm of the next generation of the

ACME, consistently complying with all the constraints, only when the lightest singlet

fermion is identified as a dark matter candidate. Notice that the predicted electron EDM

is actually larger than what was obtained in several seesaw models, as the case of the in-

verse seesaw where neutrino masses are generated at tree level [29]. In the case of normal

hierarchy of the light neutrino mass spectrum, the CP phase factors |JM | and |JD| com-

plying with all the constraints are one order of magnitude smaller than the case of inverted

hierarchy. However the magnitude of the predicted electron EDM is eventually almost of

the same order for both cases.

The electron EDM which has been calculated in this paper may be correlated with

another observables related to CP violation such as the BAU. In the scotogenic model, the

generation of BAU via resonant leptogenesis has been discussed in [63, 64]. Correlating the

BAU, the radiative neutrino mass generation and a fermonic dark matter scenario, while

having an electron EDM within ACME reach is certainly very interesting and we leave this

possibility for a future project.
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A Loop functions

Here we give the loop functions which appear in the formula of charged lepton EDMs at

two-loop level in eq. (3.4). The contribution from the pair of the diagrams (a1) and (a2),

and the contribution from the diagram (a3) are given by

IM1+2(xi, xj) =

∫ 1

0

4∏
a=1

dsa δ

(
4∑

a=1

sa − 1

)∫ 1

0

4∏
b

dtb δ

(
4∑
b=1

tb − 1

)

× s1s4(1− t3 − t4)2 − t1t2(1− s2 − s3)2

2 [(s2 + s3)(1− s2 − s3)(t1xi + t2) + (t3 + t4)(s1xj + s4)]
2 , (A.1)

IM3 (xi, xj) =

∫ 1

0

3∏
a=1

dsa δ

(
3∑

a=1

sa − 1

)∫ 1

0

4∏
b

dtb δ

(
4∑
b=1

tb − 1

)

× s1s2(1− t4)(−t1 + s2t1 − s3t4)
[s2(1− s2)(t1xi + t2 + t3) + t4(s1xj + s3)]

2 . (A.2)

For the diagrams (b1) and (b2), each diagram gives non-zero contribution, however one

can find that these can exactly be the same expressions with opposite sign in the limit

xα, xβ → 0. Thus the contributions from (b1) and (b2) cancel with each other, and the

whole Majorana type loop function is given by IM (xi, xj) = IM1+2(xi, xj) + IM3 (xi, xj).

The diagrams (c1) and (c2) providing the Dirac type contribution include a divergence

for each diagram. However the divergence cancels out and the whole loop function is finite

as given by

ID(xi, xj) =

∫ 1

0

3∏
a=1

dsa δ

(
3∑

a=1

sa − 1

)∫ 1

0

3∏
b

dtb δ

(
3∑
b=1

tb − 1

)
t1(t2 − t3)

2 [t1 + t2xi + t3xj ]

+

∫ 1

0

3∏
a=1

dsa δ

(
3∑

a=1

sa − 1

)∫ 1

0

4∏
b

dtb δ

(
4∑
b=1

tb − 1

)

× s1(1 + 4s1)

2

t1(t2 − t3)
[s1(t1 + t2xi + t3xj) + t4]

2 . (A.3)
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