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The scotogenic type I and type III seesaw models are good candidates to explain the existence of
neutrino masses and dark matter simultaneously. However, since triplet fermions have SUð2Þ gauge
interaction, they cannot be out of equilibrium before the electroweak symmetry breaking. Thus,
leptogenesis seems to be difficult within a framework of the pure type III seesaw model. Some extension
seems to be required to solve this fault. A model extended by introducing a singlet fermion could be such a
simple example. If the singlet fermion is in thermal equilibrium even for its extremely small neutrino
Yukawa coupling, leptogenesis could be shown to occur successfully for a rather low mass of the singlet
fermion. The required mass could be lowered to 104 GeV.
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I. INTRODUCTION

Leptogenesis is considered to be the most promising
scenario for the generation of baryon number asymmetry
in the Universe [1,2]. In this scenario, lepton number
asymmetry produced in some way is transformed into the
baryon number asymmetry through the sphaleron inter-
action [3]. The lepton number asymmetry is usually
considered to be caused through the decay of right-
handed neutrinos which appear in the seesaw mechanism
for the neutrino mass generation [4]. If the right-handed
neutrinos have no interaction except for neutrino Yukawa
couplings, both their production in the thermal plasma
and their decay are brought about only through this
interaction. If these couplings are strong, their produc-
tion occurs effectively and they can reach equilibrium at
an earlier stage. However, washout of the generated
lepton number asymmetry is also caused by them
effectively. On the other hand, if these couplings are
weak, their production is ineffective and their equilib-
rium value is realized at a later stage although the
washout effect could be suppressed. As a result, only
a restricted range of the neutrino Yukawa couplings is
expected to cause the required baryon number asymme-
try via the leptogenesis successfully. This feature
requires the mass of the right-handed neutrinos in the

ordinary seesaw model to be more than 109 GeV [5]
under the constraint of neutrino oscillation data as long
as resonant leptogenesis [6] is not supposed. We find a
similar feature in the scotogenic type I seesaw model [7],
which is a well-known model for both neutrino masses
and dark matter (DM) [8,9]. In this model, the right-
handed neutrinos whose masses are in TeV ranges could
have a chance to be a candidate for both DM and a
mother field of leptogenesis [10].
The scotogenic type III seesaw model is known as

another model which can connect the neutrino mass
generation and the existence of DM at low energy
regions [11]. It is a simple extension of the standard
model (SM) by an additional inert doublet scalar η and
SUð2Þ triplet fermions Σαðα ¼ 1 − nΣÞ which could play
the same role as the right-handed neutrinos in the
scotogenic type I seesaw model. If odd parity of a Z2

symmetry imposed on the model is assigned to these new
fields and all other fields are assumed to have its even
parity, the neutrino masses are forbidden at tree level but
they are generated through a one-loop diagram. This
model can have also two DM candidates, a neutral
component of η and the lightest neutral one of Σα,
whose stability is guaranteed by the Z2 symmetry. In
both cases, one might expect that the decay of the lightest
or next lightest triplet fermion causes the lepton number
asymmetry, depending on which is the DM, since it
violates the lepton number. However, it is difficult for
this decay to cause a net lepton number asymmetry
unfortunately since Σα are considered to have masses
near the TeV ranges. Since the triplet fermions Σα have
SUð2Þ gauge interaction differently from the right-handed
neutrino, it cannot be out of equilibrium before the
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electroweak symmetry breaking [12].1 In that case, their
decay cannot satisfy the Sakharov conditions for the
generation of the lepton number asymmetry. In this paper,
we try to extend the scotogenic type III seesaw model to
incorporate the leptogenesis into it in a self-contained
way, assuming that the Σα mass is much smaller than
Oð109Þ GeV. In that extension, the sufficient baryon
number asymmetry is found to be produced by a mother
fermion with a mass of Oð104Þ GeV.
The paper is organized as follows. In the next section, we

introduce a scotogenic type III seesaw model and give a
brief review of the neutrino mass generation and the DM
abundance in it. After that, its extension is discussed by
introducing a singlet fermion and we address how it makes
leptogenesis possible. In Sec. III, the leptogenesis is studied
quantitatively to show that it could occur for a rather low
mass mother fermion. The paper is summarized in Sec. IV.

II. A HYBRID SCOTOGENIC MODEL

A. Neutrino mass and DM abundance in
scotogenic type III seesaw

The scotogenic type III seesaw model [11] is charac-
terized by the neutrino Yukawa couplings of SUð2Þ triplet
fermions Σα with a hypercharge Y ¼ 0 and an inert doublet
scalar η with Y ¼ −1, which are given as

−LΣ¼
XnΣ
α¼1

� X
i¼e;μ;τ

hiαl̄Li
Σαηþ

1

2
MαtrðΣ̄αΣc

αÞþH:c:

�
; ð1Þ

where Σα is defined by

Σα ≡
X3
a¼1

τa

2
Σa
α ¼

1

2

�
Σ0
α

ffiffiffi
2

p
Σþ
αffiffiffi

2
p

Σ−
α −Σ0

α

�
: ð2Þ

The scalar potential of the model is given by

V ¼ m2
ϕϕ

†ϕþm2
ηη

†ηþ λ1ðϕ†ϕÞ2 þ λ2ðη†ηÞ2
þ λ3ðϕ†ϕÞðη†ηÞ þ λ4ðϕ†ηÞðη†ϕÞ

þ λ5
2
½ðη†ϕÞ2 þ ðϕ†ηÞ2�; ð3Þ

where ϕ is an ordinary Higgs doublet scalar. Since we
impose a Z2 symmetry for which only Σα and η have odd
parity and all other fields are assigned even parity, their
allowed interaction terms except for gauge interactions are
restricted to the ones listed in Eqs. (1) and (3).

This Z2 symmetry brings about interesting features in the
model. Since η is assumed to have no vacuum expectation
value, the Z2 symmetry remains as an exact one. Thus, the
neutrinos cannot have masses at a tree level. However, as
the scotogenic type I seesaw model shown in the left of
Fig. 1, the neutrino masses are generated by a one-loop
diagram shown in the right of Fig. 1, in which the right-
handed neutrino N in the former is replaced by Σα. The
mass induced through this diagram is estimated as

Mij¼
XnΣ
α¼1

hiαhjαλ5hϕi2
32π2Mα

�
M2

α

M2
η −M2

α

�
1þ M2

α

M2
η−M2

α

�
ln
M2

α

M2
η

�
;

ð4Þ

where M2
η ¼ m2

η þ ðλ3 þ λ4Þhϕi2. If we note that only two
triplet fermions are enough to explain the neutrino oscil-
lation data, Yukawa coupling constants for the remaining
ones can be very small so as not to contribute to the neutrino
mass generation substantially. Taking this into account, we
confine our study here to the minimal case nΣ ¼ 2. An
interesting feature of the model is that bothMα andMη can
take much smaller values in comparison with typical ones
for the right-handed neutrino masses in the ordinary type I
seesaw model as long as jλ5j ≪ 1 is satisfied.
Another interesting feature is that the model could

explain a required value of the DM abundance. The model
has two DM candidates as mentioned above, that is, the
lightest Σ0

α and the lightest neutral component of η. Both of
them have the Z2 odd parity. In this paper, we focus our
study on a case where η is DM.2 This DM candidate has
been extensively studied in many articles [7,15]. There, it
has been proved that the lightest neutral component of η
with the mass of Oð1Þ TeV can realize the required DM
relic density easily. In fact, since the coannihilation among
the components of η could be effective, Ωh2 ¼ 0.12 can be
obtained for suitable values of quartic couplings λ3 and λ4
without serious fine tuning. In the following discussion, we
just assumeMη ¼ Oð1Þ TeV, which can guarantee the DM
abundance.
These are common features to the scotogenic type I

seesaw model. However, a problem is caused in the
leptogenesis through the nature of Σα, which has SUð2Þ

FIG. 1. Left: A one-loop diagram for the neutrino mass gen-
eration in the scotogenic type I seesaw. Right: A one-loop diagram
for the neutrino mass generation in the scotogenic type III seesaw.

1Leptogenesis in the type III seesaw model has been studied in
[13]. It has been shown that the sufficient lepton number
asymmetry can be generated as long as the mass of the mother
triplet fermion is larger than Oð109Þ GeV. However, it has also
been discussed that successful leptogenesis is not so easy for a
much lighter triplet fermion.

2The study of a case in which Σ0 is DM can be found
in [11,14].
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gauge interactions other than the neutrino Yukawa cou-
plings given in Eq. (1). As a result, the Σα decay cannot
generate the lepton number asymmetry differently from the
right-handed neutrino decay in the scotogenic type I seesaw
model. This is because they cannot leave thermal equilib-
rium until a scale of the electroweak symmetry breaking as
noted before. In order to remedy this fault and make the
leptogenesis available in this framework, we have to
consider some extension of the model.

B. A simple extension of the model

As a simple extension,3 we consider introducing a Z2

odd singlet fermion N and adding several new terms to the
Lagrangian given in Eq. (1) such that4

−LN ¼
X

i¼e;μ;τ

hNi l̄Li
Nηþ 1

2
MNN̄Nc þ 1

2
yNSN̄Nc

þ
X2
α¼1

1

2
yαtrðΣ̄αΣc

αÞSþ H:c:; ð5Þ

where S is a Z2 even real scalar which has potential
1
4
λSS4 þ 1

2
m2

SS
2. The mass mS is assumed to satisfy

mS ≫ Mα > MN . This model can be considered as a hybrid
model of the two types of scotogenic model since the
neutrinomasses could be generated through the two types of
diagram given in Fig. 1. However, if the coupling constant
hNi is sufficiently small, the neutrino mass formula (4) is not
affected by this extension. On the other hand, the smallness
of Yukawa coupling hNi could make the substantialN decay
start at a low temperature such asT ≪ MN , whereΓN ≳H is

realized for the N decay width ΓN ¼ P
i
hN2
i
8π MN and the

Hubble parameter H2 ¼ π2

30
g�T4

3M2
pl
. The decay before reaching

this temperature region is out of equilibrium. Thus, as long
as N has already been in thermal equilibrium at a high
temperature T > MN through a certain interaction, it could
generate the lepton number asymmetry efficiently.
At first, we address how N could be in thermal

equilibrium in such a case that its Yukawa couplings hNi
are very small. We suppose that S has a nonminimal
coupling with a Ricci scalar such as ξ

2
S2R. In that case,

S could play the role of the inflaton in the same way as
Higgs inflation [17,18]. This inflation is expected to
explain the present observational data for the CMB well
for appropriate values of λS and ξ. Since its details are not
crucial for the present purpose, we confine the present
discussion to the estimation of reheating temperature only.5

The reheating is dominantly caused by the S decay to Σ1.2
pairs through the couplings in Eq. (5) in the case y1;2 > yN .
There, the reheating temperature can be estimated from
H ≃ ΓD

S by using both the Hubble parameter H and the
decay width ΓD

S of S such as

TR ≃ 4 × 1011
�

yΣ
10−2

��
mS

1010 GeV

�
1=2

GeV; ð6Þ

where y1;2 ¼ yΣ is assumed and g� ¼ 121.5 is used for
relativistic degrees of freedom in the model. Here, it is
important to note that N is pair-produced in the thermal
plasma through the scattering of Σ1;2 pairs mediated by S
even if the Yukawa coupling constants hNi are sufficiently
small. In that case, the Yukawa coupling constants hNi could
be irrelevant to the determination of the abundance of N.
This is a completely different situation from the pure
scotogenic type I seesaw case [7]. On the other hand,
using the assumption mS

2
> M1;2 > MN , we can roughly

estimate the freeze-out temperature of this scattering
process from H ≃ ΓS

ΣαΣα→NN , where ΓS
ΣαΣα→NN is the reac-

tion rate for ΣαΣα → NN, such that

TD≃2×1010
�
10−2

yΣ

�
2=3

�
10−2

yN

�
2=3

�
mS

1010 GeV

�
4=3

GeV:

ð7Þ

Equations (6) and (7) suggest that N could reach
thermal equilibrium at a certain temperature T such that
TD < T < TR. After that, it decouples from the thermal
plasma at T < TD and starts the out-of-equilibrium decay
to lη† to generate the lepton number asymmetry.
In order to confirm that this scenario works, as an

example, we fix the relevant parameters as follows:

yΣ ¼ 10−1.5; yN ¼ 10−2;

hNi ¼ 10−6; mS ¼ 1010 GeV;

M1 ¼ 107 GeV; M2 ¼ 108 GeV;

MN ¼ 106 GeV: ð8Þ

For these parameters, the reheating temperature obtai-
ned through the S decay can be estimated as TR≃
4 × 1011 GeV from Eq. (6). To examine the evolution of
the number density of N, we solve the Boltzmann equation
for the number density of N [20],

dYN

dz
¼−

z
sHðMNÞ

�
YN

Yeq
N
−1

��
γDþ

�
YN

Yeq
N
þ1

�
γΣΣ

�
; ð9Þ

where Σ1;2 are supposed to be in thermal equilibrium; z and

HðMNÞ are defined as z≡ MN
T and HðMNÞ≡ 0.33g1=2�

M2
N

Mpl
;

3The hybrid model of type I and type III is considered in a
different context [16].

4Although masses of Σα and N could be supposed to be
generated by a vacuum expectation value of S [12], they are
assumed to be independent parameters for simplicity in this study.

5Several inflation scenarios have been discussed in the
scotogenic type I seesaw model extended by a singlet scalar [19].

LOW SCALE LEPTOGENESIS IN A HYBRID MODEL OF THE … PHYS. REV. D 100, 055008 (2019)

055008-3



YN is defined as YN ≡ nN
s by using theN number density nN

and the entropy density s; Yeq
N represents its equilibrium

value; and γD and γΣΣ stand for the reaction density of theN
decay and the 2-2 scatteringΣαΣα → NN, respectively [21].
The solution of Eq. (9) is plotted in Fig. 2. In the left

panel, the ratio of each reaction rate to the Hubble
parameter Γ

H is plotted as a function of z. They are relevant
to the production of N. In the right panel, the evolution of
YN is plotted as a function of z for two cases, that is, in

YðDþSÞ
N where both the inverse decay of N and the 2-2

scattering of a Σα pair are taken into account, but in YðDÞ
N

where the former is taken into account alone. The com-
parison of both panels suggests that the thermal equilibrium
abundance of N is realized when the 2-2 scattering reaches
equilibrium, and it is kept still after the 2-2 scattering leaves
equilibrium. The out-of-equilibrium decay of N starts at
z > 1. Since YNðzRÞ ¼ 0 is assumed as an initial value at
TR, the right panel shows that N is efficiently produced by

the 2-2 scattering and YðDþSÞ
N reaches the equilibrium value

Yeq
N at a higher temperature compared with no scattering

one YðDÞ
N . We can also find from this panel that the out-of-

equilibrium decay of N could start at a larger Yeq
N value in

the YðDþSÞ
N case than the one in the YðDÞ

N case. The difference
is found to be 1 order of magnitude in this example. This
feature does not depend on TR as long as YN reaches its
equilibrium value before z ∼ 1. It suggests thatN could be a
good mother fermion for the lepton number asymmetry in
this extended model. Since both the mass and the couplings
of N are free from the neutrino mass constraint, a window
might be opened for the low scale leptogenesis.
In the same panel, as a reference, YN is plotted also for

the case YðDÞ
N ð0.1Þ ¼ 0 by a dashed line. It shows that YðDÞ

N
immediately reaches the same value for the case

YðDÞ
N ðzRÞ ¼ 0. This suggests that we can take a much

larger z than zR as a starting point for the analysis of the

Boltzmann equation. Taking this into account, we discuss
the possibility of a low scale leptogenesis caused by the N
decay quantitatively in the next section.

III. LEPTOGENESIS

The N decay could satisfy the Sakharov condition and
then it generates the lepton number asymmetry, which is
converted to the baryon number asymmetry through the
sphaleron process. If the sphaleron is in thermal equilib-
rium, the baryon number B is found to be related with
B − L as B ¼ 8

23
ðB − LÞ in the present model by using the

chemical equilibrium condition [22]. If we use this relation
for YB and YB−L, which are defined as YB ≡ nB

s and
YB−L ≡ nB−nL

s , by using the entropy density s, YB in the
present Universe is found to be obtained from YB−L, which
is produced through N decay as

YB ¼ 8

23
YB−LðzEWÞ; ð10Þ

where the dimensionless parameter z is defined in the
previous part and zEW is fixed by the sphaleron decoupling
temperature TEW as zEW ¼ MN

TEW
.

The CP asymmetry in the N decay is dominantly caused
by the interference between a tree diagram and a one-loop
vertex diagram which has Σα in an internal line. They are
shown in Fig. 3. It is calculated as [23]

ε≡ ΓðN → lη†Þ − ΓðNc → l̄ηÞ
ΓðN → lη†Þ þ ΓðNc → l̄ηÞ

¼ 3

64π½3
4
þ 1

4
ð1 − M2

η

M2
N
Þ2�

×
X
α¼1;2

Im½ðPi¼e;μ;τh
N
i h

�
iαÞ2�P

i¼e;μ;τh
N
i h

N�
i

G

�
M2

α

M2
N
;
M2

η

M2
N

�
; ð11Þ

where Gðx; yÞ is defined as

10-6

10-4

10-2

100

102

10-4 10-2 100

Γ/
H

z

ΓN
D

ΓΣΣ
S

10-10

10-8

10-6

10-4

10-2

100

10-4 10-2 100

Y

z

YN
(D+S)

YN
(D)

YN
(D)

YN
eq

FIG. 2. The left panel shows the reaction rate Γ normalized by the Hubble parameter H which is relevant to the N production, that is,
the 2-2 scattering ΣαΣα → NN (ΓS

ΣΣ) and the decay N → lη† (ΓD
N ). The right panel shows the evolution of YN for an initial condition

YNðziÞ ¼ 0 with zi ¼ zRð≡MN
TR
Þ. Yeq

N represents the thermal equilibrium value. Both γD and γΣΣ are taken into account in Y
ðDþSÞ
N but only

γD is taken into account in YðDÞ
N . As a reference, YðDÞ

N is plotted for the case zi ¼ 0.1 using a black dashed line.
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Gðx; yÞ ¼ 5

4
Fðx; 0Þ þ 1

4
Fðx; yÞ

þ 1

4
ð1 − yÞ2½Fðx; 0Þ þ Fðx; yÞ�;

Fðx; yÞ ¼ ffiffiffi
x

p �
1 − y − ð1þ xÞ ln

�
1 − yþ x

x

��
: ð12Þ

In order to estimate the lepton number asymmetry quanti-
tatively, we need to fix a flavor structure of neutrino
Yukawa coupling constants hαi and hNi .

6 Here, we adopt
the tri-bimaximal flavor structure as an example. In the
previous works [7], we find that tri-bimaximal flavor
structure does not cause a serious effect in the study of
leptogenesis compared with the one where nonzero θ13 is
taken into account.7 We assume [25]

he1 ¼ 0; hν1¼ hτ1≡h1;

he2 ¼ hμ2 ¼−hτ2≡h2; hNe ¼ 0; hNμ ¼ hNτ ≡hN; ð13Þ

where hNi is taken to be very small so that it is irrelevant to
the neutrino mass and mixing. By using this flavor structure
of the neutrino Yukawa couplings, ε is found to be
expressed as

ε ¼ 3jh1j2
32π

G

�
M2

1

M2
N
;
M2

η

M2
N

�
sinð2φ1Þ; ð14Þ

where φ1 ¼ argðhNÞ − argðh1Þ. Here, we should note that ε
could take a larger value compared with the one in the pure
scotogenic type I seesaw model since a singlet fermion is
replaced by a triplet fermion Σα in an internal line of the
one-loop diagram.

If N is in thermal equilibrium, the substantial generation
of the lepton number asymmetry is expected to start at
z ∼ 1, where N leaves equilibrium as found in the right
panel of Fig. 2. Thus, YB−LðzEWÞ might be roughly
estimated as YB−LðzEWÞ ≃ εκYeq

N ð1Þ by using the equili-
brium expression Yeq

N ðzÞ ¼ 45
2π4g�

z2K2ðzÞ, where g� is the

number of relativistic degrees of freedom at this period and
K2ðzÞ is the modified Bessel function of the second kind.
κ stands for the washout efficiency for the generated lepton
number asymmetry. Since the present value of YB [26]
requires 2.4 × 10−10 < jYB−LðzEWÞj < 2.7 × 10−10, we
find that ε has to satisfy jεj≳ 8 × 10−8κ−1 from this rough
estimation. In the case of M1 > MN , this ε value requires

jh1j > 8.5 × 10−4
�

M1

107 GeV

�
1=2

�
106 GeV

MN

�
1=2

; ð15Þ

if φ1 ¼ π
4
is assumed. If the out-of-equilibrium decay of N

starts at z ∼ 1, its decay width ΓD
N should satisfy H > ΓD

N
there. On the other hand, its decay should be completed at
some zT before reaching the sphaleron decoupling temper-
ature TEW ∼ 100 GeV and then Hjz¼zEW < ΓD

N should be
satisfied. In such a case, YN can take its equilibrium value at
z > zT . These impose the condition

6.2×10−10
�
106GeV
MN

�
1=2

<hN<6.2×10−6
�

MN

106GeV

�
1=2

:

ð16Þ

This suggests that a favored range of hN becomes narrower
for a smaller value of MN .
The situation is completely different from the case

discussed above, if N has to be produced only through
the neutrino Yukawa coupling hN from an initial value
YNðzRÞ ¼ 0. Since the inverse decay rate of N, which is a
dominant process of the N production, is proportional to
h2NMN , YN ≥ Yeq

N can be realized at a much lower temper-
ature such as z > 1 for small values of hN . It is found in the
right panel of Fig. 2. Thus, the substantial lepton number
generation starts at a larger z, where YNðzÞ is much smaller
than Yeq

N ð1Þ. This is one of the reasons why the low scale
leptogenesis is not so easy in the ordinary seesaw model.
The present model could escape this difficulty since the
Yukawa coupling hN is irrelevant to both the N production
and the neutrino mass generation.
In the above discussion, the washout efficiency κ for the

generated lepton number asymmetry is not taken into
account quantitatively. The lepton number asymmetry
could be washed out mainly by the lepton number violating
2-2 scattering such as ηη → lilj and ηli → η†l̄j, which
are mediated by Σα, and also the inverse decay of Σα and N.
Since these processes could be heavily suppressed by
the Boltzmann factor at a low temperature region
z ≫ 1ðM1 ≫ TÞ, we can take κ ≃ 1 if the lepton number

FIG. 3. Diagrams of the lepton number violating N decay. The
CP asymmetry is induced by the interference between a tree and a
one-loop diagram.

6As stressed in [24], ε does not depend on the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix. However, the PMNS
matrix could affect the reaction rate of the processes which
contribute to the washout of the generated lepton number
asymmetry.

7Although the model is different from the one studied in [7],
the neutrino mass generation is the same except that N is replaced
by Σ0 as shown in Fig. 1. Since nonzero θ13 effects on the
neutrino Yukawa couplings are considered to appear in both
models in the same way, we can follow the results there.
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asymmetry is mainly generated in this region. Such a
situation is expected to occur in a tiny hN case. On the other
hand, if the lepton number asymmetry is generated at a
smaller z region such as z≲ 10, κ could take a smaller value
(κ ≪ 1) there. The above washout processes are propor-
tional to h41;2, h

2
1;2, and h2N , respectively, while the CP

asymmetry ε1;2 is proportional to h21;2. Thus, we find that
the values of h1;2 contained in a restricted region are
favored for the generation of the lepton number asymmetry.
Such values of h1;2 can be realized for a certain range of jλ5j
as found from the neutrino mass formula (4) if masses of η
and Σα are fixed.
To examine a possibility of the low scale leptogenesis

suggested above and to estimate the produced baryon
number asymmetry quantitatively, we solve the
Boltzmann equation for YL ≡ Yl − Y l̄. In the present
model, we can use the equilibrium value Yeq

N as the initial
value of YN . It can be realized through the 2-2 scattering of
the Σα pair as addressed in the previous part. The
Boltzmann equation analyzed here is8

dYL

dz
¼ z

sHðMNÞ
�
ε

�
YN

Yeq
N
− 1

�
γDN

−
2YL

Yeq
l

� X
f¼N;Σα

γDf
4
þ γηl þ γηη

��
; ð17Þ

where Yeq
l stands for the equilibrium value of leptons

which is expressed as Yeq
l ¼ 45

π4g�
; γDf stands for a reaction

density for the decay of the fermion f; and γηl and γηη
represent the reaction density for ηli → η†l̄j and
ηη → lilj, respectively.

In order to find the behavior of the generated lepton
number asymmetry, we use the values listed in Eq. (8) for
hN , MN , M1, and M2. If we fix Mη and λ5, the neutrino
Yukawa couplings h1;2 are determined through Eq. (4) by
imposing the neutrino oscillation data. As an example, we
fix them at Mη ¼ 103 GeV and jλ5j ¼ 6 × 10−4.9 These
parameters give the CP asymmetry jεj ≃ 10−7 for the
maximal CP phase. In Fig. 4, the solutions YN and jYLj
of Eqs. (9) and (17) are plotted for both initial values
YNð10−1Þ ¼ Yeq

N ð10−1Þ and YNð10−1Þ ¼ 0. The left panel
shows that a sufficient value of jYLj for the explanation of
the baryon number asymmetry in the Universe can be
generated in the former initial value. On the other hand, in
the latter case plotted in the right panel, the generated jYLj
is found not to reach the required value. This result can be
easily understood by comparing both panels in Fig. 4,
which shows that YN in the latter case reaches and leaves
the equilibrium value at a lower temperature (ze ∼ 4)
compared with the former case (ze ∼ 1). It directly results
in a smaller value of jYLj since it can be approximately
estimated from YL ≃ εκYeq

N ðzeÞ with the same κ. This
example suggests that the leptogenesis could occur suc-
cessfully for a rather small mass of the mother fermion in
the present model. At a smaller hN region, especially, the
sufficient baryon number asymmetry is expected to be
obtained, since the sufficiently late decay of N allows
almost all the generated lepton number asymmetry to
escape the washout (κ ≃ 1) and be preserved.
A crucial feature of the leptogenesis is controlled by the

coupling constants hN and λ5 in this model. In order to
clarify it, in Fig. 5 we show the dependence of YBðzEWÞ on
these parameters by fixing the remaining parameters to
some typical values. In the left panel, YBðzEWÞ is plotted for
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FIG. 4. The evolution of YL for both initial conditions YNðziÞ ¼ Yeq
N ðziÞ (left panel) and YNðziÞ ¼ 0 (right panel). In both panels, the

parameters given in (8) are used. Although we use zi ¼ 10−1 in this analysis, the result is not affected even if zi is taken to be a smaller
value, which has been remarked on in Fig. 2. The black dotted lines in each panel represent the required value of jYLj.

8Since the lepton number violation due to the sphaleron
is not introduced in this equation, this YL should be understood
as −YB−L.

9We consider the η DM here. In that case, we have to note
that jλ5j is restricted by the direct DM search experiments as
jλ5j > 5 × 10−6 [7,27].
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various values of hN by using both initial values
YNð10−1Þ ¼ Yeq

N ð10−1Þ and YNð10−1Þ ¼ 0. As discussed
in Eq. (16), the coupling hN determines a period where N is
in the out-of-equilibrium state. Taking this into account, the
YBðzEWÞ behavior shown in this panel can be explained as
follows. In the case YNð10−1Þ ¼ Yeq

N ð10−1Þ, the smaller hN
makes the substantial N decay be delayed until a low
temperature where the washout processes are frozen out. As
a result, almost all the lepton number asymmetry generated
through the N decay is transformed to YB independently of
the hN value. It explains the almost constant behavior of
YBðzEWÞ at a small hN region such as hN ≲ 2 × 10−7. In the
region hN ≲ 4 × 10−6, the sufficient YB can be obtained for
the YNð10−1Þ ¼ Yeq

N ð10−1Þ case, since the washout due to
the inverse decay of N is suppressed. On the other hand, in
the YNð10−1Þ ¼ 0 case, YN > Yeq

N tends to be realized at a
later period such as z ≫ 1. For a such region of z, Yeq

N is too
small to generate the sufficient YBðzEWÞ. In the region
hN ≳ 5 × 10−6, YN > Yeq

N starts at z ∼ 1 commonly for both
initial values, and then the same YBðzEWÞ value is obtained
for them. Although YN could be sufficiently large in this
case, the washout due to the inverse decay of N is effective
for this range of hN and then it is difficult for YBðzEWÞ to
reach a required value. Here, it may be useful to note
that the required YBðzEWÞ could be obtained for a suitable
value of hN even in a situation YNð10−1Þ ¼ 0 and
MN < 108 GeV, as found in the left panel. It is considered
to be caused by the hybrid nature of the model which makes
the CP asymmetry ε larger compared with the pure
scotogenic type I seesaw model [7].
In the right panel of Fig. 5, YBðzEWÞ is plotted for various

values of jλ5j for two values of MN . In this calculation, we
choose hN ¼ 10−6 and then the washout is considered to be
mainly caused by Σα. The figure shows that the jλ5j values
included in a restricted region can generate a sufficient

amount of YBðzEWÞ. The coupling λ5 determines both
magnitudes of the CP asymmetry ε and the washout
efficiency κ through the neutrino Yukawa couplings h1;2.
A larger jλ5j gives the smaller h1;2 under the constraint of
the neutrino oscillation data. It explains the YBðzEWÞ
behavior presented in this figure.
Another interesting issue of the model is what is a lower

bound of MN for which the required value of YBðzEWÞ can
be obtained. At hN ¼ 6 × 10−8 in the left panel of Fig. 5,
YBðzEWÞ is plotted by asterisks for MN ¼ 104 GeV,
M1 ¼ 105 GeV, and M2 ¼ 2 × 105 GeV changing the
value of jλ5j downward as 6 × 10−5, 10−4, 6 × 10−4. In
order to show what causes the difference among the cases
with MN ¼ 104 GeV and hN ¼ 6 × 10−8, we list param-
eters relevant to the leptogenesis in Table I. This suggests
that the lower bound ofMN could be 104 GeV at least in the
present model.10 If the relevant parameters in the model are
fixed at appropriate values which can realize jεj≳ 10−7 and
suppress the washout due to Σα simultaneously at least for a
sufficiently small hN , the low scale leptogenesis could be
allowed in this model in a consistent way with the neutrino
mass generation, the DM abundance, and also the inflation.
We need no serious tuning for them even in that case.
Finally, we remark on the signatures in the collider

experiment caused by the present low scale leptogenesis.
Collider phenomenology expected for the triplet fermions
has been discussed extensively in [28]. Following it, any
promising signature of the triplet fermions cannot be
expected in the collider physics at least in the near future,
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FIG. 5. The dependence of YBðzEWÞ on hN and jλ5j. In both panels, zi ¼ 0.1 is taken andM1;2 is assumed to beMα ¼ 10αMN except
for some cases. The left panel shows the hN dependence of YBðzEWÞ in both initial values of YN . MN and jλ5j are fixed at MN ¼
106 GeV and jλ5j ¼ 6 × 10−4. At hN ¼ 10−6; 6 × 10−8, and 2 × 10−8, we plot YBðzEWÞ also for MN ¼ 105 and 104 GeV downward.
Asterisks at hN ¼ 6 × 10−8 display YBðzEWÞ for MN ¼ 104 GeV, M1 ¼ 105 GeV, and M2 ¼ 2 × 105 GeV by changing jλ5j as
6 × 10−3; 10−4, and 6 × 10−4 downward. The right panel shows the jλ5j dependence of YBðzEWÞ at hN ¼ 10−6. The initial condition is
fixed at YNðziÞ ¼ Yeq

N ðziÞ.

10The possibility of low scale leptogenesis in the scotogenic
type I seesaw has been intensively studied in [24]. They
concluded MN ≳ 104 GeV for the successful leptogenesis, just
assuming N is in thermal equilibrium initially. Although we do
not exhaust the parameter space, a similar bound of MN is
obtained in the present model.
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since their masses should be larger than Oð104Þ GeV for
successful leptogenesis. On the other hand, even if the
signatures of inert doublet scalars η are discovered, it seems
to be difficult to distinguish the scotogenic type III model
from the scotogenic type I model.

IV. SUMMARY

The scotogenic type III seesaw model is an interesting
model which can link the neutrino mass generation and the
existence of DM. Unfortunately, it cannot explain the
baryon number asymmetry in the Universe through lepto-
genesis. Since heavy fermions in the model are triplets of
SUð2Þ and then have the gauge interaction, they are kept in
thermal equilibrium until the electroweak scale. As a
consequence, they cannot generate the lepton number
asymmetry through the out-of-equilibrium decay.
We proposed a simple extension of the model by

introducing a singlet fermion so as to incorporate success-
ful leptogenesis. Since this singlet fermion could be
irrelevant to the neutrino mass generation by assuming
its Yukawa coupling constants are very small, its out-of-
equilibrium decay could be possible even if it is not so
heavy. If its thermal equilibrium could be prepared not
through its Yukawa couplings but through other

interactions, the leptogenesis caused by its decay at a
low temperature region could explain the required baryon
number asymmetry. As such a process, we supposed the
singlet fermion pair production caused by the pair annihi-
lation of the triplet fermions which are produced in the
inflaton decay. Since the triplet fermions are in thermal
equilibrium at an early stage, the singlet fermions could
reach thermal equilibrium at a high temperature where its
equilibrium number density takes a large value. Several
parameter dependences of this leptogenesis were clarified
in detail. We also showed that the required baryon number
asymmetry could be generated even for the small mass of
the singlet fermion likeOð104Þ GeV as long as the relevant
parameters have suitable values. The scenario might be
applicable for the low scale leptogenesis in other models for
the neutrino mass, the DM, and the inflation.
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