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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 SU(2) 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 10* GeV.

DOI: 10.1103/PhysRevD.100.055008

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
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ordinary seesaw model to be more than 10° 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 # and
SU(2) triplet fermions X,(a = 1 — ny) which could play
the same role as the right-handed neutrinos in the
scotogenic type I seesaw model. If odd parity of a Z,
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 # and the lightest neutral one of Z,,
whose stability is guaranteed by the Z, 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 X, are considered to have masses
near the TeV ranges. Since the triplet fermions X, have
SU(2) gauge interaction differently from the right-handed
neutrino, it cannot be out of equilibrium before the

Published by the American Physical Society
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electroweak symmetry breaking [12]." 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 X, mass is much smaller than
O(10°) GeV. In that extension, the sufficient baryon
number asymmetry is found to be produced by a mother
fermion with a mass of O(10%) 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 SU(2) triplet
fermions X, with a hypercharge ¥ = 0 and an inert doublet
scalar n with Y = —1, which are given as

ny _ 1 _
—Ly=> ( > hiaf 1T+ 5 Matr(2.X5) —|—H.c.>, (1)

i=e.u,t

where X, is defined by
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The scalar potential of the model is given by
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V= mid'p+ myn'n + 2, (' $)* + A (n'n)?
+ (") (1" n) + As (D) (" )
)
+5 [0 ) + (@'n)’), (3)

where ¢ is an ordinary Higgs doublet scalar. Since we
impose a Z, symmetry for which only X, and # 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 Egs. (1) and (3).

'Leptogenesis in the type Il 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 O(10°) GeV. However, it has also
been discussed that successful leptogenesis is not so easy for a
much lighter triplet fermion.

<¢>+ +<¢> <(])>+ +<¢>
LD LD
R N Vi i ¥y 5> Vi
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.

This Z, symmetry brings about interesting features in the
model. Since # is assumed to have no vacuum expectation
value, the Z, 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 X,. The
mass induced through this diagram is estimated as

Z Nighigds () [ M2 M? M>
M:Z J 5<¢> a 1+ a ln_a )
VL= 322PM, M -M Mi-M%)  M:

(4)

where M2 = m? + (A3 + 44)(¢)*. 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 ny = 2. An
interesting feature of the model is that both M, and M, 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 |15| < 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 =0 and the lightest neutral component of 5. Both of
them have the Z, odd parity. In this paper, we focus our
study on a case where 7 is DM.? This DM candidate has
been extensively studied in many articles [7,15]. There, it
has been proved that the lightest neutral component of
with the mass of O(1) TeV can realize the required DM
relic density easily. In fact, since the coannihilation among
the components of # could be effective, Q#* = 0.12 can be
obtained for suitable values of quartic couplings 43 and A4
without serious fine tuning. In the following discussion, we
justassume M, = O(1) 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 X,, which has SU(2)

*The study of a case in which X° 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 X, 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,” we consider introducing a Z,
odd singlet fermion N and adding several new terms to the
Lagrangian given in Eq. (1) such that*

. 1 1
—Ly = Z hY¢, Nn+ 3 MyNN¢ + 2 yySNN

i=eu,t

2
1 3
+y 5 Ylr(E,25)S + Hee., (5)

a=1

where S is a Z, even real scalar which has potential
1sS* +1m}S?. The mass myg is assumed to satisfy
mg > M, > M. This model can be considered as a hybrid
model of the two types of scotogenic model since the
neutrino masses could be generated through the two types of
diagram given in Fig. 1. However, if the coupling constant
hﬁv is sufficiently small, the neutrino mass formula (4) is not
affected by this extension. On the other hand, the smallness
of Yukawa coupling /" could make the substantial N decay
start at a low temperature suchas 7 << M, where 'y, = H is

realized for the N decay width I'y = Zi%M y and the
_ e
G
this temperature region is out of equilibrium. Thus, as long
as N has already been in thermal equilibrium at a high
temperature 7 > My 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 hY
are very small. We suppose that S has a nonminimal
coupling with a Ricci scalar such as %SZR. 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 Ay and £. Since its details are not
crucial for the present purpose, we confine the present
discussion to the estimation of reheating temperature only.5

Hubble parameter H> The decay before reaching

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

4Although masses of X, 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.

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

The reheating is dominantly caused by the S decay to X,
pairs through the couplings in Eq. (5) in the case y; », > yy.
There, the reheating temperature can be estimated from
H ~T% by using both the Hubble parameter H and the
decay width I' of S such as

Vs ms 172
T4 10 (10—2> (1010 GeV> GeV. (6)

where y;, = yy is assumed and g, = 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 X, , pairs mediated by S
even if the Yukawa coupling constants 4" are sufficiently
small. In that case, the Yukawa coupling constants 4} 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 % > M, > My, we can roughly
estimate the freeze-out temperature of this scattering
process from H ~T% ; _\y, where I'§ ; _y is the reac-
tion rate for £,X, — NN, such that

—2\ 2/3 /10-2\ 2/3 4/3
Tp=2x100( 12 1o s GeV.
Vs YN 10" GeV

(7)

Equations (6) and (7) suggest that N could reach
thermal equilibrium at a certain temperature 7" such that
Tp < T < Tg. After that, it decouples from the thermal
plasma at T < T and starts the out-of-equilibrium decay
to ' to generate the lepton number asymmetry.

In order to confirm that this scenario works, as an
example, we fix the relevant parameters as follows:

yy = 10719, yy = 1072,

WY =107, mg =10 GeV,

M, =10 GeV. M, = 10° GeV.,
My = 10° GeV. (8)

For these parameters, the reheating temperature obtai-
ned through the S decay can be estimated as 7Ty~
4 x 10" 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 Z YN YN
- N N G
s () o (e et ©

where X, , are supposed to be in thermal equilibrium; z and
H(My) are defined as z = @ and H(My) = 0.33gi/2 %—%V];
P!
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FIG. 2. The left panel shows the reaction rate I' normalized by the Hubble parameter H which is relevant to the N production, that is,
the 2-2 scattering X,%, - NN (I'Sy) and the decay N — #n" (I'}). The right panel shows the evolution of Y, for an initial condition

Yn(z;) = 0with z; = zx(= ATL:) Y represents the thermal equilibrium value. Both 7, and 7y are taken into account in Y

(D)

(DF5) by only

yp is taken into account in Y ’. As a reference, Y%” is plotted for the case z; = 0.1 using a black dashed line.

Yy isdefinedas Yy = "TN by using the N number density ny

and the entropy density s; Yy represents its equilibrium
value; and yp, and yyy stand for the reaction density of the N
decay and the 2-2 scattering £,%, — 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 % is plotted as a function of z. They are relevant
to the production of N. In the right panel, the evolution of

Yy is plotted as a function of z for two cases, that is, in

Y§VD+S) where both the inverse decay of N and the 2-2

scattering of a X, pair are taken into account, but in Y%))

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 Yy(zz) = 0 is assumed as an initial value at
T, the right panel shows that N is efficiently produced by

the 2-2 scattering and Y ](\,DJrS) reaches the equilibrium value

Yy at a higher temperature compared with no scattering

one Y](\I,D). We can also find from this panel that the out-of-

equilibrium decay of N could start at a larger Y}! value in
the Y %HS) case than the one in the Y%)) case. The difference
is found to be 1 order of magnitude in this example. This
feature does not depend on Ty as long as Yy reaches its
equilibrium value before z ~ 1. It suggests that N 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, Y is plotted also for
the case Yg\,D) (0.1) = 0 by a dashed line. It shows that Y%J)

immediately reaches the same value for the case

Y&D)(ZR) = 0. This suggests that we can take a much
larger z than zp 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 =3 (B — L) in the present model by using the
chemical equilibrium condition [22]. If we use this relation
for Y5 and Yp_;, which are defined as Yz =" and
Yp_;, =", by using the entropy density s, Y in the
present Universe is found to be obtained from Y_; , which
is produced through N decay as

8
Yp= g YB—L(ZEW)7 (10)

where the dimensionless parameter z is defined in the
previous part and zgy is fixed by the sphaleron decoupling
temperature Try as zgy = %—C’V

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 X, in an internal line. They are
shown in Fig. 3. It is calculated as [23]

[N = £q') — (N = )

- 3
= 7
64nlz +5(1 - 532)°]
Im . WV R )2 M2 M?
x Z ! lie””Nl Nl:) ]G<—§‘—§> (11)
a=1,2 ZiZE,ﬂ,Thi hi MN MN

where G(x,y) is defined as
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/M hja ="M

1i

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.

(1= y)*[F(x,0) + F(x,y)],

Flxy) = Vil —y—(1 —I—x)ln(l_ii)]. (12)

In order to estimate the lepton number asymmetry quanti-
tatively, we need to fix a flavor structure of neutrino
Yukawa coupling constants /,; and hY 5 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 5 is
taken into account.” We assume [25]

hel :O,
hey=h

hyy =hy =hy;

p="ha=hy; hl=0, hj=h¥=hy (13)

where hY 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, & is found to be
expressed as

3l o (MI M
€= — . —
32n M3, M3,

Jsinzo0. (19

where ¢, = arg(hy) — arg(h,). Here, we should note that ¢
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 X, in an internal line of the
one-loop diagram.

®As stressed in [24], € 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 2% as shown in Fig. 1. Since nonzero 6,5 effects on the
neutrino Yukawa couplings are considered to appear in both
models in the same way, we can follow the results there.

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, Yz_;(zgw) might be roughly
estimated as Yp_; (zpw) ~ exY3i(1) by using the equili-
brium expression Y3/(z) = zﬁfg* 72K, (z), where g, is the
number of relativistic degrees of freedom at this period and
K> (z) is the modified Bessel function of the second kind.
k stands for the washout efficiency for the generated lepton
number asymmetry. Since the present value of Yz [26]
requires 2.4 x 10719 < |Yp_; (zgw)| < 2.7 x 10719, we
find that ¢ has to satisfy |e| > 8 x 1078«~! from this rough
estimation. In the case of M| > My, this e value requires

M; \Y2/10° GeV\!/?
107 GeV> < MN ’ (15)

| > 8.5 x 10—4<

if ¢ = 7 is assumed. If the out-of-equilibrium decay of N
starts at z ~ 1, its decay width 'y should satisfy H > '
there. On the other hand, its decay should be completed at
some z7 before reaching the sphaleron decoupling temper-
ature Ty ~ 100 GeV and then H|__ < T} should be
satisfied. In such a case, Yy can take its equilibrium value at
z > zy. These impose the condition

10°GeV) 1/2 M 1/2
6.2x 10710 ( =250} " cpy<62x1070 (V)
My 10°GeV

(16)

This suggests that a favored range of /1,y becomes narrower
for a smaller value of M.

The situation is completely different from the case
discussed above, if N has to be produced only through
the neutrino Yukawa coupling /iy from an initial value
Yn(zg) = 0. Since the inverse decay rate of N, which is a
dominant process of the N production, is proportional to
%My, Yy > Y3 can be realized at a much lower temper-
ature such as z > 1 for small values of /4. It is found in the
right panel of Fig. 2. Thus, the substantial lepton number
generation starts at a larger z, where Y y(z) is much smaller
than Y3/(1). 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 Ay is irrelevant to both the N production
and the neutrino mass generation.

In the above discussion, the washout efficiency « 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 nq — £;¢; and n¢; — n'¢;, which
are mediated by X, and also the inverse decay of £, and N.
Since these processes could be heavily suppressed by
the Boltzmann factor at a low temperature region
7> 1(M, > T), we can take « =~ 1 if the lepton number

055008-5
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> 1071°

107% ¢

10720

0.1 1 10
z

0.1 1 10
z

FIG. 4. The evolution of Y, for both initial conditions Y y(z;) = Y3'(z;) (left panel) and Y y(z;) = O (right panel). In both panels, the
parameters given in (8) are used. Although we use z; = 107! in this analysis, the result is not affected even if z; 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 |Y;|.

asymmetry is mainly generated in this region. Such a
situation is expected to occur in a tiny %, case. On the other
hand, if the lepton number asymmetry is generated at a
smaller z region such as z < 10, k could take a smaller value
(k < 1) there. The above washout processes are propor-
tional to h{,, hi,, and h3,, respectively, while the CP
asymmetry &, is proportional to h%z. Thus, we find that
the values of h;, contained in a restricted region are
favored for the generation of the lepton number asymmetry.
Such values of &, , can be realized for a certain range of | 15|
as found from the neutrino mass formula (4) if masses of #
and X, 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 Y; =Y, —Y; In the present
model, we can use the equilibrium value Y3/ as the initial
value of Y. It can be realized through the 2-2 scattering of
the X, pair as addressed in the previous part. The
Boltzmann equation analyzed here is®

ez (Y0
dz  sHMy) |“\ya— )V

2Y r?
_quL{ > i+ymﬂ+y,m}], (17)
‘

f:N~Za

where Y3! stands for the equilibrium value of leptons
which is expressed as Y3 = ﬂﬁ—;; y7 stands for a reaction
density for the decay of the fermion f; and y,, and y,,
represent the reaction density for 5Z; — n'f ; and
nm — ¢, respectively.

¥Since the lepton number violation due to the sphaleron
is not introduced in this equation, this ¥; should be understood
as =Y B—L-

In order to find the behavior of the generated lepton
number asymmetry, we use the values listed in Eq. (8) for
hy, My, M, and M,. If we fix M, and 4s, the neutrino
Yukawa couplings &, , are determined through Eq. (4) by
imposing the neutrino oscillation data. As an example, we
fix them at M, = 10° GeV and |1s| = 6 x 107*.” These

parameters give the CP asymmetry |¢|~ 1077 for the
maximal CP phase. In Fig. 4, the solutions Yy and |Y/ |
of Egs. (9) and (17) are plotted for both initial values
Yy (1071 = Y3}(107!) and Yy (107') = 0. The left panel
shows that a sufficient value of |Y, | 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 |Y/ |
is found not to reach the required value. This result can be
easily understood by comparing both panels in Fig. 4,
which shows that Y in the latter case reaches and leaves
the equilibrium value at a lower temperature (z, ~4)
compared with the former case (z, ~ 1). It directly results
in a smaller value of |Y,| since it can be approximately
estimated from Y, ~exY3}(z,) with the same k. 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 % 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 (k ~ 1) and be preserved.

A crucial feature of the leptogenesis is controlled by the
coupling constants sy and As in this model. In order to
clarify it, in Fig. 5 we show the dependence of Y z(zzy ) on
these parameters by fixing the remaining parameters to
some typical values. In the left panel, Y 3 (zzy) is plotted for

"We consider the n DM here. In that case, we have to note
that |As| is restricted by the direct DM search experiments as
[As| > 5 x 1076 [7,27].
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YL(Zi)=Yﬁq(Zi) +
10°F Lo+ o4 ry Y, (2)=0 X
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FIG. 5.

107}
B
10710k - T
* - T
o X +
10 ¢
X
-12 |
10 + My=10%Gev  +
Mp=10°GeV  x
-13 . L L
10
10 10°® 102
5]

The dependence of Y (zgw) on hy and |4s|. In both panels, z; = 0.1 is taken and M , is assumed to be M, = 10*M y except

for some cases. The left panel shows the iy dependence of Yz (zgw) in both initial values of Y. My and |4s| are fixed at My =
10° GeV and |4s| = 6 x 107, At hy = 107%,6 x 1073, and 2 x 1078, we plot Yz(zzy) also for My = 10° and 10* GeV downward.
Asterisks at hy = 6 x 1078 display Ygz(zgy) for My = 10* GeV, M, = 10° GeV, and M, =2 x 10> GeV by changing |4s| as

6 x 1073,1074, and 6 x 10~* downward. The right panel shows the

fixed at Yy(z;) = Y3l (z;)-

various values of hy by using both initial values
Yn(1071) = Y3(107!) and Yy(107') = 0. As discussed
in Eq. (16), the coupling /, determines a period where N is
in the out-of-equilibrium state. Taking this into account, the
Y 5(zgw) behavior shown in this panel can be explained as
follows. In the case Yy (107") = Y3}(1071), the smaller hy
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 Y independently of
the &y value. It explains the almost constant behavior of
Y5 (zgw) at a small hy region such as iy <2 x 1077 In the
region iy <4 x 107, the sufficient Y can be obtained for
the Yy (1071) = Y3/(107!) case, since the washout due to
the inverse decay of N is suppressed. On the other hand, in
the Yy (107!) = 0 case, Yy > Y}/ tends to be realized at a
later period such as z > 1. For a such region of z, Y3/ is too
small to generate the sufficient Yz(zzy). In the region
hy 25 %1075, Yy > Y} starts at z ~ 1 commonly for both
initial values, and then the same Y z(zzy ) value is obtained
for them. Although Y could be sufficiently large in this
case, the washout due to the inverse decay of N is effective
for this range of Ay and then it is difficult for Yz(zgw) to
reach a required value. Here, it may be useful to note
that the required Y(zgy) could be obtained for a suitable
value of hy even in a situation Y, (107!) =0 and
My < 10% 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 ¢ larger compared with the pure
scotogenic type I seesaw model [7].

In the right panel of Fig. 5, Y 3(zgw) is plotted for various
values of |45 for two values of M. In this calculation, we
choose iy = 107 and then the washout is considered to be
mainly caused by X,. The figure shows that the |15| values
included in a restricted region can generate a sufficient

5| dependence of Y(zzy) at hy = 107°. The initial condition is

amount of Yy(zgzw). The coupling As determines both
magnitudes of the CP asymmetry & and the washout
efficiency « through the neutrino Yukawa couplings /5.
A larger |s| gives the smaller /1, under the constraint of
the neutrino oscillation data. It explains the Yjp(zgw)
behavior presented in this figure.

Another interesting issue of the model is what is a lower
bound of M, for which the required value of Yz (zgy ) can
be obtained. At hy = 6 x 107% in the left panel of Fig. 5,
Yg(zgw) is plotted by asterisks for My = 10* GeV,
M, =10° GeV, and M, =2 x 10> GeV changing the
value of |As| downward as 6 x 1075, 107%, 6 x 107, In
order to show what causes the difference among the cases
with My = 10* GeV and hy = 6 x 1078, we list param-
eters relevant to the leptogenesis in Table 1. This suggests
that the lower bound of M, could be 10* GeV at least in the
present model.'’ If the relevant parameters in the model are
fixed at appropriate values which can realize |¢| > 1077 and
suppress the washout due to X, simultaneously at least for a
sufficiently small &y, 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,

"The possibility of low scale leptogenesis in the scotogenic
type 1 seesaw has been intensively studied in [24]. They
concluded My > 10* 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 My is
obtained in the present model.
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TABLE I. The CP asymmetry ¢ and the baryon number asymmetry Y (zgy) for several M, and |As|. My and hy are fixed at
10* GeV and 6 x 1078, respectively. The Yukawa coupling constants hy, for X, , are determined by the neutrino oscillation data.

M, (GeV) M, (GeV) |2s] hy hy le| Yp(zew)

2 x 10* 4 x 10* 6x 1073 42 %1073 1.8x 1073 2.4 x 1077 4.8 x 1071
2 % 10* 4% 10* 1074 32x 1073 1.4 x 1073 1.4 x 1077 4.4 x 1071
10° 2% 103 6x 1073 7.3 x 1073 3.2x 1073 1.6 x 1077 8.3 x 107!
10° 2x 103 10~ 5.6 x 1073 2.5x 1073 95x 1078 7.4 x 10711
10° 10° 6x 1073 7.3 x 1073 6.3 %1073 1.6 x 1077 8.4 x 107!
10° 100 1074 5.6 x 1073 4.8 x 1073 9.5x 1078 7.4 % 1071

since their masses should be larger than O(10*) GeV for
successful leptogenesis. On the other hand, even if the
signatures of inert doublet scalars # 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
SU(2) 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 like O(10*) 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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