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Abstract We consider a simple extension of the standard
model, which could give a solution to its CP issues through
both the Peccei–Quinn mechanism and the Nelson–Barr
mechanism. Its low energy effective model coincides with the
scotogenic model in the leptonic sector. Although leptogene-
sis is known not to work well at lower reheating temperature
than 109 GeV in simple seesaw and scotogenic frameworks,
such low reheating temperature could be consistent with both
neutrino mass generation and thermal leptogenesis via newly
introduced fields without referring to the resonance effect. An
alternative dark matter candidate to axion is prepared as an
indispensable ingredient of the model.

1 Introduction

Strong CP problem [1,2] and origin of CP violating phases
in the CKM matrix [3] are important issues unsolved in the
standard model (SM). Recent neutrino oscillation experi-
ments [4,5] suggest the existence of a CP violating phase
in the PMNS matrix also [6–8]. The formers are known
to be solved by introducing Peccei–Quinn (PQ) symmetry
U (1)PQ [9,10] and assuming complex Yukawa couplings
for quarks [3]. Spontaneous breaking of the PQ symmetry
brings about a pseudo Nambu–Goldstone boson called axion
[11,12]. Since the PQ symmetry is explicitly broken to its dis-
crete subgroup ZN via nonperturbative QCD effects, axion
potential is lifted to cause N degenerate vacua where the
strongCP problem is dynamically solved. Unfortunately, the
domain wall appears to separate N degenerate vacua [13].
Since it is topologically stable for a case with N ≥ 2, its
energy density overcloses the Universe. On the other hand,
the domain wall can decay in the model with N = 1 [14] and
the problem is escapable. Such models can be realized for
restricted field contents with special PQ charge assignment
such as the KSVZ model [15,16]. Suitably constrained PQ
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charge could be also relevant to mass hierarchy of quarks
and leptons [17–21]. Astrophysical and cosmological analy-
ses require the PQ symmetry breaking scale fa to be within
intermediate scales 109−11 GeV [22–24] as long as the PQ
symmetry is broken after inflation. It comes from the fact that
axion mass and strength of its interaction with the SM fields
are inversely proportional to fa .1 An interesting feature of
the model is that axion could be a dominant component of
cold dark matter (DM) if fa takes a value near the upper
bound mentioned above [25,26].

Inflation is considered to determine an initial condition
of the hot Big-Bang Universe through the decay of inflaton.
If reheating temperature TR is high enough to satisfy TR >

109 GeV, thermal leptogenesis based on out-of-equilibrium
decay of a heavy right-handed neutrino [27,28] is expected
to work well in the seesaw framework for the neutrino mass
[29]. On the other hand, in the case TR < 109 GeV it cannot
generate sufficient baryon number asymmetry through the
thermal leptogenesis if we do not refer to resonance effects.
As long as we consider such a low reheating temperature, we
have to consider some extension of the model.

In this paper, we propose an extended model which gives
a solution to the CP issues in the SM. The strong CP prob-
lem is solved by the PQ-mechanism and the CP violating
phases in the CKM and PMNS matrices are spontaneously
generated through Nelson–Barr mechanism for the strong
CP problem. Extra fields introduced for it play a crucial
role to solve the difficulty in the low scale leptogenesis. We
show that the model can generate sufficient baryon number
asymmetry through thermal leptogenesis in a consistent way
with neutrino oscillation data for lower reheating tempera-
ture than 109 GeV. Although axion might not be a dominant
component of DM, the model has another DM candidate as

1 The vacuum expectation value vPQ which breaks the PQ symmetry
and the axion decay constant fa are related each other by vPQ = fa N
[1,2]. We use fa as its breaking scale since we consider only a case
with N = 1 throughout the paper.
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an indispensable ingredient for the neutrino mass generation.
The model is rather simple but we can treat several problems
in the SM.

Remaining parts of the paper are organized as follows.
In Sect. 2, we describe the model studied in this paper
and discuss nature of the CP symmetry in the model. In
Sect. 3, we first overview inflation and reheating considered
in the model. After that, leptogenesis is discussed focusing
on how sufficient lepton number asymmetry is generated at
low reheating temperature less than 109 GeV. We summarize
the paper in Sect. 4.

2 A model with spontaneous CP violation

We consider an extension of the SM with a globalU (1)× Z4

symmetry and several additional fields. The SM contents
are assumed to have no charge of this global symmetry.
Added fermions are a pair of vector-like down-type quarks
(DL , DR), a pair of vector-like charged leptons (EL , ER),
and three right-handed singlet fermions Nk (k = 1, 2, 3).
Their representation and charge under [SU (3)C × SU (2)L ×
U (1)Y ] ×U (1) × Z4 are given as2

DL

(
3, 1,−1

3

)
0,2

, DR

(
3, 1,−1

3

)
2,0

,

EL(1, 1,−1)0,2, ER(1, 1,−1)2,0,

Nk(1, 1, 0)1,1. (1)

We also introduce an additional doublet scalar η and two
singlet scalars σ and S, whose representation and charge
under the above symmetry are given as

η

(
1, 2,−1

2

)
−1,1

, σ (1, 1, 0)−2,2, S(1, 1, 0)0,2. (2)

We note that this globalU (1) has color anomaly as one in the
KSVZ model [15,16] and it can play a role of the PQ symme-
try. Its charge assignment guarantees the domain wall number
is one (N = 1) so that the model can escape the domain wall
problem. We assume that the model is CP invariant and then
parameters contained in Lagrangian are all real.

The model is characterized by new Yukawa terms and
scalar potential which are invariant under the imposed sym-
metry

− LY = yDσ D̄L DR + yEσ ĒL ER +
3∑

k=1

[ yNk

2
σ N̄ c

k Nk

+ydk S D̄LdRk + ỹdk S
† D̄LdRk

+yek S ĒLeRk+ỹek S
† ĒLeRk+

3∑
α=1

h∗
αkη�̄αNk

]
+h.c.,

2 Similar models with vector-like extra fermions have been considered
under different symmetry structure in several contexts [30,31].

V = λ1(φ
†φ)2 + λ2(η

†η)2 + λ3(φ
†φ)(η†η)

+λ4(φ
†η)(η†φ) + λ5

2M∗
[σ(φ†η)2 + h.c.]

+κσ (σ †σ)2+κS(S
†S)2+(κφσ φ†φ+κφσ η†η)(σ †σ)

+(κφSφ
†φ + κηSη

†η)(S†S)

+κσ Sσ
†σ S†S + m2

φφ†φ + m2
ηη

†η

+m2
σ σ †σ + m2

S S
†S + Vb, (3)

where �α is a doublet lepton and φ is an ordinary doublet
Higgs scalar. dRk and eRk are the SM down-type quarks and
charged leptons, respectively. In Eq. (3), we list dominant
terms up to dimension five and M∗ is a cut-off scale of the
model.Vb contains terms which are invariant under the global
symmetry but violate the S number such as S4 and S†4. If
the singlet scalars σ and S get vacuum expectation values
(VEVs) much larger than the weak scale

〈σ 〉 = weiχ , 〈S〉 = ueiρ, (4)

we could have a low energy effective model with spontaneous
CP violation. The global symmetry U (1) × Z4 is broken to
its diagonal subgroup Z2 by these VEVs. This Z2 guarantees
the stability of a DM candidate as discussed later.

Although we find χ = 0 due to the globalU (1) symmetry
[32], Vb can cause a non-zero CP phase ρ at a potential min-
imum through ∂Vb

∂ρ
= 0. In fact, if we assume as an example,

Vb = α(S4 + S†4) + βσ †σ(S2 + S†2), (5)

cos 2ρ = − β
4α

w2

u2 is obtained and its stability is found to

require cos2 2ρ < 3
4 . Since the globalU (1) symmetry works

as the PQ symmetry, the VEV w should be assumed to satisfy

109 GeV <∼ w <∼ 1011 GeV. (6)

The axion in this model is characterized by a coupling with
photon gaγ γ = 1.51 10−10

GeV

(ma
eV

)
[33]. If we redefine each

radial component of singlet fields around the vacuum as σ =
w + 1√

2
σ̃ and S = u + 1√

2
S̃, the mass of σ̃ and S̃ is found

to be m2
σ̃

= 4κσ w2 and m2
S̃

= 4κSu2, respectively. In the
example given by Eq. (5), mass of an orthogonal component
to S̃ is found to be 12αu2

(
1 − 4

3 cos2 2ρ
)
. Its detail depends

on the assumed Vb.
Here we note that the effective model after the symmetry

breaking can give an explanation for origin of CP phases in
the CKM and PMNS matrices and the generation of neutrino
masses. The former is based on a mass matrix which has been
discussed by BBP [34] as a simple realization of Nelson–Barr
mechanism [35–37] for the strong CP problem. The latter is
based on the fact that the leptonic sector coincides with the
scotogenic model [38]. In the next part, we discuss them in
some detail.
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2.1 CP violating phases in CKM and PMNS matrices

The Yukawa couplings of down-type quarks and charged lep-
tons shown in Eq. (3) derive mass terms such as

( f̄Li , F̄L)M f

(
fR j

FR

)
+ h.c., M f =

(
m fi j 0
F f j μF

)
,

(7)

where M f is a 4 × 4 matrix. Characters f and F repre-
sent f = d, e and F = D, E for down-type quarks and
charged leptons, respectively. Each component of M f is
expressed as m fi j = y fi j 〈φ〉, F f j = (y f j ue

iρ + ỹ f j ue
−iρ)

and μF = yFw. This mass matrix is found to have the same
form proposed by BBP [34]. Since the globalU (1) symmetry
works as the PQ symmetry and all parameters in the model
are assumed to be real, θ̄ = θQCD + arg(detM f ) = 0 is
satisfied even if radiative effects are taken into account after
the spontaneous breaking of the CP symmetry.

We consider diagonalization of a matrix M fM†
f by a

unitary matrix such as

(
A f B f

C f D f

) ⎛
⎝m f m

†
f m fF†

f

F f m
†
f μ2

F + F fF†
f

⎞
⎠

(
A†

f C†
f

B†
f D†

f

)

=
(
m̃2

f 0

0 M̃2
F

)
, (8)

where a 3 × 3 matrix m̃2
f is diagonal in which generation

indices are abbreviated. Equation (8) requires

m f m
†
f = A†

f m̃
2
f A f + C†

f M̃
2
FC f ,

F f m
†
f = B†

f m
2A f + D†

f M
2C f ,

μ2
F + F fF†

f = B†
f m̃

2
f B f + D†

f M̃
2
F D f . (9)

If μ2
F + F fF†

f is much larger than each components of

F f m
†
f , which means u, w � 〈φ̃〉, we find that B f ,C f and

D f can be approximated as

B f 	 − A f m f F†
f

μ2
F + F f F†

f

, C f 	 F f m
†
f

μ2
F + F f F†

f

, D f 	 1. (10)

These guarantee the unitarity of the matrix A approximately.
In such a case, it is easy to find

A−1
f m̃2

f A f 	 m f m
†
f −

1

μFμ
†
F + F fF†

f

(m fF†
f )(F f m

†
f ),

M̃2
F 	 μ2

F + Ff F
†
f . (11)

The right-hand side of the first equation is an effective mass
matrix of the ordinary fermions, which is derived through the
mixing with the extra heavy fermions. Since its second term
can have complex phases in off-diagonal elements as long

as y fi 
= ỹ fi is satisfied, the matrix A f could be complex.
Moreover, if the VEVs satisfy the condition

〈φ〉 � w < u, (12)

μ2
F

<∼ F fF†
f could be realized for suitable Yukawa couplings

y f j , ỹ f j and yF . In that case, the complex phase of A f in
Eq. (11) could have a substantial magnitude because the sec-
ond term is comparable with the first one. The CKM matrix
is determined as VCKM = OL

T Ad where OL is an orthogo-
nal matrix used for the diagonalization of an up-type quarks
mass matrix. Thus, the CP phase of VCKM is caused by the
one of Ad . The same argument is applied to the leptonic sec-
tor and we have the PMNS matrix as VPMNS = A†

eU where
U is an orthogonal matrix used for the diagonalization of a
neutrino mass matrix which is discussed in the next part. The
Dirac CP phase in the CKM matrix and the PMNS matrix
can be explained by the same origin. A concrete example of
them can be found in Appendix of [31].

2.2 Neutrino mass and DM

The leptonic sector of the effective model is characterized by
the Z2 invariant terms

− Lscot =
3∑

k=1

[
3∑

α=1

h∗
αk �̄αηNk + MNk

2
N̄ c
k Nk + h.c.

]

+ m̃2
φφ†φ + m̃2

ηη
†η + λ̃1(φ

†φ)2 + λ̃2(η
†η)2

+ λ̃3(φ
†φ)(η†η) + λ4(φ

†η)(η†φ)

+ λ̃5

2

[
(φ†η)2 + h.c.

]
. (13)

It is just the scotogenic model [38]. After the spontaneous
breaking due to the VEVs of σ and S, parameters in Eq. (13)
are determined through integrating out σ̃ and S̃ by using the
ones in Eq. (3) as

λ̃1 = λ1 − κ2
φσ

4κσ

− κ2
φS

4κS
+ κσ Sκφσ κφS

4κσ κS

λ̃2 = λ2 − κ2
ησ

4κσ

− κ2
ηS

4κS
+ κσ Sκησ κηS

4κσ κS

λ̃3 = λ3 − κφσ κησ

2κσ

− κφSκηS

2κS
+ κσ Sκφσ κηS + κσ Sκησ κφS

4κσ κS

λ̃5 = λ5
w

M∗
, MNk = ykw, (14)

and

m̃2
φ = m2

φ +
(

κφσ + κφSκσ S

2κS

)
w2 +

(
κφS + κφσ κσ S

2κσ

)
u2,

m̃2
η = m2

η +
(

κησ + κηSκσ S

2κS

)
w2 +

(
κηS + κησ κσ S

2κσ

)
u2.

(15)

123



311 Page 4 of 8 Eur. Phys. J. C (2021) 81 :311

Since η is supposed to have no VEV, Z2 is kept as an exact
symmetry of the model. In this model, we assume both |m̃φ |
and m̃η have values of O(1) TeV although parameter tunings
are required.

Neutrino mass is forbidden at tree level due to this Z2

symmetry but it could be generated through one-loop dia-
grams with η and Nk in internal lines. Its formula is given
as

Mν
αβ 	

3∑
k=1

hαkhβkλ5�k, �k = 〈φ〉2

8π2

1

MNk

ln
M2

Nk

M2
η

, (16)

since MNk � Mη is satisfied where M2
η = m̃2

η + (λ3 +
λ4)〈φ〉2. In order to make the point quantitatively clear, we
assume a simple flavor structure for neutrino Yukawa cou-
plings [39]

hei = 0, hμi = hτ i ≡ hi (i = 1, 2);
he3 = hμ3 = −hτ3 ≡ h3. (17)

This realizes the tri-bimaximal mixing which gives a simple
and good 0-th order approximation for the analysis of neu-
trino oscillation data and leptogenesis. If we impose the mass
eigenvalues obtained from Eq. (16) to satisfy the squared
mass difference required by the neutrino oscillation data, we
find

(h2
1�1 + h2

2�2)|λ5| = 1

2

√
�m2

32,

h2
3�3|λ5| = 1

3

√
�m2

21. (18)

If we assume M2,3 = O(107) GeV and Mη = 1 TeV, we have
�2,3 = O(1) eV from the neutrino oscillation data [40], and
it can be satisfied by h2,3 = O(10−3) for |λ̃5| = 10−3. In
that case, h1 can take a very small value compared with h2,3.

The axion may be difficult to be a dominant component
of DM for fa < 1010 GeV although it depends on the con-
tribution from the axion string decay [25,26]. However, for-
tunately, the model has another DM candidate, the lightest
neutral component of η with Z2 odd parity. It is known to
be a good DM candidate which does not cause any contra-
diction with known experimental data as long as its mass is
in the TeV range where the coannihilation can be effective
[41–45]. In fact, if the couplings λ̃3 and |λ4| take suitable
values much larger than |λ̃5|, both the DM abundance and
the direct detection bound can be satisfied. Inelastic scatter-
ing between the neutral components mediated by Z0 is also
constrained through direct search experiments. Its experi-
mental bound can be satisfied for |λ̃5| <∼ 10−5 [46–50]. We
should note that this constraint is closely related to the neu-
trino mass generation as seen above. In the next section we
examine the thermal leptogenesis at low reheating tempera-
ture TR < 109 GeV taking account of the constraints from
the neutrino oscillation data.

3 Leptogenesis at low reheating temperature

We should note that the singlet scalar S could play a role
of inflaton in addition to give the origin of CP violation
in both quark and lepton sectors. Since the Z4 symmetry
constrains its coupling with the Ricci scalar, action relevant
to the present inflation scenario is given in the Jordan frame
as

SJ =
∫

d4x
√−g

[
−1

2
M2

plR − ξ1

2
S†SR − ξ2

4
(S2 + S†2)R

+1

2
∂μS†∂μS − VS

]
, (19)

where Mpl is the reduced Planck mass and VS stands for a
corresponding part of the potential for S and S† in Eq. (3).
If we assume ξ1 = −ξ2 is satisfied, the coupling of S with
the Ricci scalar reduces to 1

2ξ S2
I where S = 1√

2
(SR + i SI )

and ξ = ξ1 − ξ2. It is well-known that a scalar field which
couples non-minimally with the Ricci scalar in this way can
cause inflation of the Universe [51,52] and the idea has been
applied to the Higgs scalar in the SM [53,54] and its singlet
scalar extensions [55,56].3

If S is assumed to evolve along a constant ρ which is deter-
mined as a potential minimum ∂Vb

∂ρ
= 0, the radial component

S̃ can be identified with inflaton in this model. We suppose
that S̃ takes a large field value of O(Mpl) as an inflaton and
other scalars have much smaller values than it during the
inflation. In that case, VS can be expressed as VS = κS

4 S̃4.
After conformal transformation for a metric tensor in the
Jordan frame, the corresponding potential U and the canoni-
cally normalised inflaton χ in the Einstein frame is found to
be written as

U =
1
4κS S̃4

(1 + ξ sin2 ρ

M2
pl

S̃2)2
,

dχ

d S̃
=

√
6 + 1

ξ sin2 ρ

Mpl

S̃
. (20)

where we use SI = S̃ sin ρ. If S̃ � Mpl√
ξ sin ρ

is satisfied, U

takes a constant value κS
4ξ2 sin4 ρ

M4
pl to cause inflation. Since

ρ is supposed to give the origin of CP violating phases in
the CKM and PMNS matrices, sin ρ = O(1) seems to be
favored from a view point of low energy effective theory. If
we use the e-foldings number N , slow-roll parameters in this
inflation scenario is found to be expressed as ε = 3

4N2 and

η = − 1
N when 6ξ sin2 ρ � 1 is satisfied. If we suppose such

a case, the scalar spectral index ns and the tensor-to-scalar
ratio r are given as ns ∼ 0.965 and r ∼ 3.3 × 10−3 for
N = 60, which coincide well with the ones suggested by the
Planck data [62].

3 Inflation in the scotogenic model extended with singlet scalars has
been discussed from several motivations [57–61].

123



Eur. Phys. J. C (2021) 81 :311 Page 5 of 8 311

The spectrum of density perturbation predicted by the
inflation is known to be expressed as

P(k) = As

(
k

k∗

)ns−1

, As = U

24π2M4
plε

∣∣∣
k∗

. (21)

If we use As = (2.101+0.031
−0.034) × 10−9 at k∗ = 0.05 Mpc−1

[62], we find the Hubble parameter during the inflation to be
HI = 1.4 × 1013

( 60
N

)
GeV and the relation

κS 	 1.49 × 10−6ξ2 sin4 ρN−2, (22)

which should be satisfied at the horizon exit time of the scale
k∗. Since the quartic coupling κS is a free parameter in this
model, it allows ξ to take a much smaller value in compari-
son with the one of the usual Higgs inflation. For example,
ξ sin2 ρ = O(102) realizes the observed value of As for
N = 60 if κS = O(10−6) is assumed.

After the end of inflation, the inflaton starts the oscilla-
tion around the vacuum 〈S〉. During this oscillation, inflaton
is expected to decay to light fields. If we assume the mass
pattern

2m̃η < mS̃ < M̃D, M̃E , (23)

the inflaton decay is expected to occur mainly through S̃ →
η†η at tree level. The decay width could be estimated as

� 	 κ2
ηS

16πκS
mS̃

√√√√1 − 4m̃2
η

m2
S̃

. (24)

After the inflaton decays to η†η, the SM contents are ther-
malized through gauge interactions with η immediately. The
reheating temperature can be estimated as

TR 	 1.6 × 108
(

10−6

κS

)1/4 ( κηS

10−6.5

) ( u

1010 GeV

)1/2
GeV.

(25)

As long as M̃D, M̃E < TR is satisfied, these fermions are
also expected to be thermalized immediately through gauge
interactions. On the other hand, the right-handed neutri-
nos are considered to be thermalized through the neutrino
Yukawa couplings. Here, we note that neutrino mass eigen-
values obtained from Eq. (16) require h2,3 = O(10−3) to
explain the neutrino oscillation data if |λ̃5| = O(10−3) and
MN2,3 = O(107) GeV are assumed. Since the decay width
�N2,3 of N2,3 and TR satisfy �N2,3 > H(TR) and TR > MN2,3

in such a case, N2,3 are also expected to be thermalized
through the inverse decay simultaneously at the reheating
period. However, it is not the case for N1 if its Yukawa cou-
pling h1 is much smaller than them.

Baryon number asymmetry in the Universe [63–65] is
expected to be generated through leptogenesis [27,28] in
this model. However, if reheating temperature is lower than

109 GeV which corresponds to the lower bound of the PQ
symmetry breaking, leptogenesis might not work well since
it coincides with the usually considered lower bound for suc-
cessful leptogenesis in the seesaw framework [29]. Since
both the production of the right-handed neutrinos and the
generation of lepton number asymmetry through its out-of-
equilibrium decay have to be caused only by neutrino Yukawa
couplings there, it is difficult to yield a required lepton num-
ber asymmetry in a consistent way with the small neutrino
mass generation. This situation does not change in the orig-
inal scotogenic model either [44,45].4

In the present model, the interaction between the right-
handed neutrino N1 and extra vector-like fermions mediated
by σ̃ could change the situation in the similar way to the one
discussed in [67,68]. In fact, scattering D̄L DR, ĒL ER →
N1N1 mediated by σ̃ could effectively produce the lightest
right-handed neutrino N1 in the thermal bath since DL ,R and
EL ,R are in the thermal equilibrium as mentioned above.
We can examine this possibility briefly. We note first that
the coupling constant yN1 should take a value of O(10−2)

at least to satisfy MN1 < TR since the VEV w should be
larger than 109 GeV. Since the scattering becomes effective
at the temperature T such that H(T ) 	 �F where �F is the
reaction rate of this scattering, T > MN1 should be satisfied
to escape the Boltzmann suppression. Rough estimation of
this condition gives

T 	 6 × 108
( yF

10−1.2

)2 ( yN1

10−2

)2
GeV, (26)

and we find that the present scenario could work for suit-
able yF since T > MN1 could be satisfied. We should note
that this does not depend on the magnitude of the neutrino
Yukawa coupling h1 of N1. It allows us to have successful
leptogenesis even under TR < 109 GeV. Although this scat-
tering process is expected to expand the allowed parameter
space in the case TR > 109 GeV, we focus our present study
only on the low scale leptogenesis at TR < 109 GeV.

If N1 is produced in the thermal bath successfully through
the above mentioned extra fermions scattering mediated by
σ̃ , it decays to �αη† in out-of-equilibrium through a strongly
suppressed Yukawa coupling h1. Since the decay is delayed
until a period where the washout process caused by the
inverse decay could be freezed-out and the generated lepton
number asymmetry can be effectively converted to baryon
number asymmetry through sphaleron processes. We can
check this scenario by solving Boltzmann equations for YN1

and YL(≡ Y� − Y�̄), which are defined by using ψ number

4 Low scale leptogenesis in the scotogenic model has been studied
intensively in [66]. However, the right-handed neutrino N1 is assumed
to be in the thermal equilibrium initially. Some additional interactions
are required to generate its thermal abundance. It is noticeable that such
an interaction is included as an indispensable ingredient in the present
model.
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density nψ and entropy density s as Yψ = nψ

s . An equi-
librium value of Yψ is represented by Y eq

ψ . The Boltzmann
equations analyzed here are given as

dYN1

dz
= − z

sH(MN1)

(
YN1

Y eq
N1

− 1

)

×
⎡
⎣γ

N1
D +

(
YN1

Y eq
N1

+ 1

) ∑
F=D,E

γF

⎤
⎦ ,

dYL
dz

= − z

sH(MN1)

⎡
⎣ε

(
YN1

Y eq
N1

− 1

)
γ
N1
D

−2YL
Y eq

�

∑
k=1,2,3

(
γ
Nk
D

4
+ γNk

)⎤
⎦ , (27)

where z = MN1
T and H(T ) is the Hubble parameter at tem-

perature T . CP asymmetry for the decay of N1 is expressed
as ε. γ Nk

D is a reaction density for the decay Nk → �αη†, and
γNk is reaction density for lepton number violating scattering
mediated by Nk [44,45]. γF represents a reaction density for
the scattering D̄L DR, ĒL ER → N1N1. As an initial condi-
tion at TR , we assume YN1 = YL = 0, and also (DL , DR)

and (EL , ER) are in the thermal equilibrium.
Now we fix the VEVs as w = 109 GeV and u = 1010 GeV

as a typical example. In numerical study of Eq. (27), we fix the
relevant parameters at the intermediate scale w to guarantee
the generation ofCP phases in the CKM and PMNS matrices
through the mechanism discussed in the previous part. We
require M̃2

F = μ2
F + F fF†

f > μ2
F for it. If we define γ as

M̃F = γμF , it should satisfy γ > 1. For simplification, we
consider a case y f = (0, 0, y) and ỹ f = (0, ỹ, 0), which

brings about to a relation y2 + ỹ2 = (γ 2 − 1)w2

u2 y
2
F among

Yukawa couplings of extra fermions. If yF , γ and ỹ/y are
fixed, y and ỹ can be determined through this relation. We
take ỹ/y = 0.5 in this study. By using these parameters, we
can check the condition M̃D, M̃E , MNk < TR . The stability
of the inflaton potential at the inflation period can be also
examined by using the RGEs with contributions from the
extra vector-like fermions. The κS at the inflation period also
allows us to find a value of ξ through Eq. (22).

As a typical value of parameters which could satisfy these
conditions, we adopt yD = yE = 10−1.2, κσ = 10−4.5

and κSη = 10−6.5 at the intermediate scale w. We also fix
parameters relevant to neutrino mass generation as

yN1 = 10−2, yN2 = 2 × 10−2, yN3 = 4 × 10−2,

h1 = 6 × 10−7, |λ̃5| = 10−3, (28)

and Mη = 1 TeV. Since the mass of Nk is of O(107) GeV
for these parameters, neutrino Yukawa couplings h2,3 are
determined to be of O(10−3) by using the neutrino mass
formula (16) and the neutrino oscillation data [40]. If we

Table 1 Expected values of nonminimal coupling, reheating tempera-
ture and baryon number asymmetry generated through leptogenesis. κS
is a value at an intermediate scale w and ξ is estimated at an inflation
period by using one-loop RGEs. The condition for the substantial gen-
eration of the CP phases in the CKM and PMNS matrices is satisfied
for the used γ

κS γ ξ sin2 ρ TR (GeV) YB

(A) 10−6
√

2 49.1 1.6 × 108 3.3 × 10−10

(B) 10−6 2 48.9 1.6 × 108 1.6 × 10−10

(C) 10−6
√

6 48.4 1.6 × 108 9.6 × 10−11

(D) 10−7
√

2 15.4 2.8 × 108 4.9 × 10−10

(E) 10−7 2 14.6 2.8 × 108 2.9 × 10−10

(F) 10−7
√

6 12.7 2.8 × 108 2.0 × 10−10

assume a maximum CP phase in the CP asymmetry ε in
the N1 decay, ε takes a value of O(10−7) for this parameter
setting. Parameters κS and γ are fixed to the values given in
Table 1 at the intermediate scale w.

Solutions for the Boltzmann equations for different γ val-
ues are shown in Fig. 1, which confirms the present sce-
nario to work. The figures show that YN1 reaches a value
near its equilibrium one Y eq

N1
through the scattering of the

extra fermions as expected. The out-of-equilibrium decay
substantially occurs at z > 10 to generate the lepton num-
ber asymmetry. This delay of the decay due to the small h1

could make the lepton number asymmetry possible to escape
the effective washout-out. Sufficient lepton number asymme-
try is found to be produced before the sphaleron decoupling

at zEW ∼ MN1
102 GeV

. If γ becomes larger, the mass of extra

fermions M̃F becomes larger to suppress the reaction density
γF due to the Boltzmann factor. As a result, the N1 number
density generated through the scattering becomes smaller and
the resulting lepton number asymmetry also becomes smaller
as shown in the figures. If h1 is much smaller, entropy pro-
duced through the decay of relic N1 might dilute the gener-
ated lepton number asymmetry. If |λ̃5| is taken to be smaller,
Yukawa couplings h2,3 become larger and the washout effect
could remain effective until a later stage to reduce the result-
ing baryon number asymmetry.

In the last column of Table 1, the baryon number asymme-
try generated for the assumed parameters is presented. The
difference of YB for the same γ can be also explained as a
result of suppression of the reaction density γF by the Boltz-
mann factor for extra fermions, which becomes smaller in the
case with lower reheating temperature. This result shows that
the model with suitable parameters can generate a sufficient
amount of baryon number asymmetry through leptogenesis
although the reheating temperature is lower than 109 GeV.
We should note that neutrino Yukawa couplings hk change
their values depending on w under the constraints of the neu-
trino oscillation data since the right-handed neutrino mass is
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Fig. 1 Evolution of YN1 and YL obtained as a solution of Boltzmann
equations. The left panel is one for the case (D) in Table 1 and the
right panel is one for the case (F).Initial values for them are fixed as

YN1 = YL = 0 at z = zR . ρN1/ρR represents a ratio of the energy
density of N1 to the one of radiation

generated through MNk = ykw. The extra fermion mass M̃F

is also fixed by w and γ . Since w is fixed as the lower bound
of the PQ symmetry breaking and γ > 1 is imposed for
the realization of the CP phases in the CKM and PMNS
matrices, we cannot expect that a scale of successful lepto-
genesis becomes much lower than the examples given here.
If we do not impose these conditions, a sufficient YB could
be generated even for much lower reheating temperature.

As mentioned already, it is difficult for the axion to be a
dominant component of DM in the present parameter setting.
However, the model has an alternative candidate, the lightest
neutral component of η, as an indispensable component of
the model. Thus, the model can give a simultaneous expla-
nation for the strong CP problem, the origin of CP phases
in the CKM and PMNS matrices, leptogenesis and DM relic
abundance for the reheating temperature lower than 109 GeV.

4 Summary

We have proposed a model which can give an explanation for
the strong CP problem and the origin of the CP phases in
both the CKM and PMNS matrices. It is a simple extension
of the SM with vector-like extra fermions and several scalars.
If theCP is spontaneously broken in a singlet scalar sector at
an intermediate scale, it can be transformed to the CKM and
PMNS matrices through mixings between the extra fermions
and the ordinary quarks or the charged leptons. Their cou-
plings are controlled by the imposed global symmetry. On
the other hand, since the colored extra fermions play the
same role as the ones in the KSVZ model for the strong
CP problem, the strong CP problem can be solved through
the PQ mechanism. After the symmetry breaking due to the
singlet scalars, the leptonic sector of the model is reduced
to the scotogenic model, which can explain the small neu-

trino mass and the DM abundance. We have shown that the
model has an interesting feature in addition to these. The
extra fermions could make the thermal leptogenesis possible
to generate the sufficient baryon number asymmetry even if
the right-handed neutrino mass is much lower than 109 GeV,
which is well-known lower bound of the right-handed neu-
trino mass for successful leptogenesis in the ordinary seesaw
scenario. Although the axion cannot be a dominant compo-
nent of DM in that case, a neutral component of the inert
doublet scalar can explain the DM abundance just as in the
scotogenic model. It is remarkable that the model can explain
various issues in the SM although the model is rather simple.

Acknowledgements This work is partially supported by a Grant-in-
Aid for Scientific Research (C) from Japan Society for Promotion of
Science (Grant no. 18K03644).

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: All data generated
or analysed during this study are included in this published article.].

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

1. J.E. Kim, Phys. Rep. 150, 1 (1987)

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


311 Page 8 of 8 Eur. Phys. J. C (2021) 81 :311

2. J.E. Kim, G. Carosi, Rev. Mod. Phys. 82, 557 (2010)
3. M. Kobayashi, T. Maskawa, Prog. Theor. Phys. 49, 652 (1973)
4. M.A. Acero et al. (NovA Collaboration), Phys. Rev. Lett. 123,

151803 (2019)
5. K. Abe et al. (The T2K Collaboration), Nature 580, 339 (2020)
6. B. Pontecorvo, Zh. Eksp. Teor. Fiz. 33, 549 (1957)
7. B. Pontecorvo, Zh. Eksp. Teor. Fiz. 34, 247 (1958)
8. Z. Maki, M. Nakagawa, S. Sakata, Prog. Theor. Phys. 28, 870

(1962)
9. R.D. Peccei, H.R. Quinn, Phys. Rev. Lett. 38, 1440 (1977)

10. R.D. Peccei, H.R. Quinn, Phys. Rev. D 16, 1791 (1997)
11. S. Weinberg, Phys. Rev. Lett. 40, 223 (1978)
12. F. Wilczek, Phys. Rev. Lett. 40, 279 (1978)
13. P. Sikivie, Phys. Rev. Lett. 48, 1156 (1982)
14. A. Vilenkin, A.E. Everett, Phys. Rev. Lett. 48, 1867 (1982)
15. J.E. Kim, Phys. Rev. Lett. 43, 103 (1979)
16. M.A. Shifman, A.I. Vainstein, V.I. Zakharov, Nucl. Phys. B 166,

493 (1980)
17. Y. Ema, K. Hamaguchi, T. Moroi , K. Nakayama, JHEP 01, 096

(2017)
18. L. Calibbi, F. Goertz, D. Redigolo, R. Ziegler, J. Zupan, Phys. Rev.

D 95, 095009 (2017)
19. D. Suematsu, Phys. Rev. D 96, 115004 (2017)
20. D. Suematsu, Eur. Phys. J. C 78, 881 (2018)
21. T. Alanne, S. Blasi, F. Goertz, Phys. Rev. D 99, 015028 (2019)
22. J. Preskill, M.B. Wise, F. Wilczek, Phys. Lett. 120B, 127 (1983)
23. L.F. Abbott, P. Sikivie, Phys. Lett. 120B, 133 (1983)
24. M. Dine, W. Fischler, Phys. Lett. 120B, 137 (1983)
25. P. Sikivie, Lect. Notes Phys. 741, 19 (2008)
26. D.J.E. Marsh, Phys. Rep. 643, 1 (2016)
27. M. Fukugita, T. Yanagida, Phys. Lett. B 174, 45 (1986)
28. W. Buchmüller, P. Di Bari, M. Plümacher, Ann. Phys. 315, 305

(2005)
29. S. Davidson, A. Ibarra, Phys. Lett. B 535, 25 (2002)
30. D. Suematsu, Eur. Phys. J. C 78, 33 (2018)
31. D. Suematsu, Phys. Rev. D 100, 055019 (2019)
32. H.E. Haber, Z. Surujon, Phys. Rev. D 86, 075007 (2012)
33. L.D. Luzio, F. Merscia, E. Nardi, Phys. Rev. D 96, 075003 (2017)
34. L. Bento, G.C. Branco, P.A. Parada, Phys. Lett. B 267, 95 (1991)
35. A. Nelson, Phys. Lett. 136B, 387 (1984)
36. S.M. Barr, Phys. Rev. Lett. 53, 329 (1984)
37. A. Nelson, Phys. Lett. 143B, 165 (1984)
38. E. Ma, Phys. Rev. D 73, 077301 (2006)
39. D. Suematsu, T. Toma, T. Yoshida, Phys. Rev. D 79, 093004 (2009)
40. P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020,

083C01 (2020)

41. L.L. Honorez, E. Nerzi, J.F. Oliver, M.H.G. Tytgat, JCAP 02, 028
(2007)

42. T. Hambye, F.-S. Ling, L.L. Honorez, J. Roche, JHEP 07, 090
(2009)

43. S. Andreas, M.H.G. Tytgat, Q. Swillens, JCAP 04, 004 (2009)
44. S. Kashiwase, D. Suematsu, Phys. Rev. D 86, 053001 (2012)
45. S. Kashiwase, D. Suematsu, Eur. Phys. J. C 73, 2484 (2013)
46. F. Petriello, K.M. Zurek, JHEP 09, 047 (2008)
47. Y. Cui, D.E. Morrissey, D. Poland, L. Randall, JHEP 05, 076 (2009)
48. C. Arina, F.-S. Ling, M.H.G. Tytgat, JCAP 10, 018 (2009)
49. S. Chang, G.D. Kribs, D.T. Smith, N. Weiner, Phys. Rev. D 79,

043513 (2009)
50. S. Kashiwase, D. Suematsu, Phys. Lett. B 749, 603 (2015)
51. B.L. Spokoiny, Phys. Lett. B 147, 39 (1984)
52. D.S. Salopek, J.R. Bond, J.M. Bardeen, Phys. Rev. D 40, 1753

(1989)
53. F.L. Bezrukov, M. Shaposhnikov, Phys. Lett. B 659, 703 (2008)
54. F.L. Bezrukov, A. Magnin, M. Shaposhnikov, Phys. Lett. B 675,

88 (2009)
55. R.N. Lerner, J. McDonald, Phys. Rev. D 80, 123507 (2009)
56. R.N. Lerner, J. McDonald, Phys. Rev. D 83, 123522 (2011)
57. D. Suematsu, Phys. Rev. D 85, 073008 (2012)
58. D. Suematsu, Phys. Phys. Lett. B 760, 538 (2016)
59. R.H.S. Budhi, S. Kashiwase, D. Suematsu, Phys. Rev. D90, 113013

(2014)
60. R.H.S. Budhi, S. Kashiwase, D. Suematsu, JCAP 09, 039 (2015)
61. R.H.S. Budhi, S. Kashiwase, D. Suematsu, Phys. Rev. D93, 013022

(2016)
62. Planck Collaboration, N. Aghanim et al. , Astro. Astrophys. 641,

A6 (2020)
63. A. Riotto, M. Trodden, Ann. Rev. Nucl. Part. Sci. 49, 35 (1999)
64. W. Bernreuther, Lect. Notes Phys. 591, 237 (2002)
65. M. Dine, A. Kusenko, Rev. Mod. Phys. 76, 1 (2003)
66. T. Hugle, M. Platscher, K. Schmitz, Phys. Rev. D 98, 023020 (2018)
67. D. Suematsu, Phys. Rev. D 100, 055008 (2019)
68. T. Hashimoto, D. Suematsu, Phys. Rev. D 102, 115041 (2020)

123


	Low scale leptogenesis in a model with promising CP structure
	Abstract 
	1 Introduction
	2 A model with spontaneous CP violation
	2.1 CP violating phases in CKM and PMNS matrices
	2.2 Neutrino mass and DM

	3 Leptogenesis at low reheating temperature
	4 Summary
	Acknowledgements
	References




