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Abstract

Observed baryon asymmetry can be achieved not only by the decay of right-handed

neutrinos but also by the scattering processes in the reheating era. In the latter

scenario, new physics in high energy scale does not need to be specified, but only two

types of the higher dimensional operator of the standard model particles are assumed

in the previous work. In this paper, we examine the origin of the higher dimensional

operators assuming models with a certain seesaw mechanism at the high energy scale.

The seesaw mechanism seems to be a simple realization of the reheating era leptogenesis

because the lepton number violating interaction is included. We show that the effective

interaction giving CP violating phases is provided in the several types of models and

also the reheating era leptogenesis actually works in such models. Additionally, we

discuss a possibility for lowering the reheating temperature in the radiative seesaw

models, where the large Yukawa coupling is naturally realized.
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1 Introduction

The standard model (SM) for elementary particles serves as the most reliable framework

to explain observed phenomena in particle physics so far. Since no signature of new

physics beyond the SM is found at the TeV scale, some people start to consider seriously

the possibility that the minimal SM works up to the very high energy scale. In fact,

the observed value of the Higgs boson mass not only suggests the Higgs coupling to be

perturbative up to high energy but also implies a critical behavior at around the Planck

scale, see Ref. [1] for example. On the other hand, it is true that many problems such as

baryon asymmetry of the universe, the origin of neutrino mass, existence of the cosmic

dark matter are left unsolved in the SM.

The observed value of the baryon asymmetry is [2],

nB
s
' (8.67± 0.05)× 10−11, (1)

where nB is the baryon number density and s is the entropy density. Although the SM

satisfies Sakharov’s three conditions for the baryogenesis, the SM cannot accommodate

a sufficient amount of the baryonic matter in the universe because of the smallness of

the violation of the CP symmetry and the lack of the first order phase transition at the

electroweak scale. In models of physics beyond the SM, many baryogenesis scenarios

have been suggested.1 Well known examples include the GUT baryogenesis [4], lepto-

genesis [5], Affleck-Dine baryogenesis [6], electroweak baryogenesis [7] and string scale

baryogenesis [8], etc.

The leptogenesis would be the most simple scenario, where only the singlet right-

handed neutrinos are added to the SM. In this scenario, the smallness of the left-handed

neutrinos is explained by the super-heavy right-handed neutrinos through the Type-I

seesaw mechanism [9]. At the same time, the lepton number asymmetry is created by the

decay of heavy right-handed neutrinos, and is converted into that of the baryon number

via the sphaleron process [10]. It is quite economical scenario in a sense that the lepton

number is naturally violated by the Majorana mass term of the right-handed neutrinos,

and the out-of-equilibrium condition is satisfied by the decay of heavy particles.2

Recently, another way to achieve the leptogenesis scenario is suggested in Ref. [12]. We

here call it the reheating era leptogenesis, while the original one is called the conventional

leptogenesis. In this new scenario, the lepton number asymmetry is generated by the

scattering of the SM particles, while the out-of-equilibrium is realized since the high

energy SM particles are provided by the decay of the assumed inflaton at the reheating

era. The heavy particles other than the inflaton are not necessarily produced at on-shell.

1 See Ref. [3] for earlier discussion of baryogenesis via delayed decay of heavy particles.
2Right-handed neutrinos are considered to be produced thermally or by the decay of an inflaton in

the early universe [11].
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Instead, only the effective (higher dimensional) interactions among the SM particles for

the scattering processes and for the CP violation are introduced to describe the reheating

era leptogenesis. Thus, the detailed structure of the new physics model at the high energy

scale does not need to be specified.

As the underlying theory of such interactions, many variants of neutrino mass gen-

eration models can be considered as a candidate. There are three types of the seesaw

mechanism at the tree-level, where the dimension-five operator for the origin of the left-

handed Majorana neutrino masses is decomposed only by the single particle. The Type-I

(-III) [9, 13] seesaw mechanism introduces SU(2)L singlet (triplet) fermions, on the other

hand, the Type-II [14] does a triplet scalar field with a vacuum expectation value (VEV).

If we add more than or equal to two kinds of particles, the neutrino masses can be gen-

erated by the quantum loop effect [15, 16]. In this class of models, small neutrino masses

are realized not only by heavy new particles but also by the loop suppression factor(s).

Another advantage is that the new particle inside loop(s) can be identified as the dark

matter in some models [17].

In this paper, we extend the analysis of the letter article [12]. We review the reheating

era leptogenesis [12] and apply some variations of the seesaw mechanism to this scenario

as the concrete examples of new physics models at the high energy scale. An additional

contribution from the lepton number violating collision, which is not considered in the

letter paper [12], is also taken into account. Various kinds of constraints such as upper

bounds on the inflaton mass, a perturbativity bound on the Yukawa coupling, and con-

straints from efficiency factors are studied. Under these conditions, we show that the

reheating era leptogenesis can be realized in the wide range of the parameter space in

each model. We also derive the upper bound on the reheating temperature, which comes

from the strong washout effect. Furthermore, in a radiative seesaw model, the reheat-

ing temperature is lowered without introducing the fine-tuning among the parameters,

because the Yukawa coupling can be much larger than that in the Type-I seesaw model.

This paper is organized as follows. In Section 2, we review the reheating era leptogen-

esis, and summarize Boltzmann equations used in this paper. In Section 3, the reheating

era leptogenesis scenarios are discussed in models of the seesaw mechanism including not

only the tree-level seesaw but also the radiative seesaw mechanisms. Section 4 is devoted

to conclusion and discussion.
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2 The reheating era leptogenesis scenario

In the reheating era leptogenesis scenario [12], in addition to the inflaton and the SM

fields, only two effective interactions are assumed as

∆L =
λ

(1)
ij

Λ1

(LiΦ̃)(LjΦ̃) +
λ

(2)
ijkl

Λ2
2

(Liγ
µLj)(LkγµLl) + H.c., (2)

where Li is the left-handed lepton doublet, and Φ is the Higgs doublet. The coefficients

λ
(1)
ij /Λ1 is determined by the generic seesaw relation;

mν,i =
λ

(1)
ii v

2

Λ1

, (3)

where mν,i is the i-th mass eigenvalue of active (left-handed) neutrinos, and the VEV

of the Higgs doublet field is given by 〈Φ〉 = (0, v/
√

2)T with v = (
√

2GF )−1. When

we specify the ultraviolet theory, λ
(2)
ijkl/Λ

2
2 can also be fixed. We here choose the real

diagonal basis of the coupling matrix λ
(1)
ij by the unitary transformation of the leptonic

SU(2)L doublet. In this basis, the Yukawa couplings for the charged leptons can have

physical complex phases. A typical magnitude of Λ2 derived from the charged lepton

Yukawa couplings is Λ2 ' (4π)(v/mτ )
2
√
MinfTR ∼ 105 ×

√
MinfTR, where the inflaton

mass is Minf, and the reheating temperature TR is defined by the temperature T of the

thermal plasma at the time when the expansion rate of the universe balances with the

inflaton decay rate Γinf, that is, TR =
(

3
5

90
π2g∗

Γ2
infM

2
Pl

)1/4

. Here g∗ is the effective numbers

of relativistic degrees of freedom, which is 106.75 in the SM at the temperature higher

than the electroweak scale, and MPl is the reduced Planck scale. These contributions are

expected to be much smaller than those from the new physics beyond the SM, so that

we can safely neglect these contributions in the following discussions. The first term in

Eq. (2) violates the lepton number by two units after the electroweak symmetry breaking,

but with only this term non-zero baryon asymmetry cannot be created. Complex phases

for the CP violation appear in the second term in Eq.(2). The net lepton number is

produced by the scattering process via the interference between the tree and one-loop

diagrams in Fig. 1, where both the lepton number violation and the CP violation effects

are included. The dimension-five (-six) vertices are denoted by the circle (square) symbols.

In the reheating era leptogenesis scenario, the lepton asymmetry is created during the

thermalization process of the SM particle after the inflation. The left-handed leptons are

produced by the direct decay of the inflaton, and are thermalized through the scattering

with the SM particles in thermal plasma. This thermalization process proceeds in the

out-of-equilibrium. During this era, the lepton asymmetry is generated by the process in

the Fig. 1. The baryon asymmetry is obtained similarly to the conventional leptogenesis

by the conversion through the sphaleron process.
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Figure 1: Interference between tree and one-loop diagram for the lepton number violation

scattering process.

The baryon asymmetry can be evaluated by solving the following Boltzmann equations

numerically [12],3

ρ̇R + 4H ρR =
(

1−
∑
i

Bi
)

Γinf ρinf +
Minf

2

∑
i

n`i Γbrems, (4)

ṅL + 3H nL = 4
∑
i

εi Γ�Li
n`i + 2

∑
i

ε2i Γ2�Li
n`i − Γwash nL, (5)

ṅ`i + 3H n`i =
Γinf ρinf

Minf

Bi − n`i (Γbrems +H), (6)

where i = 1, 2, 3, ρR = π2g∗T
4/30, ρinf = Λ4 e−Γinf t/a(t)3 are the energy densities of the

radiation and the inflaton, respectively. Bi ≡ B(ϕ→ LiX) is the branching fraction of the

inflaton ϕ into a Li and other particles.4 The height of the potential during the inflation

is Λ4
inf. The created asymmetry is not sensitive to the value of Λinf, which is taken to

be Λinf = 1015GeV in this paper. The scale factor a(t) of the universe is related to the

Hubble parameter H = ȧ(t)/a(t), which is given by

H2 =
1

3M2
Pl

(
ρinf + ρR +

Minf

2

∑
i

n`i

)
, (7)

The number density n` of the left-handed leptons is produced by the inflaton decay. That

of the lepton asymmetry is denoted by nL. The factors efficiency εi and ε2i represent the

3 Comparing with the Boltzmann equations in Ref. [12], we add the ε2 term in the right hand side of

the second equation.
4 The decays of the inflaton depend on the detailed models of the inflaton interaction. For instance,

we may consider a dimension-five operator as ϕLieR`Φ. If the minimal flavor violation hypothesis is

imposed, the coupling matrix in our basis is (ye)i` =
√

2U∗`iM
diag
` /v. Thus, branching ratios have the

specific structure, i.e., Bi =
∑
` |(ye)i`|2/

∑
j` |(ye)j`|2 ≈ |Uτi|2, where Ufi is the PMNS matrix [18]. If we

additionally introduce a flavor universal interaction such as ϕLi��DLi, which cannot generate the baryon

asymmetry. Then, Bi is simply reduced by a factor. In our numerical analysis, we assume only the former

dimension-five interaction for simplicity and concreteness.
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interference effect between the tree and one-loop diagrams,

ε(2)i = 2
σ
LiLi→ΦΦ

− σLiLi→ΦΦ

σ
LiLi→ΦΦ

+ σLiLi→ΦΦ

. (8)

Note that εi corresponds to the interaction, where one Li comes from inflaton decay and

another one from thermal plasma. On the other hand, ε2i corresponds to the collision

between leptons both from inflaton decay. More specifically, ε’s are given by

εi '
∑
j

1

2π

12Minf TR
Λ2

2

λ
(1)
jj Im(λ

(2)
ijij)

λ
(1)
ii

, ε2i '
∑
j

1

8π

M2
inf

Λ2
2

λ
(1)
jj Im(λ

(2)
ijij)

λ
(1)
ii

. (9)

We denote the interaction rates of the lepton number violation process corresponding to

εi and ε2i by Γ
�Li

and Γ2�Li
, respectively:

Γ
�Li
' 11

4π3
ζ(3)

m2
ν,i

v4
T 3, Γ2�Li

' 11

8π

m2
ν,i

v4
n`i . (10)

The interaction rates of the thermalization process Γbrems, and of the washout process

Γwash are respectively given by

Γbrems ' α2
2 T

√
T

Minf

, (11)

Γwash '
11

4π3
ζ(3)

∑
m2
ν

v4
T 3, (12)

where α2 is the structure constant of the SU(2)L gauge coupling.

The baryon asymmetry in the reheating era leptogenesis is roughly estimated as [12],

nB
s
' 7.2× 10−11

(
2× 10−2

α2

)2(
TR

3× 1011GeV

)7/2(
Minf

2× 1013GeV

)1/2

×
∑
i,j

Bi λ(1)
ii λ

(1)
jj

(6× 1014GeV

Λ1

)2

Im(λ
(2)
ijij)
(1015GeV

Λ2

)2

, (13)

from which we can see that the observed value of the baryon asymmetry can be re-

produced. Let us give a few comments in order. In the conventional scenario of the

leptogenesis, the right-handed neutrino on mass-shell decays into leptons in the early uni-

verse. On the other hand, in the reheating era leptogenesis, the right-handed neutrino

can be an off-shell particle. Thus, it is expected that the allowed region for masses of

right-handed neutrinos MR,i and the reheating temperature TR is extended in this new

scenario. Moreover, the right-handed neutrinos are no longer necessary ingredient of the

scenario.
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Φ Φ

Li Lj

N(Σ)

Figure 2: A process that gives the operator (LiΦ̃)(LjΦ̃)/Λ1 in the Type-I (-III) seesaw

model.

3 The reheating era leptogenesis in models with the

seesaw mechanism

3.1 The Type-I seesaw mechanism

Typical examples of the reheating era leptogenesis are many variations of the neutrino

mass generation models with the seesaw mechanism. A simplest one is the Type-I seesaw

model [9], which is described by the Lagrangian,

∆LType-I = +yI
ijLiNRjΦ̃ +

MR,i

2
N c
RiNRi + H.c., (14)

where NR represents right-handed neutrinos. The mass matrix for left-handed neutrinos

is generated by the Type-I seesaw mechanism in Fig. 2, which is expressed as

mν = −v
2

2
yIM−1

R yIT . (15)

Note that the coefficient of the first term in Eq.(2) links to mν by Eq.(3), and the

origin of the lepton number violation is caused by the Majorana mass of the right-handed

neutrinos.

By using the Casas-Ibarra parametrization [19], the Yukawa matrix can be written with

the active neutrino Majorana masses mν,i and right-handed neutrino Majorana masses

MR,i as

yI
ij = i

√
2

v

√
mν,iRij

√
MR,j, (16)

where R is a complex orthogonal matrix, which satisfies RRT = 1. We again note that we

work in the real diagonal basis of mν (or equivalently λ(1)). The size of matrix elements

of R is arbitrary as long as they are complex parameters, but Rij = O(1) would be a

natural choice if the neutrino mass hierarchy is maintained without a fine-tuning in the
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Li Lj

Ll

Li

Lk

Φ(η)

N(Σ) Φ(η)

N(Σ)

Figure 3: Processes that give the operator (Liγ
µLj)(LkγµLl)/Λ

2
2.

structure of the Yukawa matrix. In this framework, the second term in Eq.(2) is also

induced by the one-loop processes shown in Fig. 3. The imaginary part of the coefficient

of the dimension-six operator can be generated only by the left diagram in Fig. 3:

Im(λ
(2)
ijkl)

Λ2
2

' 1

(8π)2

∑
m,n

Im(yI
imy

I∗
lmy

I
kny

I∗
jn)

M2
R,m −M2

R,n

log
M2

R,m

M2
R,n

. (17)

We are now ready to write down λ
(1)
ij /Λ1 and Im(λ

(2)
ijkl)/Λ

2
2 in terms of the parameters

in the neutrino sector, i.e., the mass eigenvalues mν,i and MR,i and a complex orthogonal

matrix R. The baryon asymmetry generated in the reheating era leptogenesis scenario is

roughly evaluated within the framework of the Type-I seesaw model as

nB
s

= 1.9× 10−14

(
2× 10−2

α2

)2(
TR

1011GeV

)7/2(
Minf

2× 1013GeV

)1/2

×
∑
i,j

Bi
( mν,i

0.1eV

)2 ( mν,j

0.1eV

)2

Im[(RR†)2
ij]. (18)

Here and hereafter, we take the degenerate mass limit of right-handed neutrinos, MR,1 =

MR,2 = MR,3 for simplicity.5. In the numerical analysis, the neutrino mass squared

differences are chosen as ∆m2
ν21 ≡ m2

ν,2 − m2
ν,1 = 7.53 (7.53) × 10−5eV2 and ∆m2

ν32 ≡
|m2

ν,3 −m2
ν,2| = 2.44 (2.52)× 10−3eV2 for the normal (inverted) mass ordering [20].

For the justification of the effective Lagrangian description in Eq.(2) in our analysis,

MR must be heavy enough not to be generated at the on-shell in the early universe. This

requirement leads to a condition,

Minf <∼ MR. (19)

We note that, in Ref. [12], the upper bound on Minf is not imposed because the ultraviolet

completion is not specified. In order to estimate the lower bound on TR, we choose Minf

5 Even when we consider mass differences among right-handed neutrinos, the result of the calculation

in this section does not change much. In the case with mass differences, sub-leading contributions to

Im[(RR†)2ij ] are received a logarithmic correction factor, log(M2
R,m/M

2
R,n)

7



Figure 4: The allowed parameter space of TR as a function of MR in the Type-I seesaw

model for R = 1 and R = 10 with normal mass ordering. In the right panel, the effect of

ε2 term is omitted in Boltzmann equation.

so as to maximize the baryon asymmetry. It can be seen that the asymmetry increases

for the larger value of Minf in Eq. (18). Thus, Eq. (19) is regarded as the upper bound

on Minf . Requiring that the gravity does not become strong, we impose another upper

bound as Minf . MPl. Since a large value of Minf leads εi(ε2i) & 1, we demand the

consistency conditions on Minf . M1(M2), where Minf = M1(M2) is the solutions of

εi(ε2i) = 1. Therefore, we put Minf = Min (MR,MPl,M1,M2) in the following discussions,

and evaluate the lower bound on TR for various MR.

In the left panel of Fig. 4, the two-dimensional lower bounds are shown in the TR and

the MR plane for the reheating era leptogenesis. In order to see the effect of the newly

added ε2 term compared with the letter article [12], we show the lower and upper bounds

on TR without ε2 term in the right panel of Fig. 4. We confirm that the effect of ε2 slightly

enlarge the allowed parameter space. More concretely, in the left panel, the lower bound

on TR is slightly smaller than that of right panel. In both cases, we set mν1 = 0.1 eV,

and Bi ∝ |Uτi|2,
∑

i Bi = 1 as in footnote 3. Then, we have

B1 ' 0.19, B2 ' 0.25, B3 ' 0.56. (20)

Here we take the observed values of mixing angles, a maximum Dirac phase [21], and van-

ishing Majorana phases. The solid-blue (-red) curve expresses the numerical results with

the magnitude of the matrix elements to be Rij = 1 (10). To be precise, the following re-

lations are adopted, R2 ≡ Im[(RR†)2
12] = Im[(RR†)2

13] = Im[(RR†)2
23] = −Im[(RR†)2

12] =

−Im[(RR†)2
31] = −Im[(RR†)2

32]. Upper-right regions of the curves are allowed parameter

8



space for the successful leptogenesis. Note that the contributions from the decay of the

right-handed neutrinos are not included in our analysis, instead, we indicate the corre-

sponding parameter space TR &MR (upper-left domain), where the thermal leptogenesis

would be realized. The shaded region in larger MR indicates the breakdown of the pertur-

bativity for the Yukawa coupling, which is defined by yν(R = 10) > 4π. For R = 1, the

perturbativity condition is satisfied in all the parameter regime in the plot. For R = 10,

there exists the upper bound on TR because of the strong washout. We notice that the

condition ε2 . 1 is numerically almost close to the perturbativity condition of the Yukawa

coupling.

The dotted lines represent the analytic result in Eq.(18). Combining with Eq.(18) and

Minf = MR, the behavior of the lower bound on the reheating temperature is TR ∝M
−1/7
R .

For larger MR, the lower bound on TR is approximately constant, since we convolute

Eq. (18) and Minf = M2. You can see our numerical results are well consistent with

the approximated results including the overall factor. For very large TR and relatively

small MR region, the effect of the washout becomes important so that a corner of the

parameter space is not suitable for the leptogenesis. For both TR and MR large region,

because Minf is strongly constrained by the condition εi < 1, the maximally produced

baryon asymmetry is not enough for explaining our universe.

In Fig. 5, we show the similar plots but for R = 103 and R = 104. The results for the

inverted mass ordering of active neutrino masses are shown in Figs. 6 and 7. The lines

and shaded regions are given in the same manner as in Fig. 4.6 It is allowed parameter

space, but it might be necessary to introduce a fine-tuning among the parameters. If we

take such a large R, the reheating temperature decreases up to about 108 GeV. This result

will be compared with the case in the radiative seesaw model, where the fine-tuning issue

can be replaced by a natural small parameter. For R = 105, all the parameter space is

excluded by the perturbativity constraint.

3.2 The Type-III seesaw mechanism

The Type-III seesaw model is one of variations of the tree-level seesaw mechanism.7 Instead

of the SU(2)L singlet right-handed neutrinos in the Type-I seesaw model, the SU(2)L

6 For the hierarchical right handed neutrino mass, thermal leptogenesis works only for TR & 1010GeV

and MR & 109GeV [22]. Below these values, the degeneracy of the mass of the right handed neutrino is

required [23].
7There is one more tree-level seesaw mechanism. In the Type-II, an SU(2)L triplet scalar ∆ is intro-

duced. The new Yukawa interaction Lci σ2∆L is the origin of Majorana neutrino masses when ∆ develops

VEV. Since the new Yukawa matrix is simultaneously diagonalized with the neutrino mass matrix, no

new CP violating phase is provided. Thus, the leptogenesis does not work in this minimal setup.

9



Figure 5: The allowed parameter space of TR as a function of MR in the Type-I seesaw

model for R = 103 and R = 104 with normal mass ordering. In the right panel, the effect

of ε2 term is omitted in Boltzmann equation.

triplet fields Σ are added to the SM. The Lagrangian is described as

∆LType-III = +yIII
ij (Li)ασ

a
αβΣa

j (Φ̃)β +
MR,i

2
ΣaT
i CΣa

i + H.c. (21)

From this Lagrangian, the left-handed neutrino masses are generated by the Type-III

seesaw mechanism as

mν,i = −v
2

2
yIIIM−1

R yIIIT , (22)

while the imaginary part of the coefficient of the dimension-six operator is given by

Im(λ
(2)
ijkl)

Λ2
2

' 1

(8π)2

∑
m,n

Im(yIII
iny

III∗
ln y

III
kmy

III∗
jm − 4yIII

iny
III∗
jn y

III
kmy

III∗
lm )

M2
R,m −M2

R,n

log
M2

R,m

M2
R,n

. (23)

Taking the element λ
(2)
ijij, we see that a factor of 3 enhancement is found for the baryon

number asymmetry as compared to the Type-I seesaw model with the same parameter

choices.

3.3 The scotogenic seesaw mechanism

As an example of the different types of the seesaw mechanism, we here consider a sim-

ple radiative seesaw model proposed in Ref.[24]. An advantage of the radiative seesaw

mechanism is that the smallness of neutrino masses can be understood not only by heavy

10



Figure 6: The allowed parameter space of TR as a function of MR in the Type-I seesaw

model for R = 1 and R = 10 with inverted mass ordering. In the right panel, the effect

of ε2 term is omitted in Boltzmann equation.

particles but also loop suppression factors. On the other hand, at least two more new

particles are required. The Lagrangian for the neutrino mass generation sector in the

scotogenic model[24] is given by

∆L = yD
ijLiNRj η̃ +

MR,i

2
N c
RiNRi +

λ5

2
(η†Φ)2 + H.c., (24)

where a scalar doublet η is added to the Type-I seesaw model. In addition, an ad-hoc

Z2 parity is assumed under which only NR,i and η are transformed as odd. This discrete

symmetry forbids the VEV of η, and therefore the tree-level neutrino masses are forbidden.

From the one-loop diagram in Fig. 8, masses of left-handed neutrinos are generated as

mν,i ≡ −
v2

2
yDM eff

R

−1
yDT , (25)

where the effective right-handed neutrino mass matrix M eff
R is defined as

M eff
R

−1
=

λ5

(2π)2
F (M2

R/M
2
η )M−1

R , F (x) =
x

x− 1

( x

x− 1
log x− 1

)
. (26)

The mass of η is Mη, and the parameter λ5 characterizes the mixing between the CP even

and odd neutral components of η. The coefficient λ
(2)
ijkl of the dimension-six operator in

the scotogenic model is calculated similarly to as that in the Type-I seesaw model, where

the Higgs doublet in Fig. 3 is simply replaced by η. As long as Mη � MR, λ
(2)
ijkl is the

same as Eq.(17) substituting yI by yD.
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Figure 7: The allowed parameter space of TR as a function of MR in the Type-I seesaw

model for R = 1 and R = 10 with inverted mass ordering. In the right panel, the effect

of ε2 term is omitted in Boltzmann equation.

Similarly to the Type-I seesaw mechanism, the Yukawa matrix yD is expressed as

yD
ij = i

√
2

v

√
mν,iRij

√
M eff

R,j. (27)

Note that the magnitude of the Yukawa coupling can be much larger than that in the

Type-I while keeping R = O(1), because an additional loop suppression factor (2π)2 and

a possible small coupling λ5 are contained in M eff
R . In fact, the smallness of λ5 can be

justified by the naturalness argument, since λ5 is a lepton number violating parameter

if we assign the lepton number of η to be unity instead of the right-handed neutrinos.

Namely, the lepton number symmetry is recovered in the λ5 → 0 limit. For the model

building, see Ref. [25] for example.

Φ Φ

Li Lj

N(Σ)

Figure 8: In the scotogenic radiative seesaw mechanism, (LiΦ̃)(LjΦ̃)/Λ1 is derived by

loop processes.

12



The lower bound on TR in the scotogenic model is easily estimated the corresponding

analytic formula. Comparing the result in the Type-I seesaw, we find that

T scotogenic
R

( λ5

(2π)2
F (M2

R/M
2
η )
)−4/7

' TType-I
R , (28)

for smaller MR, where we set R = 1 both in the scotogenic and the Type-I seesaw models.

This simple relation suggests that the fine-tuning ofR in the Type-I seesaw can be replaced

by the smallness of λ5 in the scotogenic model.

Now, we are ready for examining how the allowed region for TR is extended in the

Ma’s radiative seesaw model. In the left panels of Figs. 9 and 10, the lower bounds on TR
as a function of MR are shown. Fig. 9 (10), we show the results for the normal (inverted)

mass ordering of active neutrino masses. The curves and shaded regions are given in the

similar manner as the plots of the Type-I seesaw model. The mass of the inert doublet is

chosen to be Mη = 103 GeV, which is not sensitive to the numerical analysis if Mη �MR.

The magnitude of R matrix elements is R = 1 in all the plot. Instead, we take different

values of λ5, λ5 = 1 or 10−2 in the top panels while λ5 = 10−6 or 10−8 in the bottom

panels. As we expect in Eq. (28), the reheating temperature can be lowered by small λ5

in a radiative seesaw model as compared with that in the Type-I seesaw model without

taking large R. Thus, masses of right-handed neutrinos in a radiative seesaw model are

not required to be very heavy for realizing successful reheating era leptogenesis. However,

for λ5 = 10−9, all the parameter space is again excluded by perturbativity of the Yukawa

coupling. As long as we use the reheating era leptogenesis scenario, the mass of the right-

handed neutrino must be heavier than about 108 GeV. A power law behavior of TR on MR

is slightly different due to the function F (M2
R/M

2
η ), and this behavior helps a little bit to

extend allowed parameter space. As in the type-I case, the result without including the

ε2 term is presented in the right panel of Figs. 9 and 10. This effect is not large similarly

to the type-I case.

4 Conclusion and Discussion

In this paper, we have extended the analysis of the letter article [12]. we have applied

the reheating era leptogenesis scenario to the various kinds of seesaw models for tiny

neutrinos masses. It is shown that the reheating era leptogenesis can work not only in

the Type-I (-III) seesaw model but also the Ma’s scotogenic seesaw model. In the seesaw

models, the lepton number violation is related to the origin of neutrino masses, while

in the above models there are sufficient freedoms to provide new CP violating phases.

We have explicitly showed that CP violating phases really appear in the dimension-six

term in the effective Lagrangian. Compared with the letter article [12], we have also

examined new contributions to the reheating era leptogenesis, where the lepton number

13



violating collision originated both from the inflaton decays. We have also studied several

new constraints on the parameter space. Under these conditions, in each model, we

have identified the allowed parameter space where the reheating era leptogenesis scenario

works as a minimal alternative to thermal leptogenesis. We have found that the reheating

temperature can be lower about 108 GeV. An approximated analytic formula for a lower

bound on TR is also presented. In the case of type-I seesaw model the lower bound on

TR is proportional to M
−1/7
R , while a power law behavior of TR is slightly modified due

to the function F (M2
R/M

2
η ) in the scotogenic model. This lower bound on TR puts the

non-trivial constraint on inflation model, and is useful to discuss the unwanted relics/dark

matter production in the early universe, see e.g. Refs. [26, 27]. The upper bound of TR
is derived numerically, which is also new result of this paper.

In the Type-I seesaw model, the size of Yukawa coupling can be large by taking a large

R, magnitude of the elements of a complex orthogonal matrix, if we allow a fine-tuning

among model parameters. In the radiative seesaw models, the Yukawa coupling can be

large enough for lowering TR with a new small parameter, e.g., λ5 in the Ma’s radiative

seesaw model. The smallness of a new parameter can be easily explained by the natural-

ness argument relevant to the lepton number conservation and its breaking. Therefore,

the reheating temperature can be lower generically in the radiative seesaw models. In this

paper, we have concentrated on the models including right-handed neutrinos. However,

this is not a necessary component in the reheating era leptogenesis scenario. It would be

interesting to apply other variations of seesaw models.
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A The Boltzmann equations

In this Appendix, we clarify how we discriminate the high and low energy leptons in the

text, and present the derivation of the Boltzmann equations (4), (5) and (6).

Before going into details, let us explain the schematic picture of our scenario during

the reheating. We focus on the perturbative reheating scenario, which is one of the

typical scenario of the reheating process, see, e.g., chapter 8 of Ref. [29] and Fig, 11. In

this scenario, after the end of inflation, the inflaton oscillation era starts. In this era,

an inflaton continues to decay until the end of reheating, and there exists the radiation
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component in addition to the inflaton energy density. As long as thermalization rate is

larger than Hubble rate, we can treat this radiation as thermal plasma. Then, at around

the completion of reheating, there are two populations of leptons. One is generated by

inflaton decay and the other is in thermal bath. The interaction among them leads to the

generation of lepton asymmetry of the universe.

Under the assumption that the universe is homogeneous and isotropic, the distribution

function f`i for leptons is only the function of time t and the absolute value of the three

momentum p = |~p|. The Boltzmann equation is given by

∂tf`i(p, t)−Hp∂pf`i(p, t)

=
Γinf ρinf

Minf

Bi g(p)− {f`i(p, t)− f`i,th(p, t)}
∫

(4π)q2dq fR(q, t)σbrems, (29)

where g(p) is the distribution function of leptons from the inflaton decay, fR is the distri-

bution for SM particles, and f`i,th is the thermal distribution function. The normalization

of g(p) is
∫

(4π)p2dp g(p) = 1, and
∫

(4π)p2dp f`i(p, t) corresponds to the number density

of lepton. The left-hand side describes the time evolution of the distribution function with

the expansion of the universe while the right-hand side does the collision terms. Here, we

only consider the following two processes; one is the decay of inflaton, and the other is

thermalization whose bottleneck process is the bremsstrahlung with SM particles. Since

the thermalization process is dominated by the exchange of soft gauge bosons [28], σbrems

can be treated as a constant in the integral.

The temperature of f`i,th is determined by the requirement of the conservation of the

energy density at fixed time,8∑
k 6=i-th lepton

∫
dp (4π)p3fk +

∫
dp (4π)p3f`i =

∑
k 6=i-th lepton

∫
dp (4π)p3fk,th +

∫
dp (4π)p3f`i,th,

(30)

where k is the label of SM particles except for i-th lepton.

In the following discussions, we neglect the second term in the left-hand side in

Eq. (29), because we are interested in the generation of the lepton asymmetry during

the thermalization process, and the typical time scale of the thermalization is much faster

than the Hubble time.

8 fth in Eq. (29) does not exactly equal to the thermal component discussed in paragraph above

Eq.(29), although they are numerically similar. If we think that inflaton decay stops at some time, two

components of leptons thermalize after the time ∼ Γ−1brems. The resultant thermal distribution is f = fth
appearing in Eq.(29). In fact, in the absence of the source term, f = fth should be the solution of

Boltzmann equation corresponding to the thermal equilibrium, and temperature is determined by taking

into account all energy density. This is why the total energy conservation is required in Eq.(30).
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We introduce pivot momentum p0 which is smaller than Minf and larger than TR, and

make an assumption of∫ ∞
p0

(4π)p2dp f`,th(p, t)�
∫ p0

0

(4π)p2dp f`,th(p, t),

∫ ∞
p0

(4π)p3dp f`,th(p, t)�
∫ p0

0

(4π)p3dp f`,th(p, t),

(31)

which can be justified in the case of TR � Minf thanks to the Boltzmann suppression

factor. In fact, we are interested in the permitter region where TR < MR < Minf. The

number densities for high and low energy leptons are defined as∫ ∞
p0

(4π)p2dp f`(p, t) =: n`i ,

∫ p0

0

(4π)p2dp f`(p, t) =: nTi . (32)

Then, from Eq. (29), we obtain

ṅ`i =
Γinfρinf

Minf

Bi − n`iΓbrems, (33)

ρ̇Ti = −(ρTi − ρ`i,th)Γbrems, (34)

where

Γbrems :=

∫
(4π)q2dq fR(q, t)σbrems, ρTi :=

∫ p0

0

(4π)p3dp f`(p, t), ρ`i,th :=

∫ p0

0

(4π)p3dp f`i,th(p, t)

(35)

Since the typical momentum of leptons from inflaton decay is O(Minf), we then expect∫∞
p0

(4π)p2dp g(p) ' 1 and
∫ p0

0
(4π)p2dp g(p) ' 0. For Γbrems � H, Eq. (33) agrees with

the Boltzmann equation (6) given in the text.

Let us move on Eq. (34). Utilizing Eq. (30), this becomes

ρ̇Ti = ρ`iΓbrems +
∑
k

(ρk − ρk,th)Γbrems. (36)

Here ρk :=
∫∞

0
(4π)p3dp fk(p, t), ρk,th :=

∫∞
0

(4π)p3dp fk,th(p, t), and we take
∫∞

0
(4π)p3dpf`,th '∫ p0

0
(4π)p3dpf`,th as in Eq. (31). We notice that, with this approximation, Eq. (30) becomes∑

k 6=i-th lepton

ρk + (ρTi + ρ`i) =
∑

k 6=i-th lepton

ρk,th + ρ`i,th,

=⇒ − (ρTi − ρ`i,th) =
∑

k 6=i-th lepton

(ρk − ρk,th) + ρ`i . (37)

The equation like Eq. (34) also holds for other SM species:9∑
k

ρ̇k = Γinfρinf(1− Bi)−
∑
k

(ρk − ρk,th)Γbrems. (38)

9 Regarding particles other than leptons, we do not distinguish high energy and low energy ones.
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Here we have used the fact that the typical energy of decay product of the inflation is

Minf, namely,
∫∞

0
(4π)p3dp g(p) 'Minf. By combing Eqs. (36) and (38), it is found that

ρ̇Ti +
∑
k

ρ̇k = Γinfρinf(1− Bi) + ρ`iΓbrems, (39)

which corresponds to (4) in the text.

Similarly, we can easily reproduce the Boltzmann equation for the lepton asymmetry.

We denote the distribution function for lepton asymmetry by fL(p, t), whose evolution is

governed by

∂tfL(p, t)−Hp∂pfL(p, t)

= −
∑
i

∫
(4π)q2

1dq1(4π)q2
2dq2 f`i(q1, t)f`i(q2, t)σ

�L
εi(q1, q2) (δ(q1 − p) + δ(q2 − p))

− fL(p, t)

∫
(4π)q2dq σwashfR(q, t), (40)

where σ
�L

is the cross section for the lepton number violating scattering, and σwash is that

of the washout process. The first and second terms in the right-hand side represent the

lepton number production by the scattering and the washout effect, respectively.10 Note

that εi is proportional to the center of mass energy of the scattering, εi ∝ q1q2 [12].

As in the previous case, we integrate over p, and divide the momentum integral into

two parts, and then get∑
i

∫ ∞
0

(4π)p2dp

∫ ∞
0

(4π)q2
2dq2 f`i(p, t)f`i(q2, t)σ�Lεi(p, q2)

=
∑
i

[ ∫ ∞
p0

(4π)p2dp

∫ ∞
p0

(4π)q2
2dq2 f`i(p, t)f`i(q2, t)σ�Lεi(p, q2)

+ 2

∫ ∞
p0

(4π)p2dp

∫ p0

0

(4π)q2
2dq2 f`i(p, t)f`i(q2, t)σ�Lεi(p, q2)

+

∫ p0

0

(4π)p2dp

∫ p0

0

(4π)q2
2dq2 f`i(p, t)f`i(q2, t)σ�Lεi(p, q2)

]
'
∑
i

[
n`iΓ2�L

εi

(
Minf

2
,
Minf

2

)
+ 2n`iΓ�L

εi

(
Minf

2
, 3T

)]
(41)

In the last step, we have made an approximation. From Eq. (29), we see that, if the

cosmic expansion is neglected and the initial condition at t = tinitial (end of the inflation)

10As for the first term, we only take into account LiLi → ΦΦ (and L̄iL̄i → Φ̄Φ̄) process. The other

process such as LiΦ̄ → L̄iΦ would give a similar contribution. We here omit the Pauli blocking effect

and a stimulating emission factor.
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is f`i(p, tinitial) = 0, the distribution function of leptons is peaked at around O(Minf) and

O(T ). Moreover, because the evolution equation is

∂tf`i(p, t) ' −{f`i(p, t)− f`i,th(p, t)}
∫

(4π)q2dq fR(q, t)σbrems (42)

for p < Minf, one can see that the distribution function of leptons with momentum

p < Minf is proportional to thermal one together with f`i(p, tinitial) = 0. Therefore, we can

replace the momenta which appear in εi by their typical values. As a concrete value, we

put Minf/2 and 3T , which are typical scales of the inflaton decay and the thermal bath,

respectively. We omit the last term in the second line because the distribution function

in the term is close to the thermal distribution, which does not contribute the lepton

asymmetry [12]. We use the following notations for the equations given in the text;∫
(4π)q2dq σwashfR(q, t) =: Γwash,

∫ p0

0

(4π)q2dq σ
�L
f`i(q, t) =: Γ

�Li
,

∫ ∞
p0

(4π)q2dq σ
�L
f`i(q, t) =: Γ2�Li

.

(43)

Note that σ
�L

is constant as long as the center of mass energy is lower than the mass of

right-handed neutrinos.

By combing these above arguments, we arrive at

ṅL(p, t) =2

(
2n`iΓ�L

εi

(
Minf

2
, 3T

)
+ n`iΓ2�L

εi

(
Minf

2
,
Minf

2

))
− nLΓwash, (44)

which reproduce the Boltzmann equation (5) for Γbrems � H.
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Figure 9: The allowed parameter space of TR as a function of MR in Ma model with

normal mass ordering. In the right panel, the effect of ε2 term is omitted in Boltzmann

equation.
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Figure 10: The allowed parameter space of TR as a function of MR in Ma model with

normal mass ordering. In the right panel, the effect of ε2 term is omitted in Boltzmann

equation.
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Figure 11: A schematic picture for the energy densities of inflaton ρinflaton and of radiation

ρradiation during the reheating process. The horizontal axis is the scale factor of the universe
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