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the baryon asymmetry by the sphaleron process. This scenario works for a range of masses of
the right-handed neutrinos while no fine-tuning among the masses is required. The reheating
temperature of the Universe can be as low as O(10) TeV if we assume that the decays of
inflatons in the perturbative regime are responsible for the reheating. For the case of the
reheating via the dissipation effects, the reheating temperature can be as low as O(100) GeV.
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1 Introduction

Missing antimatter is one of the mysteries in the history of the Universe. The baryon asym-
metry cannot be the initial condition in the inflationary cosmology while the thermal history
within the Standard Model of particle physics seems to fail to explain it. It is plausible that
the neutrino masses may be something to do with this mystery since the Majorana masses of
neutrinos together with the sphaleron process provides us with a new source of the baryon
number violation as well as CP violation [1].

It is well-known that three conditions need to be satisfied for the creation of the baryon
asymmetry after inflation [2]: baryon number violation, CP violation, and a stage with out-
of-equilibrium. Recently it has been shown that all the three conditions can be satisfied at
the very beginning of the Universe in the Standard Model with a dimension five operator to
generate the neutrino Majorana masses [3, 4]. (See also the reheating era baryogenesis [3, 5, 6],
and non-thermal leptogenesis [7–9].) In these scenarios, the right-handed neutrinos are not
necessary, and thus the effective theory to describe the phenomena is the same as the one
for the low energy experiments, such as the neutrino oscillation experiments as well as the
neutrinoless double beta decays. This provides us with tight connections between the baryon
asymmetry of the Universe and the low energy experiments.

The key fact is that flavor oscillations of active neutrinos during the reheating era pro-
vide CP violation just as in the neutrino oscillation phenomena we observe today [3]. It was
shown that only with adding the higher dimensional Majorana mass term, LLHH, to the
renormalizable Standard Model, the baryon asymmetry can be generated during the ther-
malization process [4]. The oscillations are induced due to the misalignment of the eigenbasis
of the effective mass matrices, governed by the matter effects, and that of the LLHH interac-
tions. The observed baryon asymmetry is shown to be explained if the reheating temperature
is higher than 108 GeV. The scenario works for whatever mechanism for the generation of
neutrino Majorana masses at sufficiently high renormalization scale.

The baryogenesis with two or three generations of the right-handed neutrinos have
been studied widely in connection with the generation of the neutrino masses by the seesaw
mechanism [10–14]. (See also refs. [15, 16].) Thermal leptogenesis [1] assumes the thermal
bath of the Standard Model including the right-handed neutrinos as the initial condition,
and the lepton asymmetry is produced by the out-of-equilibrium decays of right-handed
neutrinos, which requires TR & 108 GeV. (See refs. [17, 18] for reviews.) It has been shown
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that the reheating temperature can be lower if one tunes the difference between the right-
handed neutrino masses so that the resonant effects take place [19, 20]. The right-handed
neutrinos can be much lighter than O(100) GeV when the flavor oscillations of the right-
handed neutrinos get important while some tuning in the mass spectrum is necessary [21, 22].
In this scenario, the abundance of the right-handed neutrinos, which is assumed to be zero at
the beginning of the Universe, are generated through the scattering of the left-handed leptons.
The lepton asymmetries originated from the oscillation among right-handed neutrinos are
stored separately into the left-handed and right-handed neutrino sectors. In the case of
the neutrinos with the Dirac masses, one can also consider the possibility that the lepton
asymmetry is stored in the right-handed neutrinos [23].

In this paper, we consider flavor oscillations of active neutrinos during the reheating
era in the seesaw model [10–14]. Through the Yukawa interactions between the lepton dou-
blets and the right-handed neutrinos, the CP-violating flavor oscillations distribute lepton
asymmetries into the left-handed and right-handed neutrinos, while total lepton asymmetry
is conserved. The lepton asymmetry stored in the left-handed leptons is, in turn, converted
into the baryon asymmetry by the sphaleron process. If the right-handed neutrinos never
come into the thermal equilibrium until the sphaleron process shuts off at T ∼ 100 GeV, the
created baryon asymmetry remains today. In the scenario where the reheating is caused by
the perturbative decay of the inflaton, the reheating temperature should satisfy TR & 7 TeV
for the successful baryogenesis. We also discuss the possibility that the reheating is due to
the dissipation effect. In that case the right-handed neutrino can be lighter than 100 GeV
and the reheating temperature can be as low as TR ∼ 100 GeV.

The new mechanism does not require a fine-tuning of the mass degeneracy. Since the
density matrices of the initial left-handed neutrinos are not in the thermal ones in the reheat-
ing era, the asymmetry via oscillation is produced at the leading order in the perturbation
of the neutrino Yukawa couplings. As a result, large enough baryon asymmetry can be pro-
duced. The mechanism works with a single right-handed neutrino, and thus no tuning among
masses of right-handed neutrinos is necessary.

This paper is organized as follows. The main idea is shown in the section 2 by assuming
the inflaton decays in the perturbative regime. In section 3, we discuss the case with reheating
via the dissipation processes. The last section is devoted to conclusions and discussion.

2 Active neutrino oscillation for baryogenesis

We introduce a singlet fermion to the Standard Model gauge group, N , which is one of three
right-handed neutrinos responsible for the seesaw mechanism. For a while, we ignore its
mass. The Lagrangian is given as

L ⊃ −yNiH̃∗N̄ P̂LLi, (2.1)

where yNi are the Yukawa coupling constants, Li (i = e, µ, τ) is the lepton doublet field, P̂L
is a left-handed projection operator and H̃ ≡ iσ2H is the Higgs field. We restrict ourselves
in the case for |yNi | � O(1). Here we take the basis that yNi is real by making the phase
rotation of Le, Lµ and N without loss of generality.

2.1 Inflaton decay in the perturbative regime

We introduce an inflaton field, φ, which once dominates over the Universe. The mass is
mφ. Let us first assume that the reheating of the Universe proceeds via the φ perturbative
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decays for simplicity. We suppose that the decay has some branching fraction B to the active
neutrinos,

φ→ Lφ +X, L̄φ + X̄. (2.2)

Here X denotes arbitrary final states, that is supposed not to contribute to the baryon
asymmetry, and B ≤ 1. The final lepton state, Lφ, is in general a linear combination of
Le, Lµ, and Lτ . Through the dominant decay channels of φ the Universe is reheated to the
temperature, T = TR ' (g∗π

2/90)−1/4
√

ΓMP , with the total decay width Γ, the effective
relative degrees of freedom g∗ ' 106.75, and the reduced Planck mass MP ' 2.4× 1018 GeV.

At the moment of the inflaton decay t = tR ≡ 1/Γ, there are two components in the
Universe. One is the thermal plasma which is generated at t < tR.

1 The thermal distribution
is characterized by the temperature TR, which should satisfy

TR ≤ mφ (2.3)

for the regime of the perturbative decay. Another component is the direct decay product
at t = tR which includes the active leptons, Lφ. These leptons are generally out of equilib-
rium. For instance, if we consider a two-body decay to the lepton, the component includes
monochromatic modes of the leptons with energy around mφ/2. The lepton will be thermal-
ized promptly due to the interaction with the thermal plasma.

In the following, we will discuss the leptogenesis via the active lepton/neutrino oscilla-
tions during this rapid thermalization process and show that this scenario works with low
reheating temperature if there is a sufficient amount of CP violation. The lepton asymmetries
are divided into two sectors: the active neutrino sector, ∆vis, and N sector, ∆N , while the
total asymmetry is zero, i.e. ∆vis + ∆N = 0, due to the conservation of the lepton number
once we ignore the mass term of N . After the thermalization of left-handed leptons only ∆vis

is important and can be converted into the baryon asymmetry by the sphaleron process. If N
is not thermalized until the temperature drops to T < Tsph ∼ 100 GeV, where the sphaleron
process freezes out, ∆N would not be transferred back into the visible sector. As a result,
the produced baryon asymmetry is maintained until today.

The asymmetry ∆N is produced in the following way. At t = tR, the lepton of momen-
tum p produced by an inflaton decay, Lφ, is represented as a quantum state

|Lφ, tR〉, (2.4)

which evolves as

|Lφ, t〉 =
∑
i

ci exp

[
−i
∫ t

tR

Eidt
′
]
|i〉 (2.5)

where |i〉 is the flavor eigenstate of the left-handed leptons, i = e, µ, τ , with momentum p
which is around mφ. We have defined

ci ≡ 〈i|Lφ, tR〉. (2.6)

1The Boltzmann equation for the inflaton density, ρφ, is dρφ/dt + 3Hρφ = −Γρφ. At t < tR, plasma
(including the leptons) with energy density ρr ∼ Γtρφ is produced. It is most abundant at around one Hubble
time, t ∼ 1/Hinf with Hinf being the Hubble parameter during inflation, after the inflation. The plasma is
thermalized immediately by fast interactions among the Standard Model particles. At the last period of the
reheating, which we focus with t ∼ 1/Γ, one finds ρr ∼ ρφ i.e. the preexisting plasma is as abundant as the
inflaton. Therefore, the preexisting plasma exists in general. The baryon asymmetry is also produced at
t � tR by the mechanism described here but the amount is suppressed due to the dilution from copiously
produced plasma. This is the reason we focus the last period. The O(1) uncertainty to the baryon asymmetry
induced by this sudden decay approximation can be absorbed into the definition of TR.
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Here cτ can be taken to be real by the field redefinition of Lτ without loss of generality, but
ce and cµ are in general complex numbers. Notice that the state |LΦ, tR〉 is not necessary
to be the same as the flavor state |i〉, and in general it is in the superposition of different
flavor states. Hereafter, we assume the general case. The flavor oscillation phenomena
happen through thermal potentials, which are created by the preexisting thermal plasma.2

For |p| & T , the dispersion relation becomes flavor dependent such as [24]

Ei ' y2
i

T 2

16|p|
+ · · · , (i = e, µ, τ), (2.7)

where yi are the Yukawa coupling constant for the charged leptons, yi = mi/〈H〉. We assumed
yτ � yN , and ‘· · · ’ contains the flavor-blind terms irrelevant for the flavor oscillation.

The thermal plasma plays two important roles. One is to induce the thermal potential
for the flavor oscillation as just discussed. The other is that it prevents the flavor oscillation
from lasting too long. The oscillation is terminated when the leptons annihilate with the
plasma. The free propagation time scale, tMFP, is given approximately as the inverse of the
thermalization rate,

tMFP(p) ' Γ−1
LPM '

(
α2

2T

√
T

|p|

)−1

. (2.8)

where we have taken into account the Landau-Pomeranchuk-Migdal (LPM) effects [25, 26] for
estimating the energy loss process important for the thermalization. The inelastic scattering
rate via a t-channel gauge boson exchange is näıvely O(α2

2T ). However, at the quantum level,
one must take into account the coherent multiple gauge boson emissions, when an energetic
lepton is injected into the medium. This effect leads to the suppression factor

√
T/|p|.

The leptons from the inflaton decays lose the energy and settle down to a state with
|p| ∼ T after traveling in the plasma for a typical time scale of thermalization

tth ≡ tMFP(mφ). (2.9)

The scattering via gauge interactions does not touch the flavor and the flavor oscillation
continues even after the scattering while the pair annihilation of the leptons via gauge in-
teractions terminates the oscillation. Notice that when the energy |p| is larger than the
temperature, the annihilation rate

Γpair ∼ α2
2

T 2

|p|
(2.10)

is smaller than the energy loss rate ΓLPM for given p. The pair annihilation happens most
effectively after the energy of the lepton drops down to |p| ∼ T = TR. The flavor oscillation
is also the most effective for |p| ∼ T . The time scale of the pair annihilation after the energy
loss is given as

∆tpair ≡ Γ−1
pair

∣∣∣
|p|∼T

∼ (α2
2T )−1, (2.11)

2The coherent forward scatterings with negligible momentum exchanges, |∆p| ∼ 0, induce the thermal
potentials. Since the exchanged momentum |∆p| is much smaller than T , the scattering takes place coherently
with multiple particles in the plasma. Thus we can safely use the thermal field theory approach to estimate
the thermal potentials. In particular, the thermal potential can be obtained from the two point function of
the lepton fields in the thermal environment. We thank Markus Luty for useful discussion on this point.
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which is even shorter than the time scale of the thermalization, tth. Therefore, the quantum
state of the leptons shortly after the time scale, tth, is given by

|Lφ, tR + tth〉 '
∑
i

ci exp

[
−i y2

i

16α2
2

+ . . .

]
|i〉. (2.12)

The integration in eq. (2.5) is approximated by Ei∆tpair evaluated at |p| = T . The evolution
of each flavor component differs by a phase, and for τ the difference is,

y2
τ

16α2
2

∼ 0.005. (2.13)

This can be the origin of the baryon asymmetry O(10−10). The effects are not suppressed by
a ratio of the neutrino masses or charged lepton masses to the energy scale of the problem,
mφ or TR. The matter effects in the finite temperature plasma make it possible to induce the
large quantum oscillation phenomenon. We emphasize here that even though the oscillation
is stopped by the time scale of the pair annihilations, the density matrices in the flavor space
are still not collapsed into the flavor eigenbasis until the Yukawa interactions get important.

After the evolution of the quantum state, the flavor is “observed” by the flavor dependent
interaction with the thermal plasma. At this stage, the lepton state is identified as one of
the flavors, e, µ or τ by the Yukawa interactions of the charged leptons. As a rare process,
however, the flavor can be “observed” by the neutrino Yukawa interaction in eq. (2.1). The
observation through the Yukawa interaction of eq. (2.1) happens at the probability of

η ∼
∑
|ci|2σνitL→NtR∑
|ci|2 σνitL→τRbR

∼ |yN |
2

y2
τ

, (2.14)

where we have defined |yN |2 ≡
∑

i |yNi |2. The probability is normalized by the process with
the largest cross section, i.e., the scattering via yτ .

As in the ordinary neutrino oscillation this rare process can have CP asymmetry since
there are strong phases (CP-even phases) from the oscillation and the CP-odd phases in the
new interactions including the inflaton couplings. This is because we cannot remove all of
the CP phases from the field redefinition as we have performed. The CP asymmetry in the
probability is given by

PLφ→LN − PLφ→LN = η
(
|〈LN |Lφ, tR + tth〉|2 − |〈LN |Lφ, tR + tth〉|2

)
. (2.15)

Here we have defined the state 〈LN | as the eigenstate in the interaction basis of eq. (2.1)
which satisfies 〈LN |i〉 = yNi/|yN |. Thus,

〈LN |Lφ, tR + tth〉 '
∑
i

ci exp

[
i
y2
i

16α2
2

+ . . .

]
yNi
|yN |

. (2.16)

The probability is estimated as

PLφ→LN − PLφ→LN '
∑
i>j

4=[cic
∗
j ] sin

(
y2
i − y2

j

16α2
2

)
yNiyNj
y2
τ

∼
cτyNτ

∑
i=e,µ=[c∗i yNi ]

4α2
2

. (2.17)

The leptonic asymmetry in N is produced with this probability for each leptons generated
by the inflaton decays.
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Since the inflaton decays provide the leptons in terms of the number density divided by
the entropy density as ∼ 3BTR/4mφ, ∆N to entropy density is given as

∆N

s
' 3

4

TR
mφ

B ×
(
PLφ→LN − PLφ→LN

)
' 3

4

TR
mφ

BξCP
|yN |2

4α2
2

= 10−10 TR
mφ

BξCP

(
|yN |
10−6

)2

. (2.18)

Here we have defined

ξCP ≡
cτyNτ

∑
i=e,µ=[c∗i ]yNi
|yN |2

.

The CP asymmetry parameter ξCP = O(1) unless one tunes the CP phases, flavor-structure
of the left-handed lepton coupling to inflaton or N . In fact neutrino oscillation measure-
ments have revealed the violation of flavor symmetry in the left-handed lepton sector, and
also suggested the maximal CP-violation [27]. We stress here that this value of generated
asymmetry does not depend on TR once TR/mφ is fixed. This implies that the reheating
temperature has no restriction in generating ∆N .

Since ∆N = −∆vis, the non-zero ∆N means that there exists

∆vis

s
∼ −10−10 TR

mφ
BξCP

(
|yN |
10−6

)2

. (2.19)

This is transferred into the baryon asymmetry via the sphaleron process. The required
value of the lepton asymmetry converted from the measured baryon asymmetry of the uni-
verse [28–30] is (

∆vis

s

)required

= −(2.45± 0.01)× 10−10. (2.20)

Comparing with eq. (2.18), we see that enough amount of baryon asymmetry can be generated
just after the reheating. The question is whether this asymmetry remains until today.

Let us consider the condition for preserving the baryon asymmetry until today. Ob-
viously, ∆N should not be transferred back to the visible sector via eq. (2.1) until the
sphaleron process becomes inefficient at the temperature lower than Tsph. Otherwise, the
sphaleron would washout the baryon asymmetry. Therefore, N should not be thermalized
until T = Tsph. The interaction rate of relativistic N with the thermal plasma is given by

Γth
N ' γN |yN |2T (2.21)

where γN ' 0.01 is the numerical result from refs. [31–33] which includes 2 ↔ 2 and 1 ↔
2 processes as well as the LPM effect. By comparing Γth

N with the Hubble parameter at

the radiation dominant era, H '
√
g∗π2T 4/90M2

P , one obtains the temperature that N is

thermalized

T . TNth ' 7 TeV

(
|yN |
10−6

)2

. (2.22)

The thermalization of N can be avoided if we take into account its Majorana mass parameter,
MN , as

δL = −MN

2
N̄ cN (2.23)
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which satisfies
MN & TNth . (2.24)

In this case, before the thermalization occurs N becomes non-relativistic so that the asym-
metry, ∆N , is washed-out while the produced baryon asymmetry corresponding to ∆vis un-
touched. On the other hand, TR &MN is necessary for our discussion, i.e. the “observation”
of active states with producing N has to be valid kinematically. One arrives at the condition
for our scenario in inflaton perturbative decay

TR &M & TNth ' 7 TeV

(
|yN |
10−6

)2

. (2.25)

This condition predicts specific patterns of the both active and right-handed neutrino masses
and the relating phenomena, as we shall see soon.

2.2 Implications on neutrino physics

Since N is the right-handed neutrino, it gives a mass of active neutrino through the type-I
seesaw mechanism,

δmν =
|yN |2 〈H〉2

MN
. (2.26)

Here 〈H〉 ' 174 GeV is the Higgs vacuum expectation value. Substituting the condition for
the baryogenesis eq. (2.25) to eq. (2.26) one can estimate the active neutrino mass as

δmν .
|yN |2 〈H〉2

TNth
' 4× 10−3 eV (for MN & TNth ). (2.27)

Compared to the neutrino mass scales,
√

∆m2
sol ' 9×10−3 eV and

√
∆m2

atm ' 5×10−2 eV,

the N particle which is responsible for baryogenesis can significantly contribute to the active
neutrino masses only for the lightest or the second lightest ones. Two other right-handed
neutrinos need to explain the rest of the neutrino masses.

Based on the above discussion, the baryogenesis scenario predicts the active neutrinos
in either normal hierarchy (NH) or inverted hierarchy (IH), i.e. not degenerated. The sum of
the active neutrino masses is determined for each mass hierarchy,

∑
I mνI ' 0.06 (0.10) eV

for the NH (IH)3 with I = 1, 2, 3 denoting the generation of active neutrinos in the mass
basis. The sum of masses has been constrained by the observations of cosmic microwave
background (CMB) and baryonic acoustic oscillation given as

∑
I mνI < 0.12 eV [35]. The

value is consistent with eq. (2.27). The future observations should improve the upper bound
so that the scenario can be tested.

The prediction on the lightest neutrino mass in eq. (2.27) impacts on neutrinoless double
beta decay. Its decay rate is characterized by the effective neutrino massmeff, whose definition
is meff =

∑
I mνI [UPMNS]2eI . Since the lightest neutrino mass is at most |δmν |, we find

|meff| . 7× 10−3 eV for NH and 0.01 eV . |meff| . 0.05 eV for IH. (2.28)

The masses of other two right-handed neutrinos are restricted since they should not
wash out the lepton asymmetry ∆vis. Here for simplicity we restrict ourselves in the case

3For the estimation of the total neutrino mass we use results in a global analysis of neutrino oscillation
measurements [34].
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that the reheating temperature is so low, e.g. TR . 100 TeV, that all the interaction rates
via Standard Model Yukawa couplings are faster than the expansion rate.4 Under this most
dangerous circumstance for the wash out, one can obtain four possible mass patterns to evade
the wash out:

Case 1 : M2,3 � 100 GeV, (2.29)

Case 2 : TR �M2,3, (2.30)

Case 3 : M2 � 100 GeV� TR �M3, (2.31)

Case 4 : M3 � 100 GeV� TR �M2. (2.32)

The Case 1 says that the masses of N2,3 that violates the lepton number are almost negligible
at T > Tsph. Case 2 is the possibility that N2,3 are so heavy that the thermal production
are kinematically suppressed, and that they are hardly thermalized. Case 3 or 4 is the
composition of Cases 1 and 2. Apart from Case 2 there exists the right-handed neutrino with
the mass below the electroweak scale.

Such a light particle may be probed experimentally. The right-handed neutrinos in the
mass range ofO(1–10) GeV will be searched for in future beam-dump and collider experiments
e.g. ref. [36]. Moreover such a particle can impact on the neutrinoless double beta decay as
an additional intermediate state and thus may be tested indirectly [37].5 The contribution
behaves as M−2

α because of a suppression of nuclear matrix element when the mass is larger
than its typical momentum exchange

√
〈p2〉 ∼ 200 MeV.

2.3 Numerical estimation

Here we perform a numerical simulation to confirm the discussion on the asymmetry sepa-
ration. See ref. [4] for the detail analysis. We focus on the two components of the density
matrices:

(ρk)ij =

∫
|p|∼|k|

d3p

(2π)3

ρij(p, t)

s
, (2.33)

(δρT )ij =

∫
|p|∼T

d3p

(2π)3

(
ρij(p)

s
−
ρeq
ij (p)

s

)
, (2.34)

and those for anti-leptons. Here s is the entropy density. The first component, ρk, represents
the energetic leptons produced by the φ decay with initial typical momentum, |k| = mφ. The
second component, δρT , represents leptons that deviate from the thermal distribution with
the typical momentum |p| ∼ T . Here T ' TR is the temperature, and ρeq

ij = δij/(e
|p|/T + 1)

represents the density matrix in the thermal equilibrium, which denotes the preexisting
thermal plasma. We did not write down the equation for the right-handed neutrino since
∆N = −∆vis is guaranteed and we will estimate ∆vis.

4If this assumption is removed, some of the charged lepton Yukawa coupling can be neglected when the
washout is effective. There can be flavor-dependent lepton symmetry, and thus some component of ∆vis can
not be washed out. In this case, there can be mass patterns where M2 or M3 is below TR. The extension is
straightforward.

5If two degenerate right-handed neutrinos affect the process simultaneously the contribution to the decay
rate is always destructive [38].
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The time evolutions of the matrices can be obtained by solving the kinetic equations,
which are derived from first principle with approximations [39]. The equations are given as

i
dρk
dt

= [Ωk, ρk]− i

2
{Γdk, ρk}, (2.35)

i
dδρT
dt

= [ΩT , δρT ]− i

2
{ΓdT , δρT }+ iδΓpT , (2.36)

where Ωk = Ei(|k|)δij and ΩT = Ei(T )δij . The destruction and production rates for leptons
are given by(

Γdk

)
ij
' Cα2

2T

√
T

|k|
δij (2.37)(

ΓdT

)
ij
' C ′α2

2Tδij + γLT (δiτδτjy
2
τ + δiµδµjy

2
µ + δieδejy

2
e) + γNTyNiyNj , (2.38)

(
δΓpT

)
ij
' Cα2

2T

√
T

|k|
(ρk)ij − C

′α2
2T (δρT )ij . (2.39)

The equations for the anti-leptons are obtained by replacing ρ with ρ̄ everywhere and reversing
the sign of Ω’s. In the actual numerical computation, the kinetic equations of right-handed
leptons and the red-shift of momenta are taken into account [4].

Now let us briefly explain the terms in the rates. The terms with the coefficient C,C ′

corresponds to the ΓLPM,Γpair respectively. We put a parameter C,C ′ = O(1) to take into
account the theoretical uncertainty in the LPM effects and in the energy distributions of the
inflaton decay product. The terms with γL, γN describe the scattering, and (inverse) decay
via the Yukawa interactions of charged lepton and eq. (2.1), respectively, which are important
for “observing” the flavor. Here, we take

γL = γN

because of the same kinematics and gauge structure if we neglect gY . This term with γN
divides the lepton asymmetries into the two sectors. The numerical result of γN can be found
from [31–33]. We have neglected the scattering via Yukawa interactions for the high energy
mode since it is much slower than the energy loss process.

We have approximated that the Higgs bosons are in thermal distributions, which is
justified as follows. If the asymmetry of Higgs produced by the CP-violating effect is trans-
ferred into the right-handed neutrinos, the contribution is suppressed by O(y4

N ). On the other
hand, most left-handed leptons produced from the interaction with Higgs bosons are in flavor
eigenstates, and that the flavor oscillations are suppressed. Thus we can safely neglect the
out-of-equilibrium effects of the Higgs bosons.

Now we are ready to solve the kinetic equations. The initial conditions of the density
matrices for our scenario are as follows

ρk|t=tR = ρk|t=tR =
3

4

TR
mφ

Bc∗i cj , δρT |t=tR = δρ̄T |t=tR = 0. (2.40)

We have assumed the absence of the deviation from the thermal equilibrium for the preex-
isting thermal plasma at t = tR. We take ρk corresponding to eq. (2.6).

In figure 1, we show the asymmetry ∆L/(sB) by varying the Hubble time (t − tR)/tR
with TR = 107 GeV, mφ = TR, and γN = γL = 0.01. The vertical purple dashed and blue solid
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Figure 1. The time evolution of the lepton asymmetry with B = 1,mφ = TR = 107 GeV and
yN = 10−6(1, 1, 1), where ci = 1√

3
(exp i, exp 2i, 1) is taken as an example. The red band corresponds

to the variance of C = C ′ between 1/3 and 3. The blue solid and purple dashed lines are the time
scale of tth and 1/(γLy

2
τTR), respectively, at which the pair annihilation and the scattering with the

tau Yukawa coupling are important.

lines represent the time scale of tth = tMFP(mφ) and that the density matrices are collapsed
into the flavor eigenbasis due to the charged τ -Yukawa interaction, (γLy

2
τT )−1. One finds

that the asymmetry production lasts much shorter than tR ' 1/H|t=tR , and the behavior
around the timescales are consistent with the discussions in the previous section. We have
also checked that the amount of asymmetry does not change much by changing the reheating
temperature.

3 Case with reheating via dissipation processes

Since the mechanism discussed previously is tied to the inflaton sector, for certain reheating
dynamics, the asymmetry can be enhanced significantly. In what follows, we consider the
reheating scenario where TR/mφ � O(1). For the inflaton perturbative decays, it was a
thermal blocking effect that prevents the TR from going beyond mφ. This is because the
decays of φ to the daughter particles with thermal mass ∼ TR & mφ are kinematically
forbidden. Thus even if we increase the couplings among inflaton and particles, we can have
at most TR ∼ mφ from the perturbative decays. However, then a dissipation effect becomes
important to increase the temperature.

When the thermal blocking effect is important, a thermal dissipation effect is also im-
portant [40–45]. If the dissipation effect is efficient, the reheating proceeds through the
scatterings among the inflaton condensate and preexisting thermal plasma.6 The process
can be represented as

φ+ Y → X + Lφ. (3.1)

6For simplicity, we assume that the parametric resonance effect is not important. This is justified in the
following ALP inflation model because the ALP has derivative couplings.
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For instance, one may take Y = a Higgs boson, X = a right-handed charged anti-lepton.
This process is kinematically allowed even if mφ is much smaller than the thermal masses of
particles. This implies the parameter region of

TR � mφ (3.2)

is also possible. In particular, the inflaton condensate loses energy of around mφ � TR
per one scattering. This means when the energy of the inflaton condensate all becomes the
radiation, the scatterings take place 3TR/4mφ � 1 times in a unit volume. Therefore, in this
scenario 3TR/4mφ leptons carrying momenta

|p| ∼ TR

are produced. They are out of equilibrium and thermalized after undergoing the flavor
oscillation as in the previous part. As a result the same formula of eq. (2.18) is expected,
but with TR/mφ � 1. In particular, when TR/mφ & 102 the baryon asymmetry can be
explained with

|yN | . 10−7. (3.3)

Thus,
TNth . Tsph (3.4)

can be satisfied. This means that ∆N is not transferred back to the visible sector until
the sphaleron freezes out. The baryon asymmetry remains until today. Consequently, our
scenario works for the reheating temperature satisfying

TR & Tsph ∼ 100 GeV. (3.5)

In this case, N can be identified with any of the three right-handed neutrinos. We notice
that the dissipation effect is important only when the thermal plasma from the perturbative
decays of φ is abundant. This forbids mφ → 0, which suppressed the perturbative decay
rates and thus the plasma. The question is how large TR/mφ can be in concrete inflation
models.

Let us discuss this possibility in more detail by introducing ALP inflation models [46–48]
where the inflaton, φ, is an axion-like particle (ALP). The inflation scale can be as high as
Λinf ' 100 GeV–100 TeV.7 The ALP (effective) mass8 mφ ∼ Λ2

inf/f and decay constant, f ,
have typical relation fixed by the CMB normalization of the primordial density perturbation:

mφ ∼ 10−6f. (3.6)

The flavor oscillation occurs by introducing flavor-dependent couplings of φ to leptons
responsible for the reheating. The couplings are given as

δL ' iφ

f

∑
ij

cijyjH
∗ēiP̂LLi, (3.7)

7The QCD axion window can be opened and the moduli problem can be alleviated due to the low-scale
inflation if inflation lasts long enough and if no mixing between the inflaton and the axion [49–51]. If there is
a mixing which shifts the axion phase by π, the QCD axion can be set on the hilltop and thus a heavier QCD
axion dark matter than usual is also possible [52].

8For the ALP miracle scenario [46, 47] mφ should be identified as the effective mass of the inflaton. The
inflaton mass at the vacuum, on the other hand, is highly suppressed due to an upside-down symmetry so
that φ is long-lived.
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where cij are dimensionless constants related with derivative φ-lepton couplings since φ is an
ALP. The reheating through the kind of couplings is shown to be successful in refs. [47, 48] if
the φ coupling to τ is large enough. This coupling also contributes to the dispersion relations
and the scattering rates of the leptons, while the contributions, which are suppressed by
O
(
(yiTR/f)2

)
, are negligible. Thus eq. (2.18) holds with |p| ∼ TR ∼ 102−3mφ, B = 1, and

ci to be an eigenvector of cij . The reheating occurs instantaneously, i.e. after inflation the
energy density of the inflaton promptly becomes the radiation, TR ∼ Λinf , if f . 108 GeV.
As a result, the scenarios predict

TR ∼ 102−3mφ. (3.8)

The phenomenological implications are as follows. The flavor mixing for the flavor
oscillation leads to the process τ → µ/e + φ if kinematically allowed. This process can be
searched for in Belle II experiment [47]. |yN | ∼ 10−8–10−7 is predicted from eqs. (2.18), (2.20)
and (3.8). The right-handed neutrino mass is

MN ' 6 GeV

(
|yN |
10−7

)2(0.05 eV

δmν

)
. (3.9)

The beam-dump and collider tests, as well as the enhancement of the neutrinoless double
beta decay rate, are interesting as discussed previously. The dark matter candidate may
be the inflaton itself if the inflaton potential has an upside-down symmetry [46, 47]. The
dark matter can be searched for in the IAXO experiment [53–55]. In this case the lightest
right-handed neutrino may be the candidate as well.

4 Discussion and conclusions

We have discussed a mechanism of baryogenesis through the CP violation in the flavor oscil-
lation in the reheating era. Since a part of the lepton asymmetry is distributed to the right-
handed neutrinos through the Yukawa interactions, one obtains asymmetry in the Standard
Model sector, which is converted into the baryon asymmetry by the sphalerons. The scenario
works for the reheating temperature of the Universe greater than O(10) TeV or O(100) GeV
depending on the dynamics of inflaton. The baryogenesis mechanism can be compatible with
various new physics models that favor low reheating temperature, such as supersymmetric
model avoiding gravitino problem, or require low reheating temperature due to the low cutoff
scale, e.g. relaxion models, models with large extra-dimensions, composite Higgs models.

We note that the mother particle producing the left-handed leptons may not be the
inflaton, but the moduli, or heavy fermions that once dominate the Universe. Even in
those cases, the mechanism works. One can also apply the mechanism to the asymmetric
dark matter scenario [56–59]. By assuming that the matter couples to the dark matter with
baryon (lepton) number preserving interaction, the matter from the inflaton decay undergoes
the flavor oscillation caused by the misalignment of the oscillation and interaction basis. The
matter-antimatter asymmetry is distributed to the dark matter due to the CP-violating
oscillation.

We have discussed the dissipation effect which enhances the produced lepton asymme-
try. This effect can also enhance the asymmetry production of the scenario in ref. [4]. For
TR/mφ & O(103), TR . 107 GeV is possible to explain the baryon asymmetry of the Universe.

Lastly, let us briefly mention the inflaton decays to right-handed neutrinos via e.g.
κijφN̄iNj . The produced right-handed neutrinos can undergo flavor oscillations if their Ma-
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jorana masses are parametrically degenerated. The flavor oscillation can also induce CP-
violation. We expect larger effect on the asymmetry production than that in refs. [21, 22],
because κij need not to be flavor-diagonal and the produced Ni can be abundant. In the
scenario, one can have the sterile neutrino dark matter produced from the direct inflaton
decays. We, however, did not consider such inflaton couplings or the parametrically degen-
erated right-handed neutrino masses for simplicity. We will come back to the possibility in
future.
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[20] W. Buchmüller and M. Plümacher, CP asymmetry in Majorana neutrino decays, Phys. Lett. B
431 (1998) 354 [hep-ph/9710460] [INSPIRE].

[21] E.K. Akhmedov, V.A. Rubakov and A. Yu. Smirnov, Baryogenesis via neutrino oscillations,
Phys. Rev. Lett. 81 (1998) 1359 [hep-ph/9803255] [INSPIRE].

[22] T. Asaka and M. Shaposhnikov, The νMSM, dark matter and baryon asymmetry of the
universe, Phys. Lett. B 620 (2005) 17 [hep-ph/0505013] [INSPIRE].

[23] K. Dick, M. Lindner, M. Ratz and D. Wright, Leptogenesis with Dirac neutrinos, Phys. Rev.
Lett. 84 (2000) 4039 [hep-ph/9907562] [INSPIRE].

[24] H.A. Weldon, Effective fermion masses of order gT in high temperature gauge theories with
exact chiral invariance, Phys. Rev. D 26 (1982) 2789 [INSPIRE].

[25] L.D. Landau and I. Pomeranchuk, Limits of applicability of the theory of bremsstrahlung
electrons and pair production at high-energies, Dokl. Akad. Nauk Ser. Fiz. 92 (1953) 535.

[26] A.B. Migdal, Bremsstrahlung and pair production in condensed media at high-energies, Phys.
Rev. 103 (1956) 1811 [INSPIRE].

[27] T2K collaboration, Combined analysis of neutrino and antineutrino oscillations at T2K, Phys.
Rev. Lett. 118 (2017) 151801 [arXiv:1701.00432] [INSPIRE].

[28] Planck collaboration, Planck 2015 results. XIII. Cosmological parameters, Astron. Astrophys.
594 (2016) A13 [arXiv:1502.01589] [INSPIRE].

[29] F.R. Klinkhamer and N.S. Manton, A saddle point solution in the Weinberg-Salam theory,
Phys. Rev. D 30 (1984) 2212 [INSPIRE].

[30] V.A. Kuzmin, V.A. Rubakov and M.E. Shaposhnikov, On the anomalous electroweak baryon
number nonconservation in the early universe, Phys. Lett. 155B (1985) 36 [INSPIRE].
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[32] P. Hernández, M. Kekic, J. López-Pavón, J. Racker and J. Salvado, Testable baryogenesis in
seesaw models, JHEP 08 (2016) 157 [arXiv:1606.06719] [INSPIRE].

[33] J. Ghiglieri and M. Laine, GeV-scale hot sterile neutrino oscillations: a derivation of evolution
equations, JHEP 05 (2017) 132 [arXiv:1703.06087] [INSPIRE].

[34] I. Esteban, M.C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni and T. Schwetz, Global
analysis of three-flavour neutrino oscillations: synergies and tensions in the determination of
θ23, δCP and the mass ordering, JHEP 01 (2019) 106 [arXiv:1811.05487] [INSPIRE].

[35] Planck collaboration, Planck 2018 results. VI. Cosmological parameters, arXiv:1807.06209
[INSPIRE].

[36] S. Alekhin et al., A facility to search for hidden particles at the CERN SPS: the SHiP physics
case, Rept. Prog. Phys. 79 (2016) 124201 [arXiv:1504.04855] [INSPIRE].

[37] P. Benes, A. Faessler, F. Simkovic and S. Kovalenko, Sterile neutrinos in neutrinoless double
beta decay, Phys. Rev. D 71 (2005) 077901 [hep-ph/0501295] [INSPIRE].

– 14 –

https://doi.org/10.1016/0370-2693(77)90435-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,67B,421%22
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,44,912%22
https://doi.org/10.1146/annurev.nucl.55.090704.151558
https://doi.org/10.1146/annurev.nucl.55.090704.151558
https://arxiv.org/abs/hep-ph/0502169
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0502169
https://doi.org/10.1016/j.physrep.2008.06.002
https://arxiv.org/abs/0802.2962
https://inspirehep.net/search?p=find+EPRINT+arXiv:0802.2962
https://doi.org/10.1016/S0550-3213(97)00469-0
https://doi.org/10.1016/S0550-3213(97)00469-0
https://arxiv.org/abs/hep-ph/9702393
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9702393
https://doi.org/10.1016/S0370-2693(97)01548-7
https://doi.org/10.1016/S0370-2693(97)01548-7
https://arxiv.org/abs/hep-ph/9710460
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9710460
https://doi.org/10.1103/PhysRevLett.81.1359
https://arxiv.org/abs/hep-ph/9803255
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9803255
https://doi.org/10.1016/j.physletb.2005.06.020
https://arxiv.org/abs/hep-ph/0505013
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0505013
https://doi.org/10.1103/PhysRevLett.84.4039
https://doi.org/10.1103/PhysRevLett.84.4039
https://arxiv.org/abs/hep-ph/9907562
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9907562
https://doi.org/10.1103/PhysRevD.26.2789
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D26,2789%22
https://doi.org/10.1103/PhysRev.103.1811
https://doi.org/10.1103/PhysRev.103.1811
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,103,1811%22
https://doi.org/10.1103/PhysRevLett.118.151801
https://doi.org/10.1103/PhysRevLett.118.151801
https://arxiv.org/abs/1701.00432
https://inspirehep.net/search?p=find+EPRINT+arXiv:1701.00432
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://arxiv.org/abs/1502.01589
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01589
https://doi.org/10.1103/PhysRevD.30.2212
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D30,2212%22
https://doi.org/10.1016/0370-2693(85)91028-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,155B,36%22
https://doi.org/10.1088/1475-7516/2012/03/029
https://arxiv.org/abs/1202.1288
https://inspirehep.net/search?p=find+EPRINT+arXiv:1202.1288
https://doi.org/10.1007/JHEP08(2016)157
https://arxiv.org/abs/1606.06719
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.06719
https://doi.org/10.1007/JHEP05(2017)132
https://arxiv.org/abs/1703.06087
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.06087
https://doi.org/10.1007/JHEP01(2019)106
https://arxiv.org/abs/1811.05487
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.05487
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.06209
https://doi.org/10.1088/0034-4885/79/12/124201
https://arxiv.org/abs/1504.04855
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.04855
https://doi.org/10.1103/PhysRevD.71.077901
https://arxiv.org/abs/hep-ph/0501295
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0501295


J
C
A
P
0
3
(
2
0
2
0
)
0
4
8

[38] T. Asaka, S. Eijima and H. Ishida, Mixing of active and sterile neutrinos, JHEP 04 (2011) 011
[arXiv:1101.1382] [INSPIRE].

[39] G. Sigl and G. Raffelt, General kinetic description of relativistic mixed neutrinos, Nucl. Phys.
B 406 (1993) 423 [INSPIRE].

[40] J. Yokoyama, Can oscillating scalar fields decay into particles with a large thermal mass?,
Phys. Lett. B 635 (2006) 66 [hep-ph/0510091] [INSPIRE].

[41] A. Anisimov, W. Buchmüller, M. Drewes and S. Mendizabal, Nonequilibrium dynamics of
scalar fields in a thermal bath, Annals Phys. 324 (2009) 1234 [arXiv:0812.1934] [INSPIRE].

[42] M. Drewes, On the role of quasiparticles and thermal masses in nonequilibrium processes in a
plasma, arXiv:1012.5380 [INSPIRE].

[43] K. Mukaida and K. Nakayama, Dynamics of oscillating scalar field in thermal environment,
JCAP 01 (2013) 017 [arXiv:1208.3399] [INSPIRE].

[44] M. Drewes and J.U. Kang, The kinematics of cosmic reheating, Nucl. Phys. B 875 (2013) 315
[Erratum ibid. B 888 (2014) 284] [arXiv:1305.0267] [INSPIRE].

[45] K. Mukaida and K. Nakayama, Dissipative effects on reheating after inflation, JCAP 03 (2013)
002 [arXiv:1212.4985] [INSPIRE].

[46] R. Daido, F. Takahashi and W. Yin, The ALP miracle: unified inflaton and dark matter,
JCAP 05 (2017) 044 [arXiv:1702.03284] [INSPIRE].

[47] R. Daido, F. Takahashi and W. Yin, The ALP miracle revisited, JHEP 02 (2018) 104
[arXiv:1710.11107] [INSPIRE].

[48] F. Takahashi and W. Yin, ALP inflation and Big Bang on Earth, JHEP 07 (2019) 095
[arXiv:1903.00462] [INSPIRE].

[49] P.W. Graham and A. Scherlis, Stochastic axion scenario, Phys. Rev. D 98 (2018) 035017
[arXiv:1805.07362] [INSPIRE].

[50] F. Takahashi, W. Yin and A.H. Guth, QCD axion window and low-scale inflation, Phys. Rev.
D 98 (2018) 015042 [arXiv:1805.08763] [INSPIRE].

[51] S.-Y. Ho, F. Takahashi and W. Yin, Relaxing the cosmological moduli problem by low-scale
inflation, JHEP 04 (2019) 149 [arXiv:1901.01240] [INSPIRE].

[52] F. Takahashi and W. Yin, QCD axion on hilltop by a phase shift of π, JHEP 10 (2019) 120
[arXiv:1908.06071] [INSPIRE].

[53] I.G. Irastorza et al., Towards a new generation axion helioscope, JCAP 06 (2011) 013
[arXiv:1103.5334] [INSPIRE].

[54] E. Armengaud et al., Conceptual design of the international axion observatory (IAXO), 2014
JINST 9 T05002 [arXiv:1401.3233] [INSPIRE].

[55] IAXO collaboration, Physics potential of the international axion observatory (IAXO), JCAP
06 (2019) 047 [arXiv:1904.09155] [INSPIRE].

[56] S.M. Barr, R.S. Chivukula and E. Farhi, Electroweak fermion number violation and the
production of stable particles in the early universe, Phys. Lett. B 241 (1990) 387 [INSPIRE].

[57] D.B. Kaplan, A Single explanation for both the baryon and dark matter densities, Phys. Rev.
Lett. 68 (1992) 741 [INSPIRE].

[58] R. Kitano and I. Low, Dark matter from baryon asymmetry, Phys. Rev. D 71 (2005) 023510
[hep-ph/0411133] [INSPIRE].

[59] D.E. Kaplan, M.A. Luty and K.M. Zurek, Asymmetric dark matter, Phys. Rev. D 79 (2009)
115016 [arXiv:0901.4117] [INSPIRE].

– 15 –

https://doi.org/10.1007/JHEP04(2011)011
https://arxiv.org/abs/1101.1382
https://inspirehep.net/search?p=find+EPRINT+arXiv:1101.1382
https://doi.org/10.1016/0550-3213(93)90175-O
https://doi.org/10.1016/0550-3213(93)90175-O
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B406,423%22
https://doi.org/10.1016/j.physletb.2006.02.039
https://arxiv.org/abs/hep-ph/0510091
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0510091
https://doi.org/10.1016/j.aop.2009.01.001
https://arxiv.org/abs/0812.1934
https://inspirehep.net/search?p=find+EPRINT+arXiv:0812.1934
https://arxiv.org/abs/1012.5380
https://inspirehep.net/search?p=find+EPRINT+arXiv:1012.5380
https://doi.org/10.1088/1475-7516/2013/01/017
https://arxiv.org/abs/1208.3399
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3399
https://doi.org/10.1016/j.nuclphysb.2013.07.009
https://arxiv.org/abs/1305.0267
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.0267
https://doi.org/10.1088/1475-7516/2013/03/002
https://doi.org/10.1088/1475-7516/2013/03/002
https://arxiv.org/abs/1212.4985
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.4985
https://doi.org/10.1088/1475-7516/2017/05/044
https://arxiv.org/abs/1702.03284
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.03284
https://doi.org/10.1007/JHEP02(2018)104
https://arxiv.org/abs/1710.11107
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.11107
https://doi.org/10.1007/JHEP07(2019)095
https://arxiv.org/abs/1903.00462
https://inspirehep.net/search?p=find+EPRINT+arXiv:1903.00462
https://doi.org/10.1103/PhysRevD.98.035017
https://arxiv.org/abs/1805.07362
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.07362
https://doi.org/10.1103/PhysRevD.98.015042
https://doi.org/10.1103/PhysRevD.98.015042
https://arxiv.org/abs/1805.08763
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.08763
https://doi.org/10.1007/JHEP04(2019)149
https://arxiv.org/abs/1901.01240
https://inspirehep.net/search?p=find+EPRINT+arXiv:1901.01240
https://doi.org/10.1007/JHEP10(2019)120
https://arxiv.org/abs/1908.06071
https://inspirehep.net/search?p=find+EPRINT+arXiv:1908.06071
https://doi.org/10.1088/1475-7516/2011/06/013
https://arxiv.org/abs/1103.5334
https://inspirehep.net/search?p=find+EPRINT+arXiv:1103.5334
https://doi.org/10.1088/1748-0221/9/05/T05002
https://doi.org/10.1088/1748-0221/9/05/T05002
https://arxiv.org/abs/1401.3233
https://inspirehep.net/search?p=find+EPRINT+arXiv:1401.3233
https://doi.org/10.1088/1475-7516/2019/06/047
https://doi.org/10.1088/1475-7516/2019/06/047
https://arxiv.org/abs/1904.09155
https://inspirehep.net/search?p=find+EPRINT+arXiv:1904.09155
https://doi.org/10.1016/0370-2693(90)91661-T
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B241,387%22
https://doi.org/10.1103/PhysRevLett.68.741
https://doi.org/10.1103/PhysRevLett.68.741
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,68,741%22
https://doi.org/10.1103/PhysRevD.71.023510
https://arxiv.org/abs/hep-ph/0411133
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0411133
https://doi.org/10.1103/PhysRevD.79.115016
https://doi.org/10.1103/PhysRevD.79.115016
https://arxiv.org/abs/0901.4117
https://inspirehep.net/search?p=find+EPRINT+arXiv:0901.4117

	Introduction
	Active neutrino oscillation for baryogenesis
	Inflaton decay in the perturbative regime
	Implications on neutrino physics
	Numerical estimation

	Case with reheating via dissipation processes
	Discussion and conclusions

