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We propose a leptogenesis scenario where baryon asymmetry generation is assisted by the kinetic
motion of the Majoron, J, in the process of lepton-number violating inverse decays of a right-handed
neutrino, N. We investigate two distinct scenarios depending on the sources of a Majoron kinetic motion:
(1) the misalignment mechanism, and (2) the kinetic misalignment mechanism. The former case can
naturally generate the observed baryon asymmetry for the Majoron mass mJ ≳ TeV and the right-handed
neutrino’s mass MN ≳ 1011 GeV. However, an additional decay channel of the Majoron is required to
avoid the overclosure problem of the Majoron oscillation. The later scenario works successfully for mJ ≲
100 keV and MN ≲ 109 GeV while MN can be even far below the temperature of the electroweak phase
transition as long as sufficiently large kinetic misalignment is provided. We also find that a sub-100 keV
Majoron is a viable candidate for dark matter.
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I. INTRODUCTION

The seesaw mechanism stands out as one of the most
compelling frameworks explaining the lightness of left-
handed neutrinos through the heaviness of right-handed
neutrinos (RHNs) [1–7]. The strength of the seesaw
mechanism lies in the natural realization of the baryon
asymmetry of the universe through thermal leptogenesis [8]
(see, e.g., Ref. [9] for a review). In this scenario, the CP
asymmetric decay of RHNs generates lepton asymmetry
that is transferred into the baryon asymmetry via the weak
sphaleron process. However, the amount of the CP asym-
metry is naturally proportional to the mass of the decaying
particle leading to the so-called Davidson-Ibarra bound:
MN ≳ 109 GeV [10].
As the Majorana mass of neutrinos breaks the B − L

number, which is an anomaly-free accidental symmetry in
the standard model (SM), an intriguing question is whether
Uð1ÞB−L symmetry breaking is spontaneous or explicit.
If it is broken spontaneously (which is what we assume in
this paper), the heavy right-handed neutrino mass is a
consequence of spontaneously broken Uð1ÞB−L symmetry

that accompanies a pseudo-Goldstone boson called the
Majoron [11,12].
In this work, we propose a scenario where a kinetic

motion of the Majoron, denoted by θ̇, provides CP asym-
metry in the inverse decay of N. This is a realization of
spontaneous baryogenesis [13,14] in the context of the
seesaw mechanism endowed with the Majoron. Our sce-
nario can be further characterized by specifying the origin of
θ̇: (1) the (conventional) misalignment mechanism [15–17],
and (2) the kinetic misalignment mechanism [18–20].
A similar setup of our first case (conventional misalign-

ment) has been studied in Refs. [21,22], which did not take
into account the dynamics coming from N, but considered
an effective theory with the five-dimensional Weinberg
operator assuming a sufficiently high seesaw scale. In this
case, the B − L number is frozen around its decoupling
temperature TW ≃ 6 × 1012 GeV, and if the Majoron mass
is Oð109Þ GeV, the Majoron oscillation starts around
Tosc ≃ TW , which leads to a successful leptogenesis.
Unlike the previous works, we include the effects coming
from N that generate the B − L number more efficiently
compared to the processes involving the Weinberg oper-
ator, and consequently, we find how light the Majoron
can be.
Our second case (kinetic misalignment) has many

common features with Refs. [19,20,22–28] where the final
baryon asymmetry is generically determined at the decou-
pling temperature of the weak sphaleron process or a B − L
number-changing process (in our case, it is around MN).
Variations of axiogenesis augmented by the Weinberg
operator have also been suggested in Refs. [29–31]. In
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this work, we not only take into account the dynamics of N,
but also include completely different phenomenology that
comes from the Majoron property.

II. BASIC FEATURES

The seesaw Lagrangian extended with a global Uð1ÞB−L
symmetry is written as

−Lint ¼
1

2

X
I

yNI
ΦN̄c

INI þ
X
α;I

YN;αI l̄αH̃NI þ H:c:; ð1Þ

where Φ is a complex scalar field with the B − L charge
þ2;NI are the RHNs with I ¼ 1; 2; 3; lα are the left-handed
lepton doublets with α ¼ e, μ, τ; and H̃ ≡ iσ2H� is the
Higgs doublet coupling to up-type quarks and RHNs. After
the B − L breaking, Φ is replaced by

Φ →
fJffiffiffi
2

p eiJ=fJ ; ð2Þ

where J is the Majoron field. We assume that the reheating
temperature after the inflationary epoch is lower than the
B − L phase transition temperature and the radial mode of
Φ does not affect the physics we discuss in the following.
However, if the reheating temperature is sufficiently high,
the universe undergoes the B − L phase transition, which
may be first-order, and the radial mode can play a crucial
role in the context of leptogenesis [32–34].
Going to the field basis by redefining all the fermionic

fields ψ → eiðB−LÞψ θ=2ψ where θ≡ J=fJ and ðB − LÞψ
denotes the B − L number of ψ [e.g., ðB − LÞNI

¼ −1],
the θ dependence is removed in all the Yukawa and scalar
potential terms, and there remains only the derivative
coupling of the Majoron: −∂μθJ

μ
B−L=2 since B − L is

anomaly-free. In a nonzero θ̇≡ dθ=dt background, a
perturbation in the Hamiltonian density, θ̇nB−L=2, is
generated to act as an external chemical potential. Thus,
the source term of B − L asymmetry in the Boltzmann
equation, proportional to θ̇, is generated in every term
violating the B − L number. This is the origin of the CP
violation required for our leptogenesis.
Unlike the conventional thermal leptogenesis, our sce-

nario generates the lepton asymmetry via the so-called
“wash-out” term that acts to “wash-in” the CP asymmetry
provided by the velocity of the Majoron field θ̇. Assuming a
mass hierarchy between RHNs: MN1

≪ MN2
;MN3

, the
“wash-in process” is mainly governed by the lightest
one N1 (which is denoted by N in the following). Then,
the evolution of the lepton number asymmetry density
nΔl ≡ nl − nl̄ is determined by (see Appendix B for the
derivation)

ṅΔlα þ 3HnΔlα ¼ −ΓYN;α

 
nΔlα
nðeqÞlα

þ nΔH

nðeqÞH

−
θ̇

T

!
þ � � � ; ð3Þ

where nΔH ¼ nH − nH̄, nðeqÞX is the equilibrium number
density of X, and the interaction rate ΓYN;α

controlled by the
neutrino Yukawa coupling YN is

ΓYN;α
¼ nðeqÞN

K1ðzÞ
K2ðzÞ

ΓN→lαH; ð4Þ

with z ¼ MN=T, ΓN→lαH ≃ jYN;α1j2MN=16π (assuming
mN ≫ mlα ; mH), and K1;2 being the modified Bessel
functions. We neglect the scattering processes of ΔL ¼
1 such as NQ3 ↔ Lt since the effect of the scattering is
subdominant to the inverse decay term as in the conven-
tional thermal leptogenesis.
Note that the interaction involved in Eq. (3) is the inverse

decay, and we do not have a decay term at the tree level.
One may wonder about the effect coming from the helicity
asymmetry nΔN ¼ nNþ − nN−

where Nþ and N− denote N
with positive and negative helicity, respectively. If the
decay term with nΔN existed, it would cancel the θ̇
contribution since nΔN is also shifted proportionally to
θ̇, and the helicity of N can be identified by the chirality
(and thus the lepton number) in the MN → 0 limit.
However, although the helicity asymmetry is indeed
generated proportionally to θ̇ at high temperature T ≫ MN
(see Appendix A for details), we find that nΔN dependence
does not appear in Eq. (3) because the decay rate of N� →
lαH is the same as that of N� → l̄αH̄ independently of N ’s
momentum. Note that we consider the case where the CP-
violating decay of N is absent or sufficiently suppressed.

III. LEPTOGENESIS DRIVEN
BY MAJORON

We focus on the inverse decay that washes in the CP
asymmetry provided by θ̇ to the lepton sector. Then, it is
transferred to the baryon asymmetry by the electroweak
sphaleron. To maximize the efficiency of the wash-in
process, the inverse decay is required to be in thermal
equilibrium which happens in the so-called strong wash-out
regime satisfying ΓN > HðTNÞ with TN ¼ MN . Therefore,
it is important to determine the temperature range at which
the weak sphaleron rate and wash-in rate exceed the Hubble
expansion rate.
For the weak sphaleron rate, there is a suppression factor

of expð−Esph=TÞ where Esph is the energy of the sphaleron
configuration that rapidly increases in the broken phase
proportionally to the Higgs vacuum expectation value
(VEV) hhi at T [35,36]. Therefore, it gets highly sup-
pressed after the electroweak phase transition, so we
consider it to be turned off at T < TEW ≃ 130 GeV. On
the other hand, when hhi ¼ 0 at high temperature, the
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sphaleron rate is approximately given by α5WT, and it gets
decoupled at T > Tws ≃ 2.5 × 1012 GeV.
Since we use the wash-in term to generate lepton

asymmetry, we have to be in the strong wash-out regime;
ΓN ≳HðTNÞ. Taking the usual parameter of the effective
neutrino mass

m̃ν ≡
X
α

jYN;α1j2
v2h

2MN
; ð5Þ

the strong wash-out condition is K ≡ m̃ν=meV > 1. For
the atmospheric neutrino mass scale of m̃ν ¼ 0.05 eV
(K ¼ 50) and jYY;11j2 ≃ jYY;21j2 ≃ jYY;31j2, the inverse
decay rate is active when

H < γIDYN;α
¼ nðeqÞN

nðeqÞlα

K1ðzÞ
K2ðzÞ

ΓN→lαH

⇔ MN=zfo ≲ T ≲MN=zin; ð6Þ

where zin ≃ 0.7 and zfo ≃ 10. To see the parametric
dependence, we keep zin and zfo unless we numerically
evaluate. Then, the baryon asymmetry generation assisted
by the Majoron is determined at TB−L ¼ MN=zfo.
When the weak sphaleron and the wash-in processes are

strong enough,1 the baryon number settles down to the
equilibrium value that we parametrize as

nðeqÞB ¼ cB
6
θ̇T2; ð7Þ

nðeqÞL ¼ cL
6
θ̇T2; ð8Þ

where nB;L are the number density of the baryon and lepton
numbers accounting only for SM fermions. cB, cL, and
cB−L ¼ cB − cL for different temperature ranges are sum-
marized in Appendix C.

A. (Conventional) Misalignment mechanism

Let us first consider the initial condition of θ̇0 ¼ 0 and
θ0 ≠ 0 at the high temperature T0 [which should not be
greater than the critical temperature ∼fJ above which the
Uð1ÞB−L symmetry is restored]. The classical amplitude θ
starts coherent oscillation when the Hubble rate becomes
comparable to its mass mJ. The equation of motion can be
written as

θ̈ þ 3Hθ̇ ¼ −
1

f2J
V 0ðθÞ ≃ −m2

J sinðθÞ; ð9Þ

where we assumed VðθÞ ¼ m2
Jf

2
Jð1 − cos θÞ comes from an

explicit breaking term of B − L symmetry in the potential:
VðΦÞ ¼ Φnþ4=Λn þ H:c: When the initial misalignment
angle of θ is not close to π, one can approximate VðθÞ ≃
1
2
m2

Jf
2
Jθ

2 and obtain

θðtÞ ≃ θ0Γð5=4Þ
�

2

mJt

�
1=4

J1=4ðmJtÞ ð10Þ

in the radiation-dominated universe (H ≃ 1=2t). Here, Jα is
the Bessel function of the first kind.
The behavior of Eq. (10) can be understood separately

before and after the oscillation temperature, Tosc, which is
defined by 3HðToscÞ ¼ mJ:

Tosc ¼ 5 × 108 GeV

�
g�
100

�
−1=4

�
mJ

GeV

�
1=2

; ð11Þ

where g� is the effective number of relativistic degrees of
freedom. By using J1=4ðxÞ ≃ Γð5=4Þ−1ðx=2Þ1=4ð1 − x2=5Þ
for x ≪ 1 and J1=4ðxÞ ∼ ð2=πxÞ1=2 cosðx − 3π=8Þ for
x ≫ 1, we obtain an approximate form of

θ̇ðTÞ∼
8<
:
θ0mJ

�
Tosc
T

�
2

for T >Tosc;

θ0mJ

�
T

Tosc

�
3=2

cosðmJtÞ for T <Tosc;
ð12Þ

where we used H ≃ mJ
3
ð T
Tosc

Þ2 and neglected order one
factors (including signs) and phase shift. As T decreases
from a high temperature, θ̇ increases and gets maximized
around Tosc. Then, it starts oscillation with its amplitude
being redshifted as ðT=ToscÞ3=2. Therefore, one can expect
that the baryon asymmetry generation will be maximized
when Tosc coincides with TB−L.
To investigate in further detail, let us, first, consider the

case when Tosc < TB−L. Since the weak sphaleron and the
wash-in rates are strong enough for T > TB−L, nB−L
follows the equilibrium values (7) and (8) adiabatically
and gets frozen before the oscillation starts. Therefore, we
can estimate

YB−L ≃
1

sðTÞ
1

6
cB−Lθ̇ðTÞT2

����
T¼TB−L

∼
cB−Lθ0
g�ðTB−LÞ

mJ

TB−L

�
Tosc

TB−L

�
2

; ð13Þ

where sðTÞ ¼ 2π2

45
g�T3 is the total entropy density of the

background plasma with the effective number of relativistic
degrees of freedom g�. As Tosc ∝ m1=2

J [see Eq. (11)], we
have the proportionality of YB−L ∝ m2

J for Tosc < TB−L
when TB−L is fixed.

1Here, a “strong enough” reaction means not only to have a
reaction rate greater than the Hubble rate but also to be greater
than the inverse timescale of changing θ̇, ðΔtÞ−1

θ̇
≃ θ̈=θ̇.
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On the other hand, when Tosc > TB−L, the oscillation
starts first. Since the oscillation timescale, Δtosc ≃m−1

J ,
becomes shorter than the Hubble timescale, it is not
guaranteed for the B − L number to settle down at the
equilibrium value. Assuming that mJ > ΓYN;α

> H, YB−L
can be estimated as

YB−LðTÞ ∼
cB−LΓYN;α

TsðTÞ
Z

dtθ̇

∼
cB−Lθ0
g�ðTÞ

ΓYN;α

T4

�
T
Tosc

�
3=2

sinðmJtÞ: ð14Þ

At the temperature around TB−L, YB−L is frozen during
the oscillation. Taking the approximation of ΓYN;α

≃
HðTB−LÞT3

B−L, we obtain

jYB−Lj≲ cB−Lθ0
g�ðTB−LÞ

HðTB−LÞ
TB−L

�
TB−L

Tosc

�
3=2

; ð15Þ

which shows the proportionality of YB−L ∝ m−3=4
J for a

fixed TB−L.
These features can be seen in Fig. 1 where we depict the

evolution of YB−L as a function of z ¼ MN=T by solving
the full set of the Boltzmann equations summarized in

Appendix B. Considering two different values of MN ¼
1011 GeV (upper panel) and 1012 GeV (lower panel), we
show the dependence of YB−L on the values ofmJ, which is
scanned around Tosc ∼ TB−L. As we discussed previously,
the frozen value of YB−L is maximized when Tosc ≃ TB−L.
From the previous estimations, we conclude that YB−L is

bounded from above for a fixed TB−L, and the maximized
value at TB−L ≃ Tosc is given by

Ymax
B−LðTB−LÞ ∼ 10−9cB−Lθ0

�
100

g�ðTB−LÞ
��

TB−L

1010 GeV

�
;

ð16Þ

which we obtain from Eq. (13) or Eq. (15) taking Tosc ≃
TB−L [and Eq. (11) to remove mJ dependence], and
including the Oð10Þ factor that arises from our numerical
solution of the Boltzmann equations. This implies that, for
YB ≃ 28

79
YB−L ≃ 8.7 × 10−11, we need

TB−L ≳ 1010 GeV ⇒ MN ≳ 1011 GeV

�
zfo
10

�
; ð17Þ

considering θ0 ¼ Oð1Þ. For the rigorous results, we solve
the full Boltzmann equations and show the final value of YB
in the plane of mJ and MN in Fig. 2 taking zfo ¼ 10 and
θ0 ¼ 1. In the plot, we also show the lifetime of the
Majoron, which is determined by its dominant decay
channel J → νν; ν̄ ν̄, and thus has the decay rate propor-
tional to m2

ν=f2J. One can see that the Majorons are fairly
long-lived in the parameter region of our interest. This
causes a serious problem of overclosing the universe.
The energy density of the Majoron oscillation is indeed

given by

FIG. 1. Evolutions of YB−L for different values of mJ and
MN ¼ 1011 GeV (upper panel) and 1012 GeV (lower panel). For
a fixed MN , YB−L is maximized when the parameters satisfy
Tosc ≃ TB−L. The horizontal dashed line corresponds to the YB−L
value required for the observed baryon asymmetry.

FIG. 2. The expected value of YB is depicted as a function ofmJ
andMN for θ0 ¼ 1. Dashed lines show the lifetime of Majoron in
the minimal setup.
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ρoscðToscÞ
sðToscÞ

≃
θ20m

2
Jf

2
J

sðToscÞ

∼ 0.4 eVθ20

�
10

zfo

��
0.1
yN

�
2
�
Tosc

TB−L

�

×

�
MN

4 × 108 GeV

�
3

; ð18Þ

which is unacceptably large for MN > 1011 GeV.
To circumvent this problem, one may introduce an

additional coupling of the Majoron, such as ðe2=32π2Þ
ðJ=fJÞFμνF̃μν whose UV completion can be done by
adding vectorlike charged leptons (while the B − L charge
of vectorlike leptons should be assigned chirally). This can
drastically increase the decay rate to make the Majoron
decay away to two photons before big bang nucleosyn-
thesis (BBN) but after the leptogenesis era. Introducing this
operator does not change the previous estimation of the
leptogenesis part.2

B. Kinetic misalignment mechanism

Now, let us consider the case when θ̇ ≠ 0 at T ≫ Tosc.
This can be realized by the so-called kinetic misalignment
mechanism [18–20]. Assuming a sufficiently flat potential
of B − L breaking field Φ, its radial mode ϕ can be stuck at
a large field value due to the Hubble friction. When the
Hubble rate becomes comparable to the curvature of the
potential, ϕ starts rolling down, and an explicit breaking of
B − L symmetry, which also generates mJ, drives the
motion along the Majoron direction.
We treat the initial Majoron motion as a free parameter

since it strongly depends on the potential shape of Φ.
Therefore, our starting point is taking nonzero θ̇ðT0Þ ¼ θ̇0
at a sufficiently high temperature T0 (but still much lower
than fJ to avoid thermal friction). As in Ref. [23], we take a
free parameter Yθ ≡ f2Jθ̇0=sðT0Þ, which is approximately
conserved throughout the leptogenesis process, i.e.,
f2Jθ̇ðTÞ=sðTÞ ≃ Yθ or θ̇ðTÞ ≃ YθsðTÞ=f2J.
If TEW < TB−L, the B − L number is frozen before the

electroweak phase transition. Then, the B − L number is
redistributed, and the baryon number is finally frozen at
TEW as

YB ¼ 28

79
YðeqÞ
B−LðTB−LÞ ¼

14

237
cB−LYθ

�
yNffiffiffi
2

p
zfo

�
2

; ð19Þ

where we took the replacement: θ̇ðTÞ ¼ YθsðTÞ=f2J.

On the other hand, if TEW > TB−L, the baryon number is
frozen at the electroweak phase transition while the B − L
number is changing. Therefore, the baryon asymmetry is
given by the equilibrium value at TEW:

YB ¼ YðeqÞ
B ðTEWÞ ¼

1

6
cBYθ

�
TEW

fJ

�
2

; ð20Þ

which is valid only forMN ≳ zinTEW. In this case, the decay
processes such as N ↔ lH or N ↔ l̄ H̄ may be prohibited
if MN is lighter than the Higgs mass (including thermal
corrections). Instead, H ↔ lN and H̄ ↔ l̄N become
responsible for the main B − L number-changing process.
Nevertheless, due to the dependence of zin ≈ ðK=2Þ−1=3 for
large K, zin is insensitive to the detailed dependences, and
the validity of Eq. (20) requires MN greater than
Oð10Þ GeV even when we allow a tuning in the YN;α1

structure.
When MN ≲ zinTEW, there exists an additional suppres-

sion factor of γIDðTEWÞ=HðTEWÞ;

YB ∼
1

6
cBYθ

�
TEW

fJ

�
2
�
γIDðTEWÞ
HðTEWÞ

�
; ð21Þ

where

γIDðTEWÞ
HðTEWÞ

≃
�
K
50

��
g�
100

�
−1=2

�
MN

TEW

�
3

ð22Þ

with γID ¼Pα γ
ID
YN;α

. Therefore, Yθ needs to be even
greater to compensate for this suppression factor.
For the validity of our consideration, the kinetic energy

density of the Majoron needs to be smaller than the
radiation energy density at least when the B − L number
or B number is frozen.3 This implies f2J θ̇ðT�Þ2=
2 < π2g�ðT�ÞT4�=30, where T� ¼ maxðTB−L; TEWÞ. For
TB−L > TEW, using the condition (19), we obtain

yN ≳ 10−7
�

g�
100

�
1=2
�
zfo
10

��
1

cB−L

�
; ð23Þ

where we take YB ≃ 8.7 × 10−11 for the observed baryon
asymmetry [37]. Similarly, by using (22) when
TB−L < TEW, we obtain the lower bound of MN

MN > 2 GeV

�
fJ

106 GeV

�
1=3
�

g�
100

�
1=3
�
1

cB

�
1=3
�
50

K

�
1=3

:

ð24Þ
2The cJγðJ=fJÞFμνFμν interaction can, in principle, generate

friction to the θ motion via the tachyonic instability of photons.
However, this effect is small in the case of conventional
misalignment scenarios because the wavelength of the tachyonic
mode is always greater than the Hubble radius unless the
coefficient cJγ is greater than order one.

3Our mechanism may work even during the kination domi-
nation with an appropriate change of the Hubble rate, which
needs further scrutiny. In this article, we limit ourselves to the
radiation domination that does not require too small yN .
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As we will show below, fJ needs to be greater than
106 GeV to avoid the constraint from cosmic microwave
background (CMB) and baryon acoustic oscillation
(BAO) analysis [38–42], so this puts the lower bound
MN ≳ 2 GeV.
On the other hand, if the temperature T0 when θ̇ is

initially generated is large compared to T�, there exists a
temporary kination domination (KD) era during which the
kinetic energy of θ dominates the universe. Although this
would not change our baryogenesis analysis, there can be a
significant enhancement of gravitational waves during the
transition to KD from radiation domination (RD) or matter
domination (MD) after the inflation and vice versa [43–46].
It is also remarkable that the initial kinetic misalignment

required for successful leptogenesis can generate the right
amount of dark matter abundance from the coherent
oscillation of the Majoron occurring at a later time. As θ̇
gets redshifted as sðTÞ ∼ T3, the kinetic energy density of
Majoron scales as f2Jθ̇

2=2 ∝ T6, and eventually becomes
comparable to the potential barrier m2

Jf
2
J. Once it happens,

the Majoron gets trapped in the potential. The trapping
temperature can be estimated by f2Jθ̇

2=2 ≃m2
Jf

2
J leading to

the relation

sðT trapÞ ≃
mJf2J
Yθ

: ð25Þ

Then, the trapped Majoron can either (1) start oscillation
immediately [mJ > 3HðT trapÞ, i.e., Tosc > T trap] or (2) start
oscillation after a while [mJ < 3HðT trapÞ, i.e., Tosc < T trap].
For the first case, the oscillation energy density is frozen as

ρosc
s

∼
m2

Jf
2
J

sðT trapÞ
∼mJYθ: ð26Þ

On the other hand, if Tosc < T trap, the Majoron is stuck at
an Oð1Þ intermediate value θ ¼ θ0 and starts oscillation at
Tosc. The abundance in this case is given by

ρosc
s

≃
θ20m

2
Jf

2
J

sðToscÞ
; ð27Þ

from which one finds a fixed relation betweenmJ and fJ to
explain the observed dark matter abundance.
In Fig. 3, we show the parameter space (white) that is

consistent with the observed baryon asymmetry and dark
matter density at present [37]:

YB ≃ 8.7 × 10−11;
ρJ
s
≃ 0.44 eV: ð28Þ

At each point in the ðmJ; fJÞ plane, these two conditions fix
the parameters Yθ and yN (gray lines) or MN (colored
lines). Here, we take zfo ≃ 10. For the consistency of the
scenario, we require the following conditions:

(1) The lower limit of the Majoron lifetime τJ >
250 Gyr to avoid the constraint from CMB and
BAO analysis [38–42] (see the black line).

(2) When ΓHL↔JN > H, thermal Majorons can be
produced efficiently when they are relativistic, and
thus their relic energy density may become too large
(see Refs. [47–50] for corresponding strong con-
straints when their population becomes large). The
production rate can be approximated as ΓHL↔JN ≈
jYN;α1j2jyN j2T=8π for T > MN while ΓHL↔JN for
T < MN is negligible due to the Boltzmann sup-
pression and the T2=f2J suppression. Then, the
thermalization condition is met for 1 < T=MN ≲
50y2NðK=50Þðg�=100Þ−1=2. Therefore, we demand
yN ≲ 0.14ðK=50Þ−1=2ðg�=100Þ1=4 to avoid the over-
production (see the purple line).

Consequently, we obtain mJ < 100 keV (see the purple
line) and fJ > 106 GeV (see the black line).

IV. DISCUSSIONS ON PHENOMENOLOGY

Searching for heavy neutral leptons (HNLs) such as N is
one of the most active research fields, and can test the low
MN region of our second scenario (see Refs. [51,52] and
references therein). For MN ≈ 0.2–6 GeV, rare meson

FIG. 3. Available parameter space for the kinetic misalignment
case. The gray region is excluded by the overclosure of the
universe (above the blue line), by the condition for the lepto-
genesis (below the red line), by the thermal relic of Majorons
(right to the purple line), by the kination domination (left to the
gray line), or by the constraints from CMB and BAO (below
the black line). Colored lines and vertical gray lines inside the
allowed region (white) show the required values of MN and yN ,
respectively.
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decays put the bounds such as K=50≲ 30 for MN <
2 GeV and K=50≲ 103 for MN ¼ 2–6 GeV [51]. The
mass range of MN ¼ Oð10Þ GeV can be tested at future
colliders such as FCC-ee and FCC-hh if K=50≳
Oð10Þ [52].
On the other hand, a direct test of a Majoron is very

challenging. All the Majoron couplings to the SM particles
involve Y2

N and thus are generically suppressed by mν=fJ
or mν=vh. This behavior can be seen from the Lagrangian
(1) where Φ and NI completely decouple from the SM
sector in the limit of mν → 0 corresponding to YN;αI → 0.
The mν suppression at higher loop order can be explicitly
seen in Ref. [53]. For instance, Majoron to photon-photon
coupling can be generated at two-loop order, but it is very
challenging to leave an observable signature for small mJ
because of themν suppression (see Appendix D for details).
The mν suppression makes it (almost) impossible to test

the model except for the high K limit discussed in the
beginning of this section. Although the supernova con-
straints seem strong in terms of the coupling strength
[g≃ m̃ν=fJ≲10−10ðmJ=100MeVÞ−1 for 100 keV≲mJ ≲
100 MeV and g≲ 10−7 for mJ ≲ 100 keV [54–59] ], the
constraint in terms of its decay constant is only fJ ≳
10 GeV at most. Neutrinoless double beta decay experi-
ments also put constraints on the Majoron coupling to
νe via searching for a Majoron-emitting channel as gee ∼
mν;ee=fJ ≳ 10−5 [60–64].
Various cosmological constraints on the Majoron abun-

dance come from the analysis of CMB and BBN [47–50].
However, in our scenarios, the coupling of a Majoron is so
small that Majorons are not thermally produced (once we
avoid HL ↔ JN as discussed in the previous section), so
Majorons neither change the expansion rate nor drive early
matter domination. CMB also puts a constraint on neutrino
self-interaction mediated by the Majoron even when the
Majoron abundance is small, as discussed in Ref. [49], and
the corresponding constraint is g≲ 10−12 (f ≳ 10 GeV)
for mJ ≲ keV.
Despite the intrinsic suppression factor in the coupling

strength, the Majoron dark matter scenarios can have
some interesting impact in the CMB and BAO observa-
tion [38–42]. This puts the limit τJ > 250 Gyr, which was
taken into account in the previous section. Although
excluded in our scenario, the Majorana mass above
MeV is severely constrained by the measurements of
neutrino flux [65–75] (see Ref. [76] for the analysis in
the Majoron parameters).

V. SUMMARY

In this work, we have investigated a leptogenesis
scenario where the lepton asymmetry is generated via
the decay and inverse decay of the lightest RHNs under
the CPT violation given by a background Majoron motion,
θ̇. To generate nonzero θ̇, we have considered two

scenarios. One is generating it via the conventional mis-
alignment mechanism, and the other is generating it via the
kinetic misalignment mechanism.
For the misalignment scenario, we find that our scenario

successfully generates baryon asymmetry if MN is greater
than 1011 GeV. However, the energy density of the
Majoron oscillation becomes greater than the observed
dark matter abundance while its lifetime is the order of the
age of the universe. The simplest way to avoid this problem
is to introduce an additional interaction such as JFF̃ to
make the lifetime much shorter.
On the other hand, the leptogenesis scenario sourced by

the kinetic misalignment can be realized for 1 GeV≲
MN ≲ 109 GeV and mJ ≲ 100 keV while the Majoron
oscillation can be a viable candidate of the dark matter.
Thus, this scenario can be (partially) tested by searching for
heavy neutral leptons. However, the Majoron lighter than
100 keV is hardly testable as we discussed.
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APPENDIX A: MAJORANA FERMION AND
AN EXTERNAL CHEMICAL POTENTIAL

In the background of the kinetic motion of Majoron field
θ̇, the dispersion relation of a Majorana fermion behaves
differently from that of a Dirac or a Weyl fermion due to the
Majorana mass term breaking the Uð1Þ symmetry. The
Lagrangian of a Majorana fermion ψ whose mass is
generated after the spontaneous breaking of the global
Uð1Þ symmetry is

LM ¼ 1

2
ðψ̄Liγμ∂μψL þ ψ̄Riγμ∂μψRÞ

−
1

2
ðMeiθψ̄LψR þMe−iθψ̄RψLÞ þ � � � ; ðA1Þ

where ψR ≡ ψc
L ¼ N and θ ¼ J=fJ in the case of a

Majoron under consideration. Removing the θ dependence
in the mass term by the field redefinition ψL;R →
e�iθ=2ψL;R, one can obtain

LM →
1

2
ðψ̄Liγμ∂μψL þ ψ̄Riγμ∂μψRÞ

− 1

2
ðMψ̄LψR þMe−iθψ̄RψLÞ

−
1

2
∂μθðψ̄Lγ

μψL − ψ̄Rγ
μψRÞ þ � � � : ðA2Þ

Note that the induced current interaction term is chiral,
unlike the case of other SM fermions where a vector current
interaction arises under the exp½iðB − LÞθ=2� rotation. This
is because of the identity ψR ¼ ψc

L.
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The free equations of motion for the u-spinors in ψL;R ∼
uL;Re−ip·x are given as follows:

ðp− · σ̄ÞuL ¼ MuR; ðA3Þ

ðpþ · σÞuR ¼ MuL; ðA4Þ

where p∓μ ¼ pμ ∓ ∂μθ=2. Here, we used the chiral rep-
resentation of γμ:

γμ ¼
�

0 σμ

σ̄μ 0

�
with

�
σμ ¼ ð1;þσ⃗Þ
σ̄μ ¼ ð1;−σ⃗Þ ; ðA5Þ

where σ⃗ are the Pauli matrices.
From Eqs. (A3) and (A4), we find the dispersion relation

ðpþ · σÞðp− · σ̄ÞuL ¼ M2; ðA6Þ

which leads to two distinct solutions for the helicity
eigenstates H ¼ σ⃗ · p⃗=p ¼ �1 with p≡ jp⃗j. We do not
present solutions for uR and vL;R (where ψL;R ∼ vL;Reip·x)
because the degrees of freedom is effectively two, which
are identified by the relations with uL; for instance, uR is
fixed by Eq. (A3), and vL;R are fixed by ψR ¼ ψc

L.
For the homogeneous background, θ̇ ≠ 0 and ∂iθ ¼ 0,

one finds

E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þM2 þ 1

4
θ̇2 −Hθ̇p

r
: ðA7Þ

In the limit of jθ̇j=E0 ≪ 1 with E0 ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þM2

p
, we have

E ≈ E0 ∓ θ̇
2

p
E0

where p=E0 approaches 1 in the ultrarela-
tivistic (Weyl) limit, whereas it gets suppressed as p=MN in
the nonrelativistic limit.
In the Boltzmann approximation, one finds that the

equilibrium number density of the Majorana fermion N
with the external chemical potential is given by

nN� ≈
T3

2π2

�
z2K2ðzÞ � 2

θ̇

T
e−zð1þ zÞ

�
; ðA8Þ

where the þ sign (− sign) stands for the positive (negative)
helicity.
This can be understood as the B − L conservation in the

limit ofMN → 0 sinceN’s helicity is the lepton number. The
scattering processes that do not vanish at MN → 0, e.g.,
NQ3 ↔ lt, are affected by the helicity asymmetry of N.
On the other hand, the decay and inverse decay processes

are always proportional toMN , and therefore, it is not affected
by the helicity asymmetry of N. This can be explicitly seen
from the fact that the decay rate ofN� → lH is the samewith
N� → l̄ H̄ independently of the inertial frame.
Since, in this paper, we neglect the scattering terms while

we only keep the decay and inverse decay terms, Eq. (A8)

will not be used in our Boltzmann equations. Note,
however, that a more precise estimation including scatter-
ing terms should include the helicity asymmetry of N, and
therefore, the equilibrium values of YB and YL are modified
accordingly.
Other SM fermions follow different dispersion relations

as ψL and ψR are independent degrees (corresponding to
particle and antiparticle states, respectively), and they carry
the same Uð1ÞB−L charge. Thus, the modified four-
momenta p∓ that appear in Eqs. (A3) and (A4) should
be replaced by the same sign ones, which give the
dispersion relation of

Eψ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

ψ

q
∓ 1

2
ðB − LÞψ θ̇; ðA9Þ

where mψ is the Dirac mass.

APPENDIX B: BOLTZMANN EQUATIONS

1. Decay and inverse decay of N

In this section, we approximate that the distribution

function of X is given by fXðpÞ ≃ ðnX=nðeqÞX ÞfðeqÞX ðpÞ with
assuming the kinetic equilibrium. We further approximate

fðeqÞX ðpÞ by the Maxwell-Boltzmann distributions for
X ¼ N, lα, and H for simplicity. Then, the decay and
inverse decay terms of RHNs can be written as

ṅlα þ 3Hnlα ¼ þ nN

nðeqÞN

ΓðeqÞðN → lαHÞ

−
nlnH

nðeqÞl nðeqÞH

ΓðeqÞðlαH → NÞ þ � � � ; ðB1Þ

ṅl̄α þ 3Hnl̄α ¼ þ nN

nðeqÞN

ΓðeqÞðN → l̄αH̄Þ

−
nl̄αnH̄

nðeqÞlα
nðeqÞH

ΓðeqÞðl̄αH̄ → NÞ þ � � � ; ðB2Þ

where

ΓYN;α
≡ ΓðeqÞðN → lαHÞ ¼ ΓðeqÞðlαH → NÞ

¼
Z

d3pN

ð2πÞ3 f
ðeqÞ
N ðpNÞ

MN

EN
ΓN→lαH

¼ nðeqÞN
K1ðzÞ
K2ðzÞ

ΓN→lαH ðB3Þ

and ΓN→lαH ¼ jYN;α1j2MN=16π [one can use nðeqÞN ¼
2

ð2πÞ2 z
2K2ðzÞT3 to further simplify the equation]. Note that

since ΓðNþ→ lαHÞ¼ΓðN− → lαHÞ and ΓðNþ → l̄αH̄Þ ¼
ΓðN− → l̄αH̄Þ, the decay terms are combined by nN ¼
nNþ þ nN−

.
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With nonzero chemical potentials, we can replace

nΔX=n
ðeqÞ
X ≃ 2μX=T, where nΔX ≡ nX − nX̄. Then, the cor-

responding term in the Boltzmann equation for nΔlα
becomes

ṅΔlα þ 3HnΔlα ¼ −ΓYN;α

�
nΔlα
nðeqÞlα

þ nΔH

nðeqÞH

�
þ � � � ; ðB4Þ

or equivalently,

d
d lnT

�
μlα
T

�
¼ γIDYN;α

�
μlα
T

þ μH
T

�
þ � � � ; ðB5Þ

where

γIDYN;α
¼ nðeqÞN

nðeqÞlα

K1ðzÞ
K2ðzÞ

ΓN→lαH ðB6Þ

and z ¼ MN=T. Notice that the decay terms do not
appear since they were canceled out when we take
ṅlα − ṅl̄α . θ̇ dependence enters with the replacement
of μlα → μlα − θ̇=2.

2. Complete Boltzmann equations

The collision terms for the other SM interactions
can easily be derived (see, e.g., Ref. [22]). When there
is a nonzero background motion of the Majoron, the
Hamiltonian density in the density matrix will be modified
as H → H − 1

2
θ̇J0B−L (see also Appendix A), so we can

effectively replace μi → μi þ 1
2
ðB − LÞiθ̇ for the SM

fermions.
Including the Majorana properties discussed above, the

complete Boltzmann equations are

6H
d
dx

μ̂qi ¼ γYui
ðμ̂qi þ μ̂uci þ μ̂HÞ þ γYdi

ðμ̂dci þ μ̂qi − μ̂HÞ
þ 3γWS

X
j

ðμ̂lj þ 3μ̂qjÞ

þ 2γSS
X
j

ð2μ̂qi þ μ̂uci þ μ̂dci Þ; ðB7Þ

3H
d
dx

μ̂uci ¼ γYui
ðμ̂qi þ μ̂uci þ μ̂HÞ

þ γSS
X
j

ð2μ̂qi þ μ̂uci þ μ̂dci Þ; ðB8Þ

3H
d
dx

μ̂dci ¼ γYdi
ðμ̂dci þ μ̂qi − μ̂HÞþγSS

X
j

ð2μ̂qi þ μ̂uci þ μ̂dci Þ;

ðB9Þ

2H
d
dx

μ̂li ¼ γYei
ðμ̂eci þ μ̂li − μ̂HÞ

þ γIDYN;i

�
μ̂li þ μ̂H −

θ̇

2T

�
þ γWS

X
j

ðμ̂lj þ 3μ̂qjÞ;

ðB10Þ

H
d
dx

μ̂eci ¼ γYei
ðμ̂eci þ μ̂li − μ̂HÞ; ðB11Þ

4H
d
dx

μ̂H ¼ γYui
ðμ̂qi þ μ̂uci þ μ̂HÞ þ γYdi

ð−μ̂dci − μ̂qi þ μ̂HÞ
þ γYei

ð−μ̂eci − μ̂li þ μ̂HÞ

þ γIDYN;i

�
μ̂li þ μ̂H −

θ̇

2T

�
; ðB12Þ

where μ̂≡ μi=T and x≡ lnT. The relaxation rates γα for
the SM Yukawa interactions are well-summarized
in Ref. [22].

APPENDIX C: EQUILIBRIUM VALUES

The equilibrium values of μ̂i can be found by solving
dμ̂i=dx ¼ 0. When the relaxation rate γα > H, we can
impose equilibration condition

P
j c

α
j μ̂j ¼ 0. These con-

ditions can be explicitly written as

γYui
∶ μ̂qi þ μ̂uci þ μ̂H ¼ 0; ðC1Þ

γYdi
∶ μ̂dci þ μ̂qi − μ̂H ¼ 0; ðC2Þ

γYei
∶ μ̂eci þ μ̂li − μ̂H ¼ 0; ðC3Þ

γWS∶
X
j

ðμ̂lj þ 3μ̂qjÞ ¼ 0; ðC4Þ

γSS∶
X
j

ð2μ̂qi þ μ̂uci þ μ̂dci Þ ¼ 0: ðC5Þ

For interactions with γα < H, we can neglect the corre-
sponding term in the Boltzmann equation, and therefore,
we do not impose the equilibration condition for that
interaction. We assume γDYN1 ;i

are always greater than the

Hubble rate since we are investigating the scenario around
T ≃MN in the strong wash-out regime.
We also impose the (hyper)charge neutrality:

0 ¼
X
i

�
1

6
6μqi −

2

3
3μuci þ

1

3
3μdci −

1

2
2μli þ μeci

�

þ 1

2
2 · 2μH: ðC6Þ

In addition, there are more conserved numbers depending
on the temperature range. Considering all the effects, one
can obtain the baryon and lepton asymmetries depending
on the temperature region as follows (see Fig. 4 for the
summary of our estimation):
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(i) T < 105 GeV: All the interactions are in the thermal
bath, and we obtain the resulting B, L, and B − L
asymmetries as follows:

cB≃−
28

22
; cL≃

51

22
; cB−L≃−

79

22
: ðC7Þ

(ii) 1.1 × 105 < T < 4.5 × 106 GeV: γYe1
(and γYu1

for
T > 106 GeV) is decoupled. With imposing
μec

1
¼ 0, we obtain

cB≃−
13

10
; cL≃

9

4
; cB−L≃−

71

20
: ðC8Þ

(iii) 4.5 × 106 < T < 1.1 × 109 GeV: γYd1
is addition-

ally decoupled. With imposing μec
1
¼ 0 and

μuc
1
¼ μdc

1
, we obtain

cB≃−
20

17
; cL≃

33

17
; cB−L≃−

53

17
: ðC9Þ

(iv) 1.1 × 109 < T < 4.7 × 109 GeV: γYd2
is addition-

ally decoupled. With imposing μec
1
¼ 0, μuc

1
¼

μdc
1
¼ μdc

2
, and B1 − B2 ¼ 0, we obtain

cB≃−
34

31
; cL≃

54

31
; cB−L≃−

88

31
: ðC10Þ

(v) 4.7 × 109 < T < 1.2 × 1011 GeV: γYe2
is addition-

ally decoupled. With imposing μec
1
¼ μec

2
¼ 0,

μuc
1
¼ μdc

1
¼ μdc

2
, and B1 − B2 ¼ 0, we obtain

cB≃−
10

9
; cL≃

31

18
; cB−L≃−

17

6
: ðC11Þ

(vi) 1.2 × 1011 < T < 1.5 × 1012 GeV: γYu2
(and γYe3

for T > 1.3 × 1012 GeV) is additionally decoupled.
With imposing μec

1
¼ μec

2
ð¼ μec

3
Þ ¼ 0, μuc

1
¼ μuc

2
¼

μdc
1
¼ μdc

2
, and B1 − B2 ¼ 0, we obtain

cB≃−1; cL≃
3

2
; cB−L≃−

5

2
: ðC12Þ

(vii) 1.5 × 1012 < T < 2.5 × 1012 GeV: γYd3
is addition-

ally decoupled. With imposing μec
1
¼ μec

2
¼ μec

3
¼ 0,

μuc
1
¼ μuc

2
¼ μdc

1
¼ μdc

2
¼ μdc

3
, and B1 ¼ B2 ¼ B3,

we obtain

cB≃−
23

29
; cL≃

69

58
; cB−L≃−

115

58
: ðC13Þ

(viii) 2.5 × 1012 < T < 6 × 1012 GeV: γWS is addition-
ally decoupled. With imposing μec

1
¼ μec

2
¼

μec
3
¼ 0, μuc

1
¼ μuc

2
¼ μdc

1
¼ μdc

2
¼ μdc

3
, and B1 ¼

B2 ¼ B3 ¼ 0, we obtain

cB≃0; cL≃
69

44
; cB−L≃−

69

44
: ðC14Þ

APPENDIX D: MAJORON TO
PHOTON-PHOTON COUPLING

For a light Majoron as in our kinetic misalignment
scenario, one may hope that the photon-photon coupling
induced by quantum corrections may have a phenomeno-
logical signature. However, that is not the case as we show
in the following. Since the B − L symmetry is anomaly-
free, the Majoron couplings to gauge bosons involve
additional derivatives, e.g., ∂2aFμνF̃μν. The photon-photon
interaction is generated at a two-loop level [53], and the
partial decay rate is given as

ΓJ→γγ ¼
jgeffJγ j2
64π

m3
J; ðD1Þ

where, for mJ ≪ MeV,

geffJγ ≃
αEM
16π3f

�
mJ

MeV

�
2

½−0.15tr½YNY
†
N � þ 0.32ðYNY

†
NÞee

þ 7.5 × 10−6ðYNY
†
NÞμμ þ 2.6 × 10−8ðYNY

†
NÞττ�:

ðD2Þ

To derive an aggressive estimation of phenomenological
constraints, we choose the largest geffJγ that is possible along

the flavor structure of YN . First of all, we use ðYNY
†
NÞll <

tr½YNY
†
N � for l ¼ e, μ, and τ and also tr½YNY

†
N � ≃ tr½YNYT

N �
so that we obtain

tr½YNYT
N � <

2fJ
v2h

m̃ν; ðD3Þ

where we also assumed M1 < M2 < M3 < fJ, which is
true if NI interactions are perturbative. Then, the upper
bound of geffaγ becomes

FIG. 4. The absolute value of cB−LðTB−LÞ as a function of TB−L.
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geffaγ <gmax
aγ ≃

αEM
16π3v2h

�
mJ

MeV

�
2

½0.34m̃ν�

≃4×10−21 GeV−1
�

mJ

MeV

�
2
�

m̃ν

0.05 eV

�
: ðD4Þ

Noting that the x-ray constraint on an axionlike particle atma ∼ keV is roughly gaγ ≲ 10−17 GeV−1 [77], we conclude that it
is highly challenging to give constraints on a Majoron by using the photon-photon interaction.
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