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Leptogenesis driven by a Majoron
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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 m; = TeV and the right-handed
neutrino’s mass My > 10'" 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 m; <
100 keV and My < 10° GeV while My 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.

DOI: 10.1103/PhysRevD.109.095004

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:
My 2 10° 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
U(1)z_, 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 U(1),z_, symmetry
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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 é, 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
0: (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 Ty, ~ 6 x 10'> GeV, and if the Majoron mass
is 0(10%) GeV, the Majoron oscillation starts around
Tose =~ Ty, 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 processora B — L
number-changing process (in our case, it is around My).
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.

I1. BASIC FEATURES

The seesaw Lagrangian extended with a global U(1),_,
symmetry is written as

1 _ - .
_Eint = EZyN,(I)N;NI + ZYN.(IIZ(IHNI + H-C-» (1)
1 a,l

where @ is a complex scalar field with the B — L charge
+2; N;are the RHNs with I = 1, 2, 3; [, are the left-handed
lepton doublets with a = e, u, 7; and H = ic,H* is the
Higgs doublet coupling to up-type quarks and RHNs. After
the B — L breaking, @ is replaced by

® - % eI, )

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
® 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 w — e/ P~L00/%y where 0 =J/f, and (B — L),
denotes the B — L number of y [e.g., (B—L)y = —1],
the 6 dependence is removed in all the Yukawa and scalar
potential terms, and there remains only the derivative
coupling of the Majoron: —dﬂﬁl’g_L /2 since B—L is
anomaly-free. In a nonzero 6= df/dt background, a
perturbation in the Hamiltonian density, Ong_;/2, is
generated to act as an external chemical potential. Thus,
the source term of B — L asymmetry in the Boltzmann
equation, proportional to 6, 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 6. Assuming a
mass hierarchy between RHNs: My <My, ,My,, the
“wash-in process” is mainly governed by the lightest
one N; (which is denoted by N in the following). Then,
the evolution of the lepton number asymmetry density
na; = n; —nj is determined by (see Appendix B for the
derivation)

where nay = nyg —ng, nﬁf‘” is the equilibrium number

density of X, and the interaction rate I'y, controlled by the
neutrino Yukawa coupling Yy is

eq) K1 (2)
Iy,, = nqu> Kl (z) Nt (4)

with z=My/T, Ty_yy~|Yya|*My/16x (assuming
my > m; ,my), and K,;, being the modified Bessel
functions. We neglect the scattering processes of AL =
1 such as NQ; <> 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 nyy = ny,_—ny_where N and N_ denote N
with positive and negative helicity, respectively. If the
decay term with n,y existed, it would cancel the 6
contribution since n,y is also shifted proportionally to
0, and the helicity of N can be identified by the chirality
(and thus the lepton number) in the My — 0 limit.
However, although the helicity asymmetry is indeed
generated proportionally to @ at high temperature T > My
(see Appendix A for details), we find that n,, dependence
does not appear in Eq. (3) because the decay rate of N, —
I, H is the same as that of N — [,H 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 @ 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 I'y > H(Ty) with Ty = M. 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 exp(—En/T) where Egy, is the energy of the sphaleron
configuration that rapidly increases in the broken phase
proportionally to the Higgs vacuum expectation value
(VEV) (h) 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 < Tgyw ~ 130 GeV. On
the other hand, when (h) =0 at high temperature, the
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sphaleron rate is approximately given by a%VT, and it gets
decoupled at T > T, ~2.5 x 10'? GeV.

Since we use the wash-in term to generate lepton
asymmetry, we have to be in the strong wash-out regime;
'y 2 H(Ty). Taking the usual parameter of the effective
neutrino mass

2

v
7 Eg Y 2_h , 5
my, - | N,al| 2MN ( )

the strong wash-out condition is K = /m,/meV > 1. For
the atmospheric neutrino mass scale of 7, = 0.05 eV
(K=50) and |Yy > ~|Yyo|* = |Yys|* the inverse
decay rate is active when

(eq)
ny Ki(z)
H<yP =" | PV
K ( ) gy
Y nl:q KZ(Z)
SMy/z0 ST SMy/zin. (6)

where z;, ~0.7 and z; ~10. To see the parametric
dependence, we keep z;, and zp, unless we numerically
evaluate. Then, the baryon asymmetry generation assisted
by the Majoron is determined at Tp_; = My /zg,.

When the weak sphaleron and the wash-in processes are
strong enough,' the baryon number settles down to the
equilibrium value that we parametrize as

ng? = 2ot (7)

nied = Lor?, (8)
6

where nj ; are the number density of the baryon and lepton
numbers accounting only for SM fermions. cp, ¢;, and
cg_1, = cp — ¢ for different temperature ranges are sum-
marized in Appendix C.

A. (Conventional) Misalignment mechanism

Let us first consider the initial condition of §, = 0 and
6y # 0 at the high temperature 7, [which should not be
greater than the critical temperature ~f; above which the
U(1)g_, symmetry is restored]. The classical amplitude 6
starts coherent oscillation when the Hubble rate becomes
comparable to its mass m;. The equation of motion can be
written as

0 +3HO = ——V'(0) ~ —mj sin(0), 9)
J

'Here, 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 0, (At)g’1 ~0/0.

where we assumed V() = m3f3(1 — cos 0) comes from an
explicit breaking term of B — L symmetry in the potential:
V(®) = @™ /A" + H.c. When the initial misalignment
angle of 0 is not close to 7, one can approximate V() =~
1m3}f36° and obtain

0(1) = 0,0(5/4) (%) o amn(10)

in the radiation-dominated universe (H =~ 1/2t). Here, J,, is
the Bessel function of the first kind.

The behavior of Eq. (10) can be understood separately
before and after the oscillation temperature, 7., which is
defined by 3H (T ) = my:

9. \ V4 m, \ 12
T, —5x10% GeV BT R
ose = 9 X ¢ <1oo> (GeV (1)

where g, is the effective number of relativistic degrees of
freedom. By using J; 4 (x) 2 T'(5/4)7" (x/2)"/4(1 — x*/5)
for x<1 and Jy4(x)~ (2/nx)"/?cos(x —3x/8) for
x> 1, we obtain an approximate form of

. Bomy (T;“) ? for T > Ty,
o)~ y (12)
Oym, (TL) cos(myt) for T < Ty,

I
TOSC

factors (including signs) and phase shift. As T decreases
from a high temperature, € increases and gets maximized
around T'... Then, it starts oscillation with its amplitude
being redshifted as (7/T . )>/?. Therefore, one can expect
that the baryon asymmetry generation will be maximized
when T coincides with T_; .

To investigate in further detail, let us, first, consider the
case when T, < Tp_;. Since the weak sphaleron and the
wash-in rates are strong enough for 7 > Tp_;, np_;
follows the equilibrium values (7) and (8) adiabatically
and gets frozen before the oscillation starts. Therefore, we
can estimate

where we used H =~ % ( )2 and neglected order one

1 .
6 CB_LQ(T)TZ

B-L = N
s(T) T=Ty_;

_10 Tose \2
_ CB-1% My < ) ’ (13)
G+« (TB—L ) Tp_1p \Tp-1

where s(T) = %g*T 3 is the total entropy density of the

background plasma with the effective number of relativistic
degrees of freedom g,. As T m}/ 2 [see Eq. (11)], we
have the proportionality of Yz_; & m3 for Toe < Tp_;
when Tp_; is fixed.
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On the other hand, when T > Tp_;, the oscillation
starts first. Since the oscillation timescale, At ~m7!,
becomes shorter than the Hubble timescale, it is not
guaranteed for the B — L number to settle down at the
equilibrium value. Assuming that m; >T'y, > H, Yp_;

can be estimated as

CB—LFYNa .
YB—L(T) Nm/dtg

cp_1Oo vy, (T \3? .
gB(I%)O TZ. (T—> sin(myt). (14)
* osc

~

At the temperature around Tp_;, Yp_; is frozen during
the oscillation. Taking the approximation of TI'y =~

H(Ty_,)T%_,, we obtain

Ypor| < cg—10y H(Tp_p) <TB—L>3/2 (15)
B_L ~ 9,
G+ (TB—L) TB—L Tosc

which shows the proportionality of Yp_; m;S/ * for a
fixed TB—L'

These features can be seen in Fig. 1 where we depict the
evolution of Yp_; as a function of z = My/T by solving
the full set of the Boltzmann equations summarized in

My=10"GeV

1078
— my=77.GeV
— my=130.GeV
1 — m,=210.GeV
— m,;=360.GeV
| — m,=600.GeV
— my=1.TeV
— my=1.7TeV
j — my=2.8TeV
— my=4.6TeV
— my=7.7TeV

10-9.

10710.

Yo

10711 L

-12L4 " . .
10 1 5 10 50 100
z=My/T

1078
— my=7.7TeV
— my=13.TeV
i — my=21.Tev
— m;=36.TeV
| — my=60.TeV
— my=100.TeV
— my=170.TeV
i — my=280.TeV
— my=460.TeV
— my=770.TeV

10—9 L

10—10.

Y1

10711.

-1200 " A . .
10 1 5 10 50 100
z=My/T

FIG. 1. Evolutions of Yp_; for different values of m; and
My = 10" GeV (upper panel) and 10'? GeV (lower panel). For
a fixed My, Yp_; is maximized when the parameters satisfy
T osc =~ Tg_;- The horizontal dashed line corresponds to the Y_;
value required for the observed baryon asymmetry.

Appendix B. Considering two different values of My =
10" GeV (upper panel) and 10'> GeV (lower panel), we
show the dependence of Y_; on the values of m;, which is
scanned around 7'y, ~ Tg_1.. As we discussed previously,
the frozen value of Yjp_; is maximized when T ~ Tg_;.

From the previous estimations, we conclude that Y_; is
bounded from above for a fixed T3_;, and the maximized
value at Tp_; ~ T, is given by

100 T
Yo (Te )~ 105, 0 B-L )
51 (Tp-1) oL 0(9*(TB_L)> (1010 GeV)

(16)

which we obtain from Eq. (13) or Eq. (15) taking T =~
Tp_; [and Eq. (11) to remove m; dependence], and
including the O(10) factor that arises from our numerical
solution of the Boltzmann equations. This implies that, for
Yp~38Yp , ~87x 107", we need

Tpp 2 1010 GeV = My 2 10" GW(%), (17)

considering 8, = O(1). For the rigorous results, we solve
the full Boltzmann equations and show the final value of Y
in the plane of m; and My in Fig. 2 taking z;, = 10 and
60y = 1. In the plot, we also show the lifetime of the
Majoron, which is determined by its dominant decay
channel J — vv, v v, and thus has the decay rate propor-
tional to m2/f7. 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

1013 log, Y-

-8.0

-8.5

-9.0
l()ll -

My [GeV]

| 1
103 104 103 100
my [GeV]

FIG. 2. The expected value of Y is depicted as a function of m;
and M for 8, = 1. Dashed lines show the lifetime of Majoron in
the minimal setup.
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pOSC(TOSC) ~ Q%mgf%
S(TOSC) S(TOSC)

10\ /0.1\2 [ T,
~04 Ve <_0> <O_> <—)
2o/ \IN T
My O\
S 1
x (4)( 10° Gev> ’ (18)

which is unacceptably large for M, > 10'! GeV.

To circumvent this problem, one may introduce an
additional coupling of the Majoron, such as (e*/327?)
(J/f;)F*F,, 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.”

B. Kinetic misalignment mechanism

Now, let us consider the case when @ # 0 at 7> T..
This can be realized by the so-called kinetic misalignment
mechanism [18-20]. Assuming a sufficiently flat potential
of B — L breaking field @, its radial mode ¢ 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, ¢ starts rolling down, and an explicit breaking of
B — L symmetry, which also generates my;, 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 ©.
Therefore, our starting point is taking nonzero 9(T0) =0,
at a sufficiently high temperature 7, (but still much lower
than f; to avoid thermal friction). As in Ref. [23], we take a
free parameter Yy = f36,/s(T,), which is approximately
conserved throughout the Ileptogenesis process, i.e.,
f30(T)/s(T) =Yy or O(T) = Yys(T)/ f7.

If Tgw < Ty_p, 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

28 (eq) 14 w2
Yp=—Y3¥ (Tpg1) =——cp_ 1Yol ——), (19
B~ 79 B—L( B-L) 237CB L 9(\/§sz (19)

where we took the replacement: O(T) = Y,s(T)/f3.

The ¢ 1, (J/f)F"*F,, interaction can, in principle, generate
friction to the € 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 ¢, is greater than order one.

On the other hand, if Tgw > T5_;, 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 Tgy:

(ceq) 1 Tew
Yp="Yp (TEW) = ECBYG 7 ) (20)
J

which is valid only for My 2 z;, Tgw- In this case, the decay
processes such as N <> [H or N <> [ H may be prohibited
if My is lighter than the Higgs mass (including thermal
corrections). Instead, H <> IN and H < IN become
responsible for the main B — L number-changing process.
Nevertheless, due to the dependence of z;, ~ (K/2)~'/3 for
large K, z;, is insensitive to the detailed dependences, and
the validity of Eq. (20) requires M, greater than
O0(10) GeV even when we allow a tuning in the Yy .
structure.

When My < z;,,Tew, there exists an additional suppres-
sion factor of yP(Tgw)/H(Tgw);

g () (o) @

where

CENOCNCE
H(Tgw) \50/ \ 100 Tew

with y® =37 vy ,. Therefore, Yy 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’ This implies f20(T,)?/
2 < n%g,(T,)T%/30, where T, = max(Ts_,Tgw). For
Tp_; > Tgyw, using the condition (19), we obtain

1/2 (4 1
> 10-7( = o 2
e (i) () () @

where we take Y ~ 8.7 x 10~!! for the observed baryon
asymmetry [37]. Similarly, by using (22) when
Tp_1 < Tgw, we obtain the lower bound of My

fj 1/3 7, 13 71\ 1/3/50\1/3
My>2Gev(—JL V7 ()T ()T (2T
vz ee (106 Gev) \100) \o) \¥

(24)

*0ur 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 yy.
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As we will show below, f; needs to be greater than
10° GeV to avoid the constraint from cosmic microwave
background (CMB) and baryon acoustic oscillation
(BAO) analysis [38-42], so this puts the lower bound
My 2 2 GeV.

On the other hand, if the temperature T, when @ is
initially generated is large compared to T, there exists a
temporary kination domination (KD) era during which the
kinetic energy of @ 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 6
gets redshifted as s(7T) ~ T°, the kinetic energy density of
Majoron scales as f36?/2 o« T®, and eventually becomes
comparable to the potential barrier m2f2. Once it happens,
the Majoron gets trapped in the potential. The trapping
temperature can be estimated by f26%/2 ~ m?f3 leading to
the relation

(25)

Then, the trapped Majoron can either (1) start oscillation
immediately [m; > 3H (Tyyp), i.€., Tose > Typyp] OF (2) start
oscillation after a while [m; < 3H (Ttmp), i, Tose < Tiapl-
For the first case, the oscillation energy density is frozen as

2 £2
Posc myJy
s S(Ttrap) !

On the other hand, if T, < Ty, the Majoron is stuck at
an O(1) intermediate value 8 = 6, and starts oscillation at
T .- The abundance in this case is given by

s S(TOSC>

from which one finds a fixed relation between m; and f; 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]:

—11 P
Yp~87x107", —~0.44 eV. (28)

s
Ateach point in the (my, f;) plane, these two conditions fix
the parameters Y, and y, (gray lines) or My (colored

lines). Here, we take zg, ~ 10. For the consistency of the
scenario, we require the following conditions:

A | ]
=S overclosure
thermal
I Xw] 0~6 majoron|
- >
1 012 | KD 104 4
- N {02
2 p
[0} (2]
(2 N \
N e
< 3 / -
Q
7<250 Gyr |
10°
my [eV]
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 My and yy,
respectively.

(1) The lower limit of the Majoron lifetime 7; >
250 Gyr to avoid the constraint from CMB and
BAO analysis [38—42] (see the black line).

(2) When T'y;yv > 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 I'y; ;v &
YNt lyn|?T /87 for T > My while Ty y for
T < My is negligible due to the Boltzmann sup-
pression and the T2/f3 suppression. Then, the
thermalization condition is met for 1 < T/My <
50y% (K /50)(g,/100)~'/2. Therefore, we demand
yy < 0.14(K/50)7"/2(g,/100)'/* to avoid the over-
production (see the purple line).

Consequently, we obtain m; < 100 keV (see the purple
line) and f, > 10° 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
My region of our second scenario (see Refs. [51,52] and
references therein). For My ~ 0.2-6 GeV, rare meson
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decays put the bounds such as K/50 <30 for My <
2 GeV and K/50 <10% for My =2-6 GeV [51]. The
mass range of My = O(10) GeV can be tested at future
colliders such as FCC-ee and FCC-hh if K/50 2>
0(10) [52].

On the other hand, a direct test of a Majoron is very
challenging. All the Majoron couplings to the SM particles
involve Y% and thus are generically suppressed by m,/f;
or m, /v, This behavior can be seen from the Lagrangian
(1) where @ and N; completely decouple from the SM
sector in the limit of m, — 0 corresponding to Yy ,; — 0.
The m, 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 m;
because of the m,, suppression (see Appendix D for details).

The m,, 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
lg=m,/f; <10719(m,; /100 MeV)~! for 100 keV < m; <
100 MeV and g < 1077 for m; <100 keV [54-59]], the
constraint in terms of its decay constant is only f; 2
10 GeV at most. Neutrinoless double beta decay experi-
ments also put constraints on the Majoron coupling to
v, via searching for a Majoron-emitting channel as g,, ~
mv,ee/f] Z 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 ¢ < 10712 (f = 10 GeV)
for m; < 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 z; > 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,
9. To generate nonzero 0, 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 My is greater
than 10'' 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 JFF to
make the lifetime much shorter.

On the other hand, the leptogenesis scenario sourced by
the kinetic misalignment can be realized for 1 GeV <
My <10° GeV and m; <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
0, 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 U(1) symmetry. The
Lagrangian of a Majorana fermion y whose mass is
generated after the spontaneous breaking of the global
U(1) symmetry is

1

Ly = 5 (WLir" 0w + Wriy*o,yg)

1 . Lo
=5 (Me®pryr+Me™pry) +--- (Al
where yr=w¢ =N and 0 =J/f; in the case of a
Majoron under consideration. Removing the € dependence
in the mass term by the field redefinition w; z —

ey, &, one can obtain

I,_ . .
Ly = 5 (WrLiy"o,wy + wriy"d,wr)

| -0
5 (MyLwg + Me™ gy )

1 _ _
=390 Ly YL —Wrr'wr) + oo (A2)
Note that the induced current interaction term is chiral,
unlike the case of other SM fermions where a vector current
interaction arises under the exp[i(B — L)6/2] rotation. This
is because of the identity wr = y7y.
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The free equations of motion for the u-spinors in y g ~
up ge~'7* are given as follows:

(p--5)ur, = Mu, (A3)

(py - 0)ug = Muy, (A4)

where po, = p, F 0,0/2. Here, we used the chiral rep-
resentation of y#:

. < 0 a”)
"= \& o
where ¢ are the Pauli matrices.
From Egs. (A3) and (A4), we find the dispersion relation

{a" = (1,+5)

(py-0)(p--&)u, = M?, (A6)
which leads to two distinct solutions for the helicity
eigenstates H = o - p/p = £1 with p=|p|. We do not
present solutions for ugz and vy x (where y g ~ vy ge'?™)
because the degrees of freedom is effectively two, which
are identified by the relations with u; ; for instance, up is
fixed by Eq. (A3), and v, p are fixed by wr = wy.

For the homogeneous background, 0 +0 and 0,0 =0,
one finds

E:\/p2+M2+i92—H9p. (A7)
In the limit of |9|/E, < 1 with Ey = \/p® + M>, we have
E~E,F gELO where p/E, approaches 1 in the ultrarela-
tivistic (Wey1) limit, whereas it gets suppressed as p/ My 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

ek +2%e010).  (ag)
ny. ®5 (K2 7 2) |,

where the + sign (— sign) stands for the positive (negative)
helicity.

This can be understood as the B — L conservation in the
limitof M — O since N’s helicity is the lepton number. The
scattering processes that do not vanish at M — 0, e.g.,
NQ3 < It, are affected by the helicity asymmetry of N.

On the other hand, the decay and inverse decay processes
are always proportional to My, and therefore, it is not affected
by the helicity asymmetry of N. This can be explicitly seen
from the fact that the decay rate of N.. — [H is the same with
N, — [ H 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 Y and Y are modified
accordingly.

Other SM fermions follow different dispersion relations
as y; and yy are independent degrees (corresponding to
particle and antiparticle states, respectively), and they carry
the same U(1)gz_, 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

1 .
E,=\/p*+m} F 5(B—L)We,

where m,, is the Dirac mass.

(A9)

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 fx(p) ~ (nX/ngf@) gfq)(p) with

assuming the kinetic equilibrium. We further approximate

§§q)( p) by the Maxwell-Boltzmann distributions for

X =N, [l,, and H for simplicity. Then, the decay and
inverse decay terms of RHNs can be written as

i, + 3Hny, = +— ST (N = 1,H)

ny
_ﬂr(eQ)(laH_)N)+...’ (B1)
n(m) n(eQ)
I "H
iy, +3Hn; = +%F(6q) (N - 1,H)
ny
nj ng -
« = (I, H—-N)+---, (B2)
n(m)n(eq)
1, "H
where
Iy, =TC)(N - [,H) =T (l,H > N)
d3pN (eq) MN
= —F =
/ (2”)3 Iy (pn) Ex N—l H
_ o (eq) K (z) (B3)

N K2 (Z) N-Il,H

and Ty, p = |Yyu|*My/167 [one can use n(;,m:

#ZZK »(z)T? to further simplify the equation]. Note that

since I'(N, = I,H)=T(N_—[,H) and (N, — [,H) =
I'(N_ — [,H), the decay terms are combined by ny =
nN+ + ny_.

095004-8



LEPTOGENESIS DRIVEN BY A MAJORON

PHYS. REV. D 109, 095004 (2024)

With nonzero chemical potentials,

nAX/ngfq) ~2uy /T, where npy = ny — ng. Then, the cor-
responding term in the Boltzmann equation for ny;,
becomes

we can replace

. nap, n
nAla + 3HnAla = _FYN.a < ) (Aegl)> + -, <B4)
n Ny

a

or equivalently,

where

(B6)

ID _ T
M ™ nﬁe‘” Kye) "

and 7= My/T. Notice that the decay terms do not
appear since they were canceled out when we take

ny, = . 0 dependence enters with the replacement
of uy, = my, —0/2.

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—10J%_, (see also Appendix A), so we can
effectively replace p; — y; +1(B—L),0 for the SM
fermions.

Including the Majorana properties discussed above, the
complete Boltzmann equations are

6HdA

Joha =1y, (Ag, + fus + i) + 1y, (ac + By, — i)

+ 37w52(ﬁ1/ +3f,,)
J

+ 258 Y (2hg, + frug + frac)-
J

d . N N
3H 2P =y, (f1g, + Hue + i)

+ VSSZ(zﬁq, + B + flac), (B8)
J

d . A e s
3Haﬂd;' =7y, (a+ g, —Rn)+ YssZ(zﬂq,- + R ),
J

(B9)

d .
2H—py, =y

i Y., (ﬁe;‘ + iy = fiy)

.. 0 o
+7¥ <mi + i —2T> +trws Y (B, + 3y,
j

(B10)
d . A
2t =1, (fee + fu, — firr), (B11)
d . S s a .
AH - f = 1y, Ry, + g + i) + 7y, (Sa = By, + Ba)
+ 7y, (<R = i, + i)
+ry (i 0 (B12)
Iv\lt D RE o )

where ji = p;/T and x = InT. The relaxation rates y, for
the SM Yukawa interactions are well-summarized
in Ref. [22].

APPENDIX C: EQUILIBRIUM VALUES

The equilibrium values of ji; can be found by solving
diij/dx = 0. When the relaxation rate y, > H, we can
impose equilibration condition ) _; c%ft; = 0. These con-
ditions can be explicitly written as

YYW : /:lq,» +lauf +:[’\lH =0, (Cl)

de,. : ﬂdf +ﬁqi - :aH = O’ (Cz)

Yy, He + iy, —fig =0, (C3)

yws: Y (i, +3p,,) = 0. (C4)
J

vss: (g + fus + far) = 0. (Cs)

J
For interactions with y, < 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 y?N ~are always greater than the
10

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

1
0= Z( 6y — 3”“+33”d‘_§

1
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):

2y, + m;-)

(Co)
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350 ]
3.0F \—\_L
250 :

~2.0F ]

xq

= 1.5F ]
1.0F ]
0.5F ]
0.0F ‘ ‘ ]

10° 10°
TB—L [GEV]

FIG. 4. The absolute value of cz_; (Tp_; ) as a function of Tz_; .

(i) T < 10° GeV: All the interactions are in the thermal
bath, and we obtain the resulting B, L, and B — L
asymmetries as follows:

28 51 79
CB——E, CL—ﬁ, cB—L—_ﬁ' (C7)
(i) 1.1 x10° <T <4.5x10° GeV: vy, (and yy, for
T > 10° GeV) is decoupled. With 1mposmg
e = 0, we obtain

13 9 71
4 BLEThp
(iii) 4.5x10° < T < 1.1 x 10° GeV: Yy, is addition-
ally decoupled. With imposing ﬂec =0 and
Hue = Hae> We obtain

(C8)

20 33 53

~N—_ ~ ~N—_

BET1 LTy BLETT

(v) 1.1 x10° < T < 4.7 x 10° GeV: vy, is addition-
ally decoupled. With imposing ye( =0, Hue =

Hae = Has and B, — B, = 0, we obtain

34 54 88
~MN—— o N—, CpN——.
317 RT3 RT3
(v) 47x10° < T <12 x 10" GeV: vy, is addition-

ally decoupled. With imposing ,ue¢ = pes =0,

0, we obtain

(C10)

Hue = Hac = Hags and B — B, =

10 31 17
CRE=g. CLig. Cp o (C11)
(vi) 12x 10" < T < 1.5 x 10'2 GeV: TY., (and rv.,

for T > 1.3 x 10'2 GeV) is addltlonally decoupled

With 1mposmg /’le‘] - /’lez( .ue3) O /’lul /’tuz -
Hae = Has and B; — B, = 0, we obtain
3 5
CBQ—I, CLﬁE, CB_Lﬁ—E. (CIZ)

(vii)) 1.5x 102 < T <2.5x 10'2 GeV: vv,, is addition-
ally decoupled. With imposing yi,c = lle, = pes =0,
Hue = Hus = Hae = Has = Has» and By = B, = B3,
we obtain

23 69 115
B=T5g LT3 BLZTeg

(C13)

(viii) 2.5 x 102 < T <6 x 10'> GeV: yys is addition-
ally decoupled. With imposing e = Moo =

Hes = 0, Hug = Hug = Hae = Hag = Hags and B, =
B, = B; = 0, we obtain
69 69
~(, ~—, = Cl4
CB CL a4 CB-L 44 ( )

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., 0?aF*F 4w~ The photon-photon
interaction is generated at a two-loop level [53], and the
partial decay rate is given as

|geff|2

FJ—?}’}’ 64 m.:;’ (Dl)

where, for m; < MeV,

eff AEM my 2 1 T
s <M6V> =015tV y VL] +0.32(YyYL),.
+7.5x 1070(YyY) . + 2.6 x 1078(Yy Vi) -

(D2)

HH

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

the flavor structure of Y. First of all, we use (YyY}), <
tr[YyY4] for [ = e, u, and 7 and also tr[¥ yY}] = tr[Vy Y]

so that we obtain

tr[YyYh] <

2
i (D3)
Uy,

where we also assumed M| < M, < M5 < f;, which is
true if N; interactions are perturbative. Then, the upper

eff
bound of g7, becomes
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eff max

QEM my
Yar < Jay _167131)% MeV

20
4% 107 GeV! (2 ‘).
x ¢ (NmV' 0.05eV

>2m34mJ

(D4)

Noting that the x-ray constraint on an axionlike particle at m, ~ keV is roughly g,, < 10717 GeV~! [77], we conclude that it
is highly challenging to give constraints on a Majoron by using the photon-photon interaction.

[1] P. Minkowski, Phys. Lett. 67B, 421 (1977).
[2] T. Yanagida, Conf. Proc. C 7902131, 95 (1979).
[3] M. Gell-Mann, P. Ramond, and R. Slansky, Conf. Proc. C
790927, 315 (1979).
[4] S.L. Glashow, NATO Sci. Ser. B 61, 687 (1980).
[5] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165
(1981).
[6] R. E. Shrock, Phys. Rev. D 24, 1232 (1981).
[71 J. Schechter and J. W.F. Valle, Phys. Rev. D 22, 2227
(1980).
[8] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).
[9] S. Davidson, E. Nardi, and Y. Nir, Phys. Rep. 466, 105
(2008).
[10] S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002).
[11] Y. Chikashige, R. N. Mohapatra, and R. D. Peccei, Phys.
Lett. 98B, 265 (1981).
[12] G.B. Gelmini and M. Roncadelli, Phys. Lett. 99B, 411
(1981).
[13] A.G. Cohen and D.B. Kaplan, Phys. Lett. B 199, 251
(1987).
[14] A.G. Cohen and D.B. Kaplan, Nucl. Phys. B308, 913
(1988).
[15] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. 120B,
127 (1983).
[16] L.FE. Abbott and P. Sikivie, Phys. Lett. 120B, 133
(1983).
[17] M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983).
[18] I. Affleck and M. Dine, Nucl. Phys. B249, 361 (1985).
[19] R.T. Co and K. Harigaya, Phys. Rev. Lett. 124, 111602
(2020).
[20] R. T. Co, L. J. Hall, and K. Harigaya, Phys. Rev. Lett. 124,
251802 (2020).
[21] M. Ibe and K. Kaneta, Phys. Rev. D 92, 035019 (2015).
[22] V. Domcke, Y. Ema, K. Mukaida, and M. Yamada, J. High
Energy Phys. 08 (2020) 096.
[23] R. T. Co, L.J. Hall, and K. Harigaya, J. High Energy Phys.
01 (2021) 172.
[24] K. Harigaya and I. R. Wang, J. High Energy Phys. 10 (2021)
022; 12 (2021) 193(E).
[25] S. Chakraborty, T. H. Jung, and T. Okui, Phys. Rev. D 105,
015024 (2022).
[26] R.T. Co, T. Gherghetta, and K. Harigaya, J. High Energy
Phys. 10 (2022) 121.
[27] M. Berbig, J. High Energy Phys. 01 (2024) 061.
[28] W. Chao and Y.-Q. Peng, arXiv:2311.06469.

[29] R.T. Co, N. Fernandez, A. Ghalsasi, L.J. Hall, and K.
Harigaya, J. High Energy Phys. 03 (2021) 017.

[30] J. Kawamura and S. Raby, J. High Energy Phys. 04
(2022) 116.

[31] R.T. Co, K. Harigaya, Z. Johnson, and A. Pierce, J. High
Energy Phys. 11 (2021) 210.

[32] P. Huang and K.-P. Xie, J. High Energy Phys. 09
(2022) 052.

[33] A. Dasgupta, P. S. B. Dev, A. Ghoshal, and A. Mazumdar,
Phys. Rev. D 106, 075027 (2022).

[34] E.J. Chun, T.P. Dutka, T.H. Jung, X. Nagels, and M.
Vanvlasselaer, J. High Energy Phys. 09 (2023) 164.

[35] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov,
Phys. Lett. 155B, 36 (1985).

[36] M. D’Onofrio, K. Rummukainen, and A. Tranberg, Phys.
Rev. Lett. 113, 141602 (2014).

[37] N. Aghanim et al. (Planck Collaboration), Astron. Astrophys.
641, A6 (2020); 652, C4(E) (2021).

[38] B. Audren, J. Lesgourgues, G. Mangano, P. D. Serpico, and
T. Tram, J. Cosmol. Astropart. Phys. 12 (2014) 028.

[39] K. Enqvist, S. Nadathur, T. Sekiguchi, and T. Takahashi,
J. Cosmol. Astropart. Phys. 04 (2020) 015.

[40] A. Nygaard, T. Tram, and S. Hannestad, J. Cosmol.
Astropart. Phys. 05 (2021) 017.

[41] S. Alvi, T. Brinckmann, M. Gerbino, M. Lattanzi, and L.
Pagano, J. Cosmol. Astropart. Phys. 11 (2022) 015.

[42] T. Simon, G. Franco Abellan, P. Du, V. Poulin, and Y. Tsai,
Phys. Rev. D 106, 023516 (2022).

[43] R.T. Co, D. Dunsky, N. Fernandez, A. Ghalsasi, L. J. Hall,
K. Harigaya, and J. Shelton, J. High Energy Phys. 09
(2022) 116.

[44] Y. Gouttenoire, G. Servant, and P. Simakachorn, arXiv:2108
.10328.

[45] Y. Gouttenoire, G. Servant, and P. Simakachorn, arXiv:2111
.01150.

[46] K. Harigaya, K. Inomata, and T. Terada, Phys. Rev. D 108,
L081303 (2023).

[47] N. Sabti, J. Alvey, M. Escudero, M. Fairbairn, and D. Blas,
J. Cosmol. Astropart. Phys. 01 (2020) 004.

[48] N. Blinov, K. J. Kelly, G. Z. Krnjaic, and S. D. McDermott,
Phys. Rev. Lett. 123, 191102 (2019).

[49] S. Sandner, M. Escudero, and S. J. Witte, Eur. Phys. J. C 83,
709 (2023).

[50] S. Chang, S. Ganguly, T. H. Jung, T.-S. Park, and C. S. Shin,
arXiv:2401.00687.

095004-11


https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1007/978-1-4684-7197-7_15
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1103/PhysRevD.24.1232
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/j.physrep.2008.06.002
https://doi.org/10.1016/j.physrep.2008.06.002
https://doi.org/10.1016/S0370-2693(02)01735-5
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0370-2693(87)91369-4
https://doi.org/10.1016/0370-2693(87)91369-4
https://doi.org/10.1016/0550-3213(88)90134-4
https://doi.org/10.1016/0550-3213(88)90134-4
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0550-3213(85)90021-5
https://doi.org/10.1103/PhysRevLett.124.111602
https://doi.org/10.1103/PhysRevLett.124.111602
https://doi.org/10.1103/PhysRevLett.124.251802
https://doi.org/10.1103/PhysRevLett.124.251802
https://doi.org/10.1103/PhysRevD.92.035019
https://doi.org/10.1007/JHEP08(2020)096
https://doi.org/10.1007/JHEP08(2020)096
https://doi.org/10.1007/JHEP01(2021)172
https://doi.org/10.1007/JHEP01(2021)172
https://doi.org/10.1007/JHEP10(2021)022
https://doi.org/10.1007/JHEP10(2021)022
https://doi.org/10.1007/JHEP12(2021)193
https://doi.org/10.1103/PhysRevD.105.015024
https://doi.org/10.1103/PhysRevD.105.015024
https://doi.org/10.1007/JHEP10(2022)121
https://doi.org/10.1007/JHEP10(2022)121
https://doi.org/10.1007/JHEP01(2024)061
https://arXiv.org/abs/2311.06469
https://doi.org/10.1007/JHEP03(2021)017
https://doi.org/10.1007/JHEP04(2022)116
https://doi.org/10.1007/JHEP04(2022)116
https://doi.org/10.1007/JHEP11(2021)210
https://doi.org/10.1007/JHEP11(2021)210
https://doi.org/10.1007/JHEP09(2022)052
https://doi.org/10.1007/JHEP09(2022)052
https://doi.org/10.1103/PhysRevD.106.075027
https://doi.org/10.1007/JHEP09(2023)164
https://doi.org/10.1016/0370-2693(85)91028-7
https://doi.org/10.1103/PhysRevLett.113.141602
https://doi.org/10.1103/PhysRevLett.113.141602
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1088/1475-7516/2014/12/028
https://doi.org/10.1088/1475-7516/2020/04/015
https://doi.org/10.1088/1475-7516/2021/05/017
https://doi.org/10.1088/1475-7516/2021/05/017
https://doi.org/10.1088/1475-7516/2022/11/015
https://doi.org/10.1103/PhysRevD.106.023516
https://doi.org/10.1007/JHEP09(2022)116
https://doi.org/10.1007/JHEP09(2022)116
https://arXiv.org/abs/2108.10328
https://arXiv.org/abs/2108.10328
https://arXiv.org/abs/2111.01150
https://arXiv.org/abs/2111.01150
https://doi.org/10.1103/PhysRevD.108.L081303
https://doi.org/10.1103/PhysRevD.108.L081303
https://doi.org/10.1088/1475-7516/2020/01/004
https://doi.org/10.1103/PhysRevLett.123.191102
https://doi.org/10.1140/epjc/s10052-023-11864-6
https://doi.org/10.1140/epjc/s10052-023-11864-6
https://arXiv.org/abs/2401.00687

EUNG JIN CHUN and TAE HYUN JUNG

PHYS. REV. D 109, 095004 (2024)

[51] E.J. Chun, A. Das, S. Mandal, M. Mitra, and N. Sinha,
Phys. Rev. D 100, 095022 (2019).

[52] A.M. Abdullahi et al., J. Phys. G 50, 020501 (2023).

[53] J. Heeck and H.H. Patel, Phys. Rev. D 100, 095015
(2019).

[54] K. Choi, C. W. Kim, J. Kim, and W. P. Lam, Phys. Rev. D
37, 3225 (1988).

[55] K. Choi and A. Santamaria, Phys. Rev. D 42, 293
(1990).

[56] S. Chang and K. Choi, Phys. Rev. D 49, 12 (1994).

[57] K. Akita, S. H. Im, and M. Masud, J. High Energy Phys. 12
(2022) 050.

[58] D.F.G. Fiorillo, G. G. Raftelt, and E. Vitagliano, Phys. Rev.
Lett. 131, 021001 (2023).

[59] K. Akita, S. H. Im, M. Masud, and S. Yun, arXiv:2312.13627.

[60] R. Arnold et al., Eur. Phys. J. C 78, 821 (2018).

[61] A.S. Barabash et al., Phys. Rev. D 98, 092007 (2018).

[62] S. A. Kharusi et al., Phys. Rev. D 104, 112002 (2021).

[63] M. Agostini et al. (GERDA Collaboration), J. Cosmol.
Astropart. Phys. 12 (2022) 012.

[64] O. Azzolini et al. (CUPID-0 Collaboration), Phys. Rev. D
107, 032006 (2023).

[65] M. Agostini et al. (Borexino Collaboration), Astropart.
Phys. 125, 102509 (2021).

[66] S. Abe et al. (KamLAND Collaboration), Astrophys. J. 925,
14 (2022).

[67] A. Olivares-Del Campo, C. Beehm, S. Palomares-Ruiz, and
S. Pascoli, Phys. Rev. D 97, 075039 (2018).

[68] S. Palomares-Ruiz, Phys. Lett. B 665, 50 (2008).

[69] K. Frankiewicz (Super-Kamiokande Collaboration), Nuovo
Cimento C 38, 125 (2016).

[70] K. Bays et al. (Super-Kamiokande Collaboration), Phys.
Rev. D 85, 052007 (2012).

[71] K. Abe et al. (Super-Kamiokande Collaboration), Phys.
Rev. D 104, 122002 (2021).

[72] R. Abbasi et al. (IceCube Collaboration), in 37th International
Cosmic Ray Conference (2021), arXiv:2107.11224.

[73] R. Abbaisi et al. (IceCube Collaboration), Phys. Rev. D 108,
102004 (2023).

[74] C. A. Argiielles, D. Delgado, A. Friedlander, A. Kheirandish,
I. Safa, A.C. Vincent, and H. White, Phys. Rev. D 108,
123021 (2023).

[75] A. Albert et al., Phys. Lett. B 769, 249 (2017); 796, 253(E)
(2019).

[76] K. Akita and M. Niibo, J. High Energy Phys. 07 (2023) 132.

[77] J. W. Foster, M. Kongsore, C. Dessert, Y. Park, N. L. Rodd,
K. Cranmer, and B. R. Safdi, Phys. Rev. Lett. 127, 051101
(2021).

095004-12


https://doi.org/10.1103/PhysRevD.100.095022
https://doi.org/10.1088/1361-6471/ac98f9
https://doi.org/10.1103/PhysRevD.100.095015
https://doi.org/10.1103/PhysRevD.100.095015
https://doi.org/10.1103/PhysRevD.37.3225
https://doi.org/10.1103/PhysRevD.37.3225
https://doi.org/10.1103/PhysRevD.42.293
https://doi.org/10.1103/PhysRevD.42.293
https://doi.org/10.1103/PhysRevD.49.R12
https://doi.org/10.1007/JHEP12(2022)050
https://doi.org/10.1007/JHEP12(2022)050
https://doi.org/10.1103/PhysRevLett.131.021001
https://doi.org/10.1103/PhysRevLett.131.021001
https://arXiv.org/abs/2312.13627
https://doi.org/10.1140/epjc/s10052-018-6295-x
https://doi.org/10.1103/PhysRevD.98.092007
https://doi.org/10.1103/PhysRevD.104.112002
https://doi.org/10.1088/1475-7516/2022/12/012
https://doi.org/10.1088/1475-7516/2022/12/012
https://doi.org/10.1103/PhysRevD.107.032006
https://doi.org/10.1103/PhysRevD.107.032006
https://doi.org/10.1016/j.astropartphys.2020.102509
https://doi.org/10.1016/j.astropartphys.2020.102509
https://doi.org/10.3847/1538-4357/ac32c1
https://doi.org/10.3847/1538-4357/ac32c1
https://doi.org/10.1103/PhysRevD.97.075039
https://doi.org/10.1016/j.physletb.2008.05.040
https://doi.org/10.1393/ncc/i2015-15125-y
https://doi.org/10.1393/ncc/i2015-15125-y
https://doi.org/10.1103/PhysRevD.85.052007
https://doi.org/10.1103/PhysRevD.85.052007
https://doi.org/10.1103/PhysRevD.104.122002
https://doi.org/10.1103/PhysRevD.104.122002
https://arXiv.org/abs/2107.11224
https://doi.org/10.1103/PhysRevD.108.102004
https://doi.org/10.1103/PhysRevD.108.102004
https://doi.org/10.1103/PhysRevD.108.123021
https://doi.org/10.1103/PhysRevD.108.123021
https://doi.org/10.1016/j.physletb.2017.03.063
https://doi.org/10.1016/j.physletb.2019.05.022
https://doi.org/10.1016/j.physletb.2019.05.022
https://doi.org/10.1007/JHEP07(2023)132
https://doi.org/10.1103/PhysRevLett.127.051101
https://doi.org/10.1103/PhysRevLett.127.051101

