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Right-handed neutrino as a common progenitor of baryon number
asymmetry and dark matter

Daijiro Suematsu
Institute for Theoretical Physics, Kanazawa University, Kanazawa 920-1192, Japan

® (Received 16 February 2024; accepted 12 May 2024; published 6 June 2024)

Cosmological and astrophysical observations suggest that both energy densities of baryon and dark
matter take the same order values in the present Universe. We propose a scenario to give an answer for this
problem in a scotogenic model and its extension. The model naturally provides dark matter candidates as its
crucial ingredients to explain the small neutrino mass. If a neutral component of an inert doublet scalar
plays a role of dark matter and leptogenesis occurs at TeV scales, both dark matter abundance and baryon
number asymmetry could be explained with a same mother particle. Coincidence between the order of their
energy densities might be understood through such a background.

DOI: 10.1103/PhysRevD.109.115004

I. INTRODUCTION

Existence of dark matter (DM) suggested through
various astrophysical and cosmological observations is
one of unsolved problems in the standard model (SM) [1].
Since there is no corresponding particle in the SM, it can
be a crucial clue to study new physics beyond the SM.
A promising candidate is a weakly interacting massive
particle called a WIMP. If it is in the thermal equilibrium in
the early Universe and is frozen out at a certain stage, it is
known that the expected DM abundance could be naturally
realized as its relic. However, such a particle has not yet
been discovered in various kind of experiments but a lot of
proposed models for it have been ruled out or constrained
by them [2,3].

Another mysterious point on DM is cosmological
coincidence of its abundance with baryon number asym-
metry, that is, why their energy densities take the same
order values in the present Universe. The WIMP scenario
cannot answer this problem since its abundance is usually
considered to be explained through physics irrelevant to the
baryon number asymmetry. Asymmetric DM model [4] is a
promising scenario which is motivated to give an answer
for it. In this scenario, the DM abundance is explained as
asymmetry of a certain conserved charge like the baryon
number asymmetry. If we consider an alternative possibility
to explain it, a scenario may be constructed by assuming
that both the baryon number asymmetry and the DM are
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caused from a same mother particle. In that case, the same
physics could be relevant to them and then it could give an
answer for the problem. As such we study a class of model
for the neutrino mass here.

The scotogenic model [5] has been proposed to explain
the small neutrino mass and the existence of DM, simulta-
neously. In this model, the DM abundance is usually
explained following the WIMP scenario. The model
includes DM candidates as its important ingredients to
generate the small neutrino mass. They are a lightest neutral
component of an inert doublet scalar 7 and a lightest right-
handed neutrino. If we choose the right-handed neutrino
as the DM, a serious lepton-flavor violating problem
appears [6]. On the other hand, if we adopt a neutral
component of the # as the DM, any serious phenomeno-
logical problem occurs, and then it can be considered as a
promising DM candidate in the model. Its relic abundance
and various features have been extensively studied in a lot
of papers [7,8].

In this paper, we reconsider the DM abundance in this
model from a view point of its relation to the baryon
number asymmetry. In the scotogenic model, leptogenesis
is known to generate baryon number asymmetry success-
fully [9,10]. Since model parameters relevant to DM
and leptogenesis could be almost independent in usually
supposed cases, they have been studied separately.
However, there could be an exceptional situation where
they are closely related; this situation seems not to have
been noticed and has not been studied. In the present study,
we focus our attention on a case where the model allows
successful leptogenesis at TeV scales as such a situation.
There, we find that the usual estimation of the relic
abundance of the DM should be modified. The DM
abundance is considered to be explained as a cosmological
relic which is neither a pure thermal relic nor an asymmetry

Published by the American Physical Society


https://orcid.org/0000-0002-7427-7147
https://ror.org/02hwp6a56
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.115004&domain=pdf&date_stamp=2024-06-06
https://doi.org/10.1103/PhysRevD.109.115004
https://doi.org/10.1103/PhysRevD.109.115004
https://doi.org/10.1103/PhysRevD.109.115004
https://doi.org/10.1103/PhysRevD.109.115004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

DAIJIRO SUEMATSU

PHYS. REV. D 109, 115004 (2024)

of any conserved charge. It might give a new viewpoint
for the cosmological coincidence between the DM and the
baryon number asymmetry.

Following parts are organized as follows. In Sec. II
we briefly review some features of the scotogenic model
relevant to the present study. In Sec. 11, after we overview
leptogenesis and the DM physics in the model, we discuss
a scenario in which the baryon number asymmetry and
the DM abundance can be closely correlated. We show
its realization in the model which can give the origin of
the CP phases in the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [11]. We summarize the paper in Sec. I'V.
In the Appendix, we present a rough sketch of the
derivation of the CP phases in the PMNS matrix in
the model.

II. SCOTOGENIC MODEL

The scotogenic model [5] is a simple extension of the
SM with three right-handed neutrinos N; and an inert
doublet scalar . These new ingredients are assumed to have
an odd parity under imposed Z, symmetry although all the
SM contents have even parity. Relevant parts to these new
ingredients in Lagrangian are given as

3 3
Lo Zl {Zl e ELnN; + My NN + H.c.] +V. (1)
j:

i=

V = mgp ¢+ mun'n + 24 (@) + A (n'n)?
+23(9d) (' n) + Aa(dTn) (" P)

+ % (n')? + H.c} , (2)

where £, and ¢ stand for SM doublet leptons and a
doublet Higgs scalar, respectively. The model can have a
stable vacuum only if the potential V in Eq. (2) satisfies the
condition,

Asdy >0, Ay > =2+/ M4y, (3)
where 1, is defined as 1, = A3 + A4 + 4.

Since # is assumed to have no vacuum expectation
value (VEV), neutrino mass is forbidden at tree level but it
can be generated by a VEV of the SM Higgs scalar through
a one-loop diagram whose internal lines are composed
of N; and . Additionally, since 7 gets no VEV, the imposed
Z, symmetry remains as an exact symmetry and it
guarantees the stability of the lightest Z, odd particle,
which could be a cold DM candidate as long as it is neutral.
If 44 < 0 is satisfied, a lightest neutral component of 7 can
be such a candidate. In the following study, 45 < O is
assumed and then its real part 7% is supposed to be DM. Its

mass m,p has to satisfy myo < My, where My, is mass of

the lightest right-handed neutrino N;. In that case, N can
decay to the lepton through the Yukawa coupling in
Eq. (1). This decay could generate lepton number asym-
metry, which can be transformed to baryon number
asymmetry through a sphaleron process [12,13]. It should
be also noted that  is also produced in this decay. Thus, the
lightest right-handed neutrinos could be a common mother
particle of both the baryon number asymmetry and the DM
in this model.

The neutrino mass formula derived from the one-loop
diagram is given as

3
My, = ks,
k=1

_ A5
M= SJTZMNk [

M3, N MR,
M? — M? M?% — M? In M%)
n N, n— YN, n

(4)

where M2 = m?2 + (13 + A4)(¢)*. This formula can explain
the small neutrino mass required by neutrino oscillation
data [2] even for N ;j with the mass of TeV scales as long as
|45| takes a sufficiently small value.' Moreover, if we note
that only two right-handed neutrinos are necessary to derive
two mass differences required to explain the neutrino
oscillation data, we find that the N; could be irrelevant
to the small neutrino mass generation. This suggests that
the neutrino Yukawa coupling /% can take a much smaller
value than others h’;j (j = 2, 3), which should be fixed so as
to satisfy the neutrino oscillation data through Eq. (4).
Neutrino oscillation data suggest that the PMNS
matrix which characterizes lepton flavor mixing could
be described approximately through tribimaximal mixing
[14]. Although it cannot cause nonzero mixing angle 63, it
can be modified by a mixing matrix for charged leptons
even if the tribimaximal mixing matrix is assumed for
the neutrino sector.” Tribimaximal mixing in the neutrino
sector can be easily realized simply by assuming the
neutrino Yukawa couplings in Eq. (1) to satisfy [16],

By = hoe = hy (k=1,2);
he3 = hy3 = _hr3 = h3' (5)

Using this assumption, we can present examples which
explain the neutrino oscillation data well. Here, we take
to be sufficiently small like O(1078) so that N, is irrelevant
to the neutrino mass determination as mentioned above.

'A lower bound on |45] can be derived through a possible in-
elastic scattering of 7% with a nucleon in DM direct search experi-
ments [10].

A concrete example of it is presented in [15] and also in the
Appendix of this article. In the following study, parameters given
there are used.
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Taking account of this, if we apply to Eq. (4) the
parameters,’

(a) A5 = —1073, m =2x10° GeV,
R
My, =6 x 10* GeV, My, =7 x 10* GeV,
=2x10° GeV,

(b) 15 = —10_5, m
My, =6x10° GeV, My, =7x10° GeV,  (6)

g

the mass differences required to explain the neutrino
oscillation data are found to be realized for the couplings

(a) hy = 1.16 x 1072,
(b) hy =6.87 x 1073,

hy = 4.15 x 1073,
hy =237x 1073, (7)

We use them in the following study.

III. LEPTOGENESIS AND DARK MATTER
ABUNDANCE

A. Low-scale leptogenesis

This model makes leptogenesis [13] work well to
generate the baryon number asymmetry in the same way
as the type-I seesaw model [17]. Sufficient lepton number
asymmetry could be produced as a seed of the baryon
number asymmetry through the out-of-equilibrium decay
of N; [10]. Moreover, it could happen at much lower
scales than the type-I seesaw model if N is in the thermal
equilibrium [18]. However, it is difficult to make it in the
thermal equilibrium only by the neutrino Yukawa coupling
h% in Eq. (1) in a consistent way with successful lepto-
genesis as suggested in [10]. To overcome this difficulty,
interactions, which can produce a sufficient amount
of N, to reach its equilibrium value, are proposed in some
extended frameworks of the scotogenic model in connec-
tion with various problems of the SM, for example,
inflation [19,20], right-handed neutrino mass [21,22],
and CP violation [15,23]. For a while, we assume that
N, is in the thermal equilibrium through certain inter-
actions. Study of the coincidence problem based on a
concrete interaction is given later.

The CP asymmetry ¢ in the decay N; — ¢ Lir]"' is
expressed as [24]

SUC(Ny = ") =T(N§ = Z1.)]
SL(Ny = £1n')

s nel G o

il

e=

where F(x) = /x[1 — (1 4+ x)In]. Since the depend-
ence on A% in this asymmetry € can be suppressed under a

*We note that myo =M, is satisfied for this small |1s].

suitable flavor structure, 4%, can be assigned a much smaller
value compared with A%, and h%; keeping a value of € to be a
magnitude required for successful leptogenesis. On the
other hand, a small value of 4% makes the decay of N,
delay so that the washout of generated lepton number
asymmetry could be ineffective when its substantial
decay starts. These could make successful leptogenesis
possible for the N; with the TeV scale mass in the
scotogenic model [15,18,20,22,23].

The decay of N, is expected to start around the temper-
ature T, which satisfies a condition I'y = H(T ), where
'y and H(T) are the decay width of N and the Hubble

parameter at the temperature 7, respectively. They are
expressed as

3 2 2 2 1/2 72
h M P 2T
=% Apmy,1-=-L, HT)=|= —
A e RV () (9og*> M,
i=1 N, p
9)

where g, is relativistic degrees of freedom at T and M,
is a reduced Planck mass. If we use the tribimaximal
assumption given in Eq. (5) for the neutrino Yukawa
couplings, the temperature 7; can be estimated as

T 1 4 1/2
—L _51x < hl_g)< 0 Gev) . (10)
My, 10 My,

where g, = 116 is used.
Here, we define Y; as Y; E% by using the number
density n; of a particle species i and the entropy density s.

ne—ns

Lepton number asymmetry is expressed by Y, =—+
where n, and n; are the number density of leptons and
antileptons, respectively. If washout processes of the lepton
number asymmetry Y; decouple at a temperature 7 and
T; < Tp is satisfied, the Y; generated through the N,
decay is not affected by the washout effect which is caused
by the inverse decay of the right-handed neutrinos and 2-2
scatterings mediated by N,+.* In such a case, the lepton
number asymmetry at 7; can be roughly estimated by
using € in Eq. (8) as ¥, = eYy! (T,,) where Yy (T ) takes
the equilibrium number density of the relativistic particle as
Y3 (T,) = O(1073). Since T;, < My, has to be satisfied at

least, Eq. (10) shows
M 1/2
#) ) (11)

hl < 6.1 x 10_7 v
10" GeV

“If the lepton asymmetry is generated at the temperature lower
than the 7 mass as a result of a small /1, it can escape the washout
by these processes since they could be sufficiently suppressed
by the Boltzmann factor. It is confirmed through the numerical
study shown in Fig. 3 which shows that 7; and T satisfy
T, <Trg = m,,,%/lo as expected.
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The required baryon number asymmetry can be generated
for Y, = O(107'%) and then & should have a value of
O(1077). Equation (8) shows that such an ¢ is consistent
with the values of £, 5 given in Eq. (7) as long as a maximal
CP violation is assumed.

The generated lepton number asymmetry is converted
to the baryon number asymmetry through the sphaleron
process which is considered to be in the thermal equilib-
rium at temperature higher than 100 GeV [12]. Since the
lepton number violating N, decay has to occur at a higher
temperature than it, this imposes that I'y > H(T) should
be satisfied at 7 = 100 GeV. This condition can be
expressed as

(12)

10* GeV)\ 12
hy > 6.1 %107 <e> .

N,

If we impose that leptogenesis occurs successfully at
TeV regions, we find from Eqs. (11) and (12) that A,
should take a value of O(107®) for My, which is larger than
mp assumed in Eq. (0).

To examine these qualitative arguments, we solve the
Boltzmann equations for ¥ and Yy, given in [10] numeri-
cally by assuming that N, is initially in the thermal
equilibrium and using the parameters given in Egs. (6)
and (7). The results for both cases (a) and (b) are given in
the left and right panels of Fig. 1, respectively. Both panels
show that the N decay delays and Y, keeps its relativistic
value until the temperature 7 reaches the value which
satisfies T << My, . Since Y, is found to be realized as
€Yy (T1) from it, the above discussion can be justified
quantitatively. The sufficient lepton number is found to be
produced in both cases.

10°
10}
1T SV
108F v, —
v —
-8 Ny
— 107 F (
= Y@
Z 0 28
1007F Y8 ——
nR
1072 ~
107}
10716 | 1
10-18 . . .
0.1 1 10 100

X

FIG. 1.

density Y, 0 is displayed as a function of a dimensionless parameter x(zm,ﬁe /T). N contribution is not taken into account in Y'70
R

taken into account in Y ’(1'3)
R

B. DM abundance

We consider the 7% abundance as DM in this model.
The relic abundance of 7% is determined by solving
Boltzmann equation for it. If we define a dimensionless
parameter x as x = o /T, Boltzmann equations for Y 0

and Yy, can be written as

dyY o s(myp)

U g eq

= Y2, —Y
dx H(m” )x2< >( >
2x
+H<m”0>r53] (rv, -3, (13)
R
dYNl _ X D €q
dx - _H(m”2>FN1 (YN1 - YN])’ (14)

where H(m,o) and s(m,o ) represent the Hubble parameter

and the entropy density at 7 = myp , respectively. (ov) is a

thermally averaged annihilation cross section of 7% and FN]

is the decay width of N; given in Eq. (9). We take account
of an effect of the N, decay to 7 as the second term in the

right-hand side of Eq. (13). Here, we define Y f}g’) and Y '(73) as
R R
the solution of Eq. (13) with the second term and the
one without it, respectively. Since this term can be
safely neglected for the case My, > m,o, We can expect

Y '(1:’1> =Y fﬁ) there and DM is considered as thermal relic.
R R

We consider such a case first.

In that case, the present abundance of 1% is fixed through
its equilibrium density at temperature 7, where its anni-
hilation processes are frozen out [25,26]. We can estimate
Tp by using its thermally averaged annihilation cross

10°

108 F
108 |
L SR 1
1012 Y \\\L 1
10§
107 | 1
1078

2

1 10 100
X

Evolution of the lepton number asymmetry Y, the lightest right-handed neutrino number density Yy, and the 1% number

©) butit is

. Y; with superscript “eq” stands for its equilibrium value. In the left panel for the case (a), h; = 2.0 x 1078 and

My, =3.1x10* GeV are used. In the right panel for the case (b), h; = 5.4 x 10 and My, = 3.1 x 10> GeV are used. Horizontal
lines represent values of Y; (dotted) and Y n (solid) which are required to explain the abundance of the baryon number asymmetry and

the DM abundance in the present universe, respectively.
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section (ov) and Hubble parameter H(T) through a
condition 2n ( Tp){ovy =H(Tp)xp as found from
Eq. (13). Usmg H(T) given in Eq. (9), xp can be
determined by solving the above mentioned condition as

(ovym,o

R
172 ’ (15)

where g is an internal degree of freedom of 7%. Since Yo

converges to a constant value Y " at x > xp, the present

DM abundance can be expressed as Q”% =my Y ;8 50/ Po
R

where p, and s, are the energy density and the entropy
density in the present Universe. They are given as p, =

3M (H3 and 5o = 2.27 x 10738 GeV?. If we solve Eq. (13)
by taklng account of Yn% > Yﬂg at x> xp and also
R

Y5 <Yy (xp), we find that Qo can be approximately
R

expressed as

Yo m,p s 2.13 x 108 GeV
Qi =l . . (16)
! SMHy /W™ My [ ) dx

where we use Hy = 2.13 x 107%2h GeV. Applying it to the

present observational result Qpy s> = 0.12, we find that

Ye =213 x 1073(2000 GeV /m,p ) should be satisfied. It
R R

constrains the parameters A and ;3 in the potential (2)
which determine the annihilation cross section (ov). Since
the masses of the components of # are almost degenerate,
coannihilation [26] among them should be taken into
account to estimate (ov) [8,10].

In Fig. 2, we draw contours of Qn(; h? = 0.12 for typical

values of m,p in the (A4, 43) plane. In this plane, we have

to take account of both the stability condition given in
Eq. 3) and A4 =1, — 43 — 45 <0 which is a necessary
condition for % to be lighter than the charged components.
Combining them, we find that only points on the contours
included in a triangle region of the upper-right quadrant in
the (4., 43) plane are allowed.

On the other hand, the same parameters are also con-
strained by the present results of DM direct search experi-
ments. In this model, #%-nucleon elastic scattering is caused
by the 7-channel Higgs exchange. Its cross section can be
expressed as

2y my

=t = 17

oN Sﬂmrz,0 m;‘l (17)
R

where fy is a coupling between the Higgs scalar and a
nucleon. Masses of the nucleon and the Higgs boson are
represented by my and my,, respectively. A present most
stringent bound on o through the direct search experiment

FIG. 2. Contours of the #% relic density Q, 0 h* =0.12 are
plotted by colored solid lines in the (1, 13) plane Each contour
corresponds to the one with 1,0 = 2200 GeV (blue), 2000 GeV
(red), and 1800 GeV (green), respectively. An upper bound on
|4, | based on the direct search of XENONNT is represented by
vertical dashed lines with the same color as the one of the relic
density for each mass. A diagonal black solid line and a vertical
black dash-dotted line represent the condition 4, =0 and 4, =
—2v/214, with 1, = 0.1, respectively. The allowed region is
restricted into an upper-triangle region surrounded by these lines.

is given by the XENONNT experiment [27]. Since it gives
an upper bound on |1, |, as found from Eq. (17), a region
included in a band sandwiched with dotted vertical lines
fixed for each o is allowed. These suggest that only
restricted points in the (4., 43) plane can be consistent with
the present data for the DM abundance. Future direct
detection experiments and collider experiments might find
a % signature in this parameter region.

C. Coincidence of DM and baryon number asymmetry

We reconsider realization of the DM abundance in
relation to the baryon number asymmetry generated
through leptogenesis. Since the required relic abundance
is known to be realized for x, ~ 25 in the WIMP scenario,
T; < 100 GeV < T can be satisfied for 7% whose mass is
less than 3 TeV. If My, > myp is satisfied, Y;E‘R(xD) >

Y?\?I (xp) is expected and then Y,(;f)
R

= 7' is guaranteed.
g
So that the estimation of the relic abundance of 7% in the
previous section can be justified.
The solution of the Boltzmann equation for Y, 0 added in

the left panel of Fig. 1 proves it. In this calculation, 1, and
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A3 are fixed to 0.66 and 1.56, which are the consistent

values with the contour for My = 2 TeV shown in Fig. 2.
There is no contribution to Y, 0 from the N; decay and then

(n)

Y;? is found to be equal to Y’70 . The annihilation processes
R R

of n% are frozen out at xj, ~ 26 where Y’ ~, becomes much
smaller than Y . After that, Y, o converges to a constant

value which glves Q oh2 =0. 12 It suggests that Yo is
determined 1rrelevantly from the determination of YL
It is generally expected for the case where N; is much
heavier than 7%.

Next, we consider a case where Y;f)): is determined
through a different way from the above case. It can happen
in a situation where /; takes a small value and also N; has
the similar mass to #%. The condition for /; required by the
leptogenesis is given by Eqgs. (11) and (12). If the Yukawa
coupling A, takes a value such as H(Tp) = Fﬁl, the N,
abundance could be larger than Y ;‘é (xp) which saturates the

required DM abundance. To escape such a disastrous
situation, h; has to satisfy,

(18)

hy > 4.9 % 107 (104 GeV) v
1 . - - .

My,

This is consistent with Eq. (12). If these conditions are
satisfied and Y;g (xp) is smaller than the value required by
R

the DM abundance, the decay of N; could give a crucial
contribution to the relic density of 79 since Yy, (xp) 2

Y ;ﬂ (xp) could occur.
R
We can estimate Yy, (xp) by solving Eq. (14) as

D

e )l (19)

YN1 (xD) = YNI (xi) exp {_m

Since Yy, (x;) is of O(107%) at T; = M, which stands for
x; = my /My (< 1), the exponential factor in Eq. (19) can
be rewritten as

D
FN] 22
2H(myp) b

= —43 %102 (% th 1- )’
= X
xp 25 M My, '

(20)

exp [—

where we use my = 2000 GeV. The required DM abun-
= 0(107'?) as found

from the left panel of Fig. 1. If we impose Yy (xp) =
O(107'2), Egs. (19) and (20) suggest that the 7% produced

dance can be realized for Yo (xp)

by the N, decay at x > xp, could supply a substantial part of
the DM abundance for

2
MMy [1- <M) = 0(10712). (21)

N,

This relation is consistent with conditions (11) and (12).
If h; and My, take values following the condition (21),
Yy, (xp) X Yo (xp) can be realized although N is heavier

than #%. The N, decay which causes the lepton number
asymmetry could also generate a dominant part of the relic

% for parameters A, and 13 which are ruled out in the
ordinary estimation of the relic #%. The present abundance
of 1% should be estimated based on

Yo (xp) = Y;g (xp) +2Y, (xp). (22)

since all components of 7 produced through the N; decay
finally come to #%. As the Boltzmann equation for Y 0,

we have to use Eq. (13) which takes account of the N,
decay to 7.

To examine the above observation quantitatively,
we solve Boltzmann equations (13) and (14) numerically
assuming that N is initially in the thermal equilibrium.
Although the mass difference between 7% and N, is small,
their coannihilation can be neglected in (ov) because their
coupling £, is small enough. In the right panel of Fig. 1, the

evolution of both Y;f)') and Y 7(1‘;) obtained as the solutions of
R R

the Boltzmann equations in the case (b) is plotted. In this
calculation, 4, and A5 are fixed to 0.66 and 2.14, respec-

tively. These make Y 1(73) coming from the thermal 7% smaller
R

than the required value Qn(;? h? = 0.12. It occupies about

50% of the total and a remaining part is supplied through
the N, decay. The figure shows that both the sufficient
baryon number asymmetry and the DM abundance are
simultaneously realized through the N; decay.

Comparison of both panels in Fig. 1 clarifies features of
the present case. In the left panel which corresponds to the
usually supposed case, the 7% abundance is realized by the
freeze-out of the thermal 7% and the yields from the N,
decay is irrelevant. The baryon number asymmetry and the
DM abundance is explained based on irrelevant physics.
On the other hand, we can find that the N decay plays a
crucial role to determine the 7% abundance in the right
panel. In this example, the contribution from the thermal 7%
is only 50% and the remaining one is caused by the N,
decay. It suggests that the 7% yielded through the N decay
could supply the substantial part of the 7% abundance. The
coincidence of the baryon number density and the dark
matter density in the present Universe could be explained
naturally there since common parameters relevant to the N,
decay control them simultaneously.
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D. A feasible model for the scenario

Finally, in order to show that this scenario works in a
realistic way, we adopt a well motivated model with
possible interactions which can generate N in the thermal
equilibrium even if the Yukawa coupling /%, is too small to
produce it effectively. The model has been proposed to give
a prospect to the CP issues in the SM [15]. It can solve the
strong CP problem [28] through the Nelson-Barr mecha-
nism [29,30] and give the origin of CP phases in the PMNS
and CKM matrices [11,31].

This model is an extension of the scotogenic model with
a singlet scalar S and vectorlike fermions D, z and E; g,
where D) and E; p are down-type singlet quarks and
charged leptons, respectively. Their Yukawa couplings are
given as

3
> (¢S + 3{S")Dydg, +
k=1

+ (yn, S + I, ST)NNE] +

(S + jisz)ELeRk

(veS + ¥eST)ELEr + Hec.,
(23)

where dg,_and ep are the singlet down-type quark and the
singlet charged lepton in the SM, respectively. Since CP
invariance is assumed in the model, all coupling constants
in Eq. (23) are considered to be real. If the singlet scalar S
getsa VEV as (S) = \/izue"po, spontaneous CP violation is

caused. Complex phases due to this CP violation could be
brought about in the PMNS and CKM matrices through the
mixing between the SM fermions and vectorlike fermions
which is caused by these interactions.” The last term in the
first line of (23) induces the mass of the right-handed
neutrino Ny. If we redefine Ny to make its mass real, My,
and A, in Eq. (4) can be expressed as

My, = (}’12vk + }N’%/k + 2yy, I, cos 2p0)"%u,
N~ "N tan py. (24)

Ag = [Aile,
YN, T YN,

tan 9, =

This 6, determines the CP violation in the N; decay and
then it fixes the CP asymmetry & given in Eq. (8).

In the context of this paper, we should especially note
that these interactions can cause scatterings DLde -
Nle, ELeRA —)NlNg, ELER*NlNCl‘, and NkNi_)NlNg
through the exchange of S. If the mass of the vectorlike
fermions is smaller than the reheating temperature, they
could be in the thermal equilibrium through the SM gauge
interactions. Heavier right-handed neutrinos N,; could
also be in the thermal equilibrium effectively through their
neutrino Yukawa interactions at the temperature less than
O(10%) GeV if their couplings take the values given in

°A rough sketch of this scenario is given in the Appendix.

Eq. (7) [21,22]. In such a case, these processes can produce
N, effectively to reach its equilibrium density. Thus, if its

mass My, takes a similar value to My as in the case

(b) shown in the right panel of Fig. 1, we can expect that the
N, decay generates the lepton number asymmetry suffi-
ciently and 1t also contributes to the relic abundance of 7%
substantially.®

For its quantitative check, we solve the Boltzmann
equations for Yy, Y o and Y; by taking account of these

scattering processes. Equation (14) should be modified by
introducing the right-hand side additional terms,

s(myp)

0
Ay 2 1. 29)
g

where the suffix a describes the above processes. We take
Yy, = 0 as an initial value of Y, . Couplings in Eq. (23)
and the mass of the vectorlike fermions, which are crucial
for the determination of the PMNS matrix, are fixed to the
ones used in [15]. They are presented in the Appendix. We
assume u = 10% GeV and p, = 7 as a VEV of the singlet
scalar S and then these couplmgs fix mass eigenvalues
of the fourth charged lepton and N, ; as M = 3165 GeV
and My, , given in Eq. (6), respectively. It is noticeable that
these can realize the present experimental results for the
PMNS matrix well through a framework presented in the
Appendix as described in [15]. We also note that the CP
violation, which fixes the CP asymmetry & can take a
maximal value.

The results of this calculation are given in Fig. 3. It
shows that N, reaches its equilibrium number density
through the introduced interactions and its decay produces
both the sufficient lepton number asymmetry and a sub-
stantial part of the required relic 7% abundance as in the
same way as the right panel of Fig. 1. In this example, the
1% yielded through the N, decay occupies about 70% of
the required abundance QW% h* = 0.12. The remaining part

is supplied from 7% in the thermal equilibrium by setting the
relevant parameters as 1, = 0.66 and 1; = 2.6. Since the
N, decay starts at a larger x due to a smaller value of &
compared with the right panel of Fig. 1, its contribution to
the relic 7% becomes larger.

Finally, we examine how the relative share of 7%
produced from the N; decay in the total relic depends

°We should note that a scalar interaction kg, S*Snn is not
forbidden in the model, which could give an additional source of
1% through the scattering. However, since this process is effective
at the temperature higher than m e it does not affect the present
calculation of the DM abundance It should be also noted that
any change in the neutrino mass formula (4) is not caused by this
interaction since the one-loop neutrino mass depends on the
squared mass difference of 7% and 79 which is not changed by this
interaction.
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Left: Evolution of the lepton number asymmetry ¥, and the 7% number density Y, 0- In the calculation, 4, = 3.4 x 10~% and

M, = 3.1 x 10° GeV for the case (b) are used. Horizontal lines represent the required values of Y, (dotted) and Y0 (sohd) to explain the

baryon number asymmetry and the DM abundance, respectively. Right: Evolution of the relevant reaction rates included in the

Boltzmann equations. F}“b)

asymmetry Y; is caused by FE\',M) and Fl(ff)

o/ a’+aP)
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FIG. 4. The lightest right-handed neutrino mass My, depend-
ence of the ratio of the relic abundance of ;% originated from the
N, decay to the total relics which are composed of the thermal
one QT and QP from the N, decay. The masses of N, 3 and ’7(1)3 are
fixed to the ones given as (b) in Eq. (6).

on the N; mass. Results are shown in Fig. 4 where the
abundance of the thermal 7% and the 7% produced from the
N, decay is respectively represented as Q' and QP, and
(QT + QP)h* = 0.12 is imposed. The scalar couplings 43 4
are fixed to realize this value. In this study, o and My, ,
are fixed to the ones given as (b) in Eq. (6), and then My, is
allowed in the range 2000 GeV < My, < 6000 GeV. We
also choose two values of #; which are used in the right
panel of Figs. 1 and 3. The figure shows that the relic 7% can
be entirely produced by the N; decay if N; takes a close
value with the 7% mass. In that case, 43 and | 14| have to take
large values near their perturbative bound since the 7%
abundance produced by the N, decay is large and its
substantial part has to be reduced through the annihilation
processes. We also find from the figure that QP h? can reach
the order of the required DM abundance in a wide region

stands for the reaction rate of the scattering ab — N;N; mediated by f. The washout of the lepton number

of My, . This result suggests that the coincidence between
the baryon number density and the DM density in the
present Universe can be recognized as a natural conse-
quence of the model. If #% is discovered as the DM, the
origin of the relic #% can be an interesting subject. In that
case, the present study suggests that detailed experimental
study of the scalar couplings 434 might tell us the ratio
of QP to QF.

IV. SUMMARY

We study a new scenario for the DM abundance in the
scotogenic model from a view point of the coincidence of
the baryon number asymmetry and the DM abundance in
the present Universe. In this model, the abundance of the
inert doublet DM is usually considered to be explained as
the thermal relic following the WIMP scenario. Since it is
irrelevant to the baryon number asymmetry in that case, the
model cannot give any answer for this problem. However, if
we note that the decay of the lightest right-handed neutrino
N, generates both the lepton number asymmetry and
the DM candidate r]%, a correlation can be found between
them in a certain situation such that N; takes the same order
mass as 7%.

The mass of the right-handed neutrinos can take a TeV
scale value consistently with the neutrino oscillation data in
the model. Moreover, the decay of such N; is known to
generate the sufficient baryon number asymmetry through
leptogenesis if the N is in the thermal equilibrium through
certain interactions. These suggest that the relic 7% as the
DM could be supplied not only as the thermal relic but also
as the yields of the decay of N; which also causes the
lepton number asymmetry. If the latter gives a dominant
part of the DM abundance, the baryon number asymmetry
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has a close relation to the DM abundance. The model could
give an insight for the coincidence problem.

We examine this idea quantitatively by solving the
Boltzmann equations under the assumption that N; is in
the thermal equilibrium initially. The result shows that
their coincidence can be explained well. We also
propose a well-motivated model which contains the
interactions to make N; reach the thermal equilibrium
and show how the coincidence of the baryon number
asymmetry and the DM abundance can happen in this
extended model. An interesting point of the model is that
these interactions can give an explanation for the CP
issues in the SM.

If both the baryon number asymmetry and a substantial
part of the DM are produced through the decay of a common
mother particle, it could be a promising scenario to give an
answer to the coincidence problem. In such a context, low-
scale leptogenesis may provide an interesting possibility not
only from a phenomenological viewpoint but also from a
cosmological viewpoint. The extended model studied in this
paper might be considered as a prototype model which can
realize such a scenario naturally.

APPENDIX: DERIVATION OF THE CP PHASES
IN THE PMNS MATRIX

In this Appendix, we briefly address how CP phases in
the PMNS matrix can be induced through Yukawa inter-
actions given in Eq. (23) following [15]. If the singlet scalar
gets a VEV as (S) = %ue"ﬂo, which causes spontaneous
CP violation, the CP phase can appear in the PMNS matrix
through the couplings of the singlet S with vectorlike
charged leptons E; . These Yukawa interactions extend
the SM charged lepton mass matrix m{; to a 4 X 4 mass

matrix M, such as

— _ mf gi €R.
el )5
Fi me) \ Eg
where £ and ep, are the charged leptons in the SM. F7,
G, and p are defined as F¢ = Lz (Y5e' + §5e0)u, G; =
x;(¢) and pp = % (vee™ + Jpe )u.
Diagonalization of a matrix Me./\/lz by a 4 x 4 unitary
matrix V, is represented as
m¢F + G >

A B\ [ mm 4G
<C D> <~7:emeT +Gug  |ugl* + FeF
AT CT m2 0
(5 o)~ (% M>

where a 3 x 3 matrix /2 in the right-hand side is diagonal.
Equation (A2) requires,

(A1)

(A2)

memet 4+ GG = ATin2A + CTM2%C,
Femet + g*’uE — BTﬁ’l%A i DTMIZEC’
lug|? + FeFe = B'm2B + D'M%D. (A3)
If |pg|* + FeFeT is much larger than each component of

Femeh + Guy,, we find that B,C, and D can be approx-
imately expressed as

A(m* F*" + pp9)

_ FemeT‘FgT,ME ~
ug|* + FeFet

Eﬁ Cﬁ T
gl + FeFe

~1.
(A4)

These guarantee the approximate unitarity of the matrix A.
In that case, it is also easy to find that

A "2 A=meme" + GGt
1 .
e G P G
(A5)

The charged lepton effective mass matrix 71, is obtained
as a result of the mixing between the light charged leptons
and the extra heavy lepton. If j§ is not equal to y and

lug)? < FeFet is satisfied, the matrix A could have a large
CP phase.

We assume that the neutrino mass matrix M, is
diagonalized by a tribimaximal matrix U, as Ul M, U, =
M9 where the matrix U, can be expressed as

2 1
V6 V3 1 0 0
-1 1 1 iay
U=|% &K & 0 e 0 (A6)
1=l L 0 0 e®™
Vo V3 oV2

Majorana phases a; and a, are written by using Eq. (24) as

B 93 B 1 1 h%|A1| Sin91 -+ I’l%|A2| sin92
Ay = ——, Q) = —tan ) 5 .
2 2 hi|A;]cos @ + hs5|A;| cos 6,

(A7)

The PMNS matrix is obtained as Vpyns = A'U, where A is
fixed through Eq. (A5). Since the matrix A is expected to be
almost diagonal from hierarchical masses of the charged
leptons, the structure of Vpyng 1S considered to be mainly
determined by U, in the neutrino sector. Although tribi-
maximal mixing cannot realize a nonzero mixing angle 63
which is required by the neutrino oscillation data, the
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matrix A could compensate this fault and a desirable Vpyns may be derived as Vpyns = ATU,. If we fix the relevant

parameters in Eq. (23) as

y¢ = (0,3 x1073,0),

¢ = (0,0,107%),
yyv = (22x1073,6 x 1073,7 x 1073),

YE = S)E =33 x 10_6,
v = (2.2 % 1073,0, 0), (A8)

Vpmns obtained in this way is found to be rather good realization of the experimental results including nonzero 6,5 as

shown in [15].
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