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The scotogenic model can simultaneously account for the presence of dark matter and the origin of
neutrino masses. We assume that the flavor neutrino mass matrix has one zero element and Yukawa matrix
elements are real in the scotogenic model. It turns out that only one pattern of the flavor neutrino mass
matrix in the one-zero-texture scheme within the scotogenic model is viable with the observed neutrino
oscillation data, the relic abundance of dark matter, and the upper limit of the branching ratio of the 4 — ey

process.
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I. INTRODUCTION

Understanding the nature of both dark matter and
neutrinos is one of the big problems in cosmology and
particle physics. The scotogenic model, or radiative seesaw
model, can simultaneously account for the presence of dark
matter and the origin of neutrino masses [1]. In this model,
neutrino masses are generated by one-loop interactions
mediated by a dark matter candidate. One-loop interactions
related to dark matter and neutrino mass have been
extensively studied in the literature [2—45].

One of the key ingredients in the scotogenic model is the
Yukawa matrix Y. In order to obtain any phenomenological
prediction in the scotogenic model, the elements of the
Yukawa matrix should be determined. This matrix is
closely connected with the neutrino sector. There are some
ways to determine the Yukawa matrix elements:

(a) Assume an appropriate form of the Yukawa matrix Y
(see, e.g., Ref. [37]).

(b) Use an appropriate parameterization of neutrino mix-
ing to derive the most general form of the Yukawa
matrix compatible with the neutrino oscillation data
(see, e.g., Ref. [37]).

(c) Assume an appropriate form of the neutrino mixing
matrix U (see, e.g., Refs. [5,8,40]).

(d) Assume an appropriate form of the flavor neutrino
mass matrix M, (see, e.g., Ref. [41]).

In this study, we employ methods (c) and (d). More
concretely:
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(c’) We assume that the neutrino mixing matrix U is
described as a modified tribimaximal mixing pat-
tern. The exact tribimaximal pattern is approxi-
mately consistent with the observed solar and
atmospheric neutrino mixings. However, the exact
tribimaximal pattern predicts a vanishing reactor
neutrino mixing angle. We know that the reactor
neutrino mixing angle is small but moderately
large. We employ the modified tribimaximal mixing
pattern from Refs. [40,46].

(d’) We assume that the flavor neutrino mass matrix M,
has one zero element. There have been various
discussions on ways to ensure the appearance of the
observed neutrino mixings and masses based on flavor
neutrino mass matrices with zeros [47]. This type of
flavor neutrino mass matrix consists of what are called
texture zeros. The origin of such texture zeros was
discussed in Refs. [48-56]. In particular, the phenom-
enology of one-zero and two-zero textures was studied
in Refs. [57-60] and [61-74], respectively. Also, the
experimental potential of probing the texture-zero
models has been discussed. For example, the possibil-
ity of probing different texture-zero neutrino flavor
mass matrices at the long-baseline neutrino experi-
ment DUNE was shown in Ref. [75].

Scenarios with one or two texture zeros for the
Yukawa matrix Y in the scotogenic model were
studied in, e.g., Ref. [37]. We discuss the possible
scenarios with one texture zero for the flavor neutrino
mass matrix M, instead of Y.

In this paper, all elements of the Yukawa matrix are taken
as real for simplicity. We show that only one pattern of the
flavor neutrino mass matrix in the one-zero-texture scheme
is viable within the scotogenic model.

This paper is organized as follows. In Sec. II, we present
a brief review of the scotogenic model. In Sec. III,
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according to method (c’), we assume that the neutrino
mixing matrix is described as a modified tribimaximal
mixing pattern [40,46]. In Sec. IV, according to method
(d'), we employ the one-zero-texture scheme. We show that
only one pattern of the flavor neutrino mass matrix in the
one-zero-texture scheme within the scotogenic model is
consistent with the observed neutrino oscillation data, the
relic abundance of dark matter, and the upper limit of the
branching ratio of the y — ey process from analytical and
numerical calculations. Section V is devoted to a summary.

II. SCOTOGENIC MODEL

The scotogenic model [1] is an extension of the standard
model. This model has three extra Majorana SU(2),
singlets Ny (k=1, 2, 3) and one new scalar SU(2),
doublet (n*,7°). These new particles are odd under
exact Z, symmetry. Under SU(2), x U(1)y X Z,, the
main particle content in the scotogenic model is given
by (a=e, pu, 7)

L, =(va,fa)Li (2,=1/2,4),  £5:(1,1,4),
=(¢".¢°): (2,1/2,+),
k:(l,O,—), n=@"n"): (2,1/2,-), (1)

where (v,,¢,) is the left-handed lepton doublet and
(¢*,¢°) is the Higgs doublet in the standard model.

The Lagrangian of the scotogenic model contains new
terms for the new singlets,

_ 1 -
LY g (Oarn® = Corn® )Ny +5MkaN;f +Hec., (2)

and the scalar potential of the model contains the quartic
scalar interaction

1
VD 51(c1>T;7)2 +H.c. (3)
Owing to the Z, symmetry, neutrinos remain massless at

tree level but acquire masses via one-loop interactions. The
neutrino flavor mass matrix reads [1]

Mee Meu Me‘r

M, = - M, M,|, (4)
- - M 23
where the symbol “— denotes a symmetric partner. The

flavor neutrino masses are obtained as

3
Ma[)’ = Z YakY/}kAkv (5)

where

y) 2 M M2 2
v L S P O
1671 mo M; -M; M;
1oy 2
mozz(m,ﬁ—ml), (7)

and v, mp, and m; denote the vacuum expectation value of
the Higgs field, and the masses of v/2Re[°] and v/2Im([;°],
respectively.

In this model, flavor-violating processes such as y — ey
are induced at the one-loop level. The branching ratio of

u — ey is given by [3]
el

where ., denotes the fine-structure constant, G denotes
the Fermi coupling constant, and F(x) is defined by

Br(u — ey) = . (8)

1 —6x2 + 3x* +2x° — 6x* In x2
6(1 —x?)*

F(x) = )

The scotogenic model predicts the existence of a dark
matter particle. The lightest Z,-odd particle is stable in the
particle spectrum. This lightest Z,-odd particle becomes a
dark matter candidate. We know that if we take the
coannihilation effect into account [5,8], the predicted cold
dark matter abundance as well as the branching ratio of the
lepton-flavor-violating 4 — ey process can be simultane-
ously consistent with observations within the simplest
(original) scotogenic model [1]. We assume that the lightest
Majorana singlet fermion, N, becomes the dark matter
particle and N, is considered to be almost degenerate with
the next-to-lightest Majorana singlet fermion N,. In this
case, M| < M, < M5, we could take account of coanni-
hilation effects [76].

The (co)annihilation cross section times the relative
velocity of annihilation particles v, is given by [5]

z]|1]rel| - alj + bljvreh (10)
with
1 M2
I = N
b my —3miM3 —M‘l‘a__
J 3(M2 +m(2))2 J
1 M3(M7}+ m)
lzﬂWZYalYa]YﬂlYﬁ]v (11)

where 6;; (i, j = 1,2) is the annihilation cross section for
NN, — ff, AM=(M,—M,)/M, depicts the mass-splitting
ratio of the degenerate singlet fermions, x = M, /T denotes

083011-2



SCOTOGENIC DARK MATTER AND SINGLE-ZERO ..

PHYS. REV. D 98, 083011 (2018)

the ratio of the mass of the lightest singlet fermion to the
temperature 7, and g, and g, are the number of degrees of
freedom of N; and N,, respectively. The effective cross
section o is obtained as

2
Ocff = TIO'U + gzlgz 012(1 + AM)3/2€_AM‘X
eff Gett
g2
+ 72622(1 + AM)3€_2AM.X,
geff
Gett = g1 + g2 (1 + AM )32 =AM, (12)

Since N is considered almost degenerate with N,, we have
AM ~ (0 and obtain

011 , 012 | O
aeff|vrel| = <T+7+T>|Urel|

= Aoty + begr V%), (13)
where

ap , dipp | dxn
e R
byy by by

The thermally averaged cross section can be written as
(Ot Vrel]) = @efy + Obeg/x and the relic abundance of cold
dark matter is estimated to be

5 1.07 x 10%x;
Q= —7 . (15)
g+ "My (GeV) (aesr + 3bes/xy)
where my, = 1.22 x 10" GeV, g, = 106.75, and
0-0389effmp1M 1 (%ff \ Urel ’)
szln 12 1/2 . (16)
9= Xy

III. MODIFIED TRIBIMAXIMAL MIXING

In order to determine the magnitude of the elements of
the Yukawa matrix

Yel Ye2 Ye3
Y - Yﬂl Yﬂ2 Yﬂ3 (17)
Y‘rl Y‘r2 Y‘r3

in Eq. (2), we employ methods (¢’) and (d’) from the
Introduction.

According to method (c’), assuming the mass matrix of
the charged lepton is diagonal, we write the neutrino
mixing matrix

Ue 1 UeZ Ue3
U= U;tl U/42 U/B (18)
U‘:l Ur2 U13

as the following modified tribimaximal mixing with { =0
[40,46]:

_sin@  cosf 1
U= 2 V2 2
sinf _cosf L
2 2 V2
cosp 0 e sing
x o 1 0o |. (9
—e“sing 0 cosg

The neutrino mixing angles 6;,, 6,3, and 65 can be defined
via the elements of the neutrino mixing matrix [77],

2 2
) |U€2| ) |Uﬂ3|
sin“f, = ————, Sin“fh; = ————,
2 1_|Ue32 > 1_|U€32
sin*6y3 = [Ues|*. (20)
We obtain

Sin2 912 = 0336, Sin2 923 = 0400,
sin? 03 = 0.0202, (21)

for 6 = 35°, ¢ = 10° which can accommodate the result of
the following global fitting (30) for the so-called normal
mass ordering of neutrino masses [78]:

sin? 0, = 0.271 — 0.345,
sin? 63 = 0.385 — 0.635,
sin? 0,3 = 0.01934 — 0.02392. (22)

Although the neutrino mass ordering (either the normal
mass ordering or the inverted mass ordering) is not
determined, a global analysis shows that the preference
for the normal mass ordering is mostly due to neutrino
oscillation measurements [79,80]. We assume the normal
mass hierarchical spectrum for the neutrinos.

Using the relation

UTM,,U:diag(ml,mz,m3), (23)
where m;, m,, and ms denote the neutrino mass eigenval-
ues, along with Egs. (5) and (19), the vanishing oft-
diagonal elements of the mass matrix M, yield
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Y, Y, Y,
Y=1|-aYy Y, aY; |, (24)

aj Yl —Y2 ay Y3

and the neutrino mass eigenvalues are obtained as

my=c YN, my=cY5Ny,  my=c3Y3A;,  (25)
where

A=Ay, (26)
and
a; =0.647, a,=0343, a3=4.40, a,=5.39,
cp =154, ¢,=3.00, c¢3=494, (27)

for & = 35° and ¢ = 10° [40]. We note that the values in
Eq. (27) are different from those in Ref. [40]. In Ref. [40],
6 = 35° and @ = 12° were taken from the neutrino oscil-
lation pattern in Ref. [81]. On the other hand, we take
6 = 35° ¢ = 10° from the global fitting data in Ref. [78].
This difference does not greatly affect our conclusions.

The squared mass differences of the neutrinos are
given by

Am3y = m3 —my = [(€2Y3)? = (e Y)*|AL,

Am§1 = m% - m{ = (C3Y§A3)2 - (Cly%Al)z’ (28)

and we obtain the relations

1
Y3 = oA \/Amé + (ViM%
1
V3= —\/And, + (e VA (29)
33

The best-fit values of the squared mass differences are
reported as [78]

Am3; =7.50 x 107 eV2,
Am3, =2.524 x 1073 eV2. (30)

With the definition

_ M,

e = (31)

bl
mg

there are five parameters A, rq, r3, mg, Y to calculate the
relic abundance of dark matter and the branching ratio of
the u — ey process.

IV. ONE ZERO TEXTURE

A. Model parameters

According to method (d’) in the Introduction, we assume
that the flavor neutrino mass matrix M, has one zero
element. There are six patterns for the flavor neutrino mass
matrix M

0
Gi: | -

X X

Gs: | — X , Gs: | — (32)

Q
w
|
X © X X X © X X X
Q
~
|
o
S X X X X X X X X

For the G pattern, the relation
M= VA + Voo + YA =0 (33)

is required by Eq. (5), where

w1 r 1
Ay = — 1 ——*_1In— ). 34
k 167r2m01—r%< l—r%nri) (34)

Since A, > 0 for r; # 1 and we assumed that Y is real,
Eq. (33) yields Y,;, = 0. However, the vanishing Y, yields

3
Meﬂ - ZyekYﬂkAk - 0,
k=1
3
Mer = Z YekYTkAk =0, (35)
k=1
as well as
0O 0 O
- x x|, (36)
- - X

and the one-zero-texture assumption should be violated.
Thus, the G, pattern is excluded in the scotogenic model.
Similarly, the G4 and Gg patterns are also excluded.
For the G, pattern, the relation
My =Y YA+ YooV oAy + Y 3Y 303
= —611Y%A1 + Y%Al + a3Y§A3
=0 (37)
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is required by Egs. (5) and (24). Using Eq. (29), we have

+ (e YiA)? = (38)

and Y; becomes a function of 4, ry, r3, and my,.
Similarly, we obtain

=0
— — \/Am2
o my; +

+ 8 Jand, (@A =0, (39)
3

@ YiA (e YiA))?

for the Gz pattern and

1
—ajaYiA - o \/Am%1 + (e YIA)?

asay

(CIY%AI)Z =0, (40)

for the Gs pattern.

Thanks to the assumption of one zero texture for the
flavor neutrino mass matrix, the number of parameters is
reduced to four (4, ry, r3, mg) for the relic abundance of
dark matter and the branching ratio of the y — ey process.

B. Parameter dependence

We show the parameter dependence on the relic
abundance of dark matter Qh® and the branching ratio

Br(u — ey).
We can write Eq. (34) as

1
Ak :m—OA;((/L rk), (41)
and obtain
[(c273)% = (e Y7)PJAT (4, 1y) o mig,
(c3Y3)2A5 (A, 13) = (€1 Y7)* AP (A, 1y) o mg (42)
from Eq. (28) and
Y? o my, Y3 o my, Y3 < my (43)

from Eq. (29). Thus, Y, Y4 is proportional to m:
YuYp = mOYakY/ﬁk’ (44)

where Y/, is a function of A and ry,

Yoo = f(4 o). (45)

The coefficients of the cross section in Eq. (11) can be
expressed in terms of Y/, as

! ! ! !/
aij = 871' ’"1 _|_1 ZZ YalY _Ya/Y )
1-3rF—rf

=

Y 3(r§ + 1)2 Y
r 1 r 1 1yl oyl y!

12,; (rl ZYmYaJYﬂIYﬂ/’ (46)
which are functions of 1 and r;. Since the annihilation
cross section is independent of r; [see Eq. (14)], the relic
abundance of dark matter depends on only 4 and r,

Qh% = f(A,r). (47)

On the other hand, the branching ratio Br(u — ey) depends
on all four parameters A, rq, r3, and m,

Br(y—>ey):f(/1,r1,r3,m0). (48)

C. G,

We show that the G5 pattern within the scotogenic model
1s consistent with the observed neutrino oscillation data, the
relic abundance of dark matter /2, and the branching ratio
Br(y — ey) from numerical calculations.

First, to guaranty the consistency of the neutrino oscil-
lation data, we take 6 = 35°, ¢ = 10°, and the best-fit
values of the squared mass differences in Eq. (30). Next, we
adopt the following standard criteria (see, e.g.,
Refs. [3,37,38]). 1) The quartic coupling satisfies the

assumed that the additional lightest Majorana fermion N is
the dark matter particle, we require r; < r3. 3) The mass
scale of new fields is a few TeV. We take
36 x107°<1<42x107,
0.5<r <£0.99,
1.1 S rs S 30,
2 TeV <my <4 TeV. (49)

Let us consider the benchmark parameter set

A=4x1072,
r3 = 115,

r = 0.786,

Using these benchmark values, we obtain
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Qh? =0.118, Br(u — ey) =336 x 10713, (51)
which are consistent with observations. The observed relic
abundance is QA% = 0.1184 £ 0.0012 [82], while the mea-
sured upper limit of the branching ratio is Br(y — ey) <
4.2 x 10713 [83]. Although the upper limits of the branching
ratio of Br(z — uy) <4.4x 1078 and Br(r — ey) <3.3x 1078
were also reported [84], we only account for Br(u — ey)
since it is the most stringent constraint.

The results from a more general parameter search are
shown in Figs. 1-4.

Figure 1 shows the dependence of the relic abundance of
dark matter QA2 on the mass ratio r; in the G5 pattern. The
dotted horizontal lines show the upper and lower limits
from observations. The relic abundance of dark matter
depends on only A and r; [see Eq. (47)]. We see the
existence of the allowed parameter set of {4, r} for the
observed QA2

Figure 2 shows the dependence of the branching ratio
Br(u — ey) on the mass ratios r; (upper) and r; (lower).
We take 73 = 1.15 and 1 =4 x 107 in the upper panel,
while r; = 0.8 and my =3 TeV in the lower panel. The
dotted horizontal lines show the upper limits from obser-
vations. The ratio Br(u — ey) depends on all four param-
eters 4, ry, r3, and mg [see Eq. (48)]. Figure 2 shows
examples of the allowed parameter set {4, r, r3, mg}.

Figure 3 shows the branching ratio Br(u — ey) vs the
relic abundance of dark matter Q42 in the G5 pattern. In the
upper panel my=3TeV, 1 =4 x 10, and 0.5 < r; < 0.9,
while in the lower panel shows r3 = 1.15, A =4 x 107,
and 0.5 < r; £0.9. The dotted horizontal lines show the
upper limits of Br(u — ey) and the dotted vertical lines
show the lower and upper limits of QA4 from observations.
We see the existence of the allowed parameter set
{4, r1,r3,my} for the observed Qh* and Br(u — ey).

Figure 4 depicts the allowed region for 3.6 x 107 <1<
4.2x 107 and my = 3 TeV in the (ry, ;) plane satisfying
the upper limit of the branching ratio of 4 — ey and the dark
matter relic abundance bounds in the G; pattern.

0.140 T T ™o
G A =4.2x1070
3 A=4.0x1070
0130 |- %.=3.8x1077 ]
A=38.6x10" —
0.120 - .
§ o110 C N
0.100 ]
0.090 g
0080 | | | | | | |
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90
]
FIG. 1. The dependence of the relic abundance of dark matter

Qh? on the mass ratio r, in the G5 pattern. The dotted horizontal
lines show the upper and lower limits from observations.

-12
2.0x10
e "my=2.5TeV ]
1.8x10 3 mg=30TeV
-12 | =1.15 my = 3.5 TeV i
1.6x10 12 3 o mg =4.0TeV
141072 | k= 4x107 .
T 12x10 , i
Lot .
@ 80x107"8 1 i
6.0x10™"® |- 1
4.0x10™3 | e .
2.0x107"8 | il A
0_0><100 ! ! ! ! ! ! T
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90
Ty
1.2x1012 T T o |
G 7»:3.6><10_9
P 2=8.8x1077 ~
1.0x100° - ;=08 A=4.0x10 0 b
) =3 TeV A =4.2x10
= 8.0x10 B T
1
2 sox10™ | -
4.0x107 | o
2040 | .
= ! ! ! ! !

1.10 1.20 1.30 1.40 1.50 1.60 1.70
3

FIG. 2. The dependence of the branching ratio Br(z — ey) on
the mass ratios r; (upper) and r3 (lower). We take r; = 1.15 and
A = 4 x 107 in the upper panel, while r; = 0.8 and m, = 3 TeV
in the lower panel. The dotted horizontal lines show the upper
limits from observations.

We conclude that the G; pattern within the scotogenic
model is consistent with the observations.

D. G2 and G5

We show that the G, and Gs patterns are not favorable
for the scotogenic model with real Yukawa matrix
elements.

Because we assume that the Yukawa matrix elements are
real, Egs. (39) and (40) should have a real solution for Y;.
For the G, pattern, the benchmark parameter set in Eq. (50)
with @ = 35° and ¢ = 10° yields the neutrino mixings
shown in Eq. (21); however, it yields a complex Yukawa
matrix element Y, = 0.94i. If we replace 0 = 35° with
6 =36°, we obtain a real Yukawa matrix element
Y, = 0.56, but also obtain

Sin2 9]2 = 0353,
§in? 0,3 — 0.397,
sin2 6,3 — 0.0197. (52)

This value of sin?#,, is out of the range of 3¢ data in
Eq. (22). A similar result for the G5 pattern is obtained.
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1.1x10"2 ‘
1.0x1072 1 Gg 2
9.0x10™ - 'my=3Tev 3
-13 |
e
T
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4.0x107™8 | RS b
3.0x10™ | T S
2.0x1073 | .
1.0x10™"3 | .

O.0><100 I I I I I I
0.110 0.112 0.114 0.116 0.118 0.120 0.122 0.124

Qh?

s
—~woN

mmerm

Br(n—ey)

8.0x10713 ‘

GS

_rz3=1.15
%= 4x107

5010 | 05<r,<09 i

4.0x10713 i

7.0x10™ |

3333
[eN NN}
[T
PwWWN
Q.o1o.m
—
©
<
|

6.0x10™ |

Br(u—ey)

3.0x107% |- 1
2.0x107 |- .

1.0x10713 : T

O.0><100 I I I I I I
0.110 0.112 0.114 0.116 0.118 0.120 0.122 0.124

Qh?

FIG. 3. The branching ratio Br(u — ey) vs the relic abundance
of dark matter Qh®> in the G; pattern. In the upper panel
my=3TeV, 1=4x 1072, and 0.5 < r; <0.9, while in the
lower panel shows 75 = 1.15, 1 =4 x 107, and 0.5 < r; < 0.9.
The dotted horizontal lines show the upper limits of Br(y — ey)
and the dotted vertical lines show the lower and upper limits of
Qh? from observations.

2.4 T
GS

22 ++
Oh? = 0.1184 £ 0.0012 P
2r Br(p.—>ey)<4.2><10’13 AR
9 9 ++++++
18 36x107 <A <4.2x10 PRI
< my=3TeV E e
16 +H++ttE
+++++tt bR+
14 | B e o o
B e o o o
12 | +44++++++++++++t+++t bttt bbb
B R R b S R R R

1 | | | | | |

0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
'y

FIG. 4. Allowed region for 3.6 x 10 <1 <42 x 10~ and
my = 3 TeV in the (ry, r3) plane satisfying the upper limit of the
branching ratio of 4 — ey and the dark matter relic abundance
bounds in the Gj pattern.

We performed a scan of the parameter space for real Y,
with the following sample points:

0 = {34°,35°,36°,37°},
@ ={9°,10° 11°,12°}, (53)

and

) =1{3.6,3.8,4.0,42} x 107,
ri = {0.5,0.6,0.7,0.8,0.9},
ry = {1.1,2.1,3.1}. (54)

Since Egs. (41) and (44) are satisfied, YA, is independent
of mg. Equations (39) and (40) are also independent
of my.

We obtain

sin20,, = 0.352 — 0.372,
Sil’l2 923 =0.374 - 0406,
sin? 05 = 0.0156 — 0.0283 (55)

for the G, pattern and

sin? 0, = 0.352 — 0.372,
sin? 03 = 0.374 — 0.397,
sin? 03 = 0.0192 — 0.0283 (56)

for the G5 pattern from the scan. These predicted values of
sin” 0, are out of the range of 3¢ data.

We conclude that the G, and Gs patterns are not
favorable for the scotogenic model with real Yukawa
matrix elements.

V. SUMMARY

We have assumed that the neutrino mixing is described
by a modified tribimaximal mixing and the Yukawa
matrix elements are real. Moreover, we have required
the flavor neutrino mass matrix to have one zero element.
There are six patterns of the flavor neutrino mass matrix,
Gy, G,, - -+, Gg in the one-zero scheme.

It turned out that only one pattern, Gz, within the
scotogenic model is consistent with the observed neutrino
oscillation data, the relic abundance of the dark matter, and
the upper limit of the branching ratio of the y — ey process.
For three patterns (G;, Gy, and Gg), the texture zero
assumption should be violated. Two patterns (G, and
Gs) are not favorable because the predicted sin®#,, is
out of the range of 3¢ data.

Finally, we would like to comment on whether the result
in this paper is robust in the presence of CP violation. Since
we assumed that all elements of the Yukawa matrix are real,
there is no C'P-violating source in the Yukawa sector. If we
had included CP-violating phases such as in the realistic
tribimaximal neutrino mixing patterns in Ref [85], the
results may have been different. A detailed analysis of this
topic will be found in our future study.

083011-7



TERUYUKI KITABAYASHI

PHYS. REV. D 98, 083011 (2018)

[1] E. Ma, Phys. Rev. D 73, 077301 (2006).
[2] E. Ma, Phys. Rev. Lett. 81, 1171 (1998).
[3] J. Kubo, E. Ma, and D. Suematsu, Phys. Lett. B 642, 18
(2000).
[4] T. Hambye, K. Kannike, E. Ma, and M. Raidal, Phys. Rev.
D 75, 095003 (2007).
[5] D. Suematsu, T. Toma, and T. Yoshida, Phys. Rev. D 79,
093004 (2009).
[6] Y. Farzan, Phys. Rev. D 80, 073009 (2009).
[71 Y. Farzan, Mod. Phys. Lett. A 25, 2111 (2010).
[8] D. Suematsu, T. Toma, and T. Yoshida, Phys. Rev. D 82,
013012 (2010).
[9] Y. Farzan, Int. J. Mod. Phys. A 26, 2461 (2011).
[10] S. Kanemura, O. Seto, and T. Shimomura, Phys. Rev. D 84,
016004 (2011).
[11] D. Schmidt, T. Schwetz, and T. Toma, Phys. Rev. D 85,
073009 (2012).
[12] Y. Faezan and E. Ma, Phys. Rev. D 86, 033007 (2012).
[13] M. Aoki, M. Duerr, J. Kudo, and H. Takano, Phys. Rev. D
86, 076015 (2012).
[14] D. Hehn and A. Ibarra, Phys. Lett. B 718, 988 (2013).
[15] P.S. Bhupal Dev and A. Pilaftsis, Phys. Rev. D 86, 035002
(2012).
[16] P.S. Bhupal Dev and A. Pilaftsis, Phys. Rev. D 87, 053007
(2013).
[17] S.S.C. Law and K. L. McDonald, J. High Energy Phys. 09
(2013) 092.
[18] S. Kanemura, T. Matsui, and H. Sugiyama, Phys. Lett. B
727, 151 (2013).
[19] M. Hirsch, R. A. Lineros, S. Morisi, J. Palacio, N. Rojas,
and J. M. F. Valle, J. High Energy Phys. 10 (2013) 149.
[20] D. Restrepo, O. Zapata, and C. E. Yaguna, J. High Energy
Phys. 11 (2013) 011.
[21] M. Lindner, D. Schmidt, and A. Watanabe, Phys. Rev. D 89,
013007 (2014).
[22] H. Okada and K. Yagyu, Phys. Rev. D 89, 053008
(2014).
[23] H. Okada and K. Yagyu, Phys. Rev. D 90, 035019 (2014).
[24] V. Brdar, I. Picek, and B. Radov¢i¢, Phys. Lett. B 728, 198
(2014).
[25] T. Toma and A. Vicente, J. High Energy Phys. 01 (2014)
160.
[26] A. Vicente and C.E. Yaguna, J. High Energy Phys. 02
(2015) 144.
[27] D. Borah, Phys. Rev. D 92, 075005 (2015).
[28] W. Wang and Z.L. Han, Phys. Rev. D 92, 095001
(2015).
[29] S. Fraser, C. Kownacki, E. Ma, and O. Popov, Phys. Rev. D
93, 013021 (2016).
[30] R. Adhikari, D. Borah, and E. Ma, Phys. Lett. B 755, 414
(2016).
[31] E. Ma, Phys. Lett. B 755, 348 (2016).
[32] A. Arhrib, C. Boehm, E. Ma, and T. C. Yuan, J. Cosmol.
Astropart. Phys. 04 (2016) 049.
[33] H. Okada, N. Okada, and Y. Orikasa, Phys. Rev. D 93,
073006 (2016).
[34] A. Ahriche, K. L. McDonald, S. Nasri, and I. Picek, Phys.
Lett. B 757, 399 (2016).
[35] W.B. Lu and P.H. Gu, J. Cosmol. Astropart. Phys. 05
(2016) 040.

[36] Y. Cai and M. A. Schmidt, J. High Energy Phys. 05 (2016)
028.

[37] A. Ibarra, C.E. Yaguna, and O. Zapata, Phys. Rev. D 93,
035012 (2016).

[38] M. Lindner, M. Platscher, and C. E. Yaguna, Phys. Rev. D
94, 115027 (2016).

[39] A. Das, T. Nomura, H. Okada, and S. Roy, Phys. Rev. D 96,
075001 (2017).

[40] S. Singirala, Chin. Phys. C 41, 043102 (2017).

[41] T. Kitabayashi, S. Ohkawa, and M. Yasue, Int. J. Mod. Phys.
A 32, 1750186 (2017).

[42] N. Rojas, R. Srivastava, and J.W.FE. Valle, arXiv:
1807.11447.

[43] S. Baumholzer, V. Brdar, and P. Schwaller, J. High Energy
Phys. 08 (2018) 067.

[44] A. Ahriche, A. Jueid, and S. Nasri, Phys. Rev. D 97, 095012
(2018).

[45] T. Hugle, M. Platscher, and K. Schmitz, Phys. Rev. D 98,
023020 (2018).

[46] M. Sruthilaya, C. Soumya, K. N. Deepthi, and R Mohanta,
New J. Phys. 17, 083028 (2015).

[47] P.O. Ludl and W. Grimus, J. High Energy Phys. 07 (2014)
090.

[48] M.S. Berger and K. Siyeon, Phys. Rev. D 64, 053006
(2001).

[49] C.I. Low, Phys. Rev. D 70, 073013 (2004).

[50] C.I. Low, Phys. Rev. D 71, 073007 (2005).

[51] W. Grimus, A. S. Joshipura, L. Lavoura, and M. Tanimoto,
Eur. Phys. J. C 36, 227 (2004).

[52] Z.-z. Xing and S. Zhou, Phys. Lett. B 679, 249 (2009).

[53] S. Dev, S. Gupta, and R. R. Gautam, Phys. Lett. B 701, 605
(2011).

[54] T. Araki, J. Heeck, and J. Kubo, J. High Energy Phys. 07
(2012) 083.

[55] R. G. Felipe and H. Serodio, Nucl. Phys. B886, 75 (2014).

[56] W. Grimus and L. Lavoura, J. Phys. G 31, 693 (2005).

[57] Z.-z. Xing, Phys. Rev. D 69, 013006 (2004).

[58] E. Lashin and N. Chamoun, Phys. Rev. D 85, 113011
(2012).

[59] K. Deepthi, S. Gollu, and R. Mohanta, Eur. Phys. J. C 72,
1888 (2012).

[60] R.R. Gautam, M. Singh, and M. Gupta, Phys. Rev. D 92,
013006 (2015).

[61] L. M. Cebola, D. E. Costa, and R. G. Felipe, Phys. Rev. D
92, 025005 (2015).

[62] P. H. Frampton, S. L. Glashow, and D. Marfatia, Phys. Lett.
B 536, 79 (2002).

[63] Z.-z. Xing, Phys. Lett. B 530, 159 (2002).

[64] Z.-z. Xing, Phys. Lett. B 539, 85 (2002).

[65] A.Kageyama, S. Kaneko, N. Shimoyana, and M. Tanimoto,
Phys. Lett. B 538, 96 (2002).

[66] S. Dev, S. Kumar, S. Verma, and S. Gupta, Phys. Rev. D 76,
013002 (2007).

[67] P. Ludle, S. Morisi, and E. Peinado, Nucl. Phys. B857, 411
(2012).

[68] S. Kumar, Phys. Rev. D 84, 077301 (2011).

[69] H. Fritzsch, Z.-z. Xing, and S. Zhou, J. High Energy Phys.
09 (2011) 083.

[70] D. Meloni and G. Blankenburg, Nucl. Phys. B869, 746
(2013).

083011-8


https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1103/PhysRevLett.81.1171
https://doi.org/10.1016/j.physletb.2006.08.085
https://doi.org/10.1016/j.physletb.2006.08.085
https://doi.org/10.1103/PhysRevD.75.095003
https://doi.org/10.1103/PhysRevD.75.095003
https://doi.org/10.1103/PhysRevD.79.093004
https://doi.org/10.1103/PhysRevD.79.093004
https://doi.org/10.1103/PhysRevD.80.073009
https://doi.org/10.1142/S0217732310034018
https://doi.org/10.1103/PhysRevD.82.013012
https://doi.org/10.1103/PhysRevD.82.013012
https://doi.org/10.1142/S0217751X11053572
https://doi.org/10.1103/PhysRevD.84.016004
https://doi.org/10.1103/PhysRevD.84.016004
https://doi.org/10.1103/PhysRevD.85.073009
https://doi.org/10.1103/PhysRevD.85.073009
https://doi.org/10.1103/PhysRevD.86.033007
https://doi.org/10.1103/PhysRevD.86.076015
https://doi.org/10.1103/PhysRevD.86.076015
https://doi.org/10.1016/j.physletb.2012.11.034
https://doi.org/10.1103/PhysRevD.86.035002
https://doi.org/10.1103/PhysRevD.86.035002
https://doi.org/10.1103/PhysRevD.87.053007
https://doi.org/10.1103/PhysRevD.87.053007
https://doi.org/10.1007/JHEP09(2013)092
https://doi.org/10.1007/JHEP09(2013)092
https://doi.org/10.1016/j.physletb.2013.09.061
https://doi.org/10.1016/j.physletb.2013.09.061
https://doi.org/10.1007/JHEP10(2013)149
https://doi.org/10.1007/JHEP11(2013)011
https://doi.org/10.1007/JHEP11(2013)011
https://doi.org/10.1103/PhysRevD.89.013007
https://doi.org/10.1103/PhysRevD.89.013007
https://doi.org/10.1103/PhysRevD.89.053008
https://doi.org/10.1103/PhysRevD.89.053008
https://doi.org/10.1103/PhysRevD.90.035019
https://doi.org/10.1016/j.physletb.2013.11.045
https://doi.org/10.1016/j.physletb.2013.11.045
https://doi.org/10.1007/JHEP01(2014)160
https://doi.org/10.1007/JHEP01(2014)160
https://doi.org/10.1007/JHEP02(2015)144
https://doi.org/10.1007/JHEP02(2015)144
https://doi.org/10.1103/PhysRevD.92.075005
https://doi.org/10.1103/PhysRevD.92.095001
https://doi.org/10.1103/PhysRevD.92.095001
https://doi.org/10.1103/PhysRevD.93.013021
https://doi.org/10.1103/PhysRevD.93.013021
https://doi.org/10.1016/j.physletb.2016.02.039
https://doi.org/10.1016/j.physletb.2016.02.039
https://doi.org/10.1016/j.physletb.2016.02.032
https://doi.org/10.1088/1475-7516/2016/04/049
https://doi.org/10.1088/1475-7516/2016/04/049
https://doi.org/10.1103/PhysRevD.93.073006
https://doi.org/10.1103/PhysRevD.93.073006
https://doi.org/10.1016/j.physletb.2016.04.022
https://doi.org/10.1016/j.physletb.2016.04.022
https://doi.org/10.1088/1475-7516/2016/05/040
https://doi.org/10.1088/1475-7516/2016/05/040
https://doi.org/10.1007/JHEP05(2016)028
https://doi.org/10.1007/JHEP05(2016)028
https://doi.org/10.1103/PhysRevD.93.035012
https://doi.org/10.1103/PhysRevD.93.035012
https://doi.org/10.1103/PhysRevD.94.115027
https://doi.org/10.1103/PhysRevD.94.115027
https://doi.org/10.1103/PhysRevD.96.075001
https://doi.org/10.1103/PhysRevD.96.075001
https://doi.org/10.1088/1674-1137/41/4/043102
https://doi.org/10.1142/S0217751X1750186X
https://doi.org/10.1142/S0217751X1750186X
http://arXiv.org/abs/1807.11447
http://arXiv.org/abs/1807.11447
https://doi.org/10.1007/JHEP08(2018)067
https://doi.org/10.1007/JHEP08(2018)067
https://doi.org/10.1103/PhysRevD.97.095012
https://doi.org/10.1103/PhysRevD.97.095012
https://doi.org/10.1103/PhysRevD.98.023020
https://doi.org/10.1103/PhysRevD.98.023020
https://doi.org/10.1088/1367-2630/17/8/083028
https://doi.org/10.1007/JHEP07(2014)090
https://doi.org/10.1007/JHEP07(2014)090
https://doi.org/10.1103/PhysRevD.64.053006
https://doi.org/10.1103/PhysRevD.64.053006
https://doi.org/10.1103/PhysRevD.70.073013
https://doi.org/10.1103/PhysRevD.71.073007
https://doi.org/10.1140/epjc/s2004-01896-y
https://doi.org/10.1016/j.physletb.2009.07.051
https://doi.org/10.1016/j.physletb.2011.06.046
https://doi.org/10.1016/j.physletb.2011.06.046
https://doi.org/10.1007/JHEP07(2012)083
https://doi.org/10.1007/JHEP07(2012)083
https://doi.org/10.1016/j.nuclphysb.2014.06.015
https://doi.org/10.1088/0954-3899/31/7/014
https://doi.org/10.1103/PhysRevD.69.013006
https://doi.org/10.1103/PhysRevD.85.113011
https://doi.org/10.1103/PhysRevD.85.113011
https://doi.org/10.1140/epjc/s10052-012-1888-2
https://doi.org/10.1140/epjc/s10052-012-1888-2
https://doi.org/10.1103/PhysRevD.92.013006
https://doi.org/10.1103/PhysRevD.92.013006
https://doi.org/10.1103/PhysRevD.92.025005
https://doi.org/10.1103/PhysRevD.92.025005
https://doi.org/10.1016/S0370-2693(02)01817-8
https://doi.org/10.1016/S0370-2693(02)01817-8
https://doi.org/10.1016/S0370-2693(02)01354-0
https://doi.org/10.1016/S0370-2693(02)02062-2
https://doi.org/10.1016/S0370-2693(02)01964-0
https://doi.org/10.1103/PhysRevD.76.013002
https://doi.org/10.1103/PhysRevD.76.013002
https://doi.org/10.1016/j.nuclphysb.2011.12.017
https://doi.org/10.1016/j.nuclphysb.2011.12.017
https://doi.org/10.1103/PhysRevD.84.077301
https://doi.org/10.1007/JHEP09(2011)083
https://doi.org/10.1007/JHEP09(2011)083

SCOTOGENIC DARK MATTER AND SINGLE-ZERO ..

PHYS. REV. D 98, 083011 (2018)

[71] D. Meloni, A. Meroni, and E. Peinado, Phys. Rev. D 89,
053009 (2014).

[72] S. Dev, R. R. Gautam, L. Singh, and M. Gupta, Phys. Rev. D
90, 013021 (2014).

[73] S. Dev, L. Singh, and D. Raj, Eur. Phys. J. C 75, 394 (2015).

[74] T. Kitabayashi and M. Yasue, Phys. Rev. D 93, 053012
(2016).

[75] K. Bora, D. Borah, and D. Dutta, Phys. Rev. D 96, 075006
(2017).

[76] K. Griest and D. Seckel, Phys. Rev. D 43, 3191 (1991).

[77] C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40,
100001 (2016).

[78] 1. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-
Soler, and T. Schwetz, J. High Energy Phys. 01 (2017) 087.

[79] P.E. de Salas, S. Gariazzo, O. Mena, C. A. Ternes, and M.
Toértola, arXiv:1806.11051.

[80] P.E. de Salas, D. V. Forero, C. A. Ternes, M. Toértola, and
J.W.FE Valle, Phys. Lett. B 782, 633 (2018).

[81] D. Forero. M. Tortela and J. Valle, Phys. Rev. D 90, 093006
(2014).

[82] P.A.R. Ade et al. (Planck Collaboration), Astron. As-
trophys. 594, A13 (2016).

[83] A.M. Baldini et al. (MEG Collaboration), Eur. Phys. J. C
76, 434 (2016).

[84] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
104, 021802 (2010).

[85] P. Chen, S. C. Chuli4, G.-J. Ding, R. Srivastava, and J. W. F.
Valle, Phys. Rev. D 98, 055019 (2018).

083011-9


https://doi.org/10.1103/PhysRevD.89.053009
https://doi.org/10.1103/PhysRevD.89.053009
https://doi.org/10.1103/PhysRevD.90.013021
https://doi.org/10.1103/PhysRevD.90.013021
https://doi.org/10.1140/epjc/s10052-015-3569-4
https://doi.org/10.1103/PhysRevD.93.053012
https://doi.org/10.1103/PhysRevD.93.053012
https://doi.org/10.1103/PhysRevD.96.075006
https://doi.org/10.1103/PhysRevD.96.075006
https://doi.org/10.1103/PhysRevD.43.3191
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1007/JHEP01(2017)087
http://arXiv.org/abs/1806.11051
https://doi.org/10.1016/j.physletb.2018.06.019
https://doi.org/10.1103/PhysRevD.90.093006
https://doi.org/10.1103/PhysRevD.90.093006
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://doi.org/10.1103/PhysRevLett.104.021802
https://doi.org/10.1103/PhysRevLett.104.021802
https://doi.org/10.1103/PhysRevD.98.055019

