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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 μ → eγ
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 Mν (see, e.g., Ref. [41]).

In this study, we employ methods (c) and (d). More
concretely:

(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 Mν

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 Mν 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 ðc0Þ, we assume that the neutrino
mixing matrix is described as a modified tribimaximal
mixing pattern [40,46]. In Sec. IV, according to method
ðd0Þ, 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 μ → eγ 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 SUð2ÞL
singlets Nk (k ¼ 1, 2, 3) and one new scalar SUð2ÞL
doublet ðηþ; η0Þ. These new particles are odd under
exact Z2 symmetry. Under SUð2ÞL × Uð1ÞY × Z2, the
main particle content in the scotogenic model is given
by (α ¼ e, μ, τ)

Lα ¼ ðνα;lαÞL∶ ð2;−1=2;þÞ; lC
α∶ð1; 1;þÞ;

Φ ¼ ðϕþ;ϕ0Þ∶ ð2; 1=2;þÞ;
Nk∶ð1; 0;−Þ; η ¼ ðηþ; η0Þ∶ ð2; 1=2;−Þ; ð1Þ

where ðνα;lαÞ is the left-handed lepton doublet and
ðϕþ;ϕ0Þ is the Higgs doublet in the standard model.
The Lagrangian of the scotogenic model contains new

terms for the new singlets,

L ⊃ Yαkðν̄αLη0 − l̄αLη
þÞNk þ

1

2
MkN̄kNC

k þ H:c:; ð2Þ

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

V ⊃
1

2
λðΦ†ηÞ2 þ H:c: ð3Þ

Owing to the Z2 symmetry, neutrinos remain massless at
tree level but acquire masses via one-loop interactions. The
neutrino flavor mass matrix reads [1]

Mν ¼

0
B@

Mee Meμ Meτ

− Mμμ Mμτ

− − Mττ

1
CA; ð4Þ

where the symbol “−” denotes a symmetric partner. The
flavor neutrino masses are obtained as

Mαβ ¼
X3
k¼1

YαkYβkΛk; ð5Þ

where

Λk ¼
λv2

16π2
Mk

m2
0 −M2

k

�
1 −

M2
k

m2
0 −M2

k

ln
m2

0

M2
k

�
; ð6Þ

m2
0 ¼

1

2
ðm2

R þm2
I Þ; ð7Þ

and v, mR, and mI denote the vacuum expectation value of
the Higgs field, and the masses of

ffiffiffi
2

p
Re½η0� and ffiffiffi

2
p

Im½η0�,
respectively.
In this model, flavor-violating processes such as μ → eγ

are induced at the one-loop level. The branching ratio of
μ → eγ is given by [3]

Brðμ → eγÞ ¼ 3αem
64πðGFm2

0Þ2
����
X3
k¼1

YμkY�
ekF

�
Mk

m0

�����
2

; ð8Þ

where αem denotes the fine-structure constant, GF denotes
the Fermi coupling constant, and FðxÞ is defined by

FðxÞ ¼ 1 − 6x2 þ 3x4 þ 2x6 − 6x4 ln x2

6ð1 − x2Þ4 : ð9Þ

The scotogenic model predicts the existence of a dark
matter particle. The lightest Z2-odd particle is stable in the
particle spectrum. This lightest Z2-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 μ → eγ process can be simultane-
ously consistent with observations within the simplest
(original) scotogenic model [1]. We assume that the lightest
Majorana singlet fermion, N1, becomes the dark matter
particle and N1 is considered to be almost degenerate with
the next-to-lightest Majorana singlet fermion N2. In this
case, M1 ≲M2 < M3, we could take account of coanni-
hilation effects [76].
The (co)annihilation cross section times the relative

velocity of annihilation particles vrel is given by [5]

σijjvrelj ¼ aij þ bijv2rel; ð10Þ

with

aij ¼
1

8π

M2
1

ðM2
1 þm2

0Þ2
X
αβ

ðYαiYβj − YαjYβiÞ2;

bij ¼
m4

0 − 3m2
0M

2
1 −M4

1

3ðM2
1 þm2

0Þ2
aij

þ 1

12π

M2
1ðM4

1 þm4
0Þ

ðM2
1 þm2

0Þ4
X
αβ

YαiYαjYβiYβj; ð11Þ

where σij ði; j ¼ 1; 2Þ is the annihilation cross section for
NiNj→ f̄f,ΔM¼ðM2−M1Þ=M1 depicts the mass-splitting
ratio of the degenerate singlet fermions, x ¼ M1=T denotes
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the ratio of the mass of the lightest singlet fermion to the
temperature T, and g1 and g2 are the number of degrees of
freedom of N1 and N2, respectively. The effective cross
section σeff is obtained as

σeff ¼
g21
g2eff

σ11 þ
2g1g2
g2eff

σ12ð1þ ΔMÞ3=2e−ΔM·x

þ g22
g2eff

σ22ð1þ ΔMÞ3e−2ΔM·x;

geff ¼ g1 þ g2ð1þ ΔMÞ3=2e−ΔM·x: ð12Þ

Since N1 is considered almost degenerate with N2, we have
ΔM ≃ 0 and obtain

σeff jvrelj ¼
�
σ11
4

þ σ12
2

þ σ22
4

�
jvrelj

¼ aeff þ beffv2rel; ð13Þ

where

aeff ¼
a11
4

þ a12
2

þ a22
4

;

beff ¼
b11
4

þ b12
2

þ b22
4

: ð14Þ

The thermally averaged cross section can be written as
hσeff jvrelji ¼ aeff þ 6beff=x and the relic abundance of cold
dark matter is estimated to be

Ωh2 ¼ 1.07 × 109xf
g1=2� mplðGeVÞðaeff þ 3beff=xfÞ

; ð15Þ

where mpl ¼ 1.22 × 1019 GeV, g� ¼ 106.75, and

xf ¼ ln
0.038geffmplM1hσeff jvrelji

g1=2� x1=2f

: ð16Þ

III. MODIFIED TRIBIMAXIMAL MIXING

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

Y ¼

0
B@

Ye1 Ye2 Ye3

Yμ1 Yμ2 Yμ3

Yτ1 Yτ2 Yτ3

1
CA ð17Þ

in Eq. (2), we employ methods ðc0Þ and ðd0Þ from the
Introduction.
According to method ðc0Þ, assuming the mass matrix of

the charged lepton is diagonal, we write the neutrino
mixing matrix

U ¼

0
B@

Ue1 Ue2 Ue3

Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

1
CA ð18Þ

as the following modified tribimaximal mixing with ζ ¼ 0
[40,46]:

U ¼

0
B@

cos θ sin θ 0

− sin θffiffi
2

p cos θffiffi
2

p 1ffiffi
2

p

sin θffiffi
2

p − cos θffiffi
2

p 1ffiffi
2

p

1
CA

×

0
B@

cosφ 0 e−iζ sinφ

0 1 0

−eiζ sinφ 0 cosφ

1
CA: ð19Þ

The neutrino mixing angles θ12, θ23, and θ13 can be defined
via the elements of the neutrino mixing matrix [77],

sin2θ12 ¼
jUe2j2

1 − jUe3j2
; sin2θ23 ¼

jUμ3j2
1 − jUe3j2

;

sin2θ13 ¼ jUe3j2: ð20Þ

We obtain

sin2 θ12 ¼ 0.336; sin2 θ23 ¼ 0.400;

sin2 θ13 ¼ 0.0202; ð21Þ

for θ ¼ 35°, φ ¼ 10° which can accommodate the result of
the following global fitting (3σ) for the so-called normal
mass ordering of neutrino masses [78]:

sin2 θ12 ¼ 0.271 − 0.345;

sin2 θ23 ¼ 0.385 − 0.635;

sin2 θ13 ¼ 0.01934 − 0.02392: ð22Þ

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

UTMνU ¼ diagðm1; m2; m3Þ; ð23Þ

where m1, m2, and m3 denote the neutrino mass eigenval-
ues, along with Eqs. (5) and (19), the vanishing off-
diagonal elements of the mass matrix Mν yield
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Y ¼

0
B@

Y1 Y2 Y3

−a1Y1 Y2 a3Y3

a2Y1 −Y2 a4Y3

1
CA; ð24Þ

and the neutrino mass eigenvalues are obtained as

m1 ¼ c1Y2
1Λ1; m2 ¼ c2Y2

2Λ2; m3 ¼ c3Y2
3Λ3; ð25Þ

where

Λ1 ≃ Λ2; ð26Þ

and

a1 ¼ 0.647; a2 ¼ 0.343; a3 ¼ 4.40; a4 ¼ 5.39;

c1 ¼ 1.54; c2 ¼ 3.00; c3 ¼ 49.4; ð27Þ

for θ ¼ 35° and φ ¼ 10° [40]. We note that the values in
Eq. (27) are different from those in Ref. [40]. In Ref. [40],
θ ¼ 35° and φ ¼ 12° were taken from the neutrino oscil-
lation pattern in Ref. [81]. On the other hand, we take
θ ¼ 35°, φ ¼ 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

Δm2
21 ¼ m2

2 −m1
1 ¼ ½ðc2Y2

2Þ2 − ðc1Y2
1Þ2�Λ2

1;

Δm2
31 ¼ m2

3 −m1
1 ¼ ðc3Y2

3Λ3Þ2 − ðc1Y2
1Λ1Þ2; ð28Þ

and we obtain the relations

Y2
2 ¼

1

c2Λ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

21 þ ðc1Y2
1Λ1Þ2

q
;

Y2
3 ¼

1

c3Λ3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

31 þ ðc1Y2
1Λ1Þ2

q
: ð29Þ

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

Δm2
21 ¼ 7.50 × 10−5 eV2;

Δm2
31 ¼ 2.524 × 10−3 eV2: ð30Þ

With the definition

rk ¼
Mk

m0

; ð31Þ

there are five parameters λ, r1, r3, m0, Y1 to calculate the
relic abundance of dark matter and the branching ratio of
the μ → eγ process.

IV. ONE ZERO TEXTURE

A. Model parameters

According to method ðd0Þ in the Introduction, we assume
that the flavor neutrino mass matrix Mν has one zero
element. There are six patterns for the flavor neutrino mass
matrix Mν:

G1∶

0
B@

0 × ×

− × ×

− − ×

1
CA; G2∶

0
B@

× 0 ×

− × ×

− − ×

1
CA;

G3∶

0
B@

× × 0

− × ×

− − ×

1
CA; G4∶

0
B@

× × ×

− 0 ×

− − ×

1
CA;

G5∶

0
B@

× × ×

− × 0

− − ×

1
CA; G6∶

0
B@

× × ×

− × ×

− − 0

1
CA: ð32Þ

For the G1 pattern, the relation

Mee ¼ Y2
e1Λ1 þ Y2

e2Λ2 þ Y2
e3Λ3 ¼ 0 ð33Þ

is required by Eq. (5), where

Λk ¼
λv2

16π2
1

m0

rk
1 − r2k

�
1 −

r2k
1 − r2k

ln
1

r2k

�
: ð34Þ

Since Λk > 0 for rk ≠ 1 and we assumed that Yαk is real,
Eq. (33) yields Yek ¼ 0. However, the vanishing Yek yields

Meμ ¼
X3
k¼1

YekYμkΛk ¼ 0;

Meτ ¼
X3
k¼1

YekYτkΛk ¼ 0; ð35Þ

as well as

0
B@

0 0 0

− × ×

− − ×

1
CA; ð36Þ

and the one-zero-texture assumption should be violated.
Thus, the G1 pattern is excluded in the scotogenic model.
Similarly, the G4 and G6 patterns are also excluded.
For the G2 pattern, the relation

Meμ ¼ Ye1Yμ1Λ1 þ Ye2Yμ2Λ2 þ Ye3Yμ3Λ3

¼ −a1Y2
1Λ1 þ Y2

2Λ1 þ a3Y2
3Λ3

¼ 0 ð37Þ
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is required by Eqs. (5) and (24). Using Eq. (29), we have

− a1Y2
1Λ1 þ

1

c2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

21 þ ðc1Y2
1Λ1Þ2

q

þ a3
c3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

31 þ ðc1Y2
1Λ1Þ2

q
¼ 0; ð38Þ

and Y1 becomes a function of λ; r1; r3, and m0.
Similarly, we obtain

a2Y2
1Λ1 −

1

c2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

21 þ ðc1Y2
1Λ1Þ2

q

þ a4
c3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

31 þ ðc1Y2
1Λ1Þ2

q
¼ 0; ð39Þ

for the G3 pattern and

− a1a2Y2
1Λ1 −

1

c2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

21 þ ðc1Y2
1Λ1Þ2

q

þ a3a4
c3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

31 þ ðc1Y2
1Λ1Þ2

q
¼ 0; ð40Þ

for the G5 pattern.
Thanks to the assumption of one zero texture for the

flavor neutrino mass matrix, the number of parameters is
reduced to four (λ, r1, r3, m0) for the relic abundance of
dark matter and the branching ratio of the μ → eγ process.

B. Parameter dependence

We show the parameter dependence on the relic
abundance of dark matter Ωh2 and the branching ratio
Brðμ → eγÞ.
We can write Eq. (34) as

Λk ¼
1

m0

Λ0
kðλ; rkÞ; ð41Þ

and obtain

½ðc2Y2
2Þ2 − ðc1Y2

1Þ2�Λ02
1 ðλ; r1Þ ∝ m2

0;

ðc3Y2
3Þ2Λ02

3 ðλ; r3Þ − ðc1Y2
1Þ2Λ02

1 ðλ; r1Þ ∝ m2
0 ð42Þ

from Eq. (28) and

Y2
1 ∝ m0; Y2

2 ∝ m0; Y2
3 ∝ m0 ð43Þ

from Eq. (29). Thus, YαkYβk is proportional to m0:

YαkYβk ¼ m0Y 0
αkY

0
βk; ð44Þ

where Y 0
αk is a function of λ and rk,

Y 0
αk ¼ fðλ; rkÞ: ð45Þ

The coefficients of the cross section in Eq. (11) can be
expressed in terms of Y 0

αk as

aij ¼
1

8π

r21
ðr21 þ 1Þ2

X
αβ

ðY 0
αiY

0
βj − Y 0

αjY
0
βiÞ2;

bij ¼
1 − 3r21 − r41
3ðr21 þ 1Þ2 aij

þ 1

12π

r21ðr41 þ 1Þ
ðr21 þ 1Þ4

X
αβ

Y 0
αiY

0
αjY

0
βiY

0
βj; ð46Þ

which are functions of λ and rk. Since the annihilation
cross section is independent of r3 [see Eq. (14)], the relic
abundance of dark matter depends on only λ and r1,

Ωh2 ¼ fðλ; r1Þ: ð47Þ

On the other hand, the branching ratio Brðμ → eγÞ depends
on all four parameters λ, r1, r3, and m0,

Brðμ → eγÞ ¼ fðλ; r1; r3; m0Þ: ð48Þ

C. G3

We show that the G3 pattern within the scotogenic model
is consistent with the observed neutrino oscillation data, the
relic abundance of dark matterΩh2, and the branching ratio
Brðμ → eγÞ from numerical calculations.
First, to guaranty the consistency of the neutrino oscil-

lation data, we take θ ¼ 35°, φ ¼ 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
relation jλj ≪ 1 for small neutrino masses. 2) Since we
assumed that the additional lightest Majorana fermionN1 is
the dark matter particle, we require r1 < r3. 3) The mass
scale of new fields is a few TeV. We take

3.6 × 10−9 ≤ λ ≤ 4.2 × 10−9;

0.5 ≤ r1 ≤ 0.99;

1.1 ≤ r3 ≤ 3.0;

2 TeV ≤ m0 ≤ 4 TeV: ð49Þ

Let us consider the benchmark parameter set

λ ¼ 4 × 10−9; r1 ¼ 0.786;

r3 ¼ 1.15; m0 ¼ 3 TeV: ð50Þ

Using these benchmark values, we obtain
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Ωh2 ¼ 0.118; Brðμ → eγÞ ¼ 3.36 × 10−13; ð51Þ

which are consistent with observations. The observed relic
abundance is Ωh2 ¼ 0.1184� 0.0012 [82], while the mea-
sured upper limit of the branching ratio is Brðμ → eγÞ ≤
4.2 × 10−13 [83]. Although the upper limits of the branching
ratio of Brðτ→μγÞ≤4.4×10−8 and Brðτ→eγÞ≤3.3×10−8

were also reported [84], we only account for Brðμ → eγÞ
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 Ωh2 on the mass ratio r1 in the G3 pattern. The
dotted horizontal lines show the upper and lower limits
from observations. The relic abundance of dark matter
depends on only λ and r1 [see Eq. (47)]. We see the
existence of the allowed parameter set of fλ; r1g for the
observed Ωh2.
Figure 2 shows the dependence of the branching ratio

Brðμ → eγÞ on the mass ratios r1 (upper) and r3 (lower).
We take r3 ¼ 1.15 and λ ¼ 4 × 10−9 in the upper panel,
while r1 ¼ 0.8 and m0 ¼ 3 TeV in the lower panel. The
dotted horizontal lines show the upper limits from obser-
vations. The ratio Brðμ → eγÞ depends on all four param-
eters λ, r1, r3, and m0 [see Eq. (48)]. Figure 2 shows
examples of the allowed parameter set fλ; r1; r3; m0g.
Figure 3 shows the branching ratio Brðμ → eγÞ vs the

relic abundance of dark matter Ωh2 in the G3 pattern. In the
upper panelm0¼3TeV, λ ¼ 4 × 10−9, and 0.5 ≤ r1 ≤ 0.9,
while in the lower panel shows r3 ¼ 1.15, λ ¼ 4 × 10−9,
and 0.5 ≤ r1 ≤ 0.9. The dotted horizontal lines show the
upper limits of Brðμ → eγÞ and the dotted vertical lines
show the lower and upper limits of Ωh2 from observations.
We see the existence of the allowed parameter set
fλ; r1; r3; m0g for the observed Ωh2 and Brðμ → eγÞ.
Figure 4 depicts the allowed region for 3.6×10−9≤λ≤

4.2×10−9 and m0 ¼ 3 TeV in the ðr1; r3Þ plane satisfying
the upper limit of the branching ratio of μ→eγ and the dark
matter relic abundance bounds in the G3 pattern.

We conclude that the G3 pattern within the scotogenic
model is consistent with the observations.

D. G2 and G5

We show that the G2 and G5 patterns are not favorable
for the scotogenic model with real Yukawa matrix
elements.
Because we assume that the Yukawa matrix elements are

real, Eqs. (39) and (40) should have a real solution for Y1.
For the G2 pattern, the benchmark parameter set in Eq. (50)
with θ ¼ 35° and φ ¼ 10° yields the neutrino mixings
shown in Eq. (21); however, it yields a complex Yukawa
matrix element Y1 ¼ 0.94i. If we replace θ ¼ 35° with
θ ¼ 36°, we obtain a real Yukawa matrix element
Y1 ¼ 0.56, but also obtain

sin2 θ12 ¼ 0.353;

sin2 θ23 ¼ 0.397;

sin2 θ13 ¼ 0.0197: ð52Þ

This value of sin2 θ12 is out of the range of 3σ data in
Eq. (22). A similar result for the G5 pattern is obtained.
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FIG. 1. The dependence of the relic abundance of dark matter
Ωh2 on the mass ratio r1 in the G3 pattern. The dotted horizontal
lines show the upper and lower limits from observations.
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λ ¼ 4 × 10−9 in the upper panel, while r1 ¼ 0.8 andm0 ¼ 3 TeV
in the lower panel. The dotted horizontal lines show the upper
limits from observations.
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We performed a scan of the parameter space for real Y1

with the following sample points:

θ ¼ f34°; 35°; 36°; 37°g;
φ ¼ f9°; 10°; 11°; 12°g; ð53Þ

and

λ ¼ f3.6; 3.8; 4.0; 4.2g × 10−9;

r1 ¼ f0.5; 0.6; 0.7; 0.8; 0.9g;
r3 ¼ f1.1; 2.1; 3.1g: ð54Þ

Since Eqs. (41) and (44) are satisfied, Y2
1Λ1 is independent

of m0. Equations (39) and (40) are also independent
of m0.
We obtain

sin2 θ12 ¼ 0.352 − 0.372;

sin2 θ23 ¼ 0.374 − 0.406;

sin2 θ13 ¼ 0.0156 − 0.0283 ð55Þ

for the G2 pattern and

sin2 θ12 ¼ 0.352 − 0.372;

sin2 θ23 ¼ 0.374 − 0.397;

sin2 θ13 ¼ 0.0192 − 0.0283 ð56Þ

for the G5 pattern from the scan. These predicted values of
sin2 θ12 are out of the range of 3σ data.
We conclude that the G2 and G5 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,
G1;G2; � � � ;G6 in the one-zero scheme.
It turned out that only one pattern, G3, 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 μ → eγ process.
For three patterns (G1, G4, and G6), the texture zero
assumption should be violated. Two patterns (G2 and
G5) are not favorable because the predicted sin2 θ12 is
out of the range of 3σ 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 CP-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.
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