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One- and two-zero textures for the flavor neutrino mass matrix have been successful in explaining mixing in
the neutrino sector. Conservatively, six cases of one-zero textures and seven cases of two-zero textures are
compatible with observations. We show that one case may be the most natural in the one- and two-zero textures
schemes if tiny neutrino masses are generated by the type-II seesaw mechanism in triplet Higgs models.
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I. INTRODUCTION

The origin of the tiny masses and flavor mixing of
neutrinos is a long-term mystery in particle physics. The
seesaw mechanism is one of the leading theoretical
mechanisms for generating tiny neutrino masses. There
are three types of seesaw mechanisms [1].

1. Type I: Right-handed singlet neutrinos are intro-
duced in the standard model [2-6].

2. Type II: A triplet scalar (triplet Higgs boson) is
introduced in the standard model [7-12].

3. Type II: Triplet fermions are introduced in the
standard model [13].

To solve the origin of flavor mixing of neutrinos, there
have been various discussions on the texture zeros approach
for flavor neutrino masses [ 14]. In this approach, we assume
that the flavor neutrino mass matrix has zero elements.

In the one-zero texture scheme, there are the following
six cases for the flavor neutrino mass matrix:
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All six cases of one-zero textures are consistent with
observations [15].

In the two-zero texture scheme, there are 15 possible
combinations of two vanishing independent elements in the
3 x 3 Majorana flavor neutrino mass matrix. The neutrino
oscillation data allow only 7 out of the 15 cases [16-20],
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Bi: |- 0 x|, B, - X X |,
- - X - -0
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- - X - -0
X X X
C: |- 0 x (2)
- =0

If neutrinoless double beta decay is observed in future
experiments, the A; and A, cases should be excluded
[21,22]. Moreover, Singh shows only B, and B, are
compatible with recent data at 2¢ [23]. In this paper, all
seven cases of two-zero textures in Eq. (2) are included in
our study in a conservative manner.

The origin of such texture zeros is discussed in
Refs. [24-32]. The phenomenology of one-zero and two-
zero textures is studied in, for example, Refs. [33—39] and
Refs. [16,17,20,40-52], respectively.

In this paper, we demonstrate that all six cases of
one-zero textures (G, G,,...,Cg) and all seven cases of
two-zero textures (A, Ay, By, ...,B4,C) are excluded if
the following two conditions are satisfied:
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C1: Neutrino masses are generated by the type-II seesaw
mechanism in triplet Higgs models.

C2: The three lepton flavor violating processes u — éee,
T — jpup, and 7 — eee are all explicitly forbidden
either experimentally or theoretically.

Moreover, we show that the G¢ case is viable only if the
condition C1 as well as the following conditions is satisfied:

C3: The three lepton flavor violating processes 4 — éee,
T — fipu, and T — eee are all observed experimen-
tally or undoubtedly are predicted theoretically.

Even if part of these three lepton flavor violating processes is
allowed, such as BR(u — eee) # 0, BR(z — fiuu) = 0, and
BR(7 — eee) = 0, other cases of one- and two-zero textures
may be allowed; however, we show that the G4 case may be
the most natural in the one- and two-zero textures schemes.

We also show that this conclusion becomes more
rigid by including other four lepton flavor violating
processes, T — jiee, T — jieu, T — eup, and T — eeu in
our discussions.

The paper is organized as follows. In Sec. II, we present a
brief review of the triplet Higgs model. In Sec. III, we show
that the G4 case may be the most natural in the one- and
two-zero textures schemes if the neutrino masses are
generated by the type-Il seesaw mechanism in triplet
Higgs models. Section IV is devoted to a summary.

II. TRIPLET HIGGS MODEL

We assume that neutrino masses are generated by the
type-II seesaw mechanism in triplet Higgs models. In triplet
Higgs models [7-12], an SU(2) triplet scalar field

A (&/ﬂ £ )
£ =EV2
is introduced into the particle contents of the standard

model. This triplet of scalar fields yields a Majorana mass
of the neutrinos via the following Yukawa interaction:

(3)

L = yyl Cit,Ay;; +H.c., (4)

where y;; (i, j = e, pu,7) is the (i, j) element of the complex
and symmetric Yukawa coupling matrix, C is the charge
conjugation, 7, is a Pauli matrix, and w;; = (v;,¢;)F is a
standard model left-handed lepton doublet. After & devel-
ops a nonzero vacuum expectation value v, = (&%),
Majorana neutrino masses M;; are generated.

One of the most important relations in triplet Higgs
models is the one-to-one correspondence between the flavor
neutrino masses M;; and Yukawa couplings y;; [53-55]:

M.,
ij

i = . 5

Vij N (5)

These Yukawa matrix elements y;; are also related to
lepton flavor violating processes [53—58]. For example, the

virtual exchange of doubly charged Higgs bosons induces
an effective interaction of four charged leptons for 7,, —
it i€k decay at tree level. The branching ratios for the
lepton flavor violating decays 4 — éee and 7 — £, ;¢ are
given by

_ |y;w|2|yee|2

BR(u — eee) = BR(u — eiv) (6)
4GIM4

and

S|yri|2|yjk‘2

BR(7 = £,0t;) =
! 4GEM?

BR(z — uv), (7)

where § = 1(2) for j = k (j # k), G is the Fermi coupling
constant, and M, denotes the mass of the doubly charged
Higgs bosons [55].

Thanks to the one-to-one correspondence between the
flavor neutrino masses and Yukawa couplings, the branch-
ing ratios of the lepton flavor violating decay #,, — ;¢ ik
directly connect with the neutrino flavor masses,

BR(M g éee) X |Mey|2|Me€‘2’
BR(z — jipp) & |M,,.2|M,, |,

BR(r — éee) « |M,.|*|M,,|*, (8)
as well as
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These simple relations between the branching rations and
the flavor neutrino mass matrix in Egs. (8) and (9) are
useful for testing the availability of the zero texture of the
flavor neutrino mass matrix. For example, we can test the
availability of a texture which has M,, = 0 by using a
branching ratio which is proportional to M,, such as
BR(u — 2ee) o« |M,[2|M,. .

We would like to note again that the origin of these simple
relations in Egs. (8) and (9) is the one-to-one correspondence
between M;; and y;; [Eq. (5)] in the type-II seesaw
mechanism. In the type-I and -III seesaw mechanisms, we
obtain more complicated correspondences between M;; and
Vijs such as the Casas-Ibarra parametrization [59,60] for the
type-I seesaw mechanism. This is the reason why we chose
the type-II seesaw mechanism, not type I or I1I, to explain the
neutrino mass along with texture zeros.

In the next section, we use these branching ratios of the
lepton flavor violating processes to test the availability of
the one- and two-zero textures. First, we will include only
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three branching ratios in Eq. (8) in our discussion to show
our strategy. Then we include the remaining four branching
ratios in Eq. (9) in our discussion to complete this paper.

III. TEXTURE ZEROS
A. BR(u - 3e,r > 3u,7 — 3e) =0 case

In this subsection, we assume that the three lepton flavor
violating processes ¢ — éee, T — juu, and 7 — eee are all
explicitly forbidden either experimentally or theoretically.

In this case, at least the branching ratio BR(u — eee), as
well as M,, and/or M, should vanish. If we require the
conditions of M,, = 0 and/or M,, = 0 for the G5 case in
the one-zero textures scheme

0
Gy:| - x x|, (10)
X

the following three flavor neutrino mass matrix are
obtained:

0 x 0 x 0 0 00O
- x x|, - x x|, - x x |. (11)
- - x - - x - - X

However, the one-zero textures assumption is violated in
these matrices by an additional vanishing entry. Therefore,
the Gz case in the one-zero textures scheme should be
excluded if the lepton flavor violating process y — eee is
explicitly forbidden. In the same manner, we can exclude
the following G4, Gs, and Gg4 cases,

X
Gy: | — O

X X
s Gs: - X 0 s

X

Gg: | — , (12)

X
S X X X X X

if the lepton flavor violating process u — eee is explicitly
forbidden. Moreover, the following B, B4, and C cases in
the two-zero textures scheme,

X

Bi: |- 0 , By: | —

X

|
|
S X X X X O
|
|

are also excluded if we require the conditions of M,, =0
and/or M,, = 0 (the two-zero textures assumption should
be violated by this requirement).

Consequently, the G3, G4, Gs, and G¢ cases of one-zero
textures and B, B4, and C cases of two-zero textures
should be excluded if the lepton flavor violating process
u — eee is explicitly forbidden.

In addition to the lepton flavor violating process y — eee,
we can use other two lepton flavor violating processes
7 — jpup and 7 — eee to test the compatibility of the one-
and two-zero textures. Table I shows the compatibility
of the cases in the one- and two-zero textures schemes
with the vanishing branching ratios BR(u — éee) =0,
BR(7z — fiup) = 0, and BR(7 — éee) = 0. The symbol x
indicates that the corresponding case should be excluded.

We conclude that all six cases of one-zero textures
(G1, Gy, ...,Cy) and all seven cases of two-zero textures
(A;,A,,By,...,B4,C) should be excluded if the neutrino
masses are generated by the type-II seesaw mechanism in
the triplet Higgs models, and the three lepton flavor
violating processes u — eee, T — jup, and v — éee are
all explicitly forbidden.

B. BR(u — 3e,t — 3u,7 — 3e) # 0 case

In this subsection, we assume that the three lepton flavor
violating processes y — eee, T — fiuu, and 7 — eee are all
observed experimentally or undoubtedly are predicted
theoretically.

In this case, at least the branching ratio BR(u — éee), as
well as M,, and M,,, cannot vanish. The nonvanishing
elements M,, and M,, (M,, # 0 and M,, # 0) are incon-
sistent with the Gy, G,, Ay, A,, B,, and B3 cases in the one-
and two-zero textures scheme:

TABLE 1. Compatibility of the cases in the one- and
two-zero textures scheme with the vanishing branching ratios
BR(u — eee) =0, BR(z — jiup) = 0, and BR(z — eee) = 0.
The symbol x indicates that the corresponding case should be
excluded.

BR(yu —3¢)=0 BR(z—>3u)=0 BR(z—3¢)=0

G] X

G, X X
Gy X X

Gy X X
G; X X
Gg X X X
A, X

A2 X

B, X

B, X X
B3 X
By X X

C X X
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0 x x X X
G: |- x x|, G: | - x x|,
- - X - - X
0 X 0 0
A - x x|, A, - x|,
- - X - - X
x 0 x x 0 x
B,: | — x x|, Bs: | — 0 x (14)
- -0 - - X

Therefore, the G;, Gy, A;, Ay, B,, and B3 cases in the
one- and two-zero textures scheme should be excluded
if the lepton flavor violating processes p — éee are
observed experimentally or undoubtedly are predicted
theoretically.

Addition to the lepton flavor violating process y — éee,
the other two lepton flavor violating processes 7 — jiyu and
T — eee are available for evaluation of the viability of the
one- and two-zero textures. Table II shows the compati-
bility of the cases in the one- and two-zero textures schemes
with the nonvanishing branching ratios BR(u — éee) # 0,
BR(z — jiup) # 0, and BR(z — eee) # 0. The symbol x
indicates that the corresponding case should be excluded.

We conclude that only G4 case is viable in one- and two-
zero textures of the flavor neutrino mass matrix if the
neutrino masses are generated by the type-Il seesaw
mechanism in triplet Higgs models and the three lepton
flavor violating processes y — eee, T — fup, and 7 — eee
are all observed experimentally or undoubtedly are pre-
dicted theoretically.

TABLE II. Compatibility of the cases in the one- and two-zero
textures scheme with the nonvanishing branching ratios
BR(u — eee) # 0, BR(r — fiup) # 0, and BR(z — eee) # 0.
The symbol x indicates that the corresponding case should be
excluded.

BR(u—>3¢)#0 BR(z—>3u)#0 BR(r—3¢)#0

G] X X
G2 X

G3 X
G4 X

G5 X

Ge

Ay X X
A, X X
B, X

B, X

B; X X

B4 X
C X

C. Hybrid cases for y — 3e, T — 3u, 7 — 3e

Based on the above discussion, it turned out that if the
neutrino masses are generated by the type-Il seesaw
mechanism in the triplet Higgs models and the three lepton
flavor violating processes u — eee, T — jup, and T — eee
are all forbidden, there is no room for one- and two-zero
textures. On the other hand, if all three processes exist, only
the Gg4 case is viable in one- and two-zero textures.

If parts of these three lepton flavor violating processes
are allowed, such as

BR(u — eéee) # 0, BR(7z = jup) =0,
BR(z — eéee) =0, (15)

other cases of one- and two-zero textures may be allowed. For
example, in the case shown in Eq. (15), the G4 case is ruled out
and only the B case is allowed. Similarly, in the cases

BR(u — eee) =0, BR(z — jup) # 0,
BR(z — eee) =0 (16)

and

BR(u — eéee) =0, BR(z — jup) =0,
BR(z — eee) #0, (17)

the allowed cases of one- and two-zero textures are Gy, Aj,
A,, and Bj;, respectively.

Table III shows the allowed cases in the one- and
two-zero textures schemes for y — 3e, 7 — 3y, and
7 — 3e. The abbreviation “NZ” indicates a nonzero value
for the branching ratio. It is remarkable that the each
of G{,G,,---,C cases appears only once in Table III.
Therefore, we can predict the allowed combination of
nonvanishing branching ratios by the one- and two-zero
flavor neutrino mass matrix textures.

Although whether or not the three lepton flavor violating
processes u — eee, T — jup, and 7 — eee are forbidden is
still undetermined, we can suggest that either

TABLE III. Allowed cases in the one- and two-zero textures
scheme for 4 — 3e, 7 — 3u, and 7 — 3e. The abbreviation “NZ”
indicates a nonzero value for the branching ratio.

BR(u — 3¢) BR(r—3u) BR(z—3¢) Allowed cases
0 0 0 e

0 NZ 0 G, A, Ay
0 0 NZ B,

0 NZ Nz G,, By
NZ 0 0 B,

NZ NZ 0 G;, By
NZ 0 NZ G, Gs, C
NZ NZ NZ Ge
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BR(u — eee) =BR(7 — jup) =BR(r > eee) =0  (18)
or
BR(u — eee) #BR(7 = iup) #BR(z — eee) #0  (19)

may be the most natural case. Otherwise, the appropriate
selection mechanisms for £,, — ¢;¢ i€ decay at tree level
are required in the models.

We can conclude that if the tiny neutrino masses are
generated by the type-II seesaw mechanism, only the Gg
case may be most natural in one- and two-zero textures
schemes. This conclusion becomes more rigid in the next
subsection.

D. 7 — jiee, T — jep, T — epp, and © — eep

In the last subsection, we include only three branching
ratios in Eq. (8) in our discussion to show our strategy. Now
we include the remaining four branching ratios in Eq. (9) in
our discussion to complete this paper.

According to the same method as in the last subsection,
we estimate the compatibility of the cases in the one- and
two-zero textures schemes with four branching ratios in
Eq. (9). The results are shown in Tables IV-VI.

Table IV shows the compatibility of the cases in the
one- and two-zero textures schemes with the vanishing
branching ratios BR(z — jiee) =0, BR(z — jieu) =0,
BR(7 — euu) =0, and BR(z — eeu) = 0. We see that
all six cases of one-zero textures (Gy,G,,...,Cg) and all
seven cases of two-zero textures (A, A,,By,...,B4,C)

TABLE IV. Compatibility of the cases in the one- and two-zero textures schemes with the vanishing branching
ratios BR(z — jiee) = 0, BR(z — jiey) = 0, BR(z — euu) = 0, and BR(z — eeu) = 0. The symbol x indicates

that the corresponding case should be excluded.

BR(7 — jiee) =0

BR(7 — jiey) =0

BR(z = eup) =0 BR(7 — eeu) =0

G] X
Gz X

G; X X
Gy X X
Gs

G(, X X
Ay

A2 X
B, X X
Bz X

B3 X

B, X X
C X X

X X
X

X
X X
X X
X
X

X

TABLE V. Compatibility of the cases in the one- and two-zero textures schemes with the vanishing branching
ratios BR(z — jiee) # 0, BR(z — fieu) # 0, BR(7 — euu) # 0, and BR(z — eéeu) # 0. The symbol x means the

corresponding case should be excluded.

BR(z — fiee) #0

BR(z — fiep) #0

BR(z — eup) #0 BR(z — eeu) #0

Gl X

X
X X
X

X

X

X

X
X X
X X
X
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TABLE VI. Allowed cases in the one- and two-zero textures
schemes for 7 — jice, T — jiep, © — eup, and © — eeu. The abbre-
viation “NZ” indicates a nonzero value for the branching ratio.

Allowed
BR(r—jiee) BR(z—jiep) BR(z—euu) BR(t—eeu) cases
0 0 0 0
0 0 0 NZ e
0 0 NZ 0 A,
0 0 NZ NZ G;
0 NZ 0 0 A,
0 NZ 0 Nz e
0 NZ Nz 0 e
0 NZ NZ NZ G,
NZ 0 0 0 B,
NZ 0 0 NZ e
NZ 0 NZ 0 G».B,
NZ 0 NZ NZ e
NZ NZ 0 0 Gs,B,,B,
NZ NZ 0 NZ Gy, C
NZ NZ NZ 0 e
NZ NZ Nz Nz G

should be excluded if the neutrino masses are generated by
the type-II seesaw mechanism in triplet Higgs models and
all four lepton flavor violating processes 7 — jiee,
T — jlep, T — eup, and T — eey are explicitly forbidden.

Table V shows the compatibility of the cases in the one-
and two-zero textures scheme with the nonvanishing
branching ratios BR(z — jiee) #0, BR(z — jieu) # 0,
BR(z — euu) # 0, and BR(z — eeu) #0. We see that
only the Gg case is viable in one- and two-zero textures
of the flavor neutrino mass matrix if the neutrino masses are
generated by the type-II seesaw mechanism in triplet Higgs
models and all four lepton flavor violating processes
T — jiee, T — jley, T — euu, and T — eeu are observed
experimentally or undoubtedly are predicted theoretically.

Table VI shows the allowed cases in the one- and two-
zero textures schemes for ¢ — jiee, T — jiep, T — euu, and
7 — eep. The abbreviation “NZ” indicates a nonzero value
for the branching ratio. As in Sec. III C, although whether
or not the three lepton flavor violating processes 7 — jiee,
T — jiep, T — eup, and v — eeu are forbidden is still
unknown, we can suggest that either

BR(7 — jiee) = BR(7 — jieu)
= BR(7 — euu)
=BR(r — eeu) =0 (20)
or
BR(z — jiee) # BR(t — jieu)
# BR(7 = eup)
# BR(z — eeu) #0 (21)

may be the most natural case.

According to the combined results in the last subsection
and this subsection, we conclude that if the tiny neutrino
masses are generated by type-II seesaw mechanism, only
the G4 case may be the most natural in the one- and two-
zero textures schemes. This is the main result of this paper.

E. Numerical calculations

Although the main result of this paper was already
obtained in Sec. III D, an additional numerical study may
be required to improve our discussions. According to the
conclusion in Sec. III D, the G4 case may be the most
natural in the one- and two-zero textures schemes if the tiny
neutrino masses have been generated by the type-II seesaw
mechanism. In this subsection, we present the phenom-
enology for the G4 case.

First, we give brief reviews of the neutrino mixings,
useful relations for the one-zero textures, and observed data
from neutrino experiments as a preparation for our numeri-
cal calculations. Then we show some predictions for the
Gg case.

1. Neutrino mixings
The flavor neutrino mass matrix M is related to the
diagonal neutrino mass matrix

M = Udiag(me*® , mye*® m3)UT, (22)

where m; (i = 1, 2, 3) is a neutrino mass eigenstate and

Uel UeZ Ue3
U - Uﬂ] U”Z U#3 ) (23)
U‘rl U‘L’Z UT3

with

_ _ _ _is
U, = cpeis, Uep = sipc13, Uy =si3e™™,

_ is
Ui = —s12003 — c12523813€",

_ is _
Uy = ciacaz — S12823513€", U,z = s23¢13,

_ is
Ui = s12823 — crpepssize’,

_ i5 _
Uy = —ci2593 — $12623513€", Uz = c3¢13, (24)

denotes the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrix [61-64]. We use the abbreviations c¢;; =
cosHij and sij = sine,-j (i, j=1, 2, 3), where Hij 1S a
neutrino mixing angle. The Dirac CP phase is denoted by o
and the Majorana CP phases are denoted by a; and a,. In
this paper, we assume that the mass matrix of the charged
leptons is diagonal and real (some comments for this

assumption will be noted in Sec. IV).
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2. Useful relations for one-zero textures

The requirement of M;; = 0 for one-zero textures yields
Aym| + Aymy + Azmy = 0, (25)
where
Ay =UyUj e, Ay = UpUpe*®,
A3 =UsUs. (26)
This condition leads to (for examples, see Refs. [34,65])

my _ Re(A;)Im(A3) — Re(A;)Im(4,)
m; Re(A3)Im(A,) — Re(A;)Im(A3)

(27)

and

m3 _ Re(Ay)Im(A;) — Re(A;)Im(A,)
m; Re(A3;)Im(A,) — Re(A,)Im(Az)

(28)

The ratio of two squared mass differences is given by

Am%1 B (my/my)? =1
|Am3, | [(ms/my)? =1

, (29)

where the squared mass difference is defined by Am%j =

m; — m7. Equations (27), (28), and (29) are useful when we

search the allowed parameter sets under the requirement

3. Observed data

Although the neutrino mass ordering (either the so-called
normal mass ordering m; < m, < mjy or the inverted mass
ordering m3 < m; < m,) has not been determined, a global
analysis shows that the preference for normal mass order-
ing is due mostly to neutrino oscillation measurements
[21,66]. Upcoming experiments for neutrinos will be able
to solve this problem [67]. In this paper, we assume the
normal mass hierarchical spectrum for the neutrinos.

A global analysis of current data shows the following
best-fit values of the squared mass differences and the
mixing angles for the normal mass ordering [68]:

2
Ams3,

(&)

0oV~ 2.52810920  (2.436 — 2.618),
0,,/° =33.82078  (31.61 — 36.27),
0y3/° = 48.6719 (41.1 > 51.3),
0)3/° = 8.60703 (8.22 - 8.98),
§/°=122173 (144 — 357), (30)

where =+ signs denote the 1o region and parentheses denote
the 30 region. Moreover, the following constraints,

> m; < 0.12-0.69 eV, (31)

from a cosmological observation of cosmic microwave
background radiation [21,69-72] as well as

IM,,| < 0.066-0.155 eV, (32)

from the neutrinoless double beta decay experiments
[21,22] are obtained.

4. Phenomenology for the G¢ case

Now we make some predictions for the G4 case using
numerical calculations.

In our numerical calculation, we require that the squared
mass differences Am?j, mixing angles 6;;, and Dirac CP
violating phase ¢ are varied within the 3¢ experimental
ranges, the Majorana CP violating phases a; and a, are
varied within their full possible ranges, and the lightest
neutrino mass is varied within 0.01-0.1 eV. We also require
that the constraints |M,,|<0.155eV and ) m; <
0.241 eV (TT, TE, EE + LowE + lensing [23,69]) are
satisfied. As predictions for the one-zero textures, we
estimate the ratios

R, = BR(T - P}/‘/") _ |MﬂT|2|M,Mﬂ|2 ’
BR(z — eee) |M,.|*|M,.|?
R, — BR(u — eee) |M,,|* BR(u — eiw)
> 7 BR(r — 2ee) |M,.[>BR(zt — uiv)’
2. BR(u — eee) _ (M, |*|M,.|* BR(u — eiv) (33)
" = BR(z > ) M, P|M,, BR(z = n)

where BR(p— etr)~100% and BR(7— fivv) ~17.39% [64].
We show an example of the results of our numerical
calculations for the G4 case. A point set
(012, 0x3,0,3,6) = (33.82°,48.6°,8.60°,221°),
(ar, ar) = (90.03°,89.2°),
m; = 0.0580 eV (34)

yields the following neutrino flavor masses

M,, = —0.0567 — 0.00125i,

M,, = —0.0115 +0.00191i,

M,, = —0.00979 + 0.000647i,

M,, = 0.0165 — 0.000176i,

M,, = 0.0661 — 0.00120i,

M, =0, (35)
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as well as
m, =0.0586 eV,  my=0.0768 eV,
Am3, =6.95x 107 eV2,  Am3, =253 x 1073 eV?,
> m;=0193eV, |M,|=00567eV. (36)

These results are consistent with observations. The pre-
dicted ratios [Eq. (33)] are

10000 ¢
1000 | , 4

100F L ‘ : 5

Ry

10 |

0.1 : ‘ ‘
0.04 0.05 0.06 0.07 0.08

1000

100 £ . . 5

10

Ra

0.01 ‘ ‘ ‘
0.04 0.05 0.06 0.07 0.08

100 ¢

10 |

Rg

0.001 ‘ ‘ ‘
0.04 0.05 0.06 0.07 0.08

my [eV]

FIG. 1. Predictions for R, R,, and R; for the lightest neutrino
mass m; for the G4 case within the type-II seesaw generation of
the neutrino masses in triplet Higgs models.

(R,.Ry.R;) = (3.85,8.12,2.11). (37)

Figure 1 shows that the predictions for R, R,, and R; for
the lightest neutrino mass m, for the Gg4 case. Currently, we
have only the upper limits of BR(z — jiuu) < 2.1 x 1078,
BR(z—2ee) <2.7x 1078, and BR(u— eee) <1.0x 10712
from observations [64]. If these branching ratios are
determined in future experiments,

R, ~0.6-3234,
R, ~0.07-542,
Ry ~0.004-11, (38)

support is given to the Gg4 case within the type-II seesaw
generation of the neutrino masses in triplet Higgs models.

Finally, we would like to mention the very recently
reported tension between NOvVA and T2K in the measure-
ment of § and sin® @3 for the normal mass ordering of
neutrinos [73,74]. Both experiments favor the upper octant
of 0,3; however, the NOVA data show § < x, which is
contrary to the T2K result § > . In this paper, until now,
we have used the data from the global analysis shown in
Eq. (30) for our numerical calculations. The 3¢ data in
this global analysis, the upper octant of 0,3, and 6 > 7 are
roughly favored.

If the mixing angle 6,; and the CP phase o are
varied within their full range (e.g., 0° < 6,3 <90° and
0° <6 <360° to try to obtain insight into the tension
between NOvVA and T2K; unfortunately, we could not
obtain a significant prediction for this tension. Figure 2
shows the allowed parameter space of sin” 8,5 and & for the
Gg case with the normal mass ordering of neutrinos. The
upper octant of 6,5 is favored in the G4 case. It is consistent
with NOvA and T2K observations; however, the broad
region is allowed for the Dirac CP phase ¢ in the G4 case.

[+¢]
<
o
£
® 04+ g
0.2 i
0.0 ‘ ‘ ‘
0 n/2 T 3n/2 2n
d[rad]

FIG. 2. Allowed parameter space of 6,3 and ¢ for the G4 case
with the normal mass ordering of neutrinos.
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IV. SUMMARY

One- and two-zero textures for the flavor neutrino mass
matrix have been successful in explaining mixing in the
neutrino sector. In this paper, we have shown that all cases
of one- and two-zero textures are excluded if the tiny
neutrino masses are generated by the type-II seesaw
mechanism in triplet Higgs models and the three lepton
flavor violating processes yu — eee, T — jiup, and T — eee
are all explicitly forbidden experimentally or theoretically.
We have also shown that if all three of these lepton flavor
violating processes exist, only the G4 case is viable within
the one- and two-zero textures.

Even if parts of these three lepton flavor violating processes
are allowed, such as BR(u — 3e) # 0, BR(z — 3u) =0,
and BR(z — 3e) = 0, we can suggest that the most natural
case is either BR(y—3e¢)=BR(7—3u)=BR(r—3¢)=0
or BR(u—3e)#BR(7—3u)#BR(7r—3e)#0. Otherwise,
the appropriate selection mechanisms for #,, — £;¢ iCk
decay at tree level are required in the models. Therefore
we have concluded that if the tiny neutrino masses are
generated by the type-II seesaw mechanism in the triplet
Higgs models, the G4 case may be the most natural in the one-
and two-zero textures schemes. We have also shown that this
conclusion becomes more rigid by including four other lepton
flavor violating processes, T — jiee, T — jieu, T — eup, and
T — eey, in our discussions.

Moreover, some predictions for the G4 case have been
made. The ratios R; = BR(r — jiup)/BR(r — eee), R, =
BR(u — eee)/BR(r — eee), and R; = BR(u — fiuu)/
BR(z — eee) should be R; ~0.6-3234, R, ~0.07-542,
and R3 ~ 0.004-11, respectively, for the G¢4 case within the
type-II seesaw generation of the neutrino masses in the
triplet Higgs models. In light of recent tension between
NOVA and T2K in the measurement of § and sin® 6,5 for
the normal mass ordering of neutrinos, we have estimated
the allowed parameter space of 0,3 and ¢ for the Gq case;
however, we have no significant prediction for this tension.

Finally, we would like to mention the role of the charged
lepton mixings. In general, the lepton mixing (PMNS)
matrix U is obtained as [75]

U=Uiu, (39)
where
‘(v (v (v
vy vy o
_ (v £(v ‘(v
Uy = | USY U5 Uil |. (40)
(v (v (v
vy vy sy
with

‘(v) ‘) L) ?i” (v) ‘) L)

Uy =cpp 3, Uy =51 ¢35
) W) —isy,

U3’ =513 e,

) _ L) L) ) L) L) Jisy,

Uy = =515 €33 —Cpp '8p3 813 €0,

‘(v ‘(v) (v Cv) fv) (v
Uzé)=Clé)02§)—s1§>s2§)slg)

U3y =5yl

ei(sf(b) ,

(v ‘v) (v (v) ) fv)

U3i )= Slé )S2§ )~ Clé )Czé )Sl§ )eéf(”’

(v ‘(v) (v ) ) £v)
U3§>:_01£) 2§)_51§) 2§>s1§)€5ﬂ”>’

(v £(v) (v

U3§ )= ng )Clé ! (41)

We use the abbreviations cf}(y) = cos 92@ and s,-fj(”)

sin ij(”) (i, j =1, 2, 3), where 95-(”) is a mixing angle in

the charged lepton (neutrino) sector. ,(,) denotes the CP

violating phase in the charged lepton (neutrino) sector.
As the observables, the sine and cosine of the three

mixing angles of the PMNS matrix U are given by

2 2
2 |U€2\ 2 |Uﬂ3| 2 2
S, = ——————, S5, = —————, st2 = |U 5|7,
12 1= |Ue3 2 23 1— |Ue3 2 13 | e3
2 |Uel‘2 2 |UT3|2 (42)

h=7""5, =—.
2= |UsP P1-UasP

For example, since we obtain the following relations,

Sl Cx TV 123 812
Uy = U Ui; + Uy Uy + U5 Uss,

Uz = UT3UY + UG US; + UG U, (43)

the lepton mixing angle 6,3 depends not only on the mixing
angles in the neutrino sector but also on the mixing angles
in the charged lepton sector. Thus, the predicted sin® 6, in
Fig. 2 should be modified if the charged lepton mixing
matrix Uy is no longer the identity matrix. The detail of this
modification depends on the models of the charged lepton
mixings.

In this paper, we have assumed that the mass matrix of
the charged leptons is diagonal and real. In this case,
we obtain U = U, for U, = I, where I denotes the identity
matrix; however, once condition C3 or Eq. (21) is allowed,
then the charged lepton mass matrix is no longer diagonal
and U, is no longer an identity matrix, and hence
U=UU,.

Our assumption, U = U,, should be interpreted as
U ~ U, with U, ~ I. In this case, the contribution coming
from the charged lepton sector should be negligible, which
is possible only if the branching ratios of the lepton flavor
violating processes are far below the experimental limits;
this nearly leads to the C2 condition. Thus, the abbreviation
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“NZ” in Tables III and VI indicates nonvanishing but tiny
values.

If the branching ratios have measurable magnitudes
for experiments in the near future, a more significant

contribution of the charged Ileptons to the Ilepton
mixing matrix may be necessary. We would like to
discuss the details of this topic in a separate work in the
future.
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