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We investigate origins of predictive one-zero neutrino mass textures in a systematic way. Here, we search
Abelian continuous(discrete) global symmetries, and non-Abelian discrete symmetries, and show how to
realize these neutrino masses. We then propose a concrete model involving a dark matter candidate and an

extra gauge boson and show their phenomenologies.
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I. INTRODUCTION

One of the most important issues in particle physics is to
solve the mystery of the flavor structure of quarks and
leptons, such as the generation number, mass hierarchy,
mixing angles, and CP phases. Indeed, a huge number of
studies have been done using various approaches. The
texture ansatz is one of the interesting approaches. (See, for
areview, e.g., [1].) By assuming a certain mass texture, one
can derive several predictions among masses and mixing
angles as well as CP phases.

The experimental data on the neutrino sector have
become more precise through neutrino oscillation experi-
ments, although there remain unknown aspects of the
neutrino sector, e.g., the absolute values of neutrino masses
and the question of whether neutrinos are Majorana or
Dirac fermions. Thus, it would be interesting to apply the
texture ansatz to the lepton sector. Actually, a lot of authors
have historically been analyzing neutrino mass textures in
various setups. For example, it is known that only seven
neutrino mass patterns (two-zero textures) can predict
neutrino oscillation data without conflict of current neu-
trino oscillation data [2] in the case where neutrinos are
Majorana fermions with rank-three mass matrix [3].

Recently, type-I seesaw models with maximally res-
tricted texture zeros have been systematically classified and
analyzed numerically in Refs. [4,5], where charged-lepton
mass matrix is assumed to be diagonal and only two
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families of right-handed neutrinos have Dirac mass terms
with three active neutrinos. Then, the active neutrino mass
matrix has one texture zero, and obviously one of active
neutrinos is massless. Such patterns with one texture zero
lead to several interesting predictions among neutrino
masses and mixing angles. Indeed, such predictions for
the normal hierarchy are not compatible with the exper-
imental data. Also, some of patterns with one texture zero
for the inverted hierarchy are already ruled out by experi-
ments, while others are compatible.

Although the texture ansatz is quite interesting as
mentioned above, it is unclear why such a pattern of mass
matrix is realized. Our purpose is to explore origins of the
neutrino mass textures obtained in Refs. [4,5]. In this paper,
in order to realize those textures, we apply flavor sym-
metries such as global U(1) symmetries, discrete Abelian
symmetries Zy, and non-Abelian discrete symmetries. The
flavor symmetries provide a hint to explore the underlying
theory beyond the standard model (SM).

Indeed non-Abelian discrete flavor symmetries have
been studied by a lot of authors in order to realize the
lepton masses and mixing angles as well as the CP phases.
(See, for review, Refs. [6-8].) Furthermore, it has been
shown that some non-Abelian discrete flavor symmetries
appear in superstring theory with certain compactifications.
Heterotic string theory on toroidal Zy orbifolds can lead
non-Abelian flavor symmetries, e.g., D4, and A(54) [9].
(See also [10,11].)1 Similarly flavor symmetries can be
realized in magnetized D-brane models and intersecting
D-brane models within the framework of type II superstring
theory [13,14]. In addition, these flavor symmetries may be
subgroups of the modular symmetry in superstring theory
[15]. Thus, flavor symmetry would make a bridge between
the neutrino physics and underlying high energy physics.

'In Ref. [12], a relation between gauge symmetries and non-
Abelian flavor symmetries is discussed.

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.98.055025&domain=pdf&date_stamp=2018-09-19
https://doi.org/10.1103/PhysRevD.98.055025
https://doi.org/10.1103/PhysRevD.98.055025
https://doi.org/10.1103/PhysRevD.98.055025
https://doi.org/10.1103/PhysRevD.98.055025
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

KOBAYASHI, NOMURA, and OKADA

PHYS. REV. D 98, 055025 (2018)

The minimal non-Abelian discrete symmetry is S5 and
the next one is Dy. Thus, in this paper we consider these S5
and D, flavor symmetries as well as global U(1) symmetry
to realize the neutrino mass textures obtained in Refs. [4,5].
We will show that one can realize the desired textures by
the D, flavor symmetry and U(1) symmetry, but not by the
S flavor symmetries. Also it will be found that the U(1)
models need more Higgs fields than the D, flavor models.
Then, we study the D, flavor model by using a concrete
model.”

This paper is organized as follows. In Sec. II, we give a
brief review on the neutrino mass textures classified in
Refs. [4,5]. In Sec. III, we study their realization by applying
Abelian symmetries and non-Abelian discrete symmetries.
In Sec. IV, we propose a concrete model, in which we
formulate the boson sector, fermion sector, and dark matter
sector (DM), and analyze collider physics based on an
additional gauge symmetry. Then we discuss the DM
candidate. Finally we conclude and discuss in Sec. V.

C12C13
_ i
Upmns = | —812C23 — C128523513¢€"

is
$12823 — C12€23813€"

is
—C12823 — S12C3813¢€"

II. NEUTRINO MASS TEXTURES

In this section, we review the neutrino mass textures
obtained in Refs. [4,5]. We consider the flavor basis, where
charged lepton mass matrix is diagonal. Also we study the
models, that only two families of right-handed neutrinos
have Dirac mass terms with three families of left-handed
neutrinos.

Active neutrino mass matrix is supposed to be induced
from canonical mechanism; m, ~ mpMy'ml after the
spontaneously electroweak symmetry breaking. Here, mp,
is (3 x 2) Dirac mass matrix and M is (2 x 2) Majorana
mass matrix that come from the following Lagrangian;
yDijLLiHSMNRj + MNiij?iNRj’ where HSM = (162)H§M
with the second Pauli matrix ¢,, Hgy is the SM Higgs,
and Ny are right-handed neutrinos. Then the neutrino mass
matrix can be diagonalized by an unitary matrix Upys as

T L
Upnins™ Upvns = diag(m;, my, ms3), (2.1)
S12C13 S13€_i5 1 O O
1) ia/2
C12C23 — S12823513¢€" $23C13 0 2 0 ) (2-2)

Cy3C13 0 0 1

where m | , 5 are neutrino mass eigenvalues, which are positive real, c(s) 5 3 23 = c0s(sin)#) 13 »3 are the three mixing angles,
o is the Dirac CP phase, and « is the Majorana phase. Note here that there exists only one Majorana phase due to reduced M .
For the Dirac mass matrix mp, the maximally allowed number of texture zeros is one or two. Then, such matrices m, are

classified as [4]

T,

Ty:

(2.3)

For the right-handed neutrino Majorana mass matrix M, the maximally allowed number of texture zeros is one or two.

Then, such matrices My are classified as [4]

x 0
0 x

0 x
X X

(2.4)

[ 2]

By combining these matrices, we can obtain the neutrino mass matrices m,. Among all combinations, the realistic patterns

of m, are classified [4]:

X X X X X X
c: |x 0 , d X X (2.5)
X X x 0

“See for models with the D, flavor symmetry, e.g., Refs. [16-21].
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TABLE 1. Field contents of fermions and bosons and their charge assignments under SU(2), x U(1)y x U(1),_, in the neutrino to
realize the one-zero neutrino textures Ty, where n; # n,, ny, n, #0 and (n,n, = 1,n; + 1) # £1, +2.

Fields Ly, L, L, ex pur 7 Ngp Ng, Hsy H H, H; H, ¢ > 3
su, 2 2 2 1 1 1 1 1 2 2 2 2 2 11 1
U(l)y - - - -1 -1 - 0 0 ! i ! i ! 0 0 0
u(l),—, 0 1 -1 0 1 -1 n; ny 0 n m-—-1 n+1 n+1 =2n -2n —-n—n

These are one-zero textures. Explicitly, these patterns are
realized by the following combinations: a for (T 4, R;), b
for (Ty5.Ry), ¢ for (T34,R,) or (T4, R3) or (U;3,S) or
(U],Rz) or (U3,R3), and d for (T5’6,R2) or (T2,3,R3) or
(Uz 4, S) or (Uy, R,) or (Uy, Rs). However, since all the
combinations including U require more Higgs doublets
than those with 7',_g, we do not consider these cases. The
other combinations lead to the neutrino mass matrix m,,
which is not compatible with the experimental data.
Furthermore, all of the above patterns are compatible with
the experiments for the inverted hierarchy, but not for
the normal hierarchy. Also obviously, one of neutrinos is
massless. For the above patterns of m,, one finds the
following relations [4]

mo_ _( fMNS)iz(Uf;MNs)jz (2.6)
%) (U;MNS>1'1(U;’MNS)]1 '
1 _ (Upnins)i2(Upnins) 2| . EAm%1 (2.7)

L+r, [ (Upmns)it (Upmns) ji ’
where we can identify Am3, + [Am3,| = m3 and |Am},| =
m% since only inverted hierarchy is allowed for all the
textures by the current neutrino oscillation data. Moreover,
cos 0 can be written in terms of observables and r,, by solving
Eq. (2.6) directly, while cos  is also obtained in terms of the
same parameters of cos § by the fact that the imaginary part of
Eq. (2.7) is zero.’

III. REALIZATIONS OF TEXTURE ZEROS

Here, we study realization by use of global U(1) sym-
metry, S3 and D, as well as Zy.

A. Abelian symmetries

Here, we consider a global U(1) symmetry to realize
predictive textures, where we fix the number of right-
handed neutrinos to be two generations, i.€., Ng ,. A
flavor-dependent U(1) symmetry in the lepton sector is
useful to realize the diagonal mass matrix of the charged
lepton sector. That is, the U(1),_,, U(1),_, and U(1),_,
would be good candidates. Here, let us study the realization

3 . . .. .
Neutrino mass eigenvalues are positive and real without loss
of generality, because of reduced mass matrix.

of the Dirac mass texture 7, by assuming the global
u(l),—, symmetry.* The assignment of U (1),-. charges
is shown in Table I. We also assign U(1),_, charges, n; and

-7

n, to Ng, and N, . In order to realize Dirac neutrino mass
terms, we have to introduce new SU(2); doublet Higgs
fields H,;, and their minimal number is four, i.e., H; (i = 1,
2, 3, 4). Also, in order to realize the mass matrix My, we
have to introduce singlet scalar fields, ¢;,;. Here, the
charges n, n, should satisfy the condition, n; # n, and ny,
n, # 0 in order to realize the desired Dirac texture of T,
and they should also satisfy (n;,n, £ 1,n; + 1) # +1, 42
to forbid non-diagonal entries in the charged-lepton
mass matrix. Under these symmetries and fields, one can
write renormalizable coupling terms in the Lagrangian as
follows:

_‘CLepton = Z yfl_’LfHSMfR

C=e.u,t
+ yD]ELEH]NRl + yDzl_lL”fizNRz
+ yD3L_LTI:]3NRI + yD4L_LTI:I4NR2

(3.1)

+ leA_]IglNR,q’l +yN2N1g2NR2(P2

+ YN, Ng N,g3 + H.e., (32)

where several dangerous Goldstone bosons (GBs) can be
evaded by introducing soft-breaking mass terms under
U(1),_, symmetry; mlszjHj +Hec. i #j=14.

After the spontaneous symmetry breaking, the charged-
lepton mass matrix and Dirac neutrino mass matrix are
given by

v 0 0 m, 0 O
mf:\”/_% 0 vy, 0[=]0 m 0, (33)
0 0 vy, 0 0 m,

‘A gauged symmetry will be analyzed in elsewhere, since
several phenomenologies are very different from the global one.
A comprehensive study has been done, e.g., by Ref. [22] in which
two-zero textures are realized, imposing two flavor dependent
U(1) gauge symmetries.
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yD1 /UHI 0 le 0
mp(T,) = 7 0 yp,vu, | =| 0 mp, |,
Yp,VH, YD,VH, mp, Mp,

(3.4)

where vy and wvy; denote vacuum expectation values
(VEVs) of the neutral components of Hgqy and H;,
respectively. Then, the 7, pattern of the Dirac neutrino
mass matrix in Ref. [4] is derived. Also the right-handed
neutrino mass matrix is given by

MN:_

V2

1 |:leUzp1 )’N3U¢3}_{M1 My,

M12 M2

} (3.5)

YN Vpy YN, Vg,

where v, denote VEVs of ¢;. From the above equation,
one straightforwardly finds each of texture Ry, R,, and R3
in absence of ¢, ¢, and ¢,.

We can realize the Dirac neutrino mass texture 7', with
the same charge assignment except replacing the charges of
H, and H, such that H, and H, have U(1),_, charges, n,

and n; — 1. Then, we can realize the Dirac neutrino mass,

X2 Y2

/
X2 X1y

X y
[ 1] ® [ 1} = (x;y1 +x202)1 @ (X192 —x031)1 ® [
2 2

NEXZE [‘y] (D ® () = ()

| 0 yDIUH] 0 mD]
mD(Tl) :ﬁ yDszz 0 = sz 0
Yp,VH, YD,VH, mp, Mmp,

(3.6)

Similarly, the patterns, 75 and T,, are realized by
U(1),_, instead of U(1),_,. Also the patterns, T and
T, can be realized by use of U(1),_, instead of U(1),_,.

Once any global U(1) symmetries realize these predictive
one-zero neutrino textures, discrete Abelian symmetries Zy
are also possible in the same field contents, where N < 19.

B. Non-Abelian discrete symmetries

Here, we study the realization with non-Abelian discrete
symmetries [7].

1. S3 symmetry

First of all, we study the S3 symmetry, which is the
minimal group in the non-Abelian discrete symmetries.
The irreducible representations of S5 are the doublet 2, and
the trivial singlet 1 and the nontrivial singlet 1’. Here, we
use the real representation [7],5 and their products are
expanded as

x1y2+x2y1} (3.7)
2

X1Y1 —X2)2

(3.8)

We assign (L, f, £r) (€ = e, ) to the S5 doublets 2, and L L. TR O the S trivial singlets 1. In addition, we introduce four
Higgs fields, which correspond to the S5 doublet, Hp ~ 2, S; singlets, H; ~ 1, and H, ~ 1. Then the renormalizable
coupling terms of the charged-lepton sector are given by

L, =ye (L, Hp, + EL”HDl)eR + (Ly,Hp, — EL”HDZ)/"R]
+ e, (L, Hp, + I:L#HDz)TR + e, (Ly,Hyeg + I:L”HIMR) +ye,L1. (Hp,eg + Hp,pg)

+ Yo, Lo Hytg + Yo (L Hopg — Ly Hayeg) +He. (3.9)
After the spontaneously electroweak symmetry breaking, the charged-lepton mass matrix can be found as
Yo,Up, T Yo, U1 Ve, Up, T Yo, V2 Ye,Up,
my = NG Ye,Up, = Ye,V2  —Ye,Up, + Yo, U1 Ye,Up, |, (3.10)
Ye,Up, Ye,Vp, Yes U1

where VEVs are denoted by (H,) = v;/+/2 and (Hp,) = vDi/\/i for i =1, 2. Once (Hp) = (H,) = 0, the diagonal
charged-lepton mass matrix is realized;

’Note here that the complex representations cannot construct the diagonal mass matrix of charged lepton.

055025-4
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Ve, U1 0 0
My = —= 0

Ye U1 0
\/i 3
0 0 yfs/ljl

(3.11)

However, from the above mass matrix, one cannot repro-
duce the mass difference between the masses of electron
and muon. Thus, S3 symmetry is not favorable.’

2. D, symmetry

Next, we investigate the D, flavor symmetry that
is the next minimal group in the non-Abelian
discrete symmetries. The irreducible representations of
D, symmetry are the doublet 2, and the trivial singlet 1,
and three nontrivial singlets, 1/, 1”7, 17 " Here, we also
use the real representation, and their productions
are shown in the Appendix. We assign (L,,.g)
(¢ =e, p) to the D, doublets 2, and L, ,7z to the
D, trivial singlets 1. In addition, we introduce 6 Higgs
fields, which correspond to all of the D, irreducible
representations, 2, 1, 1, 1/, 17, 1", that is, Hp ~ 2,
H ~1, Hy~1, Hy~1", H; ~1". Then the renorma-
lizable coupling terms of the charged-lepton sector are
given by

Ls=ys (Ly,Hp, +I:L;,HD2)TR +ye, L1 (Hp,eg+Hp,ug)
+ye,(Ly, Hyeg +Z‘LMH1/4R)+yf4 (Ly Hyeg _l—lL#HZMR)
+ Yo (L, Hapg +£L#H36R)+yf6 (Ly Hapg —I:L,,H43R)
+ys, Ly Hytg+H.c. (3.12)

After the spontaneously electroweak symmetry breaking,
the charged-lepton mass matrix can be found as

Ve, U1 + Y, 02 Yo, U3 + Ve, Vs Ve, Up,
me = ﬁ VesV3 = Ve Vs Yo, U1 — Ye, U2 Yo, U, |
Ye,Up, Y&, VD, Ye, Uy

(3.13)

where their VEVs are denoted by (H;)=uv;/v2
(i=1,....4) and <HDI_>EUD/_/\@ for j=1, 2. Once
(Hp) = (Hy34) =0 and/or y, , =0, the diagonal
charged-lepton mass matrix is realized;

®Note here that Refs. [23,24] realize the appropriate charged-
lepton mass matrix, by imposing an additional Z, symmetry.

"The singlets, 1, 1/, 17, 1", correspond to 1, 1__, 1,_, 1_,
in Ref. [7], respectively.

| Ve, U1 + Ve, 02 0 0
my = ﬁ 0 Yo, U1 — Ve, U2 0
0 0 Ve, Vi

(3.14)

From the above equation, one can reproduce the mass
difference between the masses of electron and muon. Thus,
the D, flavor symmetry can be the minimal candidate to
reproduce the desired textures. To realize the diagonal mass
matrix of the charged lepton sector, we just need H; and
H,, but we do not need Hy, or Hj 4.

Next, let us explore the neutrino sector; Dirac and
Majorana masses. We classify the models by assigning
systematically two right-handed neutrinos to two of the D,
irreducible representations, 2, 1, 1/, 17, 1.

In the case of (Ng,, Ng,) ~ 2.—The Majorana mass matrix
is given by

MN—M[I 0}, (3.15)

0 1

where these two masses are degenerated. Then the Dirac
neutrino mass matrix is given by

Yp, V1 +¥Yp,V2

mp = 7§ Yp,U3 — Yp, V4

Yp,V3 + Yp, 4
Yp, V1 —Yp,V2

YDsUp,

(3.16)

YDsUp,

Hence one finds the desired Dirac mass matrix in the case
8
of (H34) =0

mD] 0
mp(Ty) =| 0 mp, (3.17)
mp, mMp,

3

For this realization, we need Hp, H,; and H,, but not H;
or Hy.

Now, let us study the models, that N R, and N R, are
assigned to two D, singlets. If one assigns N, and N, into
the same singlet representation under D,, the Majorana
mass matrix does not give any vanishing elements without
imposing additional symmetries. Thus, we restrict our-
selves to the models such that N and Ny, are assigned to
D, singlets different from each other.

When we assign Ng, and Np, into different D, singlets
such as (Ng,,Ng,) ~ (1.1), (1”,1"), etc., the Majorana
mass matrix is give by

*In case of (H 12) =0, T| can be obtained. However, the
electron and muon are massless. Thus, this case is ruled out.

055025-5
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TABLE II. Field contents of fermions and bosons and their charge assignments under SU(2), x U(1)y x U(1)gz_, X D4 in the
neutrino and Higgs sector, where £ = e, u is flavor index.
Fields L, Ly, ‘R TR Ng, Ng. H H, m n np @3 A P10 ¢ @
SU(2), 2 2 1 1 1 1 2 2 2 2 2 1 1 1 2 1
U(l), -1 -1 -1 -1 0 0 : ! : ! ! 0 0 0 ! 0
Uy, -1 -1 -1 -1 —4 5 0 0 =3 =3 -3 8 10 —6 2
D, 2 1 2 1 2 1 1 g 1 K 2 1 Iy 2 1 1
M; 0 energy physic [9-11,13-15,25-27]. and bottom-up model
My = 0 M, (3.18) building approach [16-21]. Similarly, we can discuss

That is the R, form.

In the case of (Ng,,Ng,)~ (1,1").—The Dirac neutrino
Yukawa mass matrix is given by

Yp,Up, YD,Up,
mp =——=1,Yp,Up —¥Yp,Up, (319)
\/z 1 2 2 2
YD, U1 Yp, V2

This form cannot clearly reproduce any types of desired
Dirac mass matrices, since yp and yp, are located in the
same column of upper (2 x 2) matrix. When we assign
(Ng,.Ng,) ~(1",1"), we obtain a similar result. Then,
these two cases are not favorable, but the other cases are
favorable.

In the case of (Ng,,Ng,)~ (1(1"),1”(1")).—The Dirac
neutrino mass matrix is given by

Yp,VUp, Yp,Vp,
mp = 7§ +yp,vp, *Yp,Vp, |, (3.20)

YD, V1 YD, U3(4)
where “+” and “—" in the (2,1) component corresponds to
Ng, ~ 1l and Ng ~ I, respectively, and “+” or “~" in the

(2,2) component and v; and v, in the (3,3) component
correspond to Ng, ~ 1”7 and Ng, ~ 1", respectively. One
straightforwardly finds the desired Dirac mass matrices T,
and T, in the cases with (Hp ) =0 and (Hp,) =0,
respectively. For example, in the case of (Ng .Ng,) ~
(1,1"), we need Hp, H;,3, but not H,.

In order to obtain 7,356, one straightforwardly finds
them by reassigning the fields of the SM leptons. For
example, once we assign (L, ,L; )~ (eg,7g)~2, and
(L L ug) ~ 1, then one finds T, or Ts. On the other hand,
when we assign (Ly,, Ly )~ (ug,7r) ~2,and (Lp ,eg) ~1,
then one finds 75 or T.

To summarize results in this section, one can realize the
desired textures by Dy, but not by Ss. Indeed, the D, flavor
symmetry is interesting from the viewpoints of both high

realization by using other non-Abelian discrete flavor
symmetries. Also we can realize the desired textures by
Abelian symmetries, U(1) and Zy. We need more Higgs
fields in the Abelian models than the D, models. Thus, the
D, flavor symmetry is useful to realize the desired textures.
Note here that the textures ¢ and d in Eq. (2.5) cannot be
realized by D, symmetry, because My is diagonal (R,
form).” In the next section, we propose a concrete model
with the D, flavor symmetry.

IV. A CONCRETE MODEL IN D, SYMMETRY

Here, we study a concrete model based on the D,
symmetry. First, we explain our setup. Basically, our model
corresponds to the scenario, where Ny, , are assigned to the
D, doublet in Sec. III B 2. In addition, we also introduce
the third right-handed neutrino N, but arrange it such that
N, has no Dirac mass term with left-handed neutrino and
no Majorana mass terms with Ny, ,. For such a purpose, we
assume additional U(1) gauge symmetry, thatis, U(1)z_; .
Its charge assignment is the same as the conventional one
except the right-handed neutrino sector. For the right-
handed neutrino sector, we assign U(1),_, charges, —4,
—4,51t0 Ng,, ,, respectively. That is the so-called alternative
U(1)g_, [28-34]. All gauge anomalies are canceled with
this choice. In the boson sector, we introduce several new
bosons Hy, 11 1'.p. ¢2.8, ¢, ¢ in addition to the SM Higgs
H, where H gives the masses for the quark sector and the
charged lepton sector, while H, gives mass difference
between electron(positron) and muon(antimuon). Here,
their VEVs are symbolized by (H)= vy, (H,)= v},
(11.0.0) = Vnpnys (928) = Vg g (@) = g0 (§) = 0c.
Also n and @yg, respectively, provide the Dirac and right-
handed neutrino masses, 7' and ¢j, respectively, provide
the difference between the (1-1) and (2-2) elements of m,
and M, and 7, gives the masses for the third row of Dirac
mass matrix. § and ¢, play arole in evading dangerous GBs
due to accidental symmetries in the scalar potential. The D,
symmetry assures diagonal mass matrices for charged

If an additional symmetry is introduced in the basis of
(Ng,Ng,) ~ 1 under D, symmetry, ¢ and d can be realized,
but this is beyond our scope.

055025-6
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leptons and right-handed neutrinos, and U(1),_; plays a
role in restricting (2 x 2) mass matrix for right-handed
neutrinos which contribute to active neutrino masses. In
addition, our U(1)p_; charge assignment makes Ny, stable

|

- 'CLepton

and it can be a DM candidate. All the field contents and their
charge assignments are shown in Table II. Under these
contents with symmetries, one can write renormalizable
Yukawa coupling terms and the Higgs potential as follows':

=yo(Ly er+ EL},//‘R)H + Y, (Ly, e — EL,,#R>H2 +y.Ly trH +yp(Ly N + EL,,NR,,>’~11

+yp(Ly, Ng, — L_L,,NR},)F]/I + yp, Ly, (Ng. iip, + N iip,) + ))N(NI%NRe + Nzg”NR,,)%

+ yﬁV(NgENRe - N,%‘NRM)qog +Hec.,

V= /11,1’,0(@'11,1'.0)(HT’h,l',D) + 4 (C"'m)(HEm/)

+ lb(é*nu)(h@nu) + 20(S"H) @i, + Hee., (4.2)

where V is the Higgs potential with non-trivial terms. These
nontrivial terms forbid dangerous GBs arising from isospin
doublets that spoil the model. In our model, we have two
GBs that can be identified with CP-odd bosons of ¢, and

(Pfs(fPé)-“

A. Lepton sector

The resulting mass matrices are give by

| [pernt Ve 0 0
my = ﬁ 0 VeV — YUy 0
0 0 V. Uy
m, 0 O
=0 m, 01, (4.3)
0 0 m,
YpUy + YpUy 0
mp = NG YpUy = YpUy
yD3 vl][)l yD3 vr]’Dz
{ (4.4)
1 [ INDy, + vaw 0
2 vaq)g - y;\/vlﬂ/g
M 0
= [ : , (4.5)
0 M2

"We show valid multiplication rules for D, in the Appendix.

"In addition, one has to introduce soft breaking terms of D,
symmetry in order to forbid accidental symmetries that also
induce dangerous GBs. The breaking patterns are given by
Ref. [7], and any patterns are fine because it does not affect
our model. Thus, we do not discuss this issue further.

(4.1)

|
The above neutrino Dirac mass matrix mp corresponds
to Eq. (3.17). Also the above Majorana mass matrix My
basically corresponds to Eq. (3.15). However, since there
are two fields ¢g and ¢, we obtain M, # M,. Then, we
can obtain

Dy 0 Mp, Mpy

M, M,
2
~ mp, Mmp, Mp, 4.6
m,~ 0 —2 4 . .

M, M,

mp, m mp,m m m?

D, Mp, N Dy Dy

M, M, M, M,

which corresponds to the pattern a in Eq. (2.5). Applying
the discussion in Sec. II to our model, we find

mo_ (Upnins) 12(Upnins )22
ny (Upnins) 11 (Upnins )21

(4.7)

Therefore, one obtains two relations from the above
relation:

cosS — [sto(1+ 1) = chls3ysis + reissiret (4.8)
2[sh (1 +1,) + chlsinciasaensis
oS — —[st, (1 +1,) + chlsiysis + (2 + r»>C%3S%2C%2,

2/(1+ r,(c35 + 533513)s1achs

(4.9)

where Eq. (4.8) is derived by solving Eq. (4.7) directly,
while Eq. (4.9) is obtained by the fact that the imaginary
part of Eq. (4.7) is vanishing. Applying the current neutrino
oscillation data [2], we find some predictions. In Fig. 1, we
show the allowed region between a/z and §/z and it
suggests as follows; 0.075 < a/z <0.15and 049 < 6/7 <
0.52 at 30 confidential level (CL) (blue region), 0.105 <
a/x <0.13 and 0.50 < 6/7 <0.51 at 16 CL (red region),
and (a/x,6/7) ~(0.11,0.51) at best-fit value (BF)
(black dot). -y e

Consistency check: Replacing a = M , b= A/’; , 3=
mp./mp,, Ty =mp,/mp, Eq. (4.6) can be rewritten in
terms of four parameters as follows:
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FIG. 1. Allowed region between a/z and §/x to satisfy the
current neutrino oscillation data. Also the blue, red, and black
regions, respectively, represent predictions in light of the exper-
imental input results at 3¢ CL, 1o CL, and BF. Here, the black
horizontal line presents the best-fit value (BF).

0.030 - 1

0.025 b

|(mv)3;] eV

0.020 b

T0.025 70.030

|(my**P)33] eV

70.020

FIG. 2. Allowed region between |(m, )35 | and |(m, )|, where
the red line represents |(m,)5y | = |(m,)s3)-
a 0 ars;

m,~ | 0 b bry, (4.10)

ary bry ary +bri,

It implies that (m,);; component is uniquely fixed once a,
b, r31, rs4p are determined by experimental values. While
experimental value of (m,)55; (M) ;=) [Upynsdiag(m,
my, m3)Ubyns)33» is independently determined by exper-
imental result, too. In Fig. 2, we show the allowed region
between |(m,)35"| and |(m, )43, where the red line repre-
sents |(m,)35 | = |(m,)s3]. It suggests the theoretical con-
sequence is in favor of the experimental result that is
consistent with the original paper [4].

B. Phenomenology

In this subsection, we discuss phenomenology of the
model such as collider physics and dark matter physics.

At the LHC Z’ can be produced as it couples to the SM
quarks, and can decay into the SM leptons providing clear
di-lepton signal. On the other hand the signatures from
exotic scalar bosons are more complicated containing more
particles in final states and their branching ratios depend on
the parameters in the scalar potential so that we have less
predictability, although they can also be produced via Z’
interaction and through electroweak interaction if an
exotic scalar boson comes from iso-doublet. Thus, we
focus on Z' production in s-channel followed by decay
mode of Z' — #*¢~ and estimate the constraints for new
gauge coupling constant and mass of Z'. Then dark matter
relic density is briefly discussed taking into account the
constraint for Z’ interaction.

1. Collider physics and constraints

Here, we explore collider physics focusing on Z' boson
and provide constraints for its mass and gauge coupling
constant. The relevant gauge interactions are given by

1 - 1_ 1-
Line = 9812, gQL}'MQL + guRJ/”uR + ngV”dR
3 5 | 5
— Ly'L — egyeg +§QNR,, Ng.y"v’ N,

+Q§%W®¢—®ﬁ@ﬂ, (4.11)

where flavor indices for the SM fermions are omitted

and @ = {n;,ny,Np, P3, P4, P10, ¢}; note that @, is not
included here since we assume its CP-odd component is
Nambu-Goldstone boson absorbed by Z’. The mass of Z' is

given by my = gp; \/ >a,, (08 vg,, )* where ®p; and
vg,, indicate scalar field with B — L charge QF" and its

VEV, respectively. The partial decay widths of Z’' are
estimated as

_ 2 3
r., - _ (QB LgBL)2 1 _4meM ’
Z'=fsmfsm — 127 myz m%/ ’
r (Qﬁ;iLgBL)Z . 4m12VR, 3
Z’—)NR‘,NRI, - 967 m%’ P
(0% tgpr)? 1
'z 00, = qllez'/lz(mzu M, s Me,)
2 2
< 1 _2(””%, +mé2) (mg, —my,)
3 my, |
4 4 2 2
me, Mg me, Mg
A(mzf,mq)l,mq)z)zl—'— 41+ 42—2%
mZ/ mZ/ mZ/
2 2
m m
—2— 222, (4.12)
m m
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TABLE III. Branching ratios for Z' decay in cases: (1) my <2my, and my < 2mg; (2) my >2my, and my < 2mge;
(3) my > 2my, and my > 2mgq where we ignored dependence on final state mass assuming mlz\,kb_<I> < m% if kinematically allowed

in case (2) and (3). For exotic scalar modes, BRs for all components are summed up.

s Div; 4.4, Ng,, Ng, nim MMy Mphip @3ps  PsPs  @le@io e
Case (1) 0.15 0.077 0.051 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Case 2)  0.073 0.037 0.024 0.15 0.23 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Case (3) 0.0076  0.0038  0.0025 0.015 0.024 0.034 0034 0068 012  0.12 0.19 0.068

where fgy denotes the SM fermions and {®;, ®, } indicate
components of ®. We estimate branching ratios (BRs)
for Z' decay in cases: (1) my < 2mNR[ and my < 2mg;
(2) my >2my, and my < 2mg; (3) my >2my, and
mzy > 2mg, where mg represents exotic scalar mass
assuming they are mostly the same scale. In Table III,
we show the BRs for Z’ decay where we ignored depend-
ence on final state mass assuming m,ZVRV,(D < m%, if kine-

matically allowed in cases (2) and (3) for simplicity. We
find that BRs for the SM fermions are significantly sup-
pressed when all exotic scalar modes are open.

Then we discuss constraint on gp; from the LHC
experiments for three cases above. Our Z' boson is
produced via Z'Gq coupling and the production cross
section is estimated using CalcHEP 3.6 [35] implement-
ing relevant interactions. The most stringent constraint
comes from the process pp - Z' — £7¢7 (¢ = e,u) and
we estimate the corresponding cross section for each case.
In Fig. 3, we compare ratio between o - BR(pp - Z' —
£7¢7) and o-BR(pp — Z - £7¢7) in our model with
the experimental constraints corresponding to 95% confi-
dence level (CL) observed limit indicated by red curve
[36] where solid, dashed and dotted curve correspond to

T T T T T

1075 P

case (1)
------- case (2)

05 NN\l T case(3) |

10”7

0-BR(Z'—!*1I7)/0-BR(Z—I*17)

-9 . . . . . . L
10 1500 2000 2500 3000 3500 4000 4500

mz[GeV]

FIG. 3.

cases (1), (2), and (3), respectively, and we apply gp; =
0.3(0.1) in left(right) plots. Thus, the lower limit of mass Z’
is relaxed when the exotic scalar modes of Z' decay are
kinematically allowed: the lower limit of my, is around
3300(2000) GeV for gz, = 0.3(0.1) in 95% CL. For
case (3), the Z’' boson dominantly decays into exotic scalar
bosons which further decay into SM particles via gauge
interaction and/or couplings in the scalar potential provid-
ing multi-particle final states. The detailed analysis of the
scalar modes is beyond the scope of our analysis.

2. Dark matter

In this subsection, we discuss a dark matter candidate;
Xg = Ng,, whose stability is assured by the U(1)p_;
symmetry with alternative charge assignment for the SM
singlet fermions. Here, let us assume any contributions
from the Higgs mediating interaction are negligibly small
s0 as to avoid the constraints from direct detection searches
as LUX [37], XENONIT [38], and PandaX-II [39]. Then
DM annihilation processes are dominated by the gauge
interaction with Z' and GB ag = z,,, mainly originated
from ¢y, and their relevant Lagrangian in basis of mass
eigenstate is found to be

10-5p

T T T T T T T

case (1)
------- case (2)
----------- case (3)

10761,
10-7

1078

0-BR(Z'—I*I")/0-BR(Z—I*I7)

1500 2000 2500 3000 3500 4000 4500
mz[GeV]

The ratio between ¢ - BR(pp — Z' — ¢7¢~) and 6 - BR(pp — Z — £+¢~) where ¢ = e, u and the red curve indicates the

experimental constraints which corresponds to 95% confidence level observed limit. The left(right) plot corresponds to gz; = 0.3(0.1).
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I ; My
—L 35 0% 9s Xr'sXZ,, + i —XPpXag +c.c.

(4.13)

P10

where Qf, =5, My = yy, v,/,m/\/i, v,, < U,,. Here, we require Z' mass and gauge coupling gp,, to satisfy the relation
ggr/my < 1/(6.9 TeV) from LEP experiment [40] as well as the constraints from the LHC experiments as discussed in the
previous subsection. The relic density of DM is then given by [41,42]

1.07 x 10°

Qh?

/0.0 Mprd (x,)[GeV]’

(4.14)

where g*(x; ~ 25) is the degrees of freedom for relativistic particles at temperature T, = My /x;, Mp = 1.22 x 10" GeV,

and J(x;)(= o dx“;—zﬁo) is given by [32,43]

o ®  ds\/s —4M%[W (s (K (2 x
o v i

. 4.15
16MA[K, (V)] (4.15)
4(s — 4M3) 595, 2 4m7

W, (s) ~ 1——L(s+2m?) 0%, 2, 4.16
z(s) 3r s — m%, + imyy zf: S (s + mf)|QBL ( )

| |4 4 tan_l [75_2M§( :|

My T M s(4M3%—s)
114 ~ 2 | (352 — 4M; N X - X -4, 4.17
2(5) 64rvg, | (3s x) 2sM% \ 4sM% — 5% 32, /aM? — s (4.17)

where we assumed Z’ boson and scalar bosons are heavier
than X to forbid corresponding annihilation processes
kinematically, for simplicity. Here, decay width of Z’ is
given by Eq. (4.12) where Z' can decay into 2X, if
kinematically allowed. We find that two characterized
solutions of measured relic density Qh”>~0.12 [44] in
the above formula. The first one is a sharp region at around
My ~my /2, that is a resonant solution from the contri-
bution 2X — Z' — ff in Eq. (4.16). The second one is the
region in lighter mass of DM that mainly arises from the
contribution 2X — 2as; in Eq. (4.17). In the former case
DM mass is around TeV scale to obtain right relic density
due to the collider constraints for Z' mass while in the latter
case DM mass can be O(10) GeV to O(100) GeV which
depend on the coupling factor My /v,, ; for more details,
see, e.g., Refs. [32,43].

V. CONCLUSION

We have systematically explored the origins of neu-
trino textures in the canonical seesaw model with two
right-handed neutrinos based on global U(1),_, flavor
symmetry, and smaller non-Abelian flavor symmetries,
and we have shown several promising symmetries to find
predictive textures, U(1),_, and Dy, depending on appro-
priate charge assignments of our fields. Moreover, we
have found that D, symmetry can realize a predictive

texture b only. Then we have proposed a concrete model
based on local U(1),_, and D, symmetries that involves
a dark matter candidate and extra gauge boson. To show
properties of the model, we have analyzed the neutrino
physics, collider physics regarding Z’ boson and relic
density of dark matter. We have shown that constraints for
7' mass and interactions can be relaxed when exotic
scalar modes of Z' decay are kinematically open, and relic
density of dark matter can be explained by annihilation
mode via Z' exchange and/or annihilation into physical
Goldstone bosons.
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APPENDIX: MULTIPLICATION RULES
FOR D, GROUP

Here, we show the valid multiplication rules for Dy,
group that consists of four irreducible singlets 1, 1, 1”7, 1
and one irreducible doublet 2, where we have used a real
representation [45];
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X2 2

The other relations are given by 2@ 1(1,1”,1") =2, I'® 1’'(1",1") =

1" ® 1" =1 in Ref. [7].

x y
{ 1} ® { 1} = (x1y1 +x252)1 @ (X1 = 202) 1 @ (X1 y2 + X251) 1 D (X172 = X091y (A1)
2 2

1(1///’ 1//), 1// ® 1//(1///) — 1(1/), and,
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