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Abstract

Lepton flavor-dependent U(1) gauge symmetries give strong constraints on the neutrino Dirac and Majo-
rana mass matrices, and, in the cases of some kinds of U(1)s, the mass matrix for the light neutrinos have
some zero elements. We study the minimal extensions of the Standard Model by a linear combination of
u),— Ly u(@) Ly—Le and U(1)p_| gauge symmetries, which realizes the two-zero minor or texture struc-
ture in the mass matrix for the active neutrinos. Analyzing these structures of the neutrino mass matrix,
we obtain the predictions for the neutrino parameters, such as the neutrino masses and Dirac CP phase. In
addition, we also discuss the implication of our results for leptogenesis.
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1. INTRODUCTION

Lepton flavor-dependent U(1) gauge symmetries are one of the possibilities of extensions of the gauge sector in the Standard Model.
It is well known that U(1);, 1. 5 where L, is the lepton number of generation associated with a(= e, y, T), can be introduced to the
gauge group of the Standard Model (SM). Especially, U(1) L,~L, gauge symmetry is often discussed in the context of the muon
anomalous magnetic moment [1, 2, 3, 4, 5, 6]. In models extended by some lepton flavor-dependent U(1) gauge symmetries, mass
matrix for the active neutrinos or its inverse matrix has two-zero elements, and these kind of structures are called two-zero texture
(TZT) and two-zero minor(TZM) structures, respectively. In Refs. [7, 8], the relations between the two-zero minor and texture
structures and neutrino parameters have been analyzed, and the predictions for the neutrino masses, Dirac CP phase, and so on,
have been obtain as functions of the neutrino oscillation parameters. As shown in Ref. [8], the minimal gauged U(1),,,_, is facing
severely constraints from the Planck 2018 limit [21] on the sum of the neutrino masses, and so we have extended U(1) L,~L. §auge
symmetries to linear combinations of U(1)r,— L u() L,—L. and U(1)p_| gauge symmetries [9].

Here we briefly report the analyses of the minimal models extended by general lepton flavor-dependent U(1) gauge symme-
tries, following Ref. [9].

2. MINIMAL GAUGED U(1) MODELS AND NEUTRINO MASS MATRICES

Here, we consider the following extra U(1)ys gauge symmetry:
o All quarks have the same U(1)ys charges.
o Left-handed and right-handed fermions have the same U(1)ys charges.
o Charged leptons and neutrinos with the same flavor have the same U(1)y- charge.
o U(1)y’ charge of the Higgs field is zero.
In order to satisfy the condition of anomaly cancellation, the U(1)ys charge should be written as follows [10, 11, 12]:

v { XeLe + xy Ly — (xe + xy) e (B independent) 1

B+ xeLe 4+ xuLy — (34 xc +x,)Lr (B dependent) !

where B is the baryon number, and x,(a = ¢, jt, T) is the free real number. Different combinations of the coefficients (x,) realize
different U(1) gauge symmetries, and among them, 15 U(1)y’s realize the TZM structures and 3 U(1)yss realize the TZT structures
within the framework of minimal gauged U(1) models. Here, we show the case of U(1)3+L873L}4, L, with a SM singlet U(1)y-
breaking scalar as example.
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The interaction terms relevant to the lepton masses are given by

AL = — yeeRLeH — yup{ LuH — yeti Lo HY
— AeN§(Le - H) = AyNj(Ly - H) — AcN$(Le - H)
1 . 1
— M NSNS — EAeethgNg — Aepo" NNy — EATTU*N§N§
+h.c., )

where the dots indicate the contraction of the SU(2);, indices. After the Higgs field H and U(1)y/-breaking scalar ¢ acquire the
vacuum expectation values (VEVs), the charged lepton, neutrino Dirac, and Majorana mass matrices are given by

v Ye 0 0 v Ae 0 0
M[ = —F= 0 yy 0 , MD = —= 0 )\’,1 0 ;
ﬁ 0 0 vyr ﬁ 0 0 Ar
Aee <U> /\ey <U> Mer
Mg = )\g],l <(7> 0 0 . 3)
Me'( 0 /\TT <U>

As shown in Eq. (3), the charged lepton and neutrino Dirac mass matrices are diagonal, and the (, 1) and (y, T) elements in the
Majorana mass matrices vanish. Here, we assume that the Majorana masses are much heavier than the Dirac masses, and then by
the seesaw mechanism [13, 14, 15, 16], the mass matrix for the active neutrinos is given by

My, =~ —MpMg'M],. 4)

Because of the matrix structure of the Majorana mass, he inverse matrix of M, also has zero elements in the (y, #) and (y, T)
components, and then the U(1)p L,—3L,—L, gauge symmetry with a SM singlet U(1)p Le—3L,—Le -breaking scalar realizes the TZM
structure of M, .

3. VANISHING CONDITIONS AND NEUTRINO PARAMETERS

Let us show the analyses of the TZM structures, following Refs. [9]. The mass eigenvalues of the active neutrinos are obtained by
diagonalizing M, like
Upyins My, Upning = diag(my, ma, m3) , (5)

where Upyns is the so-called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [17, 18, 19, 20]. Combining Eq. (4) and
(5), we obtain the following equation:

M]le _ _(Mf)l)TMRMf)l
= Upmns diag(my ', my ', mz ) Upyns S 6)

where m; is the mass eigenvalues of the active neutrinos. As mentioned above, the mass matrix for the active neutrinos has the
TZM structure and its (i, 1) and (i, T) elements vanish, and then those components in the right-hand side should also vanish. These
conditions, hereafter written as vanishing conditions, are concretely written as follows:

Too o Vo i 1o e

rrTlV?‘lerszVZe 2+m—3VH3e =0, (7)
Ly Vi b ViV e vV et = 0 8
" ulVrl "y w2Ve2e s u3Vr3e = =U, (8)

where the unitary matrix V is defined by Upyng = V - diag(1,e/*2/2,¢%3/2) and ay, a3 are the Majorana CP phases. By solving
two complex equations, namely the vanishing conditions in Eq. (7) and (8), the lightest mass eigenvalue of the active neutrinos
my, Dirac CP phase §, and Majorana CP phases a; 3 can be obtained as functions of the neutrino oscillation parameters, such as
the mixing angles 615, 653, 013 and mass squared differences Am%l, Am%z. As shown in Eq. (7) and (8), the vanishing conditions do
not depend on the VEV of the U(1)p1 Lo—3L,— L.-breaking scalar () and Majorana masses M., and then the obtained neutrino
parameters are also independent of the Majorana mass scale.

4. PREDICTIONS FOR THE NEUTRINO PARAMETERS

Here let us show the results of analyses of the vanishing conditions. Among the 15 U(1)yss which realize the TZM structures and 3
U(1)y’s which realize the TZT structures, only 3 U(1)ys which realize the TZM structures have physical solutions and are consistent
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TABLE 1: Lepton flavor-dependent U(1) gauge symmetries and structural patterns of the two-zero minor structures.
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FIGURE 1: The prediction for the sum of the neutrino masses in U(1)p1,—3 L—Le (NO) case.

with the Planck 2018 limit on the sum of the neutrino masses, and in all cases, the normal mass ordering of the neutrino masses is
favored. In Tab. 1, we show these 3 U(1)yss and mass structures. In Refs. [8], the U(1) L,—L, case have been discussed in detail, and
we show the results of the U(l)B+Lr3L,ﬁLT case.

In Fig. 1, we show the prediction for the sum of the neutrino masses. The red line shows the prediction as functions of 6,3
and the dark (light) red bands show the uncertainty coming from the 1o (3¢) errors of 613 and Am?. The vertical gray dashed line
represents the best fit value of 03 and the vertical gray dotted lines represent the 1o region. The horizontal dashed gray line shows
the present limit on the sum of the neutrino masses by the Planck experiment: } ; m; < 0.12 eV (Planck TT+lowP+lensing+ext) [21].
As shown in Fig. 1, the predicted value is below the Planck 2018 limit.

5. IMPLICATIONS FOR LEPTOGENESIS

The minimal gauged U(1)y models contain 3 right-handed neutrinos, and then if their masses are large enough, the baryon asym-
metry of the Universe can be generated through the leptogenesis scenario [22]. In the leptogenesis scenario, the lepton number is
generated by decay of heavy neutrinos, and then the lepton number are converted into the baryon number through the sphaleron
process [23]. Between the baryon np and lepton densities 1] generated through the leptogenesis scenario, ng /1, < 0 satisfies, and
the observed baryon number is positive. Therefore, the lepton number generated by the decay of the heavy neutrinos should be
negative.

As we discussed in the previous section, because of the vanishing conditions, the neutrino parameters in the minimal gauged
U(1)yr models are obtained as functions of the neutrino oscillation parameters. Therefore, from Eq. (6), the neutrino Majorana
masses can be written as functions the neutrino oscillation parameters and three free parameters, namely the Dirac Yukawa cou-
plings. Now, we parametrize the neutrino Dirac Yukawa couplings as follows:

(Aes Ay, Ar) = A(cos 6, sin 6 cos ¢, sin f sin ¢p) 9)

Using the predictions for the three CP phases and lightest neutrino mass in the previous section, we calculate the sign of the lepton
number generated the decay of the heavy neutrinos, and we show the result in Fig. 2. The red shaded areas show the parameter
region of the (6, ¢) plane where the lepton number generated by the decay of the heavy neutrinos is negative. Moreover, we also
show the contours of the right-handed neutrino mass ratio M, / M. As shown Fig. 2, in almost all parameter space, the correct sign
of the lepton number is realized in U(1)p4r,—3 Ly—Le (NO) case.
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FIGURE 2: The predictions for the sign of the lepton number in U(1)p4 Le—3L,—Le (NO) case.

6. SUMMARY

We have examined the models extended by a linear combination of U(1),_ Lys u@) Ly—Le and U(1)p_; gauge symmetries, which
realizes the two-zero minor or texture structure in the mass matrix for the active neutrinos. Analyzing the vanishing conditions, we
have obtained the predictions for the neutrino CP phases and masses as functions of the neutrino oscillation parameters, and have
found that only 3 U(1)yss with a y/-breaking singlet scalar cases are consistent with the recent experiments and all case favor the
normal ordering. Moreover, we have discussed the implications for leptogenesis. Using the predictions for the three CP phases and
lightest neutrino mass, we have calculated the sign of the lepton number which is generated by the decay of the heavy neutrinos,
and have discussed whether the correct sign of the baryon asymmetry of the Universe can be realize or not.
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