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We present numerical and comprehensive analyses of the sixty hybrid textures of neutrinos, which
have an equality of matrix elements and one zero. These textures are possibly derived in the
models with discrete flavor symmetry. Only six textures among sixty ones are excluded by the
present experimental data. Since there are many textures which give similar predictions, the
textures are classified based on the numerical results. The neutrinoless double beta decay is
also examined in these textures. Our results suggest that there remain still rich structures of the
neutrino mass matrix in the phenomenological point of view.
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The results of neutrino oscillation experiments indicate the neutrino masses and mixings, esf
cially, the bi-large flavor mixing. It is therefore important to investigate how the textures of lepton
mass matrices can link up with the observables of the flavor mixings. Many authors studied tt
texture zeros], 2, 3], which may follow from the flavor symmetry. On the other hand, one finds
some relations among the non-zero mass matrix elements in the discrete symmetry of the flav
This fact suggests that the texture zero analyses is not enough to reveal some underlying fla
symmetry.

For example, inthe, i, T basis, one finds the following symmetric mass matrices of neutrinos,
where there are two entries with same values and one zero,

a cd 0O c d
b 0], a b, 1)
b a

both are presented in the quaternion family symme®y,[4] and the latter is given in th&;
symmetry p]. The variant of these textures is also discussed in gf. e call this type texture
as the “Hybrid” texture, which has an equality of matrix elements and one zero.

The analytical study of various structures of the neutrino mass matrix was presented systel
atically by Frigerio and Smirnov7], who also discussed the case of equalities of matrix elements.
The textures for the Dirac neutrinos also discusse@JinHowever, numerical and comprehensive
analyses have not been given. In this work, we present numerical analyses of the sixty hybrid te
tures, which have equal two neutrino mass matrix elements with oneefolr analyses include
textures in the previous studies iy p]. Our results are consistent with their ones.

Let us construct the neutrino mass matrix in terms of neutrino mass eigenvaluas, ms,
mixing angles and CP violating phases. Neutrino mass mityixn the basis where the charged
lepton mass matrix is diagonal (flavor basis) is given as follows:

My =P U~ IV'diagonaIUJr P ) (2)
whereMgiagonai@andP are the diagonal mass matrix and the diagonal phase matrix, respectively:
IvldiagonaI: diag(/\l,)\z,)\s) ) P= dia@xei%aei%»ei%) ) (3)

where); (i = 1,2,3) are the complex mass eigenvalues including Majorana phases, so three ne
trino massesn, are given as the absolute valuesigfU is the MNS mixing matrix. On the other
hand,q (i = e, u, 1) are unphysical phases depending on the phase convention. Then, the neutri
mass matrix element$/ ), are given in the flavor basis as

4 3 .
(My)qp = &® %) ZU;fUEf/\f =&\ ®) (U5 UL A +UgUph2 +UgaUpads) . (4)

By use of these mass matrix elements, we can analyze the sixty cases in terms of mass eigenva
and mixings. These cases are combinations of the one zero textures and the equal elements
fifteen cases of the equal elements (Type O) (My)qp = (My)ys, (ii) six cases of one zero (Type

I ~VI) (My)qp = 0. These combinations give ninety textures, however, among them, thirty texture:
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have two zeros, which have been studied in detdil2]3]. Therefore, we study numerically in
the sixty textures, which are summarized $h [

Since the textures have the conditidiv;, ),z = 0 and(My )ij = (M, )k, we can get the ratios
of mass eigenvalues by solving two equations as foll@®ls [

AL (U3Uj3 —QUgUj)U *2U 52— (UpUj5 — Q UGU LU a3Yp3

A (U |1U — QUi U/ )UgaUgs — (UisUjs — Q UgUj5)Ug, Uy

Az (UiUj —QUqUA)U 2U52 (UUj, —Q UKU5)UgUg,y 5)
A2 (Ullujl — QUi U/ UgsUgs — (UisUjs — Q UgUj5)Ug, Uy 7

whereQ = €9 = (&+t@—-8-9)  Taking absolute values of these ratios, we get the neutrino mass
ratios, m /mp andmg/my. Therefore mass ratios are given in termsfpf, 623, 613, CKM-like
phased in U and the unknown phage. Absolute values of neutrino masses are fixed by putting
the experimental datAmg,,, andAmg,,

We classify the textures based on the predicted mixhgsind |Ues|. We cannot distinguish
the textures by the mixin@;, at the present stage of the experimental data:

Case 1: The predicted mixings of the eighteen textures cover whole experimental allowed regio
: A-l, A-ll, A-llL, B-L, B-II, B-lIl, D-V, D-VI, E-Il, F-1, I-1, I-II, L-I, L-II, L-1V, O-1, O-ll and O-IV.

Case 2: The allowed points of the twenty-two textures are very few : C-I, C-Il, C-lll, D-lll, E-V,
E-VI, F-V, F-VI, G-lll, G-V, G-VI, H-lll, H-V, H-VI, J-llI, J-VI, K-1lI, K-VI, M-1ll, M-V, N-Il|
and N-V.

Case 3: Thesir? 26,3 has the lower boun6.99: C-IV.

Case 4: The|Ug]| of the six textures has the lower bound, which increasei@26,3 increases
: A-VI, B-V, G-I, H-I, L-VI and O-V. The lower boundUgs| > 0.03is obtained in A-VI and B-V,
and|Ugs| > 0.04is clearly predicted in G-Il and H-1. The bounides| > 0.05is roughly obtained
although the allowed points are few in L-VI and O-V.

Case 5: The lower bound ofUes| decreases asin? 26,3 increases in the seven textures : D-1V,
[-V, 1-VI, J-Il, K-I, M-Il and N-I, in which |Ug| = 0 is allowed asin’ 26,3 =1 except D-IV. The
texture D-1V has the lower bountles| > 0.001

Case 6 . The six textures are excluded by the experimental data : E-IV, F-1V, J-1V, K-V, M-IV
and N-1V.
We will discuss a typical texture for each cases in the above classification :

X0e ade 0d e X X0
M, = X f|:Al, X0 |:Cl, X f|:CIV, b f|:Gl,
c X X c
Xde
OX |:IV. (6)
c

1please sed] for the concrete textures of each type.
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The texture A-1is a typical one, which leads to the normal hierarchy of the neutrino masses mainl
but the quasi-degenerate spectrum is also allowed. The predicted mixings cover all experimen
allowed region on their? 26,, — |Ue3| plane as well as on thein? 20,3 — |Ues| plane. The texture
C-lll is a typical one, which leads to the inverted hierarchy of the neutrino masses mainly. Th
texture C-IV gives a specific mass hierarchy and mixing afgdeon the other hand, the predicted
61, covers whole experimental allowed region. The texture G-Il is a typical one, which gives also .
specific mass hierarchy and the clear lower boun@lgf|. The texture I-V is a typical one, which
leads to the inverted mass hierarchy of neutrino masses. The prediction excludes the specific reg
on thesir? 26,3 — |Ue3| plane.

It may be helpful to see which future data might rule out these textures. If the inverted mas
hierarchy is shown to be realized by Nature, the textures of C-IV and G-Il are ruled out. On th
contrary, if mass spectrum is the normal hierarchy, the textures of C-lll and I-V are ruled out
Findingsin’26,3 < 0.98 and|Ues| < 0.04 rule out the texture C-IV and G-Il respectively.

It is important to discuss the neutrinoless double beta decay rate, which is controlled by tt
effective Majorana mass:

(M)ee= | MCT,CI3P + MpsT,Clae? + mgsize 20

: (7)

wherep = arg(A1/A3) ando = arg(A2/A3). This effective mass is just the absolute valuéM§ )ce
component of the neutrino mass matrix. It is remarked that the neutrinoless double beta decay
forbidden in the textures of type IV, because(M,)ee = 0. Many hybrid textures (thirty-eight
ones) predict the lower bourtd ~ 30 meV although there are differences of factor in the lower
bound predictions for each texture.

References

[1] H. Nishiura, K. Matsuda and T. Fukuyama, Phys. &80 (1999) 013006; E. K. Akhmedov, G. C.
Branco, M. N. Rebelo, Phys. Rev. Le®4 (2000) 3535; S. K. Kang and C. S. Kim, Phys. Re63
(2001) 113010.

[2] P.H. Frampton, S. L. Glashow and D. Marfatia, Phys. LBH36(2002) 79.

[3] Z.Xing, Phys. LettB530(2002) 159.

[4] M. Frigerio, S. Kaneko, E. Ma and M. Tanimoto, Phys. R2v1 (2005) 011901.
[5] S-L.Chen, M. Frigerio and E. Ma, Phys. R&%0(2004) 073008.

[6] V. Koide, K. Matsuda and H. Nishiura, T. Kikuchi and T. Fukuyama, Phys. R66.(2002) 093006;
Y. Koide, Phys. RevD69 (2004) 093001; K. Matsuda and H. Nishiura, Phys. R0 (2004)
053005; ibid. D69 (2004) 117302; I. Aizawa, T. Kitabayashi and M. Yasue, Phys. R&{.(2005)
075011.

[7] M. Frigerio and A. Yu. Smirnov, Phys. Reéb67 (2003) 013007.
[8] C.Hagedorn and W. Rodejohann, JHEFD7(2005) 034.
[9] S. Kaneko, H. Sawanaka and M. Tanimoto, JHEER8(2005) 073.

187/4



