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Introduction

Neutrinos: Windows to New Physics

Neutrino Oscillations provided important information
o Tiny Neutrino Masses
o Large Neutrino Flavor Mixing

Recent experiments of the neutrino oscillation go into a new phase
of the precise determination of mixing angles and mass squared
differences, in SK, KamLAND, SNO, MINOS, T2K, Double
CHOOZ, and etc.

In order to explain large mixing, many authors consider

Non-Abelian Discrete Flavor Symmetry !
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The experimental data indicate Tri-bimaximal mixing

@ Global fit of experimental data of the neutrino oscillations:
(T. Schwetz, M. Tortola, J. W. F. Valle, New J. Phys. 13 (2011) 063004.)

parameter best fit 10 20 30
Am?, [107%V7] 7.50799 7.24-7.99 7.00-8.19
2.45 +0.09 2.28-2.64 2.18-2.73
2 —3,y2
A [1077eV7] —(2.34738%) —(2.17-2.54) —(2.08-2.64)
sin 01, 0.31275:9011 0.28-0.35 0.27-0.36
5 0.5140.06 0.41-0.61
sin” 023 0.52 -+ 0.06 0.42-0.61 0.39-0.64
29 0.01079:9%2 < 0.027 < 0.035
S s 0.01370:009 < 0.031 < 0.039

@ Lepton mixing angles:

(P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 5630 (2002) 167.)

1 1
sin? f1p ~ 3 sin o3 ~ 5 sin? f13 ~ 0.

Tri-bimaximal mixing !
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@ Lepton flavor mixing: Tri-bimaximal mixing is written as

2 1 0
Ve 3
U= | 1 T 1
Tri-bi \{g \/1§ ]ﬁ )
V6 V3 V2
|Va) = Uailvi).

@ T2K showed the new results: Normal (Inverted) hierarchy

0.03 (0.04) < sin?26;13 < 0.28 (0.34),

@ 90% C.L. for sin?20p3 = 1, [Am2,,| = 2.4 x 1073 eV?, §cp = 0.
(K. Abe et al. [T2K Collaboration], arXiv:1106.2822 [hep-ex].)
@ Quark flavor mixing: CKM matrix (PDG 2010)

0.974  0.225 0.00347
(\VEul = | 0225 0.973 0.0410
0.00862 0.0403  0.999
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Non-Abelian discrete symmetry

H. Ishimori, T. Kobayashi, H. Ohki, Y. S., H. Okada, M. Tanimoto, Prog. Theor. Phys. Suppl. 183 (2010) 1-163.

Non-Abelian discrete symmetry can lead to tri-bimaximal mixing,
since non-Abelian discrete symmetry connects different generations.

@ Many authors consider the flavor model: S3, A4, S4, - --

Our model

e A, flavor model without grand-unification

Since A4 has triplet, it is natural to explain 3 generations.
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Our predictions

@ Mass relation:

mr mp

~

NG - V/mgms

Georgi-Jarlskog mass relation:

0.02 0.03 0.04 0.05 0.06 007 0.08 0.09

ms

mp =My, Ms= My, Mg =3Me.

3
(H. Georgi, C. Jarlskog, Phys. Lett. B86 (1979) 297-300.)

@ Mixing relation: 030
0.28;

1 0.26f
m,mp /. m ]
Ac s> Sln2 2013— - o 024
f 2 m-ms me < 0.22F

0.20¢

0.18f

0.16f
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sin? 2013

Daya-Bay

Dfuble Chooz

Input data is EW scale (M)
(Z. -z. Xing, H. Zhang, S. Zhou, Phys. Rev. D77 (2008) 113016.)
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A4 flavor model in SU(3) x SU(2) x U(1)

@ The A4 charge assignment in our model (SUSY)

fields | L E< Q@ 0O° D<| A A4
SUR). 2 1 2 1 1 |2 2
Aq 33 3 3 3 (3 3

@ Renormalizable Yukawa Lagrangian for the charged fermions:
Ly =y LiHYES + yg QiFATDf + yit QiFHF U
@ The Higgs scalar potential invariant under Ay:
2 2 2 2 2
Vo= (lpl® + mi, )(1H" + [HR |7 + [H5°)

+ (| + mi Y HE P + |HS 12 + | HS )
— [b(HEHE + HYHS + HYHS) 4 c.c]

1 u u u
+g(&* + &) IHLP + [H3 " + [Hg 2 — [HE|? = [HE | = |H5?) .
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@ Vacuum alignment: possible local minima
(H*"?) ~ (1,0,0) and (1,1,1).
@ Adding A4 soft breaking terms:

Vsoft = Z(MUHU*HU + ,LL,JHd*Hd + Z bUHdHu

ij ij
o We get the alignment:
(H") = (v, et,e8),  (HY) = (v9,ef,€9)

where e¥, < v¥ and ¢, < v9.
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Charged fermions

@ Charged fermion mass matrix:

where f denotes any charged lepton, up- or down-type quarks.

@ This matrix is rewritten as follow:
<Hu> = (Vuvgfvgg)v <Hd> (Vd 5?753)

0 afaf  bf
af bf rf 0

f

whereaf:ylfe{, bf:y{E{, r :vf/si, « —52/51
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Thanks to the fact that the same Higgs doublet H9 couples to the
charged leptons and to the down-type quarks, we obtain

rZ = rd s O{Z = ad
We also obtain
fof Fof
rf m? Fomh/mim; my m;

Vaf m{mg’ mi Vaf Vaf

First prediction

@ Mass relation
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@ Down quark mass:

Ms

@ In the Z boson mass scale (Myz):
1.71 MeV < mg < 4.14 MeV, 40 MeV < ms < 71 MeV.

(Z. -z. Xing, H. Zhang, S. Zhou, Phys. Rev. D77 (2008) 113016.)
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Neutrinos

@ The effective dimension-five lepton-number violating operator:

xri?  grY  griat
_ 2
M, =1 wr* yrt 0 )
kriot 0 zru?

where x, y, z, and k are coupling constants.

o If y ~® z and a" = 1, the maximally atmospheric angle is
realized in neutrino oscillation data.
(S. Morisi, E. Peinado, Phys. Rev. D80 (2009) 113011.)
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Relating the Cabibbo angle \¢ to 613

@ We obtain the mixing angle 9{2 from charged fermion matrix:

f
m 1

i .
m2 \/af

@ If neutrino mass matrix is p-7 invariant, the reactor angle is:

sin 01, ~

1 1 1
sin 913 = ——sin 9{2 = Me

V2 V2 mu Vel
using our mass relation, the Cabibbo angle is written as

Ao Mey/mem 1 [m,
ms  mr  \/qod mc
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Second prediction

@ Mixing relation
1 mmy [, m
)‘C ~ —M—b Sln2 2913 — — o
\/5 mrms mc

0.30F
0.28;
0.26}
0.24;
> 022F
0.20;
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0.16;

000 001 002
sin? 2613

Daya-Bay
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Comment on the other two CKM mixing angles

q 9. q q(,.9\2
Ua ~ M2 vV Mimy 1 U9 ~ m{(m3)° 1
137~ g q ) 23 q\3
mj mi /a9 (m3)3 a9
are too small.

One of the solution

o We add color triplets vector-like SU(2); singlet states.
In this case, we obtain V,; and V,, as well as quark CP.
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Summary

Conclusion

o We present the A4 flavor model without grand-unification.

@ We predict the mass relation:

mr mp

~

V/Memy, = NPT

@ We also predict the mixing relation:

1 mmp /. m
Ac D \/sm2 2013 — 4/ — .
fmes 13 me )

@ We need to generate the other two CKM mixing angles.
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