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1 Introduction
FLASY predicts Lepton Mass Matrices,

which can be tested by Neutrino Masses
and Mixing Angles.
Especially, experimental data of
CP violating phase
will give us severe tests for

[ Lepton Mass Matrices ]
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FTY texture for Lepton

Fukugita, M.T, Yanagida, 2003
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FTY texture for Lepton

Fukugita, Shimizu, M.T, Yanagida, 2012
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CP phase is predicted !
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Let us examine the CP phase

in the FLASY motivated Texture
of Neutrino Masses
focusing on T2K data.

Conventional definition of Mixing Matrix
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2 FLASY motivated Textures

Before 2012 (no data for O,;)

Neutrino Data suggested
Tri-bimaximal Mixing of Neutrinos

Sin2 912 — 1/3, Sir'l2 923 — 1/2, Sin2 913 = 0,

273 J1/3 0

Utri—bimaximal = ( 1/6 1/3 — 1/2)
~\/1/6 /1/3 /12

Harrison, Perkins, Scott (2002)



Tri-bimaximal Mixing (TBM) is realized by
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in the diagonal basis of charged leptons.
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Mixing angles are independent of neutrino masses.

Integer (inter-family related) matrix elements
suggest Non-Abelian Discrete Flavor Symmetry.



In 2012

Reactor angle ©,; was measured by T2K, Daya Bay,
MINOS, RENO, Double Chooz

013~ 9° ~0./v/2

Tri-bimaximal mixing was ruled out |
e Deviation from Tri-bimaximal mixing ?

e Different Anzatz ?
Tri-maximal mixing, Tri-bimaximal Cabibbo ....
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Indirect Approach : A, Model to realize large 0 ;4
MOdIfYG Altarelli, F. Feruglio, Nucl.Phys. B720 (2005) 64
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Additional Matrix
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Both normal and inverted mass hierarchies are possible,
After rotaing it by Tri-bimaximal mixing matrix, we get

a—+c— % 0 ?d
J[y — ‘f;ri_bi 0 a -+ Sb + c + -d 0 “f}i_bi
%d 0 a— ¢+ %

Tri-maximal mixing: TM2



Direct Approach of FLASY

A, has 12 elements and subgroups:

three Z,, four Z;, one Z, X Z, (klein four-group)

Z,: {1,S}, {1,72sT}, {1,TST?}

Z;: {1,T,T4, {1,sT,T28}, {1,TS, ST?, {1,STS,ST?2S}
K,: {1,5,T2ST, TST?}

Suppose A, is spontaneously broken to subgroups:

Neutrino sector preserves Z,: {1,S}
Charged lepton sector preserves Z;: {1,T,T?}

STmy , S=mY,, TYYIT=Y)Y]
S,mp, =0, [T, YeYeT] =0

Mixing matrices diagonalise ™ Y.Y! also diagonalize
S and T, respectively !
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For the triplet representation

2 -1 -1 1 0 O 0 1 1 0 1 -1
myrr, = o | —1 2 -1 14610 0 1 +v 11 1 0 ]+e 1 —1 0
-1 -1 2 0 1 O 1 0 1 -1 0 1

Ding, King, Luhn, Stuart, JHEP1305, arXiv:1303.6180

This matrix respects 6, ={1,S}.
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V,=1| —¢c/V6+s/v2 —5/vV6 —c/V2

RYNRSYN; —5/\B+ V2

c =cosf, s =sinb

( 2(:/\/6 23/\/6 )

1-3 mixing in TBM basis
Tri-maximal mixing : TM2

Freedom of the rotation between 1st and 3rd column.

O is fixed by the experimental data,



15

Another example with S, group

All permutations among four objects, 4 ! =24 elements

24 elements can be generated by S, T and U:
S2=T3=U?%=1, ST3=(SU)?=(TU)*=(STU)*=1 - h=4 3

Irreducible representations: 1, 1', 2, 3, 3’ ¢ Ci) P

1 0 0 »AK |
U=Fx|(0 0 1 »iﬁ;

0 1 0

Symmetry of a cube

-1 2 2 1 0 0
S=3il2 -1 2|, T=[0 w? 0]; w=e*/3
2 2 -1 0 0 w



S, has subgroups
nine Z,, four Z;, three Z,, four Z,x Z, (K,)

Suppose S, is spontaneously broken to subgroups:
Neutrino sector preserves SV (Z,)
Charged lepton sector preserves T (Z;)

(SUYT'mY , SU =mY,, TY. YT =Y)Y]
.
[SU& mEL] =0, [Ta Yeyj] =0

2 -1 -1 1 0 0O 1 -1
myr — & —1 2 —1 —|—5 0 O —|—’}’ +€ 1 2 0
-1 -1 2 0 1 -1 0 -2

16 Rodejohann, Zhang, arXiv:1207.1225, Li, Ding, arXiv1312.4401

O = O
el o
O =
—_ O =
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2//6 c/vV'3 s/\V/3
Vo= (\-1/Vv6 |¢/V3—3s/V2 —s/V/3—c/V2
<1/V6/ c/V3+s/V2 —s/V3+c/V2

c =cosf, s=sinb
2nd-3rd column mixing in TBM basis

Tri-maximal mixing TM1

|
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3 Predicting CP phase

Mixing sum rules

|

2¢//6 1/v/3 25//6
TMz V, = (c/\/€+s/\/§ 1/v/3 5/\/66/\/5)
—c/V6—5/vV2 1/V3 —s/V6+c/V2
Ay Sy
2/V/6 c/V'3 s/V'3
TM1 Vv.=| -1/V6 ¢/vV3+s/v2 s/vV3—c/V2
S, ~1/V6 ¢/V3—3s/V2 s/V3+c/V2

c =cosfl, s =sinf
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TM2: Including CP phase

V, = | —c/V6 +se /2 —5e7 /\/6 —c/V/2

—c/V6 — 5e /\/2 —5e7'7 /N6 4+ ¢c/V/2

SiIl2 913 — 3 SiIl2 9, Sin2 912 —

( 2¢//6 257 /\/6 )

1
1+2cos2 6

. 2 1 v/6 sin 260 cos o
sin” fo3 = = (1 + ) .
3 2 14+2cos2 60 SlIl2 912 > %

(2+cos 260) sin o
\/[(Q—I—cos 20)2 —3sin? 26 cos? o]

sin 50]3 —
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TM2

NH: solid curves IH: dashed curves
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Y.Shimizu, M.T, arXiv 1405.1521
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Generalized CP: maximal CP phase

Y.Shimizu, M.T, arXiv 1405.1521



Unitarity Triangle  v,,u*, + v.,U7, + UU%, =0
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TM1]: Including CP phase

2/1/6 c/\/§ _se_i"/\/§
V, = |l-1/V6 c/\/§+se'f"/\/§ se_fg/\/g—c/\/?
—1/V6 /c/V/3 —se /2 se /N3 +c/V2

1
2+4cos? 6

SiIl2 913 — %Sin2 9, SiIl2 912 =1-

- 2 1 6 sin 26 .
Sin” 093 = 2 (1 o X/_QS—II—HCOSZCSSU) [SIH2 (912 < % ]

sin 20(5+cos 26) sin o
\/Sin2 20[(5+cos 20)2 —24 sin? 26 cos? o]

Sindcp =
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Y Shimizu, MT, arXiv 1405.1521



NH: solid curves IH: dashed curves
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Unitarity Triangle
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We consider another case:

Rotation of charged lepton mass matrix

cosp 0 —e " smo

UpMns = 0 1 0 Vrem
e'sino 0 COS O
_ 2(1 —sin2¢coso o 1 . 5 . . 1
sin? 6y, = ( —— )} sin®fy3 = —sin® ¢, sin®fyy = ——
3(2 — sin“ ¢) 2 2 — sin” ¢
4 o . N\

: sin 2¢(2 — sin® ¢) sin o sin” fo3 > )
sindcp =

\/sin? 26 (4 — 3sin? ¢ + 2sin2¢ cos ) (1 — sin 2¢ cos o)

for 1-3 mixing

.

J

Marzocca, Petcov, Romanio, Sevilla, arXiv 1302.0423

Petcov, arXiv 1405.6006



Rotation of Charged Lepton
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Y Shimizu, MT, arXiv:1405.1521



31

Rotation of Charged Lepton

NH: solid curves

IH: dashed curves
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Rotation of Charged Lepton
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Unitarity Triangle U..U;, +U»U;, +UsU;3 =0
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4 Summary

e CP phase can test
the neutrino mass textures
with combination of the mixing angles.

e Require the precise determination of O,,

e Wait improved T2K data and NOvA new data |

34



	スライド番号 1
	which can be tested by Neutrino Masses and Mixing Angles.�     Especially, experimental data of �            CP violating phase �       will give us severe tests for�        �       Lepton Mass Matrices 
	スライド番号 3
	スライド番号 4
	スライド番号 5
	スライド番号 6
	スライド番号 7
	スライド番号 8
	スライド番号 9
	スライド番号 10
	スライド番号 11
	スライド番号 12
	スライド番号 13
	スライド番号 14
	スライド番号 15
	スライド番号 16
	スライド番号 17
	スライド番号 18
	スライド番号 19
	スライド番号 20
	スライド番号 21
	スライド番号 22
	スライド番号 23
	スライド番号 24
	スライド番号 25
	スライド番号 26
	スライド番号 27
	スライド番号 28
	スライド番号 29
	スライド番号 30
	スライド番号 31
	スライド番号 32
	スライド番号 33
	スライド番号 34

