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1 Introduction
Tri-bimaximal mixing Paradigm

Before Daya Bay, RENO, DChooz and T2K,
Neutrino Data suggested
Tri-bimaximal Mixing of Neutrinos

Sil’l2 912 = 1/3, Sil‘l2 923 = 1/2, Sin2 913 = 0,

273 J1/3 0

Utri—bimaximal = ( 1/6 1/3 = 1/2)
—/1/6 /13 /12

Harrison, Perkins, Scott (2002)



Tri-bi maximal mixing gives us beautiful flavor structure
of Neutrino Mass Matrix:
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Mixing angles are independent of mass eigenvalues

(Ef_.,){b.-{%) Different from quark mixing angles
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The third matrix is A, symmetric !

The first and second matrices are
well known to be of S; symmetric.

In order to get the first and second matrix
In A, model, non-trivial flavons are required.



E. Ma and G. Rajasekaran, PRD64(2001)113012

A, Flavor Group

Four irreducible representations in A, symmetry
1 1" 17 3
Consider A, triplet of leptons 3 (1, 1, 1)

3x3=1=a;*xby+ as *xb3z+ as *x b

oSO =
_O O
o = O

Tensor Product of 3 (a1, as, as) and 3 (b, bz, b3)
LIhh/A (3X3XIX1) gives ( )
(L by + Lyl LylL) v3/ A |

A, symmetric



In order to get Tri-bimaximal Mixing,
one needs

© Non-trivial Flavons 3

© Additional U(]) or Zn
© VEV Alignment of flavon 3: (1,00 . (1.1.1) ...



Typical Non-Abelian Discrete Groups

S, S, A, T" D, AQ7) AG4 ...
O O

Singlet 11’ 1”7 .. O : includes both 2 and 3
Doublet 2 ..... 2 families
Triplets 3.... 3 families

Remark: S; and A, are sub-groups of S, .

H. Ishimori, T. Kobayvashi, H. Ohki, Y. Shimizu, H. Okada, M. Tanimoto, Prog.
Theor. Phys. Suppl. 183 (2010) 1-163. [arXiv:1003.3552 [hep-th]].

Text book 1o be published at Springer for Physicist (2012)



Remark:
Tri-bimaximal Mixing realized in

M + 1M 1 U o — T L1 M — 1M L
0 1 1 1 - 0

P
Additional Matrices break Tri-bimaximal mixing
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0 1 0 1 11 0 0 1 1 0 0
10 0)=1111})—-—101O0}—-100 1
0 0 1 1 11 1 0 0 0 1 0

which could appear in A;, S,;, A(27) flavor symmetries.



3 Breaking with 1ri-bimaximal mixing

Dava Bay suggests us

the breaking with tri-bimaximal paradigm !

Let us show
how 10 go beyond the 1ri-bi maximal mixing.



Consider Modified A, Model to get large 0 54

Modify G. Altarelli, F. Feruglio, Nucl.Phys. B720 (2005) 64

(ZEE l_u.e [T) ¢ }{LE TC hu,d O Oy f

SU(2) 2 1 1 1 2 1 1 1
Ay 3 1 17 1 1 3 3 1
/3 w w2 w? w? 1 1l w w

1
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3x3=3+3+1+1"4+1"
3x3=1 =ay*xb;+asxbs+ asz by
3x3 =1 = a1 * by + ao x by + a3 x b3
3x3=1" =ay*xbs+ as*by+ as* by

remark €

1x1=>1 |, 1" x1' =1 I’ X 1”1
1 0 0 0 0 1 0 1 0
0 0 1 0 1 0 1 0 O
0 1 0 1 0 0 0 0 1

Y. Simizu, M. Tanimoto, A. Watanabe, PTP 126, 81(2011)



Additional Matrix

11 1 0 0 0 0 1
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There is one relation o = —3b
_ 2 2
mi = d c d4 — ed .
L + Ve + Neglecting phases,
mo = ¢+ d

3 parameters

ms = —a + V2 + d? — ed
For normal hierarchical limit m] << m2<< m3, we have

mi~0 = Am2_ ~4(c* +d* —cd), AmZ,;~ (c+ d)*

atm — sol —



After rotating by V., , we get

a—+c— % 0 gd
M= ¥ain 0 b 38 4 €+ 0 Vit i
?d 0 a—c-+ %

a = —3b

cosf (0 smnd#
Unns = Viri-bi 0 I 0
—smmf 0 cosft

\/3d

—2c +d

tan 260 =




Mixing matrix elements are given

1 2 1 1
Ul = — . |Uxs| =—|sinfl|, |Uy|=|———=smbl — —=cosb
Ual = = . [Vl = S intl. [0l = |-z st - 5
Then, we obtain
. 2, . 1 1 1
sinti3 \/6|SII1 | sin o3 . (\/500894- \/E_ism 6’)

where sin@ is fixed by neutrino masses

V3d Am3z;  4(c® +d° — cd)

tan 20 = — =
—2c+d Am2, (c + d)2

for normal hierarchy limit m]<< m2<< m3
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My,

TakKing account exp. with 3 o — 96 ~ 38

we obtain siné# = 0.16 ~ (.18 for normal hierarchy,

Then, we predict

sin #1353 = 0.133 ~ 0.146

Exp. (Daya Bay 30) sinf;3=0.12~ 0.18

sin o3 = 0.64 — 0.65, 0.77 ~ 0.78



sinf5; = 0.40 — 0.42, 0.59 ~ 0.61

the preference for 0,5 in the 1* octant is corroborated

b\t KA

0.04F
| -

sin® @,

0.02F

Normal Hierarchy

0.2 0.4 0.6 0.8
-
sin® 0,,

Gianluigi Fogli NEUTRINO 2012, Kyote, June 5, 2012



TaKing account phase, we obtain allowed region

sin 913 =

2 . : 1 1 1 :
| sin fe'? in fo3 = ( 01+ —sinf Mb)
\/6| | Sin 093 cosf1s \ /2 cos ¢ + 76 sin te

0.40 0.45 0.50 0.55 0.60 0.65

Eiﬂzgzs



Normal Hierarchy of Neutrino Masses

0.04 / 0.06 0.08 0.10 0.12
Zm; [eV]

m,=0 limit



Inverted Hierarchy of Neutrino Masses

0.10 0.12 0.14 0.16 0.18 0.20
2m; [eV]



Remark: Three combinations give same result,

1 0 0 0 0 1 ,
Present [, o 1) a4 [0 1 o § and §
analyses \, | 1 0 0

] and 1’
1 0 0 0 1 0 5
0 0 1| and 1 0 0 £ and ¢
0 1 0 0 0 1

] and 1”

0 0 1 0 1 0
0O 1 0 and 1 0 0 / ?
1 0 0 0 0 1 ¢ and &

1’ and 1”



3 Large 0 ,; and the neutrino masses

Dava Bay results

sin #1353 = 0.15 -

- 0.01 Order of Cabbibo angle !?

What does this value of 0 ,; indicate ?

Recall

© . could be rel

sinflc ~ /4 ~ 0.2

ated to neutrino masses explicitly.



Ratio of Neutrino Mass Squared differences

Am?= I
SMeol = (0.026 ~ 0.038 = O(A?)

\/A;ffol =0.160 ~ 0.196 = O(\) g4 ?

4 A?’T?J‘s?mrl —_ —
\/Amg = 0.40 ~ 0.44 = O(V))

atm

8 A"ﬂq’gc}l S S 4
\/Amg = 0.63 ~ 0.66 = O(V/\) fog ?

A=0.2



Simple Model to get Large 0 .,
In terms of neutrino masses

FuKugita, Tanimoto, Yanagida,
PLB 562(2003) 273 [arXiv:/03031711.

0 A, O 0 A, 0
mp=|A4 0 DB,|, myp =14, 0 B,
0 B, C, 0 B, C,
My = M,I
T _
my — (vaMleVD)i 1 0 0
| T Q=10 ¢ 0
U=U; QU 0 0 e

Fritzsch texture failed in Quark sector!



Lepton Mixing Matrix

Fukugita, Shimizu, Tanimoto, Yanagida (PLB 2012). arXiv:1204.2389
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— o - € 0.25;

iy \ /4 i m. 1/2 - 0205-
> (—) e’ — T 0.15;

m2 my - [

mo /4 m /2 0.10}
o I I

T3 mo+ 005’

1/4 1/2
= - (2_2) e’ + (%) e’ 0. 0(?96 0.97 0.98 0.99 1.00
qlf? 1/‘2 : 226

M m m sin

= () w2 G :
[ 3 ms3

sl = (.63 ~ 0.66 = O(V/N)

atm

12
PN
S
—
frﬁ
-Q S
>
3[\.')

sin 013 ~ (sin f23)° sin f15 ~ 0.16




littee| [MeV]

maximal 0 ,, is excluded
Normal Mass Hierarchy
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4 Summary

Large 0 ,; = 0.15 suggests
breaking with tri-bimaximal mixing.

0 ,; probably depends on neutrino masses !

Large 0 5 is due to the neutrino mass ratios.

We should consider the origin of neutrino mass spectrum !

Why \/A sol = (.160 ~ 0.196 = O(A) 2

atm ¢



At first

let us understand how 1o get the tri-bimaximal
mixing in the example of A, flavor model,

G. Altarelli, F. Feruglio, Nucl.Phys. B720 (2005) 64

As x Z3 charge assignment A, Flavor model

Lo lnl) R RE R [ Hog X o X
Ay 3 B ¥ X 1 3 3 1
Z3 W W @ W 1 1l w w

X¢, Xv, X are new scalars of gauge singlets. 3= ]



A4 invariant superpotential can be written by: , i}
for charged leptons 1'"x 1" —1

Wy = Zlove +Lixe + Lixe)ReHa 30 X 3ga = 1
—I—Ff(f_e}:& + L.“-X'El + LT}:EE}R#Hd 3 X 3pavon — 17
+}%(LEX€3 + L.U-sz + "..—TXEJRT Hﬂr + h.C., 3L X 3f|avon — 1

for neutrinos
W, = 5(Lele+ Lulr + LrL)HaHux 30 % 30X Lpaen = 1

—I—%[(zie Le — Lulr — Lr L)X

—|-{—LE.|"_T + 21"_”_1"_# — LT."_E)}:L,E
+{_LE‘".—,L¢ - "..—,L!-LE + 2L, LT)XIJE]HUHU + h.C.=

3L X 3L X 3flavon_> 1

3x3=1=a;*xby+ as *xbz+ as * b



After Ay x Z3 symmetry is spontaneously broken by VEVs of vy,
Yv, and v, mass matrices are obtained as

v, Ye {@ Ye ﬁ,XEal Ye ! leg;
My = = | v Xe) Yu @ Y (Xt3)
Yr {.Xfaf ¥r szf Y

v2 (3100 + 22 (Xon) —¥2 (Xus) —¥2 (Xu)
M, = 3¢ —¥2 (Xus) 2y2 (Xun) 3y1 (X) — Y2 (Xua)
—¥2 {(Xus) 3y1 (X) — y2 (Xu1) 2y> {xm}

where vy = (Hy), vy = (Hy)

The mass matrices do not yet predict 1ri-bimaximal mixing !

Can one get Desired Vacuum
in Spontaneous Symmetry Breaking ?

We need Scalar Potential Analysis,



If vacuum expectation values are aligned,
(xe) = (V£,0,0) and (x,) = (Vp, Vi, V),

which are obtained by potential analysis, then

Ye 0 O
M | = Vdj:lr 0 _}"# 0
0 0 »

2 [a+2b/3 —b/3  —b/3
M, = 2| —b/3 2b/3 a-b/3
~b/3 a—b/3 2b/3

where a=y; V/A, b=y V,, /A

3L X 3L X 3flavon 3L X 3L X lflavon
1 0 0 1 1 1 1 0 0
Eb Eb 2
MI,_V;’\ 010 —‘;“h 111 +Vf 0 0 1
0 0 1 1 1 1 0O 1 O

Therefore, mixing matrix is tri-bimaximal matrix, and masses are

2 b
m = AChal) ), mz = .

a _ vg(a—b)
A e

:
A8 A
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