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] Introduction
Discovery of the Lepton Mixing Angles

Evidence of neutrino oscillation in 1998 Simmiary
Evidence for L oscillations
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Evidence for Reactor anti-neutrino disappearence



There are three mixing angles for leptons.
Two large mixing angles (53, 045
How large is the last mixing angle ? (.4

Lepton Mixing Pattern

Bi-maximal mixing I
Tri-bl maximal mixing

However, there is no reason why 0 ,;=0 exactly.
Mission: Observe 0,,! Predict 0, !



Toward observation for 0,
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T2K (Tokai-to-Kamioka) experiment

T2K Main Goals:

% Discovery of v, = V. oscillation (Ve appearance)
y p PP

% Precision measurement of v, disappearance
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Global Fit of Neutrino Parameters

( including TZK, MINOS before Daya Bay)

parameter best fit 1o 20 3o
Am3, [10-%eV?] 7.591 040 7.24-7.99 7.09-8.19
2.50+0:99 2.25 — 2.68 2.14 — 2.76
AmZ; [10-%eV? Ny
My [1077eV] —(2.407098) (223 — 2.58) (213 — 2.67)
sin? 012 0.312 5015 0.28-0.35 0.27-0.36
n+0.06 A1
sin? g 0-52 0,07 0417061 0.39-0.64
0.52 + 0.06 0.42-0.61
ey 0.0135000% 0.004-0.028 0.001-0.035
H 0.016+2:9%8 0.005-0.031 0.001-0.039
- Daya Bay 0.012-0.038
—0.6170%
5 (-061%05:) m 0— 2 0—2n

(=0.41%57)

Upper (Lower) : Normal (Inverted) Mass Hierarchy

Schwetz, Tortola, Valle, New J, Phys.13:109401, 2011




2 Tri-bimaximal mixing Paradigm
and Discrete Flavor Symmetry
(Before T2K, DChooz and Daya Bay)

Neutrino Data suggested
Tri-bimaximal Mixing of Neutrinos
sin? 15 = 0.31275017 | sin?fy5 = 0.527500

sin? 010 = 1/3, sin o3 = 1/2, sin? 13 = 0,

V273 13 0
Utri—bimaximal = —\ 1/6 \/ 1/3 —\/1/2
Harrison, Perkins, Scott (2002) -V 1/6 V 1/3 1/2



Consider the structure of Neutrino Mass Matrix,
which gives Tri-bi maximal mixing

mj
fEXP A * o1
g

my 4+ my ! s — m Lol My — 1 !
_ 1E 3 1 + .33 Ll 1 1] + 12 3 1
1 1 1 1 1

e integer (inter—family related) matrix elements

<> non—abelian discrete flavor sym

Mixing angles are independent of mass eigenvalues

(Ei:,-%b.-“.%) Different from quark mixing angles



For example, consider A, group

Four irreducible representations in A, symmetry
1 I’ 1”7 3
Consider A, triplet, 3 (1, L, L)

Tensor Product of 3 (a1, as,as) and 3 (by, bo, b3)

|

A, symmetric

3x3=1=ay*xby 4+ as *xbs+ as * b

LLhh/A (3X3XIXI1) gives (
(le le + lulT+ lulT) v/ A

o O =
—_0 O
o = O



1
my + ms mpa — My mp —msg
exp _

The third matrix is A, symmetric !

—_— =l
—_— =l =
Pt el ek

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.



Typical Non-Abelian Discrete Groups

S, S, A, T D, AQT) A(4)......
O O

Singlet 1 1°1”..... QO : 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. Kobayashi, 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)
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(A. Adulpravitchai, A. Blum, M. Lindner, JHEP 0907: 053, 2009)
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Stringy origin of non-Abelian discrete flavor symmetries
T. Kobayashi, H. Niles, F. PloegerS, S. Raby, M. Ratz, hep-ph/0611020

Non-Abelian Discrete Flavor Symmetries from Magnetized/Intersecting Brane Models
H. Abe, K-S. Chol, T. Kobayashi, H. Ohki, 0904.2631



Remark:
Tri-bimaximal Mixing realized in

my +m 1 0 Mo — 11 L1 mq — M L
Mgy = ——3 [0 0] + =2 - ! 1 1)+ = . 2 1o
0 1 1 1 - 0

2
Additional Matrices break Tri-bimaximal mixing

ey (e
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1
0
0

0 1 0 1 11 0 0 1 1 00
1 0O0)=(111})—1010)—-1001
0 0 1 1 11 1 00 0 1 0

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



Famous Model of Tri-bimaximal Mixing
A, Symmetry

Tetrahedral Symmetry

Four irreducible representations 1 1’17 3
in A, symmetry

. Maand G. Rajasekaran, PRD64(2001)113012 /  \
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At first

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

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

Ay < Z3 charge assignment A4 Flavor mOdel

(Le, L#f L) Rg R}f RE | Hug | Xe xv X
Ay 3 3 ¥ ¥ 1 g F 1
Z3 w P Y 1 l w w

X¢, Xv, X are new scalars of gauge singlets. w3=1]



Ay invariant superpotential can be written by:
b) 7
for charged leptons 1" X 1 — 1

Wy = R(loxe +Lixe + Lxe)RHy 30 X 3jay — 1
+*"fuem+tﬁxh+LTXES}R#Hd 3. X 3aon — 17
¥r )
‘|‘I(LEXE3 + L,LAXE; + ".—TXEl)RT Hﬂ’ + h"':'* 3L X 3flavon — 1

for neutrinos

I-""I.l"";,a — %(LELE + L,L!.LT + LTI"—,r_e.)HuHuX 3L X 3L X 1f|avon — 1
Y2
+ 25 [(2Lele — Luly — LrLy)xan

+(—LeL + 21"_#_1"_#_ — L Le)xu, 3L X 3L X Sfavon— 1
+(_LE‘".—,U- - "l.—,h!-LE + 2L, LT)}:IJE]HUHU + h.l:‘.:

3x3=>1=a;*xby +as *xbs+ as * b



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

vy J’re’ﬁg@ ye’*?XEa} FE{XEEE:
My = | YuXez) Yu SORRIN,
vr (xe) ysixe) e (4e)
v2 (3100 + 2y2 (Xon) —Y2 (Xus) —¥2 (Xu)
M, = ﬁ —¥2 (Xua) 22 (Xu) 3y1 (X) — Y2 (Xun)
—¥2 (Xv,) 3y1 (X) — Y2 (Xun) 2y (Xvs)

where vg = (Hy), vy = (Hy).

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

Can one get Desired Vacuum
in Spontaneous Symmetry Breaking ?

We need Scalar Potential Analysis.



If vacuum expectation values are aligned,
(xe) = (V4,0,0) and (xp) = (Vo, Vi, Vo),

which are obtained by potential analysis, then

e ve 0 O

M.I’ = A 0 Yu 0

0 0 yr
,2 (a—|—2b/3 —b/3 —b/3
M, = I” —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

, 0 , /11 1 , (10
Mi,z"’f 0 —‘;“f 11 1 +"f 0 0
1 11 1 01

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

o O =
o = O

_ vi(a+b) v

m—ﬁ vZ(a— b)
A S '

ms = — A



In order to get Tri-bimaximal Mixing,
ohe needs

© Non-trivial Flavons 3
© Additional U(1) or Zn
© VEV Alignment (1,00 .(1,1,1) ...



3 Breaking with tri-bimaximal mixing

TZK, DChooz, Daya Bay suggest us

the breaking with 1ri-bimaximal paradigm !

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



Consider Modified A, Model to get non-zero 0 ;4

UE? f‘ﬂ-? ET) e pt T h‘u,d RS f‘?\

SU(2) 2 1 1 121 1 1V

Ay 3 1 1”7 1|13 3 1 @
ZS W wz U-JQ LL-«TQ 1 1 ", w ™

3x3=34+3+14+1"+1"

3Xx3=1 =ay by +asxbsg+ azxbs
3x3=1 = a1 * by + a9 *x b1 + a3 * b3
3x3=1" =ay*bs+ as*by+ as * by

1><@1>1, 1”><1@’D:>1 r x 1
1 0 0 0 0 1 0O 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)




Y, 02 Y, v Y g2 Y g2
“T A b==——r > ‘T3 4773
There is one relation a = —30b
my = a—+vVe2 +d? —ed
me = ¢+ d
ms = —a + V2 +d? — ed
Am?2, _ ~4(c* +d* —cd), AmZ;~ (c+ d)’
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4 Large 0 ,; and the neutrino masses

A, model could give non-zero 0 ;;
by adding a new flavon A4, 1’ and/or 1" .

However, mass dependence of 0 ,, is not clear.

Daya Bay results (30)
sinfi13= 0.153+ 0.014 Order of Cabbibo angle !?

What does this value of 0 ,; indicate ?
Recall sinfqo ~ % ~ 0.2

®,; could be related to neutrino masses clearly!



Ratio of Neutrino Mass Squared differences

A 2
21— 0,026 — 0.038 ~ O(A?)
Am31
A 2
\/ 721 = 0.160 — 0.196 ~ O(A)
Am3z,

Amgl
! — 0.40 — 0.44 ~ O(V\
\/Am-%l ( )k=0.2



W.Rodejohann, MTanimoto, AWatanabe, arXiv:1201.4936

IWWW
i _ (1 )efy= (11)ee=0
i (mv)e_ — i
: 3ag i
i IUe;|2=c\/ &mf3 / Am;
|iUez|=C\/ﬁm / Am; |

[Ugl= Amg/:{ i l

_|_|_|_|J: 12 sl | i L,

0 005 0.1 0.15 02 025 03

|U63|

where ¢ is varied between 0.25 and 4.



The relation of masses and mixing angles
is given by the texture zeros !

m,, = U diag(mq, maq, m3) U r

(my)ap = Uaim; Upg;
; Example

Well Known Simple approach:
Texture one zero or two zeros!

8 8 O
qE 8 8
8 8 8



Suppose normal mass hierachy and
neglect smallest m,, then we have

Uaa Uga mo + Uyz Uggmg = 0

Uiz Uss|  mo Am?,

Uaa Uga| Mg AmA4

o * * S
alg(UaS UBB 2 JBQ) = T

m,=0



Inthecaseof a=pB=¢, (My)ee =0

Am?,

S

N2
Ami

L 1

sin” 4o ] — Qg —50

tan? @3 =

U.; is given by the fourth root Il

Inthecaseof a=e€, B=pu, (My)eu =0
1 Amé
2\l Am2

1
’Ue?’ = Sin 2615 cot Oas p — 2 = §(ﬂ_ o 5)

U.; is given by the square root !!

Inthecase of a=e¢, B=7, (my)er =0, cotfaz— tanbss

e, o and 77 elements cannot vanish.



W.Rodejohann, MTanimoto, AWatanabe, arXiv:1201.4936

|iU63 |=c\/ Am

- - — — - — — A —

0 0.05 0.1

where ¢ is varied between 0.25 and 4.

015 02 025 03

|Ue3|

m,=0 limit



Neutrino Masses

Model
M~ (M A M B)

S3 e = Mg 0

0 a® ac 0O 0 0
| M
m, ~ |a* 2ab be - - 0 a* ac Tj
ac be 0) B 0 ac c¢*/] B
=0 |l
(M,)ee=0 !!

Charged Lepton Masses

—L; = y.(Li¢y + Lady)erH, +y, (L1¢5 + Lad})upH + y, LsTpH + h.c.

Ye{P1) 0 0
M, ~ 0 yu(o)® 0 o

S o 2
o 2 O

0 0 Yr



Deviation from the maximal 0,4

0.351 '
0.05 0.06 0.07 0.08 0.09 0.1 011 0.12 0.13

Ul =8in0 3



Suppose inverted mass hierachy and
neglect smallest m; , then we have

a=e, B=p (My)ey =0

2 i
1Ue.3| cosd ~ lAm? sin 2619
4 Am4 tan fas

o = (U, 5 — 7, (mv),u'r —

Ul cosd 1 AmZ, cos 2615 tan 6o
e3] COSO = — ;
4 Am3 cos? 615 tan fos




Simple Model to get Large 0,,

FuKugita, Tanimoto, Yanagida,
PLB 562(2003) 273 [arXivchep-ph/03031771.

0 A, 0 0 A, O
mg=1|4 0 Bg|, m,p =14, 0 B,
0 B, () 0 B, (),
Mp = Myl
T —1
my; = (myDMR mVD)i 1 0 0
y ] Q=10 ¢ 0
U=U, QU, 0 0 7

Fritzsch texture failed in Quark sector!



12

2

12

12

2

Lepton Mixing Matrix

Before Daya Bay




sin@ ,, : input
maximal 0 ,,is excluded
Normal Mass Hierarchy

030 0.30
0.25} 0.25¢

, 020 0.20f

T 0.5 . S oas! =

" 010} C 7 a0
0.05] 0.05} :
COOTTT04s 050 085 0.60 “9% 10 20 30 40 50 60 70

sin“fh; m3 [meV]

FuKugita, Shimizu, Tanimoto, Yanagida (2012)



el [meV]

Neutrinoless Double Beta Decay
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CP Violation

Non-Zero Jecp !

Unitarity Triangle

Im

- UeUsy + UeaUgy + UesUyg = 0
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5 Summary

Large 0 ;; = 0.15 suggests
ycbreaking with 1ri-bimaximal mixing.

o3 and @12 may be independent neutrino masses.

0 ,; probably depends on neutrino masses !

More Precise determination of 0 ;; is required
in order to clarify the mass dependence,

Specific textures will be tested clearly,



