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1 Tri-bimaximal mixing and Flavor symmetry

Recent experiments of the neutrino oscillations go into a new phase
of precise determination of mixing angles and mass squared differences.

Neutrino Parameters
Global fit for 3 flavors by Jose

parameter best fit 20 3o tri-bimaximal
Am2, [107%eV?] || 7.59792 | 7.22-8.03 | 7.03-8.27 *
Am2 | [1073eV?] || 2.407913 | 2.18-2.64 | 2.07-2.75 *

sin? 015 0.31870-012 1 0.29-0.36 | 0.27-0.38 1/3

sin? Oy 0.50+%97 1 0.39 0.63 | 0.36 0.67 1/2

sin® 614 0.013X0013 1 < 0.039 | < 0.053 0

T. Schwetz, M. A. Tortola and J. W. F. Valle, New J. Phys. 10, 113011 (2008)



Three Flavor analysis strongly suggests
Tri-bimaximal Mixing of Neutrinos

Harrison, Perkins, Scott (2002)

sin? f1o = 1/3, sin® fr3 = 1/2, sin®H13 = 0,

>3 V13 0
Utri—bimaximal = (\/1/76 1/3 \/ﬁ)
V6 VI Vi

indicates Non-Abelian Flavor Symmetry ?



Consider the structure of Neutrino Mass Matrix,
which gives Tri-bi maximal mixing
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e integer (inter—family related) matrix elements

&> non—abelian discrete flavor sym
Mixing angles are independent of mass eigenvalues,

Those seem different from quark mixing angles ( i] ><1'ﬂ m})



Let us consider Flavor Symmetry.

e abelian or non—abelian ?
abelian . discriminate between generations
non—abelian - connect different generations

e continuous or discrete ?

continuous . free rotation between generations
discrete . definite meaning of generations

Non-Abelian Discrete Symmetry is appropriate
for Neutrino Flavor Physics if TBM is not accidental,
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e [he 1st and 2nd terms are Sa3 symmetric
(the most general Sa—invariant forms)

e The 3rd is not (S3 flavor sym breaking)

Need some ideas 10 realize Tri-bi maximal mixing by
S, flavor symmetry

Exira property of neutrinos :

® 1] = Mg Chen—Wolfenstein

* the 3rd term neqgligible
* degenerate neutrino masses

® Magic matrix > M., = 3 M, Lam

i 1
® Twisted flavors Haba—Watanabe—KY

® Exira higgs contributions Mohapatra—Masri—Yu



A, Symmetry may be hidden,
Tetrahedral Symmetry

Four irreducible representations 1 1° 1”° 3
A, is minimal symmetry including triplet 12 elements

the even permutation of 4 objects

class | n | h| x1| x| x| X3
Cy 1111111 1 | 3
Cy 14131 | w w0
Cy 14131 |w?| w0
Cy |1312111]1 1 |-1




Suppose A, triplet (v, v v.)

1
mi + ms mo — My mi — ms3
ME*P = 1

e The 3rd term is A4 symmetric
e A 3-dim higgs gives the general Ag—symmetric
Majorana mass term: 3, X3, X3, 3, X3 X1,

a a ¢ b 1
MAs = b —~|lc b al|l+z 1
c b a ¢ 1

a =b=c < Vii-i A, should be broken !
1 -1 2 2
A4 flavor sym breaking — Z2: 5( 2o )

2 2 -1

—
btk
—
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T, S,, A7), A(54) also give (near) Tri-bi maximal mixing !



Non-Abelian Discrete Flavor Symmetry
is related with other Physical Phenomena,

@® Ue3=0 in Tri-bimaximal mixing!
There are hints Non-zero U_; In experiments.
How can one predict U ; ?

@ CKM mixing in Quarks ? Cabibbo angle?
We need Quark-lepton unification in a GUT.

@ SUSY Flavor Sector, SUSY FCNC , EDM



2 Neutrino Flavor Models
with Non-Abelian Discrete Symmetry

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
A4 x Z3 charge assignment A4 Flavor model

(Le. Lllf L) Rg Rﬁ Rf || Hua | Xe Xxv X

Ag 3 T A 1 3 3 1

Z3 w W oW W 1 l w w

X?, Xv, X are new scalars of gauge singlets.



Ay invariant superpotential can be written by:
for charged leptons

W, = %(f_ef{fl +Lu}{E3+LT}ng)ReHd 3L X 3favon — 1

J,a’ X ’
+f(LeX£g + Lxe, + Loxe)RuHg St % Stavon = 1

+ 97 (Lexe, + Luxe, + Lixe,)R-Hy + h.c.,

A
) 3L X 3flavon — I
for neutrinos

Y1
W, = F{LELE + Ly L + L Ly )HyHux 3, % 3, X 1.0, — 1

Y2
—I—W[(ELE Le — Lulr — LrLy)xun
+(—Lelr +2LuLy — LrLe)xu,

+{_LE"—,L¢ - "..—,I'_LLE + 2L; LT)}:IJE]HUHU + h.t‘.=

1!x 1” _)1

3L X 3L X 3f|avon_) 1



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

vy FE{XEl} J"re{}fh} FE{XE'E}
My = — | vuxe) Yulxe) Yu(Xe)

A WL,
.]"Ir’n" {ng} J"Ir?' {ng} J"Ir’n" J".,X-El.::'

2 (3 00+ 2y2 (X —Y2 (Xus) —¥2 (Xu2)
M, = 3¢ —¥2 (Xuva) 2Y2 (Xun) 3y1 (X) — Y2 (Xua)
—¥2 (Xu,) 3y1 (X) — y2 (Xu) 2y2 (Xus)

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

These mass matrices do not yet predict tri-bimaximal mixing !
Weneed <y, >=(1,,0,0) <y, >=1.V,V)

Can one get Desired Vacuum
in Spontaneous Symmetry Breaking ?



If vacuum expectation values are aligned,
_x0) = (V2,0.0) and (xy) = (Vi Vi, Vo),
which are obtained-by potential analysis, then

vavr [° R

M, = ”’nT 0 y, 0

0 0 »
/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.
3, X 3,

3L X 3L X 3flavon

v2p (11
(11
11

M,

0
0ol —
1

o O =
o = O

_vib
A

1 1Ifgalﬂ
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Therefore, mixing matrix is tri-bimaximal matrix, and masses are

A =

ms = A

vi(a+ b) v2a vZ(a— b)
m=—— -, = T= e



See-Saw Realization
Introduce A, triplet v¢

(EE:E,LHET) {V.:_-::Vf.-,-.f-’i) Ec ’uﬂ' TC hu h’d f-f ‘-E {¢T11¢’T2\ qﬁTg} {'t.jgﬂ{_ﬁs;\@s:g) (I]

Ay 3 3 1 17 1 1 1 1 1 3 3 1
Za w w2 w? w?  w? 1 1 w?  Ww? 1 w? 1
U(l)rn 0 0 29 g 0 0 0 0 0 0 0 -1

wy = Yee*(0rl) + Y (o)) + 4, 7 (0rl)" +y (V1) + (2 aE+74E) (V1) + (50 V°)
Dirac 3R X 3Rx 3f|avon 3Rx 3RX 1flavon

A+2B/3 —B/3 —B/3
m”? =yv,1 | M = —B/3 2B/3 A-—-B/3 |u
-B/3 A-B/3 2B/3
AEQIA . BEQJ,BP?S

Dirac Mass Matrix is diagonal one,
Tri-bimaximal mixing comes from Majorana Mass matrix !



S, Flavor Model can also give
Tri-bimaximal mixing

S4 group is the symmetry group of octahedron or permutation of four
elements. Number of elements is 24.

31, 32, 2, 14, 1y

@ Irreducible representations of 54
are 31, 37, 2, 11, and 1-.

@ Multiplication rules are
31 x31=11+2+31+32
30 x32=11+2+31+ 3
31 x32=12+2+31 + 3>
2x31 =31+ 3
2x%x3>=31+3
2x2=11+1+2

Figure: S5 symmetry: Octahedron
etc.

@ 5S4 invariant representation is 11.



Other Successful Models

A (54) Flavor Symmetry +wo 1 four 2 two 3
which is a series of A(6n?)

JHEP 0904: 011, 2009 JHEP 0912: 054, 2009

A(6)isS;  A(24) is isomorphicto S,
Simple and non-trivial example is A(54)

A(54) is a nonAbelian discrete symmetry from stringy origin.
T. Kobayashi, H. P. Nilles, F. Ploger, S. Raby, M. Ratz,

Nucl. Phys. B768: 135, 2007

A(27) Flavor Symmetry nine 1 and two 3
which is a series of A(3n?)
A(3) is Z; A(12) is isomorphic 1o A,



S, flavor model

F. Bazzocchi, L. Merlo, and S. Morisi, Phys. Rev. D 80 053003 (2009).

e [he assignment of the model: neutrinos
£ et ut T v hyg 6 v o7 A ¢ || &
54 3 1, 1, 1; 34 14 1 3 2 3 2 1,
s w1l W oWt w 1 1 WwoowW? || W?W? 1
U(1)en 0 1 0 0 0 0 —1 0 0 0 0 0

e [he superpotential in the lepton sector is as follows:

}-Iﬂ:«

y_3 “(£X:) hy +7 2 L (lhm) hy + IT “(L)hyg + h.c + -

— {pm, Ymn, AAE', A€}
wy, = x(v cf)hu + xg(vr€e) + xe(VVA) + hoc. + - -

3X3 3X3X 2flavon 3X3X 3flavon
I 4@



e Vacuum alignment:

s (0= () (@)= (

Charged leptons: (1) = (El}) Vg, (U) = (

e Magnitude of VEVs:
() (¢)

T = T, T = u (rj) = -?T.-"'J.r;. A. \;c‘f’r)

e [he charged lepton mass matrix: almost diagonal

ye yBe yP et
my = 0 yﬂ_u 0 uvy

0 0 Vr



e [he Dirac and Majorana neutrino mass matrix:
(b= 2xqVv,, ¢ = 2x:vp)

1 0 0 2¢ b—c b-—c
mf— 0O 0 1}xv,, My=|b—c b+2c —C
0 1 0 b—c —c b+ 2c
e [he left-handed Majorana neutrino mass matrix:
my__(mD TM 1
M1+ m 1 0 0 e — m 1 1 1 m 1
13010+231111+1230
0 0 1 1 1 1 0
x2v? x2v?
e 3::—b =T p 0 T T3¢+ b

= O O

o = O



Can Non-abelian discrete symmetry
predict quark mixing angles as well as
Tri-bimaximal mixing of neutrinos ?

Yes, it is possible in S, !

H. Ishimori, K. Saga, Y. Shimizu, M. Tanimoto, arXiv:1004.5004
PRD 2010

S, X Z, XU(1)gy with SUSY SU(5) GUT



Use S, doublet for left-handed quarks !

(11.Ty) Ty (Fi,Fy,F3) (NSNS NeHs Hs His ©
SU(5) 10 10 5 1 1 5 5 45 1
S, 2 1 3 2 {1 1 1 1
Z, i —1 ; 1 1 1 1 -1 1
U(1l)pn 4 0 0 m 0 0 0 0 —1
(11,,\'2) (X&M) (X5=,\'6=?\'?) (X&XQ-.X]O) (,\'11,‘/\121,‘(13) X14
SU(5) 1 1 1 1 1 1
Sy 2 2 3/ 3 3 1
Z, - 1 i —1 ; ;
Up Mg Dirac Charged leptons
guarks Neutrinos Down quarks
10 (g1, uc,e) 5 (d,1.) We take l=m=1, n=2.

Right-handed neutrinos are SU(5) gauge singlets




S, invariant superpotential for leptons

3L X 2R X 3f|avon

(—2lexs + LYo + Irx10) | has©F/(AAY)

C c

e 11
- = IL/’ T ET// +

1 YaT (leXH — 5;5,\’12 -+ f'-q-}:l?))h'd/j\- 3'_ x 1R x 3ﬂavon

wy = =3y

Wy = y{‘v(* rci,v\l,rc I;\,rc I;\,rc @2?71/‘12??1—1 2 x 2 1R x 1R
+ys [(NENS+ NENE)xs + (NENE — *\:c \TC)X | @*m=m /A2 L MNENE,
2R X 2R X 2flavon
;'T\"Tc i'?\"rc —

e L

wp = y{j \F(QEEXS - Z,‘_LXS - ZTXT) + E(Z;LXB - JTXT) hy € )m/(/\Am)

+y2 ( e\S"‘lﬁs\G_{‘z’rX?)hu//\



We take VEV’s
(hu> = UV, <h*d> — Ud, <h45> — Uss, <@> =0,
((X3.X4)) = (uz,uq), ((X5. X6, X7)) = (us, ug, u7).
((/\’& Xo, X10)> — (Ufa;’uagy’ihn)} ((Xu: X12, X13)> = (1611, Uf127"i~513)}

o; = u; /A and A = 0/A
We get Lepton Mass Matrices

0 o /V2 —ano/V?2 0 0 0
M, = —391)\£'1’45 —20:‘8/\./g Oég/\/g 0’10/\/6 + Yavq 0 0 0
0 0 0

Y11 (X312 13

NZm=n (g NARA N oy ) YN ANF g A
My = ( yy ).L’m@”afgj\ AZmem (g N )\é yNay\) @ Due +<oo
) m-n

205 /v/6 —ag/V6 —ar/A/6 0 0 0
Mp = yP X", 0 as/V2  —ar/ V2| + yPu, | 0O 0 0
0

0 0 5 (g Q7



Define VEVs : (x;) = u; and a; = u; /A
Vacuum alignment

take vacuum alignment (us, tg, u19) = (0, ug,0) and (uyy, u1a,u13) = (0,0, 1uy3)

0 —3y1\aguys /2 0
ﬂi’g = —3311 )\Eﬁ'g"i?45/\/§ 0

0 0 Y2(¥1304
0 0 0
MM, =030 6ljAfao)> 0
0 0 [y2|"ats
me =0, m, =06\’ v, m2=|yl’aisv]

No mixing in the left-hand !
©,,=60 in the right-hand !



Taking vacuum alignment (us, u4) = (0, 1u4) and (us, ue, u7) = (us, us, us)

N2 (g NATA g ay\) 0 0
My = 0 A2 (yNAR — gV agA) 0
0 0 M

205/vV6 —as/v/6 —as/V/6 0 0 0
Mp = yP X", 0 as/V2  —as/V2 | +udv, | 0O 00
0 0 0

ks (Y5 (X5

After seesaw, we get the tri-bimaximal mixing

1 0 0 1 11 1 0 0
b+ c 3a — b b—c
M, = ;‘fo10+a‘3 L1 1)+==(00 1
| 0 0 1 ' 1 1 1 0O 1 0
. ('y';_»DC}i'Sl-’u)Q - (yiDQiBt’u)\m)z L ('IfiDQ'S"Uu)\m)z
o M —oA2men(yNAnA 4 yNayuA)’ Nz (yNanp — g NayA)

mi1 =20, me = 3a , ms = C .



Flavor Symmetry predicts O ,,

Higher dimensional mass operators, which predict

Deviation from the Tri-bimaximal mixing
Superpotential of nex+—+o—leading order

Awp = ya, (11, 12) @ (Fi, F5, F3) @ (1. X2) @ (X115 X125 X13) @ Hﬁ/ﬁg
+ya, (Th,T2) @ (F1, Fo, F3) ® (X5, X6 \7) ® Y14 @ Hz/ A?
+ya(T1,T5) @ (Fy. F5, F3) @ (X1, X2) @ (X35, X6, X7) @ Has /A
+ya, (T1.15) @ (F1, F, F5) @ (X11, X12: X13) @ X14 @ H%/A*z
+ya, T3 @ (F1, Fo, F3) ® (X5. X6, X7) @ (X3, Xo: X10) ® Hs @ /A*

— 'ya.fTB ® (F1, Fs, F3) ® (xs, X9, X10) ® (Y11, X125 X13) @ Has ® /:'\2

Awy = ya, (NS, Ng) @ (NE, Ni) @ (x1, x2) © Xaa/A
+ yn, (NE. N;) ® Nf @ (x5, X6, X7) @ (Y11, X12. X13) @ O/ (AA

+ ya, (NE, N;) @ Nf @ (Xg, Xo- X10) @ (X8, X0, X10) @ O/ (4 '\
+yn,NE® NE® (X8, Xo» X10) @ (X85 Xos X10) /A

Awp = -yg(j\fg_, N,) ® (F1, F5. F3) @ (X8: Xo, X10) @ (Y11, X12: X13) @ H5 ® 9/(*&23)



1?4 [ean|* + [ean | 5(V3ef; + €5y )iy, €311Mr

M IT M ~ %(x/§611 + €21)my, mi %(\/5613 + €93)m,
€31770r %(ﬁ'fﬁ + €33) My m7

Ez‘j — O(amjvd) — 0(?’!’16)

AMy = Ax
yglﬁlﬁm 'yﬁrlth@m \/—1}&205013+ IUMMS
yﬁ Qg —yglﬁlﬁm \/—1@205013 =+ \/—umaé
\/—1}&2025(113 + V/-qﬁaag —%yggcmalg + %yggag YN,
X 2 S
AMp = -yf AQvg(v13l, * *
*x 2 S S

we have non-zero U, of order a;=<x;>/ N\



Determination of magnitudes «;

Desired Vacuum Alignments FN eharaes L=m=1. n=2
(Xla XQ) — (1, 1)* (ng X4) — (O, 1)*
(X5?X63X7) — (1,1,1), (X81X93X10) — (0,1,0), (X111X121X13) — (0,0,1),

3 = (ig = (g = 11 = Qo = 0,

y 'm
al_(lg \/‘ 2 - 3

- mo M o — o Vma M |
692 vy mlmBA | V3y3' v,
- my, - T+
o= \/ay_l])\vd? s = Y2Uq ' tanB=3
Putting observed masses and M=1012GeV, we get
ap ~ 3.0 x 1072, oy ~ 1077,

(V5 " 10_2? (kg 5.1 x 10_37 (Y13 ™~ 2.1 x ]_0_2.



We can predict mixing angles,

f e
201 . ¢ e "

o ¢
151 o . .i

T 0.330 0.335 0.340 0.345 0.350 0.355

.2
sin 61



The model predicts quark mixing angles

Sy X2, with SUSY SU(5) GUT=Tri-bimaximal, Cabibbo angle

2and 1 for SU(5) 10, 3 for SU(5) 5

Down quark sector is fixed
through the charged lepton sector.

Top quark mass is given without coupling of flavons,



Down Quarks

0 0 0
Mg = v | 1\ a9/vV2 TiMfae/v/6 0
0 0 Y213

Y1Uq = Y1U4g5

z‘yl/\fl‘lng 2\{—|y1AEQQ|2 O
ﬂf;ﬂ[d v3 2\/—‘1,0‘1/\3(19|2 1;1)\”309|2 0
0 0 |y2]? s

Left-handed mixing is given as

cos 60°  sin60° 0
U = | —sin60° cos60° 0

0 0 1



Including next-+1o0-leading order,
we get down quark mass matrix

MIM; ~
3 _ T 3 — \(1 _ I
\@i + €12 + |e11)? + |e1s)? (”;_—/_??1-5 + €l9)(gms + €22) + €11 €21 + 1323 E]3Mp
(%ms + Em){%ms + €59) + €11€51 + €13634 | = + E99]? + |€21]? + |Eagl? €531
€131, €231 m3
2 . 1 STy
o o ms O(mgm) L(&y — /3
O A rtar7r , 2 1/ /2= Y,
U’ MiMaU," ~ O(mgmsy) ms 5(\/§e]‘3 + E53) 11

2(E13 — V3E3)my  3(V3E13 + Ea3)my mj;

cos 60°  sm60° 0
[_}réﬂ} = | —sm60° cos60° 0
0 0 1

my

ol — Gﬂ)om%yagocﬁ)omm@.%o(—J@mmm

Mg mp mp



Up Quark Sector

wy = Yy [(ux1 + €“x2)gs + t°(qix1 + @2x2)] ha/ A + Y3t gsh,

(X1, X2)) = (1, uz) Direct Yukawa

coupling
0 0 hges!
M, = vy 0 0 yias
'y}"fh 'y}""ﬂfz '93’
We add the next-1o0-leading mass matrix
AM, = v, X
4 (a3 +ad) +yk (o —af) +y¥, ol vk aras 0
YA 102 VAL, (o +03) =y ,(af —aj) +uR,0fy O
0 0 vk, o3



Up Quarks
We taKe alignment &1 = Qo |, we get

u 2 u 2 u 2 U A,

2Un,, 07 + %Aﬂm @/%(12@1 , Yy &1

I u . u u . U A,
M, = v, YA 42 N1 2Yn,, 00 + Ya, X4 Yo ,
U N, U A, U u
(hges! Yy O Yo T Ya, G

After rotating it by the orthogonal matrix,

cos45°  sin45° 0
U = | —sin45° cos45° 0

0 0 1
o
We obtain
) (2yX,, — VA,,) 00 + YA, 0l 0 0
Mo = VLM = v, 0 (204, +vi,)0f +ugade Viva
0 V2yta Yy + Yk ag



We obtain CKM matrix elements

1 0 0 m m
r 'c y t
V=10 r r.], Te = 5 ry = :
0 . Me + Ty Me + My
t

—r. 1

cos4h®  smm4dh° 0 1 0 0 1 0 0

U, ~UOPV, = [ —sind5° cos45° 0] [0 e 0|0 » 7
0 0 1/ \0o 0 1) \0 —r. n
cos 60°  sin60° 0 1 0, 0
Uy~ | —sin60° cos60° 0] [ —6%, — 6%04, 1 0%
0 0 1) \—0fs + 05,05 —05; — 05,075 1

In the leading order, we predict

Vus > sin 15° ~ 0.26
Veb =~ v/me/my ~ 0.048
Vub ~ 0




Including next-1o0-leading order corrections, we get
I/;Eg ~ 6’?2 cos 157 + sin 15°,
If;}b ~ 6’% cos 15° + Qd sin 15°,
V9 ~ —r %" sin 15° + 705" cos 15° — 7, |
Vg o —7esin 15%€™ — ro(07, + 015053) €™ cos 15° + r(—605 + 67,6053

My

b, = O (md) — 0(0.05), #, = (@) — 0(0.005), 6 =0 (F) — 0 (0.005)
'b

Mg

The parameter set
p=123°, 0% = —0.0340, 6% =0.00626, 6%, = —0.00880

reproduces observed values very well,

Values of parameters are consistent with our mass matrices.

CP violation can be discussed !



As seen in these examples,
in order 1o reproduce the tri-bi maximal mixing, we need

Non-Abelian Discrete Symmetry
(Ag S4.A2T), A(54)... )

and

Symmetry Breaking
(Vacuum Alignment of flavons).

Spontaneous Symmetry Breaking ? ( Scalar potential )
Or Explicit BreakKing
through Boundary condition in extra-dim,



3 Breaking of Flavor Symmetry

(1) Spontaneous Symmetry Breaking of Flavons

Realization of Vacuum Alignment for S, model
Introduce driving fields with R charge 2

We can generate the vacuum alignment through F-terms by coupling flavons
fields, which carry the R charge +2 under U(1)g symmetry.

(XL ,\'2) (x3.x4) (X5 Xe: ,\'?) (X8 Xo- X10) (X115 X12: X13) X4
5’(,-"'(5) 1 1 1 1 1 1
S 2 2 3 3 3 1
Zy —1 1 —1 —1 7 7
U(l) FN —/( —n 0 0 0 —(
U(l)g 0 0 0 0 0 0
(X15= X16, Xl?) ,\'[1] ,\'8 \3 (,\'2~ x?)
b’(,-'"(-“j) 1 1 1 1 1
Sy 3 1 1 1 2
Z —1 —1 A | —1
U(l)pn —Zz 204n 0 2/ z
U(l)r 0 2 2 2 2




w' = k1 (Y1 X2) ® (x1, X2) ® (X3, X4) ® X?/A
+ 71 (X85 X0, X10) @ (X11, X125 X13) @ Xg
+ 72 (X1, X2) @ (X1, X2) ® X3 + 13X14 ® X114 @ X3
+ 14 (X355 X6» X7) @ (X15: X165 X17) © (X35 X3) -

Scalar potential

2
V = + |71 (Xsx11 + Xoxi2 + X10X13)|2

h—/.: [2X1X2X3 + (X% — \3) X4]
P

2 1
+ |m(XF +X3) + mexi| + 'E?’M (XeX16 — X7X17)

2

1
+ %?}4 (—2x5X15 + X6X16 + X7X17)

We obtain Desired Vacuum Alignment

X1 =X2. X3=0, Xs=X6=2X7» Xs=X10=X11=X12 =0,

4
/2_2'7?2,2 o
3\14———?? X1, X153 = Xi16 — X17 -
13



3 Breaking of Flavor Symmetry

(2) Symmetry Breaking at boundary conditions
without flavons !

H. Ishimori, Y. Shimizu, M. Tanimoto and A Watanabe,
Neutrino masses and mixing from S4 flavor twisting,

arXiv:1010.3805 [hep-phl].

Flavor Twisting
N. Haba, AWatanabe, K.Yoshioka, Phys. Rev, Le11.97,041601 (2006)

Compactification of 5th-Dim ( S'/Z, )

Scherk and Schwarz,’79



Compactification

Scherk-Schwarz compactification

translation: vy — vy + 27 R E
identification of points: L[W(y)] = L[V (y 4+ 27 R)]

V(y + 27 R) =<T>\U(y)

a represetation matrix of
symmetry group

[Scherk and Schwarz,”79]



Orbifolding

reflection: Y — —Y

V(-y) =Z vV (y)

Boundary conditions are

-

\_

W(y 4+ 27R) = TW(y)

V(—y) = Z RV (y)

/




Svymmetry Breaking

?
X X Symmetry breaking
% %
T (Z)

X is a representaion matrix of symmetry group.

a slide by K. YoshioKa



Neutrino flavor twisting

e 5-dim model (for simplicity)
e 5-dim Dirac fermion (gauge singlet)

O

ther fields are confined on 4-dim
w .
o W(z,y) ~ Y al™(a)e'RY

[K.Dienes, E.Dudas, T.Gherghetta,’99]



S, Flavor symmetry
24 elements

a = Q° az - 0Q?, PQ*P?,  ay = Q*PQ*P?
by = P — QP — QPQP?, b, = Q*PQ?
cl - p? cz — Q2p?, — QPQ, cs = QPO

— PQPQ?, = PQP, ds s dy = Q,

= Q*PQ, Ez = PQ, Q‘*Pr" ey = QP

leQPQE- f2 = PQP?, fs P*Q, fa=QP.



Consistency conditions

/Y — -y
72 =1
T: yv—>y+27R /
T7Z = Zz7T—1
7
y=2mR o~ EufonR
- oY
7

another parity Z2' =TZ



Possible boundary conditions
72 =1and 7% =1

Z.ﬂ'
ay | as | ag | a4 di | do | fi f3 €1 €.

aq
as Ci | Co | C3 | Cy
as Cs Cs Cq Cs
(4 Co | Cio | Civ | Crz

Z | d B, B, A | Ay | As | Ay
da B; | By As | As | Az | As
fi B Bs | Ao | Ao A | A
f3 B, Bs | Az | Aus Ais | Ais
€1 By | Byg Az | Ass | Agg | A
€4 Bii | Bis Aop | Az | Aag | Aoy

Table 1: The possible boundary conditions in terms of the two parities Z and Z’. The
symbols a1, as, as, - - - , e4 stand for the group elements (see Appendix B). The calligraphic
characters represent the boundary conditions with which the theory becomes viable for
neutrino phenomenology. Out of 100 general possibilities, 48 patterns are useful.



S, symmetry twisting

Taking Z=f, , Z’=d,

0 0 1
fi=1 0 10
100

o S e
—_ O
= =

now we can write down the mode expansion,



Set Up

SM fields are at y=1R .

L o= WMoy, — o (TH(M,)T; + he)

VA
i / iﬂ%..(y)wg_(g;) )
Bulk fermions =~ | ="
fnﬁde [X%__LTIE__L} = Opn0ij \ ; XEU (y)LE;r (x) )

t7

We take Symmetry invariant mass parameters
S, triplet for Bulk fermion and L,

|'.-".._'..": -‘.. : P — s a v c — C-'..
M;; = Moz, my; =mdy,  mg; = meo;.

_ . . B e,
m; = Yy, v and mi; = Y, v



4-Dim Effective Lagrangian

| 1
L, = iNTg",N — 5 (NTe® MyN + h.c.)

My Mgt M{ MPT - A
0| MS Mo | =Mpy,, Mgy, . e
Vn — . J'fg J'IE 00 *'I‘l"irLcm o N — L’E
TN M| My || M —ﬂ-’{’r Ry Mi oo T ey
M¢ ME Mg, - L

TR
Mo = [ dy x# (-0,

TR TR
Muy, = [ dy X5™Mxg My, = [ dy MG,
0 0
1 - 1

\/T}.;ET(?TR)T?L, M = \/T}.;E_T(?rﬁjm‘:




KK expansion satisfies the boundary conditioin

Y%(y) = l V %-EE_?;%H 0 0 X%(y) — LV éi-z‘fg 0 0
: 2 3 =€
mh 0 01 vl 0 0 0
5 %EL(R‘F%)% %E—L{n—%)-ﬁ- 0
lg(y) = e V %E—i(n—l—%)% %Ez(n %)% 0 (Tl > 1)
|
0 0 COoS (%y]
5 Loi(n+3) —Tle—?(”—f)ﬂf 0
G =2V [deteht deebr 0 | @2
0 0 sin (2y)

where V' is the unitary matrix

[ w? 1
V=—1[1 1 1
V3 (ﬁ w 1 )

Taking Z=f, , Z’=d, S, is broken !



We can obtain desired neutrino mass matrix
by explicit S, breaking without flavon,

[ My Mgt M MY
0 M 11"; My | —M J*Rn:m M Koo
. Mg | ME My,
AN ﬂ'f D ﬂ'f H o J:I‘.'f 1 - JI-I‘."jrjéll J'“.fjr E_L 1
Mg ME - My,
42 =2 111
v o— L | sIMIR m? _bg § 6 (MR m* [$3 § 3
Yo = RR | cri2r i ¢ TR\ § 3
5 6 G 3 3 3

?
s|M|R (m*)? .
c+1/2 M 4
3

. |M|R mm* [ |
7 c+1/2 M| \ 4
2

¢ = cosh(2w|M|R) and s = sinh(2w|M|R)

=L
2

ml' [ [
—

(a1 [




_ 25 m? 0 Va3 mm©

M 2c+1 M~ , 2+l M
\T — ~ 7 —1 m 7T
M, = Ti’tfi-hi 0 tanh(x|M|R) M~ 0 Viribi
A E_Vrfimmc [:I . Vs {'m‘:]lj
c+1 | M| 2041 M
. .2 1
my = |n:1| o1 s(1 —71%) + \/59(14—?‘2)94—3?3 _,
S m* 1 [ 2c+1
*7 7N 2¢+1 | tanh(x|M|R) |’
2
m 1
ms = |n’1| o1 s(1 —1r%) — \/Sﬂ(l—l—-rg}z—l—&rz’:
1 . 21 - 1 . 1 .
L'TE:E — _Elp-, Ueg — ——sin BE?'G._, [ = _i| —cosfe'? 1 —sin OetP

If m¢ = Q (inverted), the tri-bimaximal mixing is realized.
If m¢ >>m (normal), large O 4 is predicted.



normal mass hierarchy

0.06 0.07 0.08 0.09 0.10 0.
Im; +Mp +m3 [eV]



How 10 get
the diagonal charged-lepton mass matrix

€R (,U.R_, TR) (.L'E,t L';L*. LT) H ((r)b QZ 03)

Sy | 1 2 3 1 3
(Y1 (Y9 (X3 0 0 0 _ .-
My=oYs [0 0 0 ) +oYy|on w?ay way | 5 @i =(0:)/A
O 0 0 a1 wWas  w3as

(Ve + 2132 03 (Vi ~ [Ya?) anan (VG2 [¥al?)
MM, =0 [ (Vi — [YaP)man (V2 +2¥aP) o3 (i — [Yal?) aa
(Yol = [Yal2) onas (Ve = Val?) agos  (IYal? +2Yal?) 03

By assuming that aqv ~ me, QU ~ My, 30 ~ 1N+

we obtain small mixing for left-handed direction,



4. Related Phenomena of Flavor Symmetry

Flavor symmetry constrains not only quark/lepton mass matrices,
but also mass matrices of their superpartner, ie. squark/slepton,

Specific patterns of squark/slepton mass matrices could be tested
in future experiments,

Let us discuss lepton FCNC in our S, model with flavon,

Consider Soft SUSY Breaking Term in Supergravity.

we assume chiral superfields ®; to cause SUSY breaking



(Tl TQ) Tg (Fl.FQ.Fg) (\g 1\:‘;) 7\,? Hg, Hg H45 ©
SU(5) 10 10 5 1 1 5 5 45 1
Sy 2 1 3 2 1’ 1 1 1 1
Zy —1 —1 7 1 1 1 r -1 1
U(l)pn ( 0 0 m 0 0 0 0 -1
(X1, x2)  (x3,x4)  (X5,X6,X7) (X8, X0, x10)  (X11, X125 X18) X34
SU(5) 1 1 1 1 1 1
Sy 2 2 3’ 3 3 1
7 i 1 i 1 i i

Second order  Kahler potential of left-handed and right-handed leptons.

- R R ‘
K=20(@) Y [LP+Z{)(@) Y |al’ + Z5) (@)

t=e,l,T i=e,li

Slepton mass matrices are derived

m7 0 0 ms, (1) 0 0
(m3 )i = 0 m3 O. : (m%)i; = 0 -n'zf%(l) .0
0 0 m3 0 0  m3 2)

3 2+ 1



For the lefit-handed sector, higher dimensional terms are given as

= > ZN) (D) (Le. Ly Ly) @ (LE LG, LS) ® (o Xiw1) ® (X5 X$pa) /A2

i=1,3
+ > Z8(®)(Le, Ly, L) @ (LG, L, L) @ (X Xa1s Xivz) ® (X§ XEy10 Xpa) /A
i=5,8,11

T Zg)((D)(LE_, Ly Lr) ® (Le, sz-e L7) @ X14 ® ,\54/*’\2

+ Z8O(®) (Lo, Ly, L) @ (L, LS, 1Y) © © @ ©° /A2,

Left-handed Slepton mass matrix is

2 | ~2 2 2 o202
my, + Qg m3 LLQ 517032 kragms
2N 2002 , 2 2 o202
(M3 )ij = krogms m3i -+ (VoM krogms
o202 202 2 A2 a2

krasms kLogmmsg my, + apsms

a 1s a linear combination of a;'s.



Right -handed Slepton mass matrix is

AKp="Y Z&(®)(Re, Ry ® (RS R @ (Xin Xiv1) @ (X \Ey) /A

i=1,3
+ Z Zﬁfz(@)(}%& R,) ® (Re, R;) @ (Xi» Xit1. Xit2) @ (X7 Xip1s XS o) /A
i=5,8,11

(<I))(R R,) @ (RS, RE) ® X1a @ Xig/A?
+ Z,_«. (@)(H Ry) @ Rs ® (x1, x2) /A + Z52 (@) (R, ) @ Ry @ (W5, x5)/A”
+ Y Z (B @ BE @ (X Xiwn) © (X5 X§11) /A

1=1,3
- Z ZgZ(‘I))Rr ® R ® (X Xit1> Xivz) @ (X5 Xfy1: Xipa) /A
i=5,8,11
(R) c . c A2
+ Z5, (D) B @ BT ® X14 ® X14/A
+ Z8(®)(R., R,) ® (RS, BS) © © @ 6°/A2
+ Z3(D)R: @ RE® 0 @ ©°/ A%,
2 ~2 2 ~2 2 . 2
Mpa 1) T QR11139 O‘ui_'212?’”5>,,/2 L-Ralm.gm
2N <2 2 2 2 a2
(m3)i5 = V123 My + aﬂmmwz kroams

krpaqm?> 2

a2 __ ~2
3/2 kramsg Mg + VrssM

2
3/2



Move 1o Super-CKM basis (Diagonal Basis of Charged Lepton)
in order 1o estimate magnitudes of FCNC,

2 SCKM . ominant term
(mL(R))12 9L(R)1z(mL(R) mL(R)zg) + )12

Me ), 0%, ~sin60°

6t ..~ O
where ‘i1- (mu

Mass Insertion Parameters

(mL(R))‘?CRM

(5JI,L(RR))ZJ = T m2, .,

Our prediction 1s (52L(RR))12 = 0(a?) = O(107%).

Experimental Constraint from p—-ey
(&ELL(RR))U S 0(10_3) when Mspysy — 0(100G6V)
F. Gabbiani, E. Gabrielli, A, Masiero and L. Silvestrini, Nucl, Phys. B477(1996) 321

Numerical analyses are required.



A terms are obtained as

O (aPvg) O (a*vg) O (a*vg)
(T??'ER)g‘CKﬂ{ — ["'TE("?H%JR)EJ L;:E ~ M3/9 O ((_“_",*2. 'Td) O('T?:I,“) O ({:321} )
d

O (av
(me)
(me)
(m;)

(511_—{)12 — O(m::;sy) ~ 0(5 X 10_6) Zf msysy = 100GeV
Dangerous !

O(me) O(me) O
~mgp | O(m.) O(m,) O
@

O (me) O (me)

Experimental Constraint
(0Lr)12 < O(107°) if msysy = O(100GeV)

We need numerical analyses of u—ey .



nu— ey Decay

BR({; = £;y) 4831 0%
BR({; — Eju,-ﬂ,-) GF

(A7 + [ A%[°

AE ~ «2 Ul\‘ uM; (f (X9, X
i ome Pz e e )+ a2 )

+tan29WﬂM](f‘3”{x]) _+_ ,fZH(-’rlsx'u.))]

2 2 2
ms (pe=— My)

o] ,'J; (Ml
+ 2f
ATt m2 e, Jan(x1),

2

fnx1) 2 fon(xg, x ’
3 1 Ny (-rl,’qu))_l_2u

J
Mt ( —
m P m% (‘uz — M]z)




EDM of Electron

J.Hisano, M. Nagali, P. Paradisi, Phys.Rev.D80:095014,20009.

_::_;_% { Im[(07 ™)1k (6. k1 + (67°)11(7 ] fan (1) + Tm[(87 %) 11 (87" ) ra (6. )un

b O (0R ) (55 + (081 (5 ) (657 fan(ﬂ:l)}

Taking Dominant Terms, we get

d, oy My Me My 1 tan 3 5
—~———— < O(—c n (T O(—(1 — v n(x
e A7 -m% { (:rn..g&l)fg (1) + (-m.g( + m; )0167) fan(1)
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5, IMgysy= 300GeV

Tanf3
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Tan,G:E fmEUSY=3DDGEVFm1f2=lDD_300G‘E?

T —ga r ‘_‘,-.-.4,_. r——rrry T
o “r- - '* ...2"!-* .
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5 Summary

< Non-Abelian Flavor Symmetry can give realistic lepton
mixing matrices, but we need Symmetry Breaking
Tri-bimaximal mixing A, S, ...

w Symmetry Breaking requires new physics:
Vacuum alignments of flavons, Extra Dim. ...

v Non-Abelian Flavor Symmetry may also predict
quark mixing angles,

< Non-Abelian Flavor Symmetry can be tested
by related phenomena; FCNC, EDM ---,



Problem in Flavor Symmetry

Can we predict Neutrino Masses?

2
Ams3,

= 0.026 — 0.040 ~ @ ()2
A, 0.026 — 0.040 ~ O(\?)

ms > mg > my
Mg > My > M3
T2K and NOvA'l

Symmetry cannot predict mass spectrum.
Symmetry breaking gives mass spectrum.

More study of Symmetry Breaking !



S, invariant superpotential

w =y (T1,T5) @ T3 @ (X1, X2) @ Hs /A + yy T3 @ T3 @ Hy
+ur (NSNS @ (NS NS) @ 07 A
+ 1y (NSNS @ (NSNS @ (X0 xa) @ ©7 AP + MINE @ N
+ 1y (NSNS @ (Fi, Fa, Fs) @ (X5, X6, X7) © Hs @ O™ /(AA™)
+yy NS @ (Fy, Fa, F3) @ (x5, X6, X7) @ Hs /A
+ 1 (Fy, o, F) @ (Th, Ta) @ (Xs, Xo. X10) © Hys @ ©°/(AAY)
+ Yo (£, Fo, Fy) @ T5 @ (X1, X12: X13) @ Hg/A,



Our Multiplication Rule of S,

(a1,as)s X (b1,b3)s = (a1by + ashs)1, + (—arbs + azby)1,
+(a1bs + asby, arby — azba)s

(@1, az,as)s, x (b1,b2,b03)3, = (a1b1 + azbs + asbs)q,
1 1
+(7§(a2b2 — asbs), %(—2‘1151 + asby + asbs))s

—|—(agb3 + 0362, ale + UJBbla ale + a2b1)31

+(a362 — 0263, alb3 — Ial’)bla aﬂZbl — alb?)-?’z

1 1
(Cﬂla a2)2 X (51, 52; 53)31 — (Cﬂzbl, —5(\/505152 + Cﬂzbz), 5(\/561153 — 0253))31

1 1
+(a1b1’ 5(\/3(12])2 — Glbg), —5(\/3‘1263 + a1b3))32



There are many models with Non-Abelian Discrete Symmetries,

If you are interested in Non-Abelian Discrete Symmetries,
See the review article

" Non-Abelian Discrete Symmetries in Particle Physics ~

Hajime Ishimori, Tatsuo Kobayashi, Hiroshi OhkKi,
Hiroshi OKada, YusuKe Shimizu, Morimitsu Tanimoto,

e-Print: arXiv:1003.3552 [hep-+h]
Prog. Theor, Phys, Suppl. 183:1-163, 2010

We review pedagogically non-Abelian discrete groups and
show some applications for physical aspects.


http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Ishimori%2C%20Hajime%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Kobayashi%2C%20Tatsuo%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Ohki%2C%20Hiroshi%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Okada%2C%20Hiroshi%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shimizu%2C%20Yusuke%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Tanimoto%2C%20Morimitsu%22

Origin of the non-Abelian Flavor symmetry ?

Tri-bimaximal neutrino mixing from orbifolding,
G.Altarelli, F.Feruglio, Y.Lin, NPB775, 31 (2007) hep-ph/0610165

Stringy origin of non-Abelian discrete flavor symmetries
T. Kobayashi, H. Niles, F. Ploeger, S. Raby, M. Ratz, NPB768,135(2007) hep-ph/0611020

Non-Abelian Discrete Flavor Symmetries from Magnetized/Intersecting

Brane Models
H. Abe, K-S. Choi, T. Kobayashi, H. Ohki, NPB820, 317 (2009) 0904.2631

Non-Abelian Discrete Flavor Symmetry from T2/Z, Orbifolds
A.Adulpravitchai, A. Blum, M. Lindner, JHEPQ907, 053 (2009), 0906.0468

Non-Abelian Discrete Groups from the Breaking of Continuous

Flavor Symmetries
A.Adulpravitchai, A. Blum, M. Lindner, JHEP0909, 018 (2009), 0907.2332

Non-Abelian Discrete Flavor Symmetries on Orbifolds
H.Abe, K.S.Choi, T.Kobayashi, H.Ohki ,M.~Sakai, arXiv:1009.5284 [hep-th].



