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| Introduction

CPHFRMED N IE ., KP[EF(1964)EBHEF(2001)DFRT
HEiLSn TS,
NSRBI A= 5—ICEITESMDETH S

19674 (3 years after the discovery of CP violation in K,_—>21r),

SakharovlEFEHD/\)74 > JExt TR (baryon asymmetry in the universe
BAUVYD AR ES 1 FSAIVICERT 5545,

Three necessary ingredients

(i) Baryon number violation
(ii) € and CP violation
(iii) Departure from thermal equilibrium

CP WM IERAFOEFRNLGWINETH S, (FF-REFXIFRIE)
*CPODHENA? Spontaneously or explicitly ?
*FHEHOD/IN) Z VIEXInZ LR T S CPOENDEEIRIKFEH ?

Quark sector ? Lepton sector ? Others (New Physics) ?



T2K & Nova DEERFERTIE —a—M)/IRBICHITAHCPHFIE
DN DB RENH D, CNHBFEIESNNIZH-75CP violation
@V—Zﬁ‘sﬁﬁﬁ'@'éo

MNS
acp ~ -900 ?

CKM 6.3°
5p = 73.2° 750

PDG parametrization of CKM and MNS matrices
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* CPOWENDKESIIXFERREN?
* OF—H&=a—k)/DCPHIFBIZHER T HHHV?
* FHONUAVIEMPBIROCPOWIDZBRIZMMMN? FK—H



Quark/Lepton® CP violating phase #F &9 5= D#:#H

Quark/Lepton mass matrices® 7L —/\—(HK) @ELHMNIT KL
Yukawa Interactions N o
Fermion(JL—/\—MOEHKE) £Higgs D Coupling -—--

fEEAEH: up quark mass matrixBxFAIELIN=R—X T

down quark mass matrix & Occam’s Razor 1601.04459 TY for quarks

1205.2198 HIY for neutrino
Weiberg Ansatz ( zero and a=a’ )

Zeros
0 a 0 o
M(l) B / b _i¢ 790)/\7}_9
a — |4& € ¢ 7 DN EER{E (3 masses, 4 CKM elements)
/
0 c dj .
I . 2 | . b ac’ _ 1/
Vus= L fsin§[  vebs 2 [cosZ|  wub= L5 8gy= (T - 0)

??I.b

a(P,)~90°HFEETN3, Minimal schemeld$ Z1EBEF S AIEE



BERLGZEEFE>=3tH=21—F)/TOccam’'s Razor(FxKED/N\SA—2RE) %
BARTEHETODINGA—FT=a—N)/EEITHNEITSH,  arXiv:1604.03315

D A [] :II )_{1 € —i04 [) 0 My [) (:}
mp=[A 0 B Mp = 0 M. 2‘9_@5 0 Mg={(0 m, O
0 B C . 0 0 M, PR 0 0 m/), .

—a—KNY/EETHIICIKCPLAIANR=DES,
CPOBNDOKRKEZIDFEAIXET I %,

FENZLIFROICEK. UTDHEDNH S,

1 AEZEMajoranafiFZ_2IlicUTINGA—=HZ_DR5T,
2 7L—N—0DOXIEZzR U TEETIO7LINN—EBEZES,



v, Result

A. Radovic, JETP January 2018
e Full Jomt fit with appearance analysis. Feldman Cousins corrections in 2D & 1D limits.

* All systematics, oscillation pull terms shared. NOVA Preliminary
* Constrain 613 using world — T .
average from PDG! Sin22813 3.2[— NOvVA Normal Hierarchy, 90% C.L. —
= 0.082 B — Joint Analysis, 8.85x10%° POT-equiv. i
Best fit: — 3:_ ______ _ -=- v,Analysis PRL118.151802 B
> — : i
o B i
2.444+0.079 4 577 X 103 eV?2 = 26 —
UO preferred at 0.20 5 24 -
Sin202s = x E
UO: 0.558+0-041 4 o33 - .
LO: 0.475+0.036_5 g44 A 0'5 — 5.7

sin 8



Atmosphenc Mixing and World Constraints

A. Radovic, JETP January 2018

-Con8|stent with world expectation.

*Competitive measurement NOVA Preliminary

T T T | T |
Normal Hierarchy 90 /o C. L

Of Am232- 82 20 ,
— NOVA 8.85x10°" POT-equiv.
. 3 e T2K 2016
Bestfit: - ~ F . MINOS 2014

Am2zp =
2.444+0.079 5 577 x 103 eV?2

UQO preferred at 0.20

2, (10° eV?)

Mo Mo

(o2} (03]
III|III|III|III|III|III|I

Am

2.4
SIN20o3 = Ny

UQO: 0.558+0-041 5 33 | sint anaiysis
LO: 0.475%0.036 5 g44 e T e



Interpretation/Precision of Atmospheric Angle

¢ if B3 = 41.6%: model predicting this value or perturbed
model with 45.00- 3.40?

« far away from 450 could be related to (112 /1m13)" similar
to G5T Cabibbo Angle mg/ mg

« BUT: the closer 023 to 45° the more likely that some
symmetry /structure behind it... BEEUEEDH DXIHNE

Welner Rodejohann (MPIK)
29.01.2018 Neutrino Platform@CERN



7 L—=I\—=x4#5%E (FIFRDE D LWiEild)

DA—9 - LT DO7 L—IN—BEICIIRED B DD ?
3t = Triplet (e, y, ),
Non-Abelian Discrete Symmetry

—77 CP symmetry ¥ Discrete Symmetry
7 L—/\— DR E & CPXTREERIEDSR U H LRy,

The discrete symmetries are described by finite group G,
which consists of a finite number of element (order).

S; has 6 elements (order 6): minimal non-Abelian discrete symmetry.

irreducible representations: 1, 1°, 2, no triplet representation.

Non-Abelian Finite groups with triplet representation are often used
for the flavor symmetry.
ymmelry. S, Ay Ag ... |

Ishimori, Kobayashi, Ohki, Shimizu, Okada, M.T, PTP supprement, 183,2010,arXiv1003.3552,
Lect. Notes Physics (Springer) 858,2012
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2 Challenge to predict CP violation

DA—9 O 5—

1998FELLFIIEL 7 h ICiE7 L—IN—REDBERITEDL > I-o

Discrete Symmetry and Cabibbo Angle,

Phys. Lett. 73B (1978) 61, S.Pakvasa and H.Sugawara

2.1 Towards non-Abelian Discrete flavor symmetry

S; symmetry is assumed for the Higgs interaction with the quarks
and the leptons for the self-coupling of the Higgs bosons.

— D
Pl

[

\_

(

S;doublet S;singlets S, doublet

"))

one Sy singlet {¢} and one S5 doublet {¢, ¢}

{pir}: {par}s {0y, nop?}

-y

tan 0, = my/mq

\

J
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=R D#HEH

A Geometry of the generations, Phys. Rev. Lett. 75 (1995) 3985
L.J.Hall and H.Murayama

(S(3))? flavor symmetry for quarks Q, U, D

(S(3))? flavor symmetry and p —> K° e*, (SUSY version)
Phys. Rev.D 53 (1996) 6282, C.D.Carone, L.J.Hall and H.Murayama

fundamental sources of flavor symmetry breaking are gauge singlet fields ¢ :flavons
Incorporating (charged) lepton flavor based on the discrete flavor group (S;)3.



1998FLIE. —a—bMVY /IREIEERTIL—/I\—EBEIPEESINTET,
LML, 2012FFTlE 6,3 (Ve3) [TRIEESH TLVEI 1=,

sin’0,,~1/3, sin’0,;~1/2
Harrison, Perkins, Scott (2002) DiE2=E

Tri-bimaximal Mixing of Neutrino flavors
sin? @12 = 1/3, sinf3 = 1/2, sin®#13 = 0,

2/3 J/1/3 0
Utri—bimaximal — ( 1/6 AV 1/3 —\ 1/2
VI VIR V172
Tri-bimaximal Mixing (TBM) I TOEETINSEI NS,

1 0 O
mrpy =F L0 1 0 | 4 Mg
0 0 1

charged lepton BETHlIHAIELIATINER—X,

—_ = =

1
1
1

A, symmetric

12 under the assignment ofA, triplet 3 for (v.,v,,v;)
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0,; (Ue3) [& Daya Bay, RENO, Double Chooz, T2K,
MINOSIZ &> THRIESh T =, ,

013~ 9° >~ 0./V2 EOhSKELThTNS |
Tri-bimaximal mixing Tld7& LY |

CDKRER 6,1 CP violation ¥ LVFHEIE T EE
THBRZLEETRUTW, BHELRS CPOIEIEI

S 2 . N ]
Jop = $93C93512C12513C13 SN O0cp =~ 0.0327 sind

Jcp(quark)~3%x10-°

CDENSCPAIHORESZFE UL D ETHEBARIEAICE > T,
13



[ A, gr'oup]

Even permutation group of four objects (1234)
12 elements (order 12) are generated by

Sand T: S2=T3z(ST)=1 : 5=(14)(23), T=(123) /
4 conjugacy classes A e e | s
c1: 1 h=1 S S I O
C3: S, T2ST, TST? h=2 gg T[T 1T
C4: T, ST, TS, STS h=3 s
C4': T2, ST2, T2S, ST2S h=3 &l il

Irreducible representations: 1, 1°, 1, 3
The minimum group containing triplet without doublet.

] -1 2 2 1 0 O
For 1'r'|p|e'r S = % 2 1 2 . T=10 W20 LW = o27i/3
2 2 -1 0 0 w



[54 group ]

All permutations among four objects, 4 ! =24 elements

h=4

24 elements are generated by S, T and U: " iy
52=T3=U2=1, ST3 = (SV)? = (TU)? = (STU)* =1 i
1 \*’
5 conjugacy classes )
C1: 1 h=1 —
C3: §, T?ST, TST? h=2 Symmetry of a cube
C6: U, TU, SU, T?U, STSU, ST?SU h=
C6’: STU, TSU, T2SU, ST?U, TST?U, T>STU h=4 Aol xt| x| x2 | xs | xy
C8: T, ST, TS, STS, T?, ST, T?S, ST?’S h=3 cCo 11| 121]3]3
Cy |21 1 2 | —1] -1
Irreducible representations: Co |2l 1 [—-1]0]1[-1
1, 1© 2, 3 3 Co |41 -1]0-1]1
Cs |31 L | =110 0

d3

0 -1 2 2 1 0 O

1) S—é(Q —1 2), T—(O w? O); w = e2mi/3
0 2 2 -1 0 0 w

For triplet 3

an

1 0

U=F|0 0

15 0 1
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BEDRKESIZRDHBIED
RIEETI <O S770—F

2.2 Direct approach of Flavor Symmetry

7 L—I\—=xf#rEH =2 —k VU /

Direct Approach

S.F .King
FUsIC. ETXRILF—HT
7 L—I\—fh4EDEt G S,U broken but broken but
Z=BET %, T preserve/ \ ,U preserved
ETRILF—flTgroup G I

Za—kV/EV5—¢TBELT

subgrouplCiins &9 %, y
| o o

S, T, Uare

of Finite groups

arXiv: 1402.4271 King, Merle, Morisi, Simizu, M.T



17

S, 7L—N\—xftEEZS:

24 BHDITIE S, Tand U TEREN S,

§2=T3=U2=1, ST = (SU)2= (TU)2= (STU)*=1

REE - 1,1, 2,3, 3

N

ZTDEDE : nine Z,, four Z;, three Z,, four Z,xZ, (K,)

S, NERMICHIHEITHENDGET B, =LA,
Neutrino sector (1,5,U,9V) (K,)
Charged lepton sector (1,T,T?) (Z;)

—1 2 2 1
S=il2 -1 2], T=|0 w
CCT 3463 D 22 - 0

mE.S, T, VORKIE

1 0 O
U=F|(0 0 1
0 1 0



Z2—hYJ EHEL 7 b OEEFIIRMTOTRICH URE

STmy . S=mY¥,, U'mY, U=mY,, TY.YJT =YY/
|
[S’ mZL] = 0, [U7 mIiL] =0, [TerYeT] =0
O BETNZzWAILTIREREITIIE. S& U, X THEWAILT S,
O T [IXAITIEDT, MELI IR BIEIN-AR—XIZHEH-TLVS,

2/v/6  /1V3 0 o . _
V, = _1/\/6 1/\/3 _1/\/5 Tri-bimaximal mixing 913—0
~1/v/6 1/V/3  1/2
:*L'd: S & U%ﬁﬂ%[:ﬁﬁ{bj’éﬁﬁﬁﬁﬂ'@&éo arXiv:0809.1185
BEREAFELITE|ERICRES,

Za—hrY)7BETIDOI7 L——EEIX. Bo=-x#HED
18 GeneratorsDiEEZFRM L T3,

C.S.Lam, PRD98(2008)




tL. S, MDA FICHREMICTHNDE, =LA,

Neutrino (1,5V) (Z,)
Charged lepton (1,7,72) (Z5)
BETIIEEDHS,
(SUY'miy  SU =my,, TY.YJT =Y, Y]
i i

[SU,m%,] =0, [T,Y.Y1]=0

V, = || =1/v6 | ¢/V3—5/vV2 —s5/V3—c/V2
~1/V6) ¢/V3+s/V2 —s/V3+c/V2

Tri-maximal mixing
c=cosf, 5=sinf includes CP phase.

SU [Frank2®D1TH175D T, O (X FRETIERELLLY,

< 2//6 c/V'3 s/V3 )

sum rules M 12T 0T e

19

1 1
< -, cos 0gp tan 20g3 ~ — (1 _
3 2‘\/§ sin B3

sin? 913)

(Rl I |



3> DEAANERT—4%E/1TYNT HEMixing sum ruleslEd ,ZFET 5,

Shimizu, Tanimoto, Yamamoto, arXiv:1405.1521

L
™

YT
REDLY,

040 045 050 055 0.60 065

«
sin~f,3

sin? 913)

(Rl I |

WOy =1-2 <] Ocp tan 20 1 (1
sm”bpg =1 — —— S5 COS Ocp tan 2ta3 = — : B
3cos?f3 — 3 2v/2sin fy3



2.3 CP symmetry and Flavor Symmetry
L7R27L—NICHUTA, BifEZRT

t’) A4 Z5ita t’) (t)
13 = p = T |1l . S| i
(’r (’r T
0

0 |; w=e2m/?

) ewere

é Lk * )
€ € " e* c*
M_* — S #* ; j(i-* — T* H-* — -T2 H'*

\ J

2 :
CP Zi#LlE (S,1)= (ST) DE#RTHS , conjugacy classes ($1&%H)

Out (A,)=Z, outer automorphism A &HC[EIE C1:1 h=1
C3: S, T2ST, TST? h=2
(eoER - ") C4:T,ST,TS, STS h=3
| 7. T2 2 T2 2 =
3*)(7_*)i ‘3*>:>T|3*> C4.T,ST,TS,STS h3
21 1*) S, group CIXATHE !
L 4 group 6 )




G.Ecker, W.Grimus and W.Konetschny, Nucl. Phys. B 191 (1981) 465
G.Ecker, W.Grimus and H.Neufeld, Nucl.Phys.B 229(1983) 421

Generalized CP Symmetry (JL—/\—Z[ED

BREaET)

CP Symmetry gp(az)C—P> Xrp*(2"), o =(t,—x)

Flavor Symmetry F(I) i\ Pr(g)iﬁ(if): q € G'f

ORI 2EREICE>TIE CPSymmetryZ EETERWTI ENH D |
OFDizEld. 7L —/\—X#E % LagrangianlCER UTc & fc . CPIEIEN %,
Z Nidexplicit CP violation & D, ZDRAIE T L —/\—XIFNETH B,

OZDEZECPOBNDKRKESIFTFETERL,

Chen, et al: arXiv 1402.0507

CP WA ZEFSHWVERE A7), T, ....... Explicit CP violation
Himlck 2EE
class-inverting automorphism

CP ¥ iEZF9 BRBR A,, A, T ... non-trivial CP Z#

S;, S, e trivial CPEHATFHE

Spontaneous CP violation

22 CP
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BIRILF—AITT L—N\—fEE
CPXTNtEZ 2 RREZEZ 5o

GCP = Gf X Hep

ZhiMETRILF—AIT
Za—hV/ETELTMY G, xH[p
TEB S ILERREICIENS & T B,

Xy
BEEALCPEIIIH U TARERLZDT
ZOEH XISUTORHZER/CT

m'm, m,

X mynn Xy =mlpp \ Mg;nif:ies

X; T (mgme) Xy = (mjme)*




Generalized CP Symmetry

P , , 4 N
CP Symmetry 90(33) — Xr(p*(ﬂ’j ), r = (t7 _X) XYTm, XY =m*,,
| ° | Y X4 (mimg) XE = (mhmye)*
Flavour Symmetry Q(I) — pr(g)tp(;r)? g & Gf r A1 r et

. J

Xp [& TL——ZH 0r(9) EFBLCGRIENDDEL DS,

. Automorphism
LX) L (BEAR)

Holthhausen, Lindner, Schmidt,
JHEP1304(2012), arXiv:1211.6953

Consistency condition

()

pe(9)o(z) = Xepi(9) X o(2)

24 Mu-Chun Chen, Fallbacher, Mahanthappa, Ratz, Trautner, Nucl.Phys. B883 (2014) 267-305



An example of S, model

Ding, King, Luhn, Stuart, JHEP1305(2013)084, arXiv:1303.6180

S, 7 L—N—HIEAEN = 1 — kU /I 6,2(1,S} (Z, 50T,
HEL 7k VIC Ge={1.T T2} (Z5H5) 12 FDED.
CPFRIEN IR Xv={U} , X, ={1} ’EB LT 3,

INn5iE Xy pi(g) Xot =pe(g), 9,9 € Gy DEREZEFT,

G(SIIHMEESD (SEIMAEER) —a—h Y JEEFIIZ

2 -1 -1 1 0 0 0 1 0 1 -1
myrr=a| -1 2 —1|+8[0 0 1 |4+y|1 1 +el 1 -1 0
-1 -1 2 0 1 0 1 0 -1 0 1
\. J

CP symmetry  XYTm,p X! =m’;
|

r

—_ O

a, B, y arereal, €is imaginary.
25 A, model TIFERLEL |



V, = —c/V6+is/vV2 1/V/3 —s5/v6 —ic/V?2

—c/V6+is/vV2 1/V/3 —s/V6+ic/Vv2
c =cosf, s =sin6
1

SiIl2 913 — 3 SiIl2 9, SiIl2 012 =

( 2¢//6 1/v/3 25//6 )

1 .2 1
2-+cos 20 S1I 923 2

|Sin(5cp‘ = 1, SiIlOéQl = SiIlOégl =0
0=t /2
FESNBCPUBEDKES(F. WiNEHERENICENTDEZ > fc

7 L—I\—x3hE & CPUFRE ICIKTFT %o
ZDKRESFHEBMICIE. 0, m, +m/2 TH %,

E) BOKELKRDE IrrequlariifBEZ &2 EHH B, Hl - A(96)
26
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3 Summary and Prospect

CP& 7 L —/\—xi#K1% D Direct Approach

ORUSIC. BIRILF—ETIL—/IN\—& CP 2SLHERET 3,

OETRILF—EITHIEIEERMIC P I, BAROTIREICES 3,
—1—RNU RIS —ERELT NI — DRI BN R - e & =
7L —N\—R&fAECPHIHES,, RFSTE3,

sindp=0o0r 1 for A,, A;, S5, S,, T ...

Za—MU/BETHNDO7L—IN—EEIE. FRo iR
M Generators(S, T, U)DBiEZ R L TW3,
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Direct ApproachD4FE

w BIMHEEERDO7 L—I\—BEZHDBELEU DTSRI EHNTES,
TR EFELHHETH B,

* i DIRR & BEEBEED DDEV, (Lagrangianh DT RLY, )
Leptogenesis, Quark CP violation, Lepton flavor violation

Indirect Approach/\

v Dynamics%Z :&im 9 % /o SHflavons (gauge singlet scalars) ZEA L.
LagrangianZz 52 %, ZNICKD 7L —/\—x3F1tZ BFRYICHK S,
BEZEDOEEICED. BHCGHEDEHDEHICENSINZRD I ENTE S,

* N A=Y DE(FNNHBEER)NZL< D, FTENIETT 3,



Indirect ApproachD#iHg

O FL—N—x DR E(L LeptonséFlavonsDHEBE RO B ETH D,
O Flavons D43 5l7%: GREH 7 B TEFSN B)EZ M F{Evacuum alignments
M. BNEEEREETI OIL—N—EBEERET S,

A, 7L TOELE

Leptons Flavons

A, triplets (Le; Ly, Lr) [%(%1,%2,%3)} neurino sector
)

E(OE1, OE2, OE3
A4 Single'l's er - 1 Ur : 1” TR : 1/

couple to
charged lepton sector

A, AZE i LagrangianZ B9 %, 3L % 30% 3pgaven — 1
3L X 3L>< 1( flavon 1
Lo = y°clothg/ N + y" uldphg/ N +y m81dthg /A 31 % 1r* 3paven — 1

29 . 4 ; " ; [ / f 2
+ (y;u Oy + Y& + yg JUlhyhe /A" G. Altarelli, F. Feruglio, Nucl.Phys. B720 (2005) 64



JL—/\—EGIEFlavonsDVEV TN B,

3 X 3, x3

flavon — 1 3 X 1R(IR’9 1 ”) ﬂavon

2<¢I/1> _<¢1/3> _<¢u2> M ye @ Ye ¢E2
myrr ~Y _<¢1/3> 2<¢V2> —<¢V1> mpg ~ y,u E2> yL E3
_<¢1/2> _<¢1/1> 2<¢1/3> yT<¢E3> yT PE2

ZZT Vacuum Alingnments [Egenerator SEIZTORFHEEREFT HET S,
j’f;;f’)‘t_’) <¢1/1> — (¢1/2> — <¢r/3> , <¢E2> — <¢E3> =0

= <¢1/> ~ (17 1, 1>T ) <¢E> ~ (17070)T 1
_ T
HH# Z, e Z, S(i) (1) | (

HTEL 7~ YOEETIEM, EXALENTWS, Za—KJV/EETH m, |

—_

U

—_
O O =
O O =

(1 0 o\ (1 1 1\ —DODMEBRULIEEE S — DOJ’fETEtD
m,,LLNSy 0O 1 0 1 1 D_a—kKY/ ( y )
\o 0 1) \ 1 1) f>TZa—hU/RAERESAL,

30 Rank 2D 175
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SH[Z A, singlet £:1 ZEBATS,
3, x 3. x1

flavon

<¢I/1> <¢V3> _<¢1/2> 1 0
myLL ~ Y1 | —(dv si 2pu2)  —(du1) | +y2v() [0 0
0 1

< 2 <¢l/1> 2
<¢Vl> <¢V2> - (Cbrﬂ
r
myrLr = 3a (
g

S S
<
R
w
~—

N
1 1 1 1 0
—al 1l 1 1]1+0610 O
1 1 1 0 1

Tri-bimaximal mixinga B<{E E1T5I DIERLH 5T 0,5=

m, =3a+0b, b, 3a —b = my,, —m,, =2m,,

OO =
O = O
—_— O O

Neutrino Mass Sum RuleBE5h 5
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BEZHFEDOESYINEDEN DB &% > TeHTREIC L > TRE S,

Vacuum Alignment

BT VY ILEDCGEE & Vacuum Alignmenthh B E1T5ID
JL—N—BEZREL. —a2—KNY/RBEALCPHUEZFEIT %,

FlavonsZEBA UL &L >T. 7L —/\—DDynamicsE EZEBEZ
B C=DLOICKHD,

ECEXTHERFS AN HSD 7

IROD A E— T —~



Backup slides



[A5 gr'oup] (simple group)

The A; group is isomorphic to the symmetry of
a reqular icosahedron and a reqular dodecahedron.

60 elements are generated S and T .
S2=(ST)P=1and T° =1

5 conjugacy classes

Irreducible representations: - /12 1 § :;’ jz ?
1, 3, 3, 4, 5 ,.-1 T 5
’ ’ ’ ’ 015 211 —1 —1 0 1
i Cy | 3|1 0 0 1 | -1
For triplet 3 T o= 0
1 V2 V2 oni 12 | D o1 o
S= | V2 —o 5 | T=]oe5 0
V2 1 —¢ gmi e
¢ 0 0 eb 143 .
0= =3 Golden Ratio




An example of As model
lura, Hagedorn, Meloni, JHEP1508(2015)037, arXiv:1503.04140

AT L — N —SHREAE = 2 — R U/ I£6,2{ST2STH(Z, i Fr)
HEL 7k VI Ge=(T} (ZFHRE) 72IFAED.
CPRIFRED I X={Xo} , X ={1} DEZET B, | Xp ()X = pld)

_ 1 V2 V2 1 0 0 1 0 0
.1 | , |
S=——= V2 —o 1/0 T=10 % 0 Xo=1| 0 0 1
V5 V2 1/¢ —o 0 0 ¢*® 0 1 0

[tancp — l/gb]

| —v/2 cosp —/2 sinp 0
Uuns = /2 —e 3 ging e cosp —e T4 | Ry5(0)

—e2i® sin ¢ e—21® Cos e 31 ®/4
sin® {19 = 2 . . sin?f3 = i (5 + ﬁ) sin’ ¢
2+ (3++/5) cos2d 10

1 -
35 [ sin? fgg = 5 and |[sind| =1
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A, Model easily realizes non-vanishing 9,; .
MOdlfy G. Altarelli, F. Feruglio, Nucl.Phys. B720 (2005) 64

(ley Ly b)) et 76| hya | &1 & 5 —®_
SU(2) 2 1 1 1 2 1 1
Ay 3 1 17 1 1 3 3 1 1"
Z3 W w? w? w? 1 1 w W w

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

3x3=1 =ay*xb;+as*xbs+ asz * bs
3><3:>1’:a1*bg—|—a2*bl—|—a3*bg
3><3:>1”:a1*63+a2*b2—|—a3*bl

g 1 @

x1=1
0 0 1
0 1 0
1 0 O

—_ o O
o~ o |

1
1
0
0



Additional Matrix

1 00 1 1 1 1 00 0 0 1
M, =al0 1 0] +b|1 1 1)4+cl0 0 1})+d{0 1 0
0 0 1 1 1 1 010 1 00
_ Ve W dEeen L dEeevs g
A 3A A A

a+tc—4 0 3 , . o
My=Vaim| 0  a+3b+c+d 0o |vr, Tri-maximal mixing: TM2
?d 0 a—c+ %
Am3, = —davVe + d% —cd Am3 = (a+3b+c+d)? —(a+ V2 +d2 —cd)?

Inverted hierarchy

0.10 0.12 014 0.6 0.18 0.20
Im; [eV]
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Consider the case of A, flavor symmetry:
A, has subgroups:
three Z,, four Z;, one Z,xZ, (klein four-group)

S2=T3=(ST)3=1
Z,: {1,8}, {1,T2sT}, {1,TST% (ST)
z,: {1,T,T3, {1,ST,T28}, {1,TS, ST%, {1,5TS,ST2S}
K,: {1,5,T2ST,TST?)

Suppose A, is spontaneously broken to one of subgroups:
Neutrino sector preserves Z,: {1,S}
Charged lepton sector preserves Z;: {1,T,6T?}

STmy S=mYy,, TV YT =Y)Y]
s
S,my =0, [T, YeYeT] =0

Mixing matrices diagonalise m’,;, Y.Y) also diagonalize
S and T, respectively |
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Then, we obtain PMNS matrix.

20/\/6 25/\/5
V,=| —¢/V6+s/v2 —s/V6 — ¢/V/?2
—c/V6 — s/V/2 —5/V6 4+ ¢/V/2

¢c=cosf, s=sinf

Tri-maximal mixing : so called TM,
@ is not fixed. Semi-direct model

In general, s is complex.
CP symmetry can predict this phase as seen later.

another Mixing sum rules

Lo 1 1 1 i _, 1 5 . o
sin” by = —— > — cos 0cp tan 2093 o~ —— 1 — —sin“ 6y
3 cos? 6)13 3 \/53111 (913 4
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Alternatively, discrete flavor symmetries may
be originated from continuous symmetries

Escobar, Luhn (C X d) X ((Lb)
A(6n?) = (Z, X Zy) X S3

NEWN = (70 2 Ay @
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CPHFREDWBNDKES 6, 2P ETHHDEVE

Grimus, Lavoura arXiv: hep—ph/0305309

Bl: —a2a—KJ /U5 —IC
u-T symmetry (%ﬁﬁﬁﬁﬂ\li) AN RAY
mEL 7k ICiEpu-T symmetry(,éctx\,\ l
CDIANYF LD CPUIRMEIFIENS

Ui = |Upi| i = 1,2,3

cos 093 = sin fo3 =

N

Ihbb
sin @13 cosd = 0
0==+5 H FS&hd, Htws Oi3#£0

MMED HRENICEN. ZOEDEFOHIEDNTZR> TVWBIHE
ZOHIEDHENTGIFFETE %,



