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Experimental observations on 613

Results from T2K (on Jun,2011)

@ At90% C.L., 0.03(0.04) < sin?20;3 < 0.28(0.34) for 8cp = 0 and normal
(inverted) hierarchy.
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Experimental observations on 613

Results from Daya Bay (on Mar,2012)

@ The best-fit(+10) result is sin? 20,3 = 0.092 4 0.016(stat) + 0.005(syst), 613 is
non-zero at 5.20.
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Experimental observations on 613

Results from RENO (on Apr,2012)

@ The best-fit(+10) result is sin?20;3 = 0.113 + 0.013(stat) & 0.019(syst), 613 is
non-zero at 4.90.
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Experimental observations on 6,3

@ Present neutrino oscillation parameters

parameter bestfit £10 20 30
Amz, [10 °eV7] 7.6240.19 7.27-8.01 7.12-8.20
2537098 2.34—2.69 2.26 —2.77
2 -3 2 —0.10 . . . .
Am, [10~7eV7] _(2.407010) | —(2.25-2.59) | —(2.15-2.68)
sin? 61, 0.32073913 0.29-0.35 0.27-0.37
, 0.4910 0% 0.41-0.62
S|n2 923 O 53+8 82 042—062 039—064
0.07
26 0.02610 00 0.019-0.033 0.015-0.036
Sin™ Y13 0.02710.008 0.020-0.034 0.016-0.037
(0.8375¢4) 0 - -
0 0098 0—2m 0—2T1

Taken from Forero, Tortola and Valle, arXiv:1205.4018.
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TFH mixing from A(96) flavor symmetry

How to understanding largish 0,3 from flavor symmetry?

@ Some LO textures outside the range of the global fitting values + largish
subleading corrections (G.Altarelli et el,JHEP 0905 (2009) 020)
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@ Starting from some new textures with large 013(FFeruglio et al.,Phys.Lett. B703
(2011) 447-451,Nucl.Phys. B858 (2012))
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TFH mixing from A(96) flavor symmetry

Group theory of A(96)

@ A(96) is a non-abelian finite subgroup of SU(3) of order 96, it is
isomorphic to (Z, x Z4) x Sz, and it can be conveniently defined by four
generators a, b, ¢ and d obeying the relations:

S3: a®=1Db2=(ab)? =1
Za X 24" c*=d* =1 cd =dc
X aca l=c!'d!, adal=c

bcb™t=d™!, bdb!=c?.
The generator d is not independent.

@ A(96) has 10 irreducible representations:

Two singlets: 1and 1/
One doublet: 2

Six triplets: 31, 3], 31, 3,, 3 and 3,
One sextet: 6
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TFH mixing from A(96) flavor symmetry

Pathway to TFH mixing within A(96)

@ In the minimalist framework(a. zee, Phys. Lett. B 630, 58 (2005)), the charged
lepton masses are generated by the operator:

O = Ecﬁhd (p(//\

@ is the flavon field breaking A(96) in the charged lepton sector at LO.

Neutrino masses are generated by the effective Weinberg operator:

The mismatch between the symmetry breaking induced by @ and @, ‘

i}

There are numerous ways to produce the TFH mixing in A(96).
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@ Possible realizations of TFH mixing

0,0,v), ~31,3",31,3),3,,3,
<(p€>_{ (00v300va) gwal R }breakA(%)_)zs
@ ={

(
(1,1,1)u, @ ~3,,3;
(U1, Uz, (U +u2)/2), @ ~3,

4 E° [0 Y
1, (16,e°) ~2 31,3l

T~ (0,e%) ~2 31,3l
(uc7eC7TC)N3l 31v33_v3,

} break A(96) — Ky

3 (IF,e5,1°) ~ 3, 3,33 | 313
(e°,1,T°) ~ 3 16
(e° o T8) ~ 3] 1,6
(K,e°,1°) ~ 3, 3.6
IFe&T)~3, 36

1, (“Caec)'\’z 31,31
T~ (0,ef) ~2 31,3;
(pcveCﬂTC)N3l 31’3,1’32

3 guce rzg~3' 3.3.3 | %%
e’ IF,T°)~ 3 17,6
(€°.1°.T°) ~ 3] 1,6
(IF,e5, 1)~ 3, 31,6
(5.5 T)~ 3, 3,6
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TFH mixing from A(96) flavor symmetry

/ E° ) [
T~ 1, (e, ) ~2 31, 3]
°~ 1, (e% ) ~2 31, 3]

_ (e, 15,1°) ~ 3 1,6 -,
31 [ (5,51~ 3] 6 3,35
(IJ.C,e Tc) 31 31, 31, 3/
—T
(“c’ec7.[c)w3l 311 3]_1 32
(e, 15,1°) ~ 3, 3,6
(e, 1°,1%) ~ 3} 31,6

T~ 1, (e, f)~2 31, 3]
T~ 1, (e5,F)~2 | 3,3,

(e” 0 T°) ~ 3 T
(e C,p %)~ 3] 1,6 3.3

= =7

( )~31 |31,3,3
E“c7ec7.[c§~3l 3]_, 31, 3/2
( )

e’ U, 1) ~ 3, 31,6
e’ U5, 1) ~ 3, 3,6
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TFH mixing from A(96) flavor symmetry

Charged lepton masses and fine-tuning

For example, matter fileds: L = (¢1,¢2,03) ~ 31, E® = (L°,€°,1°) ~ 3y,
flavon fields: @, ~ 31, @, ~ 3] and @, ~ 3} with (¢,) = (0,0,V;).
Charged lepton masses are described by the superpotential

wp = ZE((E°L)5, @1 ha + L2 ((E°L)5 @ )ha + 22 ((EL)s, @1 e
Charged lepton mass matrix is diagonal
Me = (—le—/\l +y£zv—/\2 ‘|’W3VK3)Vd’
my = (le—/\l +y£2VK2 ‘|’W3VK3)Vd’
me = (—Zyezvx2 +y€3VK3)Vd7
We have yy, vy : Y,V 1 Ye,V3 = 0: —1:1 = fine-tuning is required!
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TFH mixing from A(96) flavor symmetry

Model for TFH Mixing

@ Flavor symmetry and Field contents

Fields | ¢ Je® [ [ 1] Ve[ hyg X o[n] &p] ¢
ae) |3 |1 [V a3 | 1 [[a]a]2]3]2]3]3
Z3 0 2 2 2 0 0 1 1 0 0 0 0 0
Z3 0 1 2 0 0 0 0 0 1 1 0 0 0
@ Symmetry breaking

Fields [a° [ [ X° [ @ [ p° | ¢°

A9) | 1 |2 [3 3] 2 |3

Z3 0 1 2 1 0 0

Z3 1 0 2 0 0 0

<X> = (0,0ﬁvx), <(p> = (0107\/(0)7 <ﬂ> = (vn,O), <E> = (VE’O7O) = A(QG) —1
<p> = (lvw)vlih <¢> = (17171)\/4)7 <llJ> = (V17V27 (Vl +V2)/2) = A(96) — Ky
@ Charged lepton

we = L ()5, ha + T (@), ha ok €7 (f) () g

52 0 ()20, D + L2 (XM, ) i+ L5 (LK (N8 ),
% 62 (U(X(E8)a, ), I
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TFH mixing from A(96) flavor symmetry

Charged lepton mass matrix is diagonal

2
VR VgV Ve Vx

VnVo Vo
A Yes "N

My =Yyr—

V2V, VvV
nve [
mezwzyezv—i-(ye‘,—yes) ml’l:yl’llr'i_yuzv’ A

Mass hierarchies among the charged leptons are produced for VEV /A ~ )\g
@ Neutrino

Wy = y (VD) + 0, (VV )3, §) + 50, ((VOV°) g )

Dirac and Majorana neutrino mass matrices read

mp =yv,l
— 4%y, Vg + 2Xy, V2 2%y, Vg + Xy, (V1 +V2) 2%y, Vg + 2%y, V1
My = | 2Xy, Vo + Xy, (V1 +V2) — 4%y, Vo + 2Xy, V1 2%y, Vi + 2Xy, V2
2Xy, Vo + 2%y, V1 2%y, Vo + 2%y, V2 — 4%y, Vo + Xv, (V1 +V2)
Light neutrino mass matrix is exactly diagonalized by the TFH mixing matrix
my = —mpmy,"mp = Urendiag(mg, mz, m3)Ufey

with

y?vé y?vé y?vé

m; = m=—-————-———5,mzg=
6%y, Vo + V/3xXy, (V1 —V2) 3xy, (V1 +V2)’ 6%y, Vo — V/3Xy, (V1 — V2)

No sum rule among the light neutrino masses is found, and the neutrino mass spectrum can be
normal or inverted hierarchy.
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TFH mixing from A(96) flavor symmetry

@ Next to leading order corrections
Both the charged lepton and neutrino receive corrections from the shifted
vacuum and the higher dimensional operators in the Yukawa
superpotentials.The NLO corrections to the three leptonic mixing angle
are of order A2,

63in2 612 ~ )\(2:, 63in2 623 ~ )\(2:, 6sin2 913 ~ )\g

sin‘0,,
sin‘e,,

040 L L L 035 L i L L L L
000 001 002 005 004 005 006 007 008 009 010 010 015 020 025 030 035 040 045 050 055 060
sin'o,| sin’e,
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Beyond TFH mixing within A(96)

Possible mixing textures within A(96)

A(96)

AN

gimymgr = mjmy gl'm,g, =m,

‘Gg, Gy ‘<:>‘ leptonic MNSP matrix‘

@ Light neutrinos are Majorana particles, the residual symmetry Gy, is
Kq =7y X Zs.
@ Gy is taken to be the cyclic Zy subgroup, non-abelian would result in a
complete or partial degeneracy of the charged lepton mass spectrum.
@ The left-handed leptons transform as faithful triplet of A(96).
% A(96) has seven K4 subgroups, sixteen Z3 subgroups, twelve Z, sub-
groups and six Zg subgroups.
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Beyond TFH mixing within A(96)

@ The allowed leptonic mixing patterns in A(96)
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TTUpws || Symet ry breaki ng Gener at ed
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Beyond TFH mixing within A(96)

ITUpms]T Symmetry breaking Generated
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Beyond TFH mixing within A(96)
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Beyond TFH mixing within A(96)

@ If we require that the elements of Gy and G,, generate the full group
A(96), only the TFH and bimaximal mixing patterns are admissible.

@ Deformed tri-bimaximal mixing: exchanging the order of the rows and
columns of the tri-bimaximal mixing matrix, we find

V2 V3 /e
Upwns|[= [ 0 5 /3
V2 V3 /6
1 2 4
-2 -2 -2
= sin“03 = =, Sin“ 0, = —, Sin“ By = —
3= 5o 2= ¢ 23 = ¢

If all the three mixing angles should undergo large corrections of order
0.1 ~ 0.2, the resulting leptonic mixing could be compatible with
experimental data. Deformed tri-bimaximal can be used as a leading
order mixing to understand largish 6,3, and it can be naturally derived
from the S4 flavor symmetry(work in progress).
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Summary

Conclusions

@ TFH mixing is a good starting point to understanding large 8,3, and A(96)
is the approximate family symmetry to derive it.

@ The possible ways to reproduce TFH mixing with A(96) are studied in the
“minimalist” framework, and consistent model is constructed explicitly.

@ The allowed mixing patterns within A(96) are analyzed from group theory,
we suggest the deformed tri-bimaximal mixing is an alternative to
explaining largish 813, and it can be produced from S, flavor symmetry at
leading order.

@ A(96) have 2-dimensional irreducible representation, it could be used to
describe the quark mass hierarchies and CKM mixing.
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Summary

Conclusions

@ TFH mixing is a good starting point to understanding large 8,3, and A(96)
is the approximate family symmetry to derive it.

@ The possible ways to reproduce TFH mixing with A(96) are studied in the
“minimalist” framework, and consistent model is constructed explicitly.

@ The allowed mixing patterns within A(96) are analyzed from group theory,
we suggest the deformed tri-bimaximal mixing is an alternative to
explaining largish 813, and it can be produced from S, flavor symmetry at
leading order.

@ A(96) have 2-dimensional irreducible representation, it could be used to
describe the quark mass hierarchies and CKM mixing.

Thank you very much!
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