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Tri-bimaximal Mixing

® Neutrino Oscillation Parameters (20) Schwetz, Tortola, Valle (Aug 2008)

1 0 0 C13 0 8136_2'(s C12 s12 O
Uuns =1 0 ca3  S23 0 1 0 —s12 c12 0
0 —S8923 C923 —51361(S 0 C13 0 0 1

Sin2 923 = 051_81421, Sin2 010 = 03041_8833
® indication for non-zero 9)3: Bari group, June 2008
sin 13 = 0.017991% (15)  consistent with 813 =0

® Tri-bimaximal neutrino mixing: |, ..o . < 999

2/3 1/V/3 0 sin? Oatm, TBM = 1/2 sin 13 Tem = 0.
Urpng = | _
TBM V1/6 1/V3 =1/V2 sin? O TpM @ tan2 0o v = 1/2

—/1/6 1//3 1/V2
tan? 0 exp = 0.429

new KamLAND result: tan6?

_ +0.06
®,exp — 0’47—0.05




Group Theory of T

A4:

® even permutations of four objects
S: (1234) — (4321)

T: (1234) = (2314)

Frampton & Kephart, JMPA (1995)

® geometrically -- invariant group of tetrahedron

® does NOT give rise to CKM mixing: Vcm = |
v,

® 3|l CG coefficients real

® Double covering of tetrahedral group A4:

® in-equivalent representations of T':

A4: 1, 1', 1", 3
other: 2, 2', 2"

® generators:

S?=R,T°=1, (ST’ =1, R* =1

—
—

TBM for neutrinos

2 +1| assignments for quarks

R=1: 1, 1, 17,3
R=-1: 2, 2/, 2"




Group Theory of T

product rules:

9=1.11=1 11t=1
1°Qrt =rb® 1% = potd for r =
1°3=3Q1*=3
2a®2b:3@1a+b
27R3=3R22=202" 02"
33=30301a1a1”

complex CG coefficients in T’

spinorial x spinorial D vector:

202=2"22"=2"22 =301

spinorial x vector D spinorial:

1,2 a,b = 0,+1

J.Q.Chen & P.D.Fan, ). Math Phys 39,5519 (1998)

complexity cannot be avoided
by different basis choice

( (159) (a1 B2 + a2r) )
3 = 1o B

o B3o

(1 +i)azfBs + a1

23=202 o2" 2=(<1_

i) 3 — azfh )




A Novel Origin of CP Violation

® Conventionally:
® Explicit CP violation: complex Yukawa couplings

® Spontaneous CP violation: complex Higgs VEVs

* complex CG coefficients in T = explicit CP violation

® real Yukawa couplings, real Higgs VEVs
® CP violation determined by complex CG coefficients

® no additional parameters needed = extremely predictive model!!




The Model

Symmetry: SU(5) x T’

Particle Content 10(Q, u®, ),

5(d°, 0) 1

T3 To F|Hs HL Ags| 9 ¢ ¢ 9" ¢ N | & 7
SUGK)|1010 5|5 5 451 1 1 1 1 1|1 1
T /1 2 3|1 1 1|3 32 21 1|3 1
212 u)5 w2 w5 w2 w2 w5 w3 w2 w6 w9 w9 w3 wlO wl() W 62‘7"/6‘

4 ,.,8(,,10 ,10 3 w3 w6 w7 w8 w2 wll 1 1
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additional Z12 X Zi, symmetry:
*x  predictive model: only 9 operators allowed up to at least dim-7
*  vacuum misalignment: neutrino sector vs charged fermion sector

*  mass hierarchy: lighter generation masses allowed only at higher dim




The Model

® |agrangian: only 9 operators allowed!!

Lyyk = L1+ L1p + Lpp

1 1 1
Lrr = yHsT5Ts + e HsTsTapC + PycHJaTagb? + FyulnkTafzm“

1 — 1 — _
Lrp = pybHéFqubC t 13 [ysA45FTa¢¢N + ya HLF Ty %)
1 _ _
Lrp = MHsHsF FE+ Mo HsHsF Fr|
M,.A

A: cutoff scale above which the family symmetry 7’ is exact
M.: scale at which the lepton number violating operator is generated




Neutrino Sector

Form diagonalizable:
-- no adjustable parameters
-- neutrino mixing from CG coefficients!

8

1 _ _
® Operators: Lrr = VA [)\1H5H5F F&+ Mo HsHsF Fn
® Symmetry breaking:
1
T" — Grsre <f> =& A1 T’ — invariant: <77> = upA
1
® Resulting mass matrix: .
only vector representations involved
= all CG are real
26 +ug  —&o —&o 9 . )
Av = Majorana phases either O or 1T
M, = —&o 260 —&o tuo R ] P
& —Sotuo 2%
) V2/3 1/v/3 0
U’ITBMMVUTBM = diag(uo + 380, uo, —uo + 3&0) ]\Zu UrBm = | — V 1/6 1/\/g _1/\/§
X

SNV RNV

General conditions for Form Diagonalizablility
in seesaw: M.-C. Chen, S. F. King, arXiv:0903.0125




Up Quark Sector

1 1 1
Operators:  Lrr = yHsT3Ts + 5y HsTsTat)C + 5ye Hs TaToad? + 5y HsTaTad”

A2
top mass: allowed by T'
lighter family acquire masses thru operators with higher dimensionality

B dynamical origin of mass hierarchy

symmetry breaking: no contributions to

o - (0 ) 1Y, dim.g  clements involving
T- (#) = (1) ol (¥) = (0 ) Yo | st family; true to all
levels
1
T — Grgre : (¢') =dpA | 1 dim-7
1
Mass matrix:
igp SR 0 both vector and spinorial
My=| o5 ¢ +(1—=5)d5  y'volo |¥vu |reps involved
0 0Co 1 = complex CG




Down Quark Sector

. 1 1
® Operators:  Lrp — sy HIFTC + 13 [ySA45FTa¢¢N+de’FTa¢ v

® generation of b-quark mass: breaking of T': dynamical origin for
hierarchy between my and m¢

® lighter family acquire masses thru operators with higher dimensionality
B dynamical origin of mass hierarchy

® symmetry breaking:

1

0 , 1
T Grs ()= (o)m, w=( g ) vin T’ — nothing; <¢’>—wéA(1)
® mass matrix:

0 1 +1 ¢0¢0 0 1 — 1 ¢07/10 QSOwO

M= | ~(-iooy  @od) ybvao, M, = 1+z¢0¢0 - doh | wvvaco
o o @ @

® consider 2nd, 3rd families only: TBM exact complex CG

® Georgi-Jarlskog relations: . ~ 3,  m, ~ 3m, =»|corrections to TBM

10




Quark and Lepton Mixing Matrices

® CKM mixing matrix:

o 0

i

1 0 (1+i)¢oty 0
My=| 55 ¢ + (156 @ Yttu My = | —(1—d)potf YoNo 0 | yvado,
0 y'poCo 1 b0y Co
Vcb
Vub

0, ~ ‘\/md/ms — eio‘\/mu/mcy ~ \/mg/ms,

® MNS matrix:

Georgi-Jarlskog relations = Vg4 # |
SU(5) = My = (Mo)T

= corrections to TBM related to 6.

0 —(1—=d)¢oty oty
Me = | (+igovhy  —3vodo  dovpy |wraco B |4 | [Me L1 fma 1,
0 0 ¢o my, 3\ ms 3
1 —6./3 =« 2/3 1/V3 0
UMNS:V;ILUTBM: 0./3 1 * —/1/6 1/V/3 —1/V2
Y AN IRV G
1
tan? 6 ~ tan? 0@7TBM—§GCCOS5\ 013 ~ 90/3\/§

N

new QLC relation!

leptonic Dirac CPV




Numerical Results

[ ] i :
Experimentally: mg Mgty ~ 057 027 1, my cme sy >~ 605002701,

® Model Parameters:

: - k = y'too = —0.029 7/ parameters in
ig 59 0 .
M,=| Fg g+0=5Hh k |y, h = ¢% = 0.008 charged fermion
k 1 .
0 g=¢5 = -9x107 sector
0 (1+db 0 YvpoCo == myp/my =~ (0.011) e = 1
My t —
———=| —(1—1d)b 0 = Yo N, = —0.016
Ypva$oCo (1-1) ¢ ¢ = oNo/Co 0.0169
b b 1 b = ¢otbl/Co = 0.0029
B = arg(%) = 21.3°, sin283 = 0.676 ,
e CKM Matrix: St
a = ar M =114°
RN |
0.975¢26:8°  0.225¢211”  0.00293¢1164” _ *
e' o 64 0 .6 o v = arg YuaVy = 0§, = 44.9°
Vokm = | 0224217 0.974¢7819" 0032750 VeaVi 9 ’
0.00557¢103” 0.0317¢~7-33"  0.999 J = Im(VygVip Vi VE) = 145 x 107°
T A= 0.225, A = 0.637, p = 0.280 and 77 = 0.280.
predicting:

9 masses, 3 mixing angles, | CP Phase




Numerical Results

diagonalization matrix for charged leptons:

0.997¢1777 0.08¢1132° 1.2 x 10~ %145’
0.08e™1:9° 0.997¢1177° 1,40 x 10~ 4e—13-47°
106 1.4 x 1074 1

0.837e~ 179" 0.544e~173" 0.0566€'1%8"

MNS Matrix: Vouns = | 0.364¢=1386° (.609¢—1173° (.705¢3-45°
0.408¢180” 0.577 0.707
e sin? pem = 1, tan?6y = 0.422 and |Uss| = 0.0566

prediction for Dirac CP phase: 0 = -46.9 degrees Jy = —0.0094

Note that these predictions do NOT depend on u and §p

neutrino masses:

up = —0.0593, & = 0.0369, Mx = 10'* CeV 2 parameters in
my1 = 0.0156 eV, mo =0.0179eV, m3=0.0514 eV neutrino sector
Majorana phases @21 =7 azr = 0. predicting:3 masses,

3 mixing angles, 3 CP Phases




Neutrino Mass Sum Rule

sum rule among three neutrino masses:
mi1 —msg = 2m2

the mass eigenvalues:

m; = ug+ 3
mo = Ug ATn?uﬁm = |m3|2 - |m2|2 = —12uo&o
ms = —Uug-+ 350 Amé = |m2|2 o |m1|2 - _9'58 — 6uodo

leads to sum rule

normal hierarchy

1
Am2 = =96 + —Am?, ==~ =— Am2, >0
N S+ At atm predicted!!




Summary

® SU(5) xT' symmetry: tri-bimaximal lepton mixing & realistic
CKM matrix

® complex CG coefficients in T": origin of CPV both in quark and
lepton sectors

® 72 x Zi2:only 9 parameters in Yukawa sector
* dynamical origin of mass hierarchy (including mp vs my)

*  forbid proton decay

o i . .
Interesting sum rules: leptonic Dirac CP phase: 0 = -46.9 degrees

1
tan” 0 =~ tan® 0o TRM — g0ccoso right amount to account for
discrepancy
013 ~ 0./3v/2 ~ 0.05 between exp best fit value

and TBM prediction




