Flavour Symmetry Models
after Daya Bay and RENO




History of Neutrino Mixing (98-)

gAtmospher'w v, disappear, Large 623 (SK) (98)
[A solar v, disappear, large 01> (H/S,Ga,SK) (02)
[A solar v, are converted to v, +v, (SNO) (02)

[A reactor anti-v, disappear/reappear (KamLAND) (04)
[A Accelerator v, disappear (K2K 04, MINOS 06)

IZAcceLemtor v, converted to v. (OPERA 10)

U

IZAcceLemtor v, converted to v, , O13 hint(T2K, MINOS,DC) (11)

U
A =eactor anti-v, disappear, 013 meas. (Pa Yya Bay, RENO) (12)



Implications for PP and Cosmology

O origin of tiny neutrino mass A

Extra dimensions, See-saw mechanism, RPV SUSY

so1shiya
1010

O wnification of matter, forces and flavour ’
SUSY, QUTs, FamlLH Sywmmetry, ... )
[ »id neutrinos play a role in our existence? N
Leptogenesis
O »ud neutrinos play a role tn forming galaxies? 0
Hot/Warm Dark matter component > g_
[ pud neutrinos play a role tn birth of the universe? g
Sweutrino tnflation

D can neutrinos shed light on dark energy? A~ Y



v Origin of
““NNeutrino Mass

O Neutrino mass is the first (and so far only) new
phgjsics beyond the standard Model

O Lepton Flavor ts not conserved: Le, Ly, L; broken

] Neutrino mass may be Dirac or Majorana
O The Origin of neutrino mass Ls unknown

O Roadwmap of possible mass mechanisms



Neutrino mass roadmap
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P.Minkowski, PLBGF (1977) 421

See-saw mechanism

Possible type U ’ ’
contribution Pirac matrix 1
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Heavy Majorawa matrix
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O Neutrinos are light because RH
neutrinos are heavy

O Allows large neutrino mixing



Type I see-saw mechanism  Type IT see-saw mechanism (SUSY)
P. Minkowski (1977), Gell-Mann, Glashow,
Mohapatra, Ramond, Senjanovic, Slanski,
Yanagida (1979/1980), Schechter and Valle
(1980)...

Lazarides, Magg, Mohapatra, Senjanovic,
Shafi, Wetterich, Schechter and Valle...
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Type IIT see-saw mechahism
Foot, Lew, He, Joshi; Ma...

Supersymmetric adjoint SU(5)
Perez et al; Cooper, SFK, Luhn,...

SU(2), fermion triplet Mp 0P

Type IIT

See-saw mechanisms with

extra singlets S
Inverse see-saw

Wyler, Wolferstein; Mohapatra, Valle

ML 0 M
0 MT u

( 0 M 0) M, = MpMT™ M~ M2
M = TeV>LHC

Linear see-saw

Malinsky, Romao, Valle

0 Mp M
ME 0 M
MI MT 0

M, = Mp(M MY + (M M HMp!

LFV predictions



Three Neutrino Mixing

Standard Model states

v, v, v, PMNS matrix Neutrino mass states
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Global Fits 2012
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King 1205.0506 Physics Letters B 718 (2012)

Data prefers Tri-bimaximal-cabibbo Mixing

’ ’ ’ ’ 9
Combine TB mixing with 03 ~ < ~9.2°

V2
A 1 1
513 = —2, S12 = ﬁ; S$93 = E A = ().-2253 + 0.0007
[ 30-00) SO e
)V ) .
Urpe = | =L (14Ae®)  L(1-2ae®) (112 | +O(\?)
\ Lﬁ(l — Ae") —%(1 + 2Xe™) %(1 IA?) /

Approximate description of Lepton mixing
Hints of a connection with gquark mixing



King; Parke; Pakvasa, Rodejohann, Weiler

Useful to expand PMNS about TB mixing

1. ,—i6
A SR ST A
Upwmns = | —z(1+s—a+re”) %(1—§s—a—§ref) (1 +a) [P
\ %(1 +s+a—re?) —%(1 — 25+ a+ gre®) %(1 — a) )
1 1 r
inf, = —(1+s), infys = —(1+a), infj3 = —
sin 619 \/§( S) sin B3 \/5( a) sin 63 7
s =—0.03=x0.03, a=-0.10x=0.03, r=0.22=x0.01
a = atwospheric r = reactor
below BL-max cabibbo-like

Global fits hint at atmospheric angle tn first octant
Le. a<o
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Lam; Albright,Rodejofiann; Antusch, King, Luhn, Spinrath
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N.B. Atmospheric sum rules: A= Y.GOSS, A=-vr/2.c0sO



Theory Road Map

Daya Bay/RENO
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Family sSymmetries G
which contain triplet reps

Sym m Etl‘y G (three families tn a triplet)

This talk




Indirect Approach

Family Charged
Symmetry[ G J Leptons
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G fully broken l by flavon vevs
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Indirect Models after Daya Bay and RENO
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Indirect Models after

By
By

King; Antusch, Bowdjemaa; King, Luhn A, c
mrr = A2 02
As Bz Cj
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s=a=0,r#0
Special case TBC: 7 = A

Daya Bay and RENO

Antuseh, King, Luhn,Splnrath

CSD2

AAL

C x

Two texture zeroes - ocecam’s razor?

\/57"6 |
Urw, = ety i4re
%7“625) —%(1—7“6 zé)

a=1rcoso s=20

A’cmosplneric sum rule

Harigaya, lbe, Yanagida



Direct Approach

Family Generators
sym metry S,T,U

T preserved/ S,U preserved
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Direct Models after Daya Bay and RENO

LG

A(96) S4 5

1B (BM) GR mixing
mlxmg at L at LO

T broken U broken S,U broken

orlA4 >‘ .

General HO
corrections




Direct Models after Daya Bay and RENO

LG

A(96) S4 5

1B (BM) GR mixing
mlxmg at L at LO

T broken U broken S,U broken

> \

General HO
corrections




King ('05); Masina(05) Antusch, King ('05)
Antusch, Maurer ('11) Mazocca, Petcov,
Romanino, Splnrath (11) Kin g 1205.0506
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Direct Models after Daya Bay and RENO

TB (BM)
mixing at LO

GR mixing
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] A4— ModeL L==3, N°=3, Hu=1

Cooper, King, Luhwn;
Altarell, Fergugluo,... Shimizu, Tantmoto, Watanabe

1 / 1"

1, = YLH,N"+ (91905 + ?/25 NCNC

=
|

a = y1vs, B = 120807 = y3(&'), 7" = y5(€")

without &', & mp, Mg respect S and U tnvariance — TB mixing

with €, € Mg respects S but not U Lnvariance — TM2 mixing



0 S4 Model Hagedorw, King, Luhn
3 1 2 @
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Sy MX
1 ’ rr 1’
untfies €, £ nto
( / < Z;y > brcahs S4—> A4

a doublet 1, e
restores T®

T8 ™2

S4 model has T® at LO with TM2 correctlons at HO
E)qal,aiws why 013<012, 023



Direct Models after Daya Bay and RENO
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A(96
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King, Luhn, Stuart arXiv:i1207.5741

S T U
1 1 1 1
1’ 1 1 —1
w 0 0
2 Laxa ( 0 aﬁj) ( 1
32 S3 t3 us
§Z S3 t;; Uus
3/ S3 t3 —U3
3 S3 t;; —Usg
3 ENE i3 US3
3 ENE i3 —VS3
6 S3 0 t3 0 0 w
0 S3 0 t3 w*
-1 2 2 | —1++v3 —1—+/3 1
2 -1 2 |. Uy = 3 —1-+/3 —1 —14++/3
2 2 -1 1 —14++v3 —1—-+3
—1—+v3 V3-1 —1 w2 0 0
V3 -1 —1 —1—+/3 ], and t35=| 0 1 0
—1 —1—-+v3 V3-1 0 0 w


http://arXiv.org/abs/arXiv:1207.5741
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de Adelhart Toorop, Hagedorn, Feruglio; Plng

Bi-Trimaximal neutrino mixing

Klein Symmetry -2 2 L[ 1EVE S1-VB w? 0 0
in A(96) - S=z| 2 -1 2 | U= -1-v8 -1 -1+v8 T=(0 1 0
2 2 -1 —1 —14++vV3 —1—+3 0 0 w

SMYS = MY TMFT =MY UMYU = MY

St. George’s Cross / (. LS a._
Upp = | =Lkl p e = (1222
\ a_ —% a. /
$in 01y = sin By = 1/ 5253 ~ 0.591  (G1g = a3 ~ 36.2°)
sinfi; = a_ ~0.211  (f3 &~ 12.2°).
s~ 0.023, a= —0.165, 7~ 0.299 Data

/
s=-0.034+0.03, a=-0.10+0.03, 7r=0.220.01




Family Symmetry x GUTs
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A ( 9 6) X S U ( 5 ) King, Luhn, Stuart arxivii207 5741

Flavowns
Field | T3 | T | F | N | Hy5 | Hz || @4 | @4 | @2 dd ¢5 | DY | OF | DY
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A(96)xSU(5)
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Quark and Lepton Mass Matrices
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Kiwg, Luhn, Stuart arXiv:1207#.5741

Bi-Trimaximal neutrino mixing
with charged lepton corrections 7’
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S rg

Simple patterns BM, TB, GR excluded, TBC mixing OK

P

Expand about TB mixing, data prefers: a<o, s<o, r=0.22
TML: S=0, A=r.c0s0, TM2: S=0, A=-r/2.c0S0

TWO theorg approaol/nes: 53mme’cr5 oY Awarohg

Family symmetry tmplemented tndirectly or directly
ndirect models: CSDP=2TR, PCSD2DTBR, CSDPR=D>TML
Direct models: A4,S4,A5DBM,TB,GR, WU breaklng=>TM2
pelta (9e) = 0,5 ~12°, 0., =0, ~3&° excluded

pelta (9e)xsu(s) 2 0,2 ~9.6° 0,5, ~32.7°, 0, ~26.9° OK



2 msy 2 ) ,
occam’s razor fails

r=——2=n~ — — fi13~ 5°—6° Toosmall!
3 mj 15 , ,
Charged Lepton corrections? (L progress)

0O Leptogeweus phase = Oscillation phase Yp x +

4+ sin 0

Antusch, King,
Luhn, Spinrath

34.7 3490 350 351 . 346 347 348 %p
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Trimaximal2 from Y ()

O TB mixing respects Klewn symmetry S, T,U € 54

SMYS = MY TM*T =MF¥ UMYU = MY

O TM2 mixing respects discrete sym ST € A,
SMVS = MY TMPT = MFP U LS brokewn

s~ 0, a4~ ——7CcoSo
0
— 1 _ p/
Urs — ? P Urnm, = P
V2

This suggests that TM2 mixing can arise from A4
or S4 broken to A4 (breaking U)  King Lum
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