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Three Neutrino Mass and Mixing
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Large solar and
atmospheric angles
>have been measured

Small reactor angle is
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some leading order approximations of interest

. BIMAXIMAL [BM] Altarelli, Feruglio, Merio

. 0 . 0 . 0 1
sin’®,, == sin’®), =0 dsin’ &, = -
' 2

.{\)t—t

Common to all these
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" TRIBIMAXIMAL [TB]

sin’ @), = % sin’®, =0 Jsin’ 9, = %

82 = 3526

" "GOLDEN RATIO" [6R]
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Feruglio

requires a correction of O(9)
9,5 = O(0;) expected

[related to [Smirnov;

5 Raidal;
QUOI"k LCPTOH. Minakata and
complementarity ? smirnov 2004)
0,,+0.~1/4]

agreement of 9,, suggests

that only tiny corrections
[0(6.2)] are tolerated

913 ~ O(ecz) expeCTed



Tri-bimaximal

/ 2 1 0 \
V6 V3 Harrison, Perkins, Scott
1 1 1
Rl BCRRC e
\ % 5 3/
TBangles 6, =35, 0,, =45, 0,=0"

cf.data 19 = 34.441.0 023 =42.8757 613 =5.6757

Current data is consistent with TB mixing but the
(one sigma) error bars are large and there is a hint for 0,
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Discrete Family Symmetry

Consider the TB
Neutrino Mass

Matrix

] —2
@12% 1 ;

TB Neutrino Mass
Matrix is invariant
under a discrete
Z,Sx Z,VY group

m 0 0 m 0 O
My =Up| 0 my, 0 |Uy, ME=| O m, O|=TMTT
0 0 m, 0 0 m
MY = mi® 1P + mo®@o®l + mz®3d1 1 0 0
1 0 T=10 o 0O w=e?’3
Py = L 1 b3 = L 1
2= 3 ) ’ V2 N 0O 0 w
M., =SM),S"
MY, =UMLUT Family Symmetry Gg,,

generated by S,U




Direct Models

S, U brokenbut T
preserved by
flavon VEV @7

Charged h

Lepton
Sector

L5~ (o + p)Y°H
LMY~ p(dg + by + ¢p)WHH

T broken but
S,U preserved
by flavons

¢57¢U

Indirect Models

Gg,, broken by flavon VEVs
(61) = 11Dy, (d2) = 12Py, (3) = v3®3
0 ali ol
Accidental Z5 x ZY

LMY (16T + 2dd + d363 ) HH
MQVvB = ml(I)l(I)iF + m2<I>2<I>§F + m3<I>3<I>§

P, =

symmetry emerges

N.B. Indirect models have flavon
VEVs aligned along the columns of U

3/16/11 Steve King, Neutel11, Venice 6



Vacuum alignment

With Driving
fields
( SUSY F-
terms)

Without Driving
fields
( SUSY D-
terms)

Orbifold
boundary
conditions
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Altarelli, Feruglio

+ 91(80§ PsPs)

SFK, Malinsky

+A|pS. 65

Kobayashi, Omura,
Yoshioka; Burrows, SFK

SOS(—Zl) — PzSOS(Zl)
or(wz2) = Pspr(22)
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‘ Discrete Groups

A(27)

SU(3)

PSLy(7)

Z7>QZ3

v

Ay
Indirect Models: /

A(96)

SO(3)

<€

Direct Models:
Gg,, Mmust contain

/ A, as a subgroup

Altarelli, Feruglio 1002.0211

(and references therein)

GFam may or may Group d Irr. Repr.’s Presentation Ref.’s
not contain A, as Ds ~ S 6 L1,2 A= B> = (AD) =1 i]
TBM Dy 8 1y,...14,2 A*=B?=(AB)? =1 [ii]

a Su bg roup D, U | 1,1,2,22 AT=DB=(AB)*=1 [iii]
As ~ PSLy(5) 60 1,3,3,4,5 A*=DB?=(BA)’ =1 [v]

l Ay | 12 1,1,173 7 A =B=(ABP=1 [iv]
TBM T 24 [1,1/,17,2,2,2",3 A = (ABP=R’=1, B>=R [vi]
In general G, may . Sl iy ..
- A% = =(BA*)? =1 [vii]

be A(3n2) or A(6n2) A7)~ Zy x Zy | 27 11,..19,3,3 [viii]
PSLy(7) 168 1,3,3,6,7,8 A®=B?= (BA) = (BA'BA) =1 [i¥
Luhn, SFK Ty~ Z7 X Zs 21 1,1,1,3,3 AT=B%=1, AB = BA® x|

8
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See-saw mechanism

Many direct and indirect models use the type | see-saw mechanism
v 1 T
M” = MD MD Large M implies small MV

In the diagonal Mg basis it is a remarkable fact that in all family symmetry
models (e.g. A,) the columns of the Dirac mass matrix My are proportional
to the columns of the PMNS matrix U

2 1 0
a a
m%?j%(l),mgg\/%( 1>,mr§§\/3§<1)UTB -
1 —1 1

This property is called Form Dominance since it implies that MV is form diagonalisable,

i.e. the mixing angles are determined independently of the neutrino masses
Chen, SFK

SIFS-SI
S-SI-S-
§|“§|"‘ o
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EGUTs and Family Symmetry

“*See-saw naturally suggests a high scale > GUT

“*Flavour problem suggests a family symmetry

7 / symmetry
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GouT

SO(10)

SUGS)x U(1) \

SU(4) . x SU(2), x SU(2),,
|

SUQ3).xSU2), xSU2),xU1),_,
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GUT relations and sum rule
- ; Class of models: 612" » 6"
Yu Vv Yd 0" =
CKM

See-saw = GUT )
_ relation
m =vg, ZY.M IY,T

m<—>Y lcézH_C
V 33

TB + charged Iepton NS
corrections + GUTs 0, Sum Rule

leads to predictions: H ~— 912 ~35.3" + (913 COSO  SFK, Antusch, Masina
Bjorken, SFK, Pakvasa.. 3\/7

Lesson: TB mixing can never be exact in GUT models




‘ Tri'bimaXimaI deViationS SFK, Parke, Pakvasa et al...

— L1+ L1 +a)
S13 = , S12 = S), So3 = a
13 \/§ 12 \/g 23 \/5

0.07 <r <021, —0.06 <s<0.003, —0.09<a<0.04

r = reactor a = atmospheric
Jii-1s) o Lret
U ~ —%(14—8—&4—7“?7’5) 7(1 s — 2T€Z5) %(14—&)
Z(l+s+a—re?) ——(l-gs+a+zre?) (1 —a)
GUT sum rule predictions recast as:
s =7 CoS0O r=A/3
Reactor  CP phase Reactor  Wolfenstein
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'Quark CP violation very well known

Wolfenstein
Voal Vus | Vi T 122 A AN(p—in)
~ 2 112
Vgl Ves |Vl = . A 1—)\2/2 AN
td ts tb - 2 "
~(0226 A4=081 p=0.13 =035
ViV #VeVoy ¥Vl =0

o

.5

fitter
Beauty 09
sol. w/
excl.

Right-angled Unitarity -

Triangle

excluded area has CL > 0.95

I=
— accident or hint? & °‘
o ~ 900+ 40 :
6CP% Y %700 :|: 50 0'0-0.4 — -tIJ.zl — 0.0 0.2 0.4 0.6 I o.ls - 1.0

<l
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Leptonic CP violation is unknown

U~ —%(1+3—a+r¢") ﬁ(l—is—a—ye@) = +a)
%(1—|—s+a—re"‘5) %1——3+a—|— Trel) %(1—@)
U€2U63 o UyZUy3 Vo.lV3
/ &
U.,U_, Neither r nor § is measured

caled trianale Two extreme possibilities:
4 9 a) UT = straight line
0 b) UT = right-angled triangle

1
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SUSY GUT of Flavour S, x SU(5)

Hagedorn, SFK, Luhn

Field | T3 | T |F | N | H, | Hz | Hgz | % | B | 4 o ol | Y, | DY
SUGB)[10|10|5| 1 |5 |5 45| 1 |11 1 111
Se |1/213[3|1|1]1]2]2)3 3 2 |3 |2
U0 ]|x|yl=-yl0]0]| 2z [-2¢]0 |-y|l-x—y—22| 2z | 2y |2y

* F-term vacuum alignment studied to NLO

« Separate flavons in up, down and neutrino sectors distinguished by U(1)
« GST and GJ relations

« S, enforces precise TB neutrino mixing accurate to 0.1 per cent
 Accurate lepton mixing sumrules s =rcosd r=A/3 a= —7~2/4
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Tri-bimaximal mixing & right unitarity triangles

S,xSU(d) = (11::;) ~ 3, = @;) ~2, T3~ 1.

1 1 1 .
W, = T3T3H5+MTT¢%H5+WTT(¢1‘/)2H5+WTT(¢§’)2¢TH5, mass matrices
1 1, ~ 1 ~ .
Wa = 7FTs0§Hs + + 5 (FOOUT o)1 His + 75 (Fé§)2(T65)2Hs | AT A% 0 0 A 0
My~ X 2 0w, My~ i X 204 | o
W, = FNHs+ N(¢% + ¢85+ )N, 0 0 1 0 0 A

Purely real or imaginary vacuum alignments

) ~ xr (7). o) ~ N

0 0 .
0d ~ M (1], @ ~ M (2], @~ am (), @ ~ (),
(i), @~ (2). (D). @~ ()

Mp =

1
@) ~ XM, (g ~ MM (}) (@5) ~ A'M (1)
1

Quark unitarity triangle Lepton unitarity triangle

Antusch, SFK, Luhn, Spinrath
(to appear)

Fritzsch type quark

~ sd
Phase sumrule a = 512 — 019
Neutrino mass matrices

By — ey Boy + 2705 apl — el
By — vy ap] — vy Bey + 2y

100
yp [0 0 1],
010

s~a~/(

(awi + 2904 By — el Bos — e

Mp

W | >
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How coudd neuliino- mass models be constrained
by resudty from neutrino-oscillations ?

Since the SUSY GUT s of Flawowr predict approximate TB mixing
with 013 ~ 3° they would be excluded if reactor angle iy large

Spectrum of alternatives

Anarchy Semi-Anarchy Indirect models Direct models

No symmetry, U(1) family Non-Abelian Non-Abelian

all angles are  symmetry to Family Symmetry Family Symmetry

large explain small is broken but is partly unbroken
reactor and accidental neutrino in the neutrino

Allows r,s,ato  quark angles symmetry arises sector

be large with r

typically too Allows r,;s,a to Vacuum BM allows r and s

large all be large with misalignment large ~ A (typically
r acceptable allows one or more s too large) with

ofr,s,atobelarge small a
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P, % P %
12 20 Semi-Anarchy
’:: 15 Feruglio slide
6 10
4
5 b
-6 -5 -4 " | -2 -1 - Ues
gt (g [ 1 e R0 (el (i 04 06 .08 1
% %
E: Ar“zsal/ Amzatm g x
8 5 -
6 4\ I i1
3 1
4 - o
4! 4
2
- /
7 o -Iolan‘(),g 5 7 T -'mlan‘()g_;
[Altarelli F ,Masina 0210342] Ass
( )FN Hall, Murayama, Weiner f%
7
FN(L) = (2,0,0) cfr. Anarchy 6
FN(NE) = (1,-1,0) ;
FN(L) = (0,0,0) ;
See also Hirsch, SFK 0102103 FN(NC) — (O 0 0) 2
R l
A=0.35 02 04 06 08 17U



Indirect Models with vacuum misalignment

T T T SFK 1011.6167
T i N AN
£ <M1 T T

For a normal hierarchy m, =» 0 the first term decouples and we expand

Constrained Sequential
Dominance (TB mixing)

Vacuum
misalignment

Simple vacuum misalignments lead to interesting predictions ~ corrections o small

re=%
= as + « . e .
(6370 2\/533 ( 1 ) Predicts s=a=0 with r#0 IMPORTANT TO
I 0 3 0 MEASURE r,s,a
(3570 ox =2 \/;33 ( 1 ) + \/;0432 ( 1 ) Predicts s=r=0 with az0 | 1B DEVIATIONS
1 —1

trimazy . 93 ! 2 ! Predicts tri-maximal mixing
(b3 ) o I | +4/zas | —1 _
0 (143 in 2" column of PMNS)
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* The lepton mixing angles suggest a simple tri-bimaximal mixing pattern

 This in turn suggests an underlying discrete family symmetry which is
spontaneously broken by flavons with particular vacuum alignments

* The see-saw mechanism then has a simple property called Form Dominance
(Dirac columns proportional to PMNS columns in diagonal RHN basis)

» See-saw mechanism also suggests a high scale in nature as in GUTs:
SU(5) since SO(10) seems difficult (see Altarelli,Blankenburg; SFK, Luhn)

* Family symmetry GUT models predict small deviations from TB mixing with
a reactor angle 13 ~ 3°and a solar angle 0,, =35.3° + ,;c0s0
with latest models predicting right-angled unitarity triangles e.g. 0 = 90°

« If the reactor angle is measured to be larger then we must consider a spectrum of

alternative models: anarchy, semi-anarchy, indirect models with vacuum
misalignment, direct models with BM, or some new idea or ingredient...
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Take home message to-experimental colleagues:
Important to- measwre r, s, v and § where

r 1 1
S13 = 7 812:%(1—%9)7 Szgzﬁ(l—l-a)
So-fowr they could all be zero

0.07 <r <0.21, —0.05 <s<0.003, —0.09 <a<0.04

The job- is not done until all the deviations from
TVu-bvmmu/mouL mixing angles awre measureds
(not just measurement of reactor angle)
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