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Hlstory of Neutrlno Mixing (98 )

MA’cmosphena v, disappear, Large 623 (SK) (98)
[ solar v, disappear, large B> (H/S,Gqa,SK) (02)
[Zsomr v, are converted to v, +v, (SNO) (02)

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

gAcceLemtor v, converted to v (OPERA 10)

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

A =eactor anti-v, disappear, 013 meas. (Pa Yya Bay, RENO) (12)
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Three Neutrino Mixing
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P wtCOD Y\/O Normal V: Inverted
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Nakagawa
Spkata

Neutrino mass states

m? m?

atmospheric
~2x1073eV?2

10
UPMN =0
0 =5y

Sy = sm@ij

Ci= Coseij Reactor

3 masses + 3 angles + 1 (or 3) phase(s)

Majorana phases O.;,0, — 7'(0V 2) WEW Pamme‘cers E;or SM  7

Osclllation phase 0
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Neutrino Mixing

O —9 =15

0o — 9t =

(923 — Q52




Slmple Mlxmg Patterns RULED OUT

(since all have max. atm. and zero reactor angle)

O Bimaximal s _ﬁ; L Lo oo e

O Tri-buimaximal Urs P
Harrisown, (912 = la o
Perkins, Scott
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Large Charged Lepton Mlxmg
Corrections Ue to the Rescue

O BM, TBM, GR might only appl,g to neutrino
mixing and Upyns = U U implies 013 ~ 6] €152

Leading to solar sum rules: (antusen, king)

Bimaximal b2 =45° +013c080  cf @LC
015 + 0 = 45°

Tvi-bimaximal 012 = 35° + 013 coso

C(OLOlBV\z ratLo 610 = 32° 4+ 013 cos 0

O.f. E)(‘PCYLWLCV\;QZ (912 — e (913 — O 4 1

e.q. Bimaximal sum rule tmplies coso = —1
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Tri-bimaximal S um Achievable Precision
Rule prediction on 65 — 0{3cos?d
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, k I 1 90 180 270

90 180 270 True value of § [©]
True value of ¢[o]

Setup r Baseline Detector Beam
SPL 130 km 440 kt WC 4 MW superbeam, 2 y (v
5 T2HK 295 km 440 kt WC 4 MW superbeam, 2 y (v
0 Antusech, Huber, King, Schwetz WBB 1300 km 300 kt WC 1.5 MW superbeam, 5 y (v

BB350 730 km 440 kt WC Sl 1055 8 Neg=550.2:9" 1§ 5 He
NFC 4000 km 50 kt MID 50 GeV, 4 x 10%! = + 4 x 102! py
NFO 400047500 km  2x50 kt MID* 20 GeV, 4 x 102! p= + 4 x 10%! u*




Tri-Bimaximal Pa

& g
G el
-s5+a—re®) —

(1
(1

Sin (923 —

—

‘1.

I O P

- - -
%

King; 'Pale\/asa Roolgohavw\, wetler

rametrisation

%(1+8)
1
—§S—CL—§T€ )

— 25+ a+ sre®)

1
V2

== 30

(1+a),

a=:—0:02:=

- 0.10

==l - LY

y¥ = reactor

TB mixing corresponds to s=r=a=0




Tri-maximal Hydras

0O Tri-bimeaximal
e=mn—r—0)

0O Tvi-bimaximeal-
reactor (s=a=0)

0O Tri-maximal 1

(s=0, a=v.c0s0)
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O Awnarchy: all angles are “Large” and unpreolicted,

so expect sunB13~0.5

O Hewnce larger reactor
angle ts good news

Altarellt, Feruglio, Masina

0O Problemn Ls that reactor
angle Ls not that Large...

O Also Anarch Y not very
predictive c.f. lLandscape
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Ues = 0.15 = 0.02




So far no symmetry or dynamics...
now we consider...

O wu(z) Faming Sywmetry
O See-saw mechanltsm
0 Sequewtial, dominance

0 Cownstrained sequew’ciaL dominance 2

0 Dlscrete Fa miLH Symmetry

O qrand unified Theories




U(1) family symmetry

Hirsch and King

lepton (Ruark) | Anarchy ‘. Anarchy

generations | (1) models— ]
Labelled by |
Uu(1) family
symmetry
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See-saw m eCh a N iS 1Y) PMinkowski, PLB67(1977)421 ..
Possible type 1l

contribution Birac matrix

1
l M" :mLR.M .m%R
0% 7, S RR

iy Light Majorana matrix

RR \

mLR

Heavy Majomwa matrix

O Neutrinos are ng ht because RH\
WeUtrLnos are heavy

[ No expla nation of neuwtrino mixing

] Need to add another Lw@r&dﬁewt
e.0. Sequential Dominance




Sequential dominance (SD)

= e = e
JIUD e =& Shiee MRR: 0 M2 0
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SEQUENTIAL o

'*’RH V\zel/LtVLV\/OS CO Vb’crﬁb ute DOMINANCE - 10

sequentially in see-saw
5 paya Bay and RENO| A?

-2
sin 2913

A s
ma ~ (@ + b+ c)?/M;
mg ~ (d+e+ f)?/Ms

¥ Mixing angles depend on Blazek, King

ratios of Yukawas
tan (923 ~ e/f
tan 019 ~ a/(b— c)V2
013 ~ d/eV2 + O(ma/ms3)




Constrained sequential dominance 2 §

d — 0 0
& MRR = 0 M2 0
i O 0= Vs

Antuseh, King,

SDL‘P‘PDSC a = b/2 C — d — O = f Luhw,s'Piwmth

Then X Trimaximals solar mixing
%k leptogenesis phase = oscillation phase
3k Reactor angle ano sum rule predictions

05— V2 ma Ao 5 0> -—A5% \/5913 COS 0

3 ms =

can suech sum rules be tested Lin A s U
Vbeutri,v\,o e)(‘Pcergv\,ts? Pascoll, Schmidt




Discrete Family Symmetry

O Relations such as e=f suggest permutation sym

O More generally discrete family symmetry




Grand Unified Theories

O Quarks and leptons may be related via GUTs

SO(10)
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SU(4),, xSU(2), xSU(2), 5U6)
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Models Survey c.2006
T alovignt and chew, = Daya Bay -
anarchy and RENO.
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Summary of Sum Rule Predictions
O Quark-Lepton C‘/ovaLemew’cantg 015 + 0c = 45°

O Solarsum rules ®Bumaximal @15 = 45° + 613 cos d
Tri-bimaximal 015 = 35° + G153 cosd

colden ratio 015 = 32° 4 H13cosd

O Atm. sumt rules Tri-bumaximal- D= e
reactor 23

Trimaximals Os3 = 45° + /2013 cos &

Trimaximal (923 —= 55

Now that 013 Ls measured these preol'wt cos
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Conclusions
Simple patterns of mixing such as Bimaximal, Tri-bimaximal, Goloen
Ratio are ruled out by Paya Bay and RENO

However they may be rescued by Lnvoking large charged Lepton
corrections leading to solar sum rules involving the CP phase delta

Other patterns consistent with daya Bay and RENO have been proposed
such as Tri-bimaximal-reactor mixing and two versions of Trimaximal
mixing, Lleading to atmospheric sum rules also tnvolving the CP phase

Many models based on discrete family symmetry and GUTS proposed
before Daya Bay and RENO have beew killed but many other “Hydras”
have emerged, distinguished by the above solar and atm. sum rules

It is vital to measure the mixing angles and the CP phase delta to good
precision to discriminate between the different models and decide Lf the
universe is based on qUTs and Family symmetry or Lf Anarchy Rules

Some models uwpreolicti\/e due to NLO correctlons - resemible Anareh Y




