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1 Observation of Neutrino Mixing Angles

Neutrino Mixing Matrix
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Neutrino Oscillation Probability
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Atmospheric Neutrinos Boa
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First Evidence of neutrino
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Ly (V_u +]’7J{1)/(Ve +l7e) |D‘»5!TA

— ) = = 0.65+0.0040.08
(V,u + V,u)/(ve 5 Ve) |MC

Multi-GeV

MC (V;1+17,u)/(ve+17e:)|MCﬁ2



Talk at Takayama 1998 by Kajita
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Solar Neutrinos
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Kamaland 2003 @45

10 -#.gr.#ﬁ__.#- e
o |
S ogl I
o s
. 0.6 % Savannah River
4 © Bugey
| X Rovno
0.4~ e« Goesgen
& Krasnoyarsk
O Palo Verde
® KamLAND
00F | 1 L |
10" 10 10° 10* 10°

Distance to Reactor {m)

Evidence for reactor anti- neutrino disappearence



L /E Oscillatory Shape : L = 180 kmm
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J=Flavor Oscillation Analysis

KamLAND
KamLAND(Rate+Shape+Time)
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3-flavor Analysis
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Global Analyses of 3 Flavors

parameter best fit 1o 20 3o
Am?2, [10~°eV?] 7.5970%% 7.24-7.99 7.09-8.19
r 2.45 + 0.09 2.28 — 2.64 2.18 — 2.73
Am2, [10-3eV?
ma [107°eVI o g4t0.0) _(2.17 — 2.54) —(2.08 — 2.64)
sin” 6., 0.312+0017 0.28-0.35 0.27-0.36
0.51 £ 0.06 0.41-0.61
.2
0y 0.39-0.64
S 0.52 + 0.06 0.42-0.61
in2 01 o_omtg;ggg < 0.027 < 0.035
0.01375 00 < 0.031 < 0.039
m3>m2>ml1  Normal Hierarchy
m2>m1>m3  Inverted Hierarchy

T.Schwetz, M Tortola and JW F Valle,

New J. Phys. 13 (2011) 063004 [arXiv:1103.0734 [hep-ph]].




2 Toword observations for 0 4

Hints of 13 = 0 from global neutrino data analysis

G.L. Fogli'?, E. Lisi®, A. Marrone'-?, A. Palazzo®, and A.M. Rotunno!-?

Phys. Rev, Lett. 101:141801.2008 arXiv:0806.2649

Hint from atmospheric neutrino data
Hint from Solar and KamLAND data

Solar, KamLAND
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after inclusion of the MINOS result becomes [2],

sin® 613 = 0.02 £0.01 (1o, all data 2009)

G.L.Fogli, E.Lisi, A.Marrone, A.Palazzo, A.M.Rotunno,
Probing Theta(13) With Global Neutrino Data, Journal of Physics 203 (2010)



Allowed region for sinZ0 ,; and |AmZ,,|

D.IHI'E'_"I o Super-K PRELIMINARY | D.D[IE'_—'I I I Super;f'ili I;HIELIMIH.ILHITI n
0.00a- Normal Inverted
. Hierarchy | H |erarchy
©
vgﬂuml:__ - - .
<] 3) ,.:’; Chooz 90% exclusion ,_ fx”fl.'.‘.h o0z 90% exclusion
0.002f7 - , B
"~ 68% CL 8% CL
- — 80% CL — 90% CL
Bﬁ%iﬂL .|...|...- -. Iggwt:;_ .......-
“‘}mn 51 02 03 04 05 000 =539z 03 04 05
sin®d

13 sin®0,,

Best fitted value

—mm-m

Normal 469/417 2.1x1073 0.50
Inverted 468/417 2.1x107? 0.53 0.01



T2K (Tokai-to-Kamioka) experiment

T2K Main Goals:

% Discovery of vy = V. oscillation (Ve appearance)
Y p Pp

% Precision measurement of v, disappearance
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Daya Bay (China)

e
RENO (South Korea)
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Sensitivity Limits
sin228 3 sensitivity limit (NH, 90%CL)
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T2K June 15,2011

1.43 x 10°Y p.o.t. (2010 Jan. -2011 Mar.)

Allowed region of sin?2013
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Feldman-Cousins method was used



Including matter effect of the earth,

‘ ‘ 2a L’iﬂlg L CoaCi125812 .
Pv, —v.) =4c2,8%,5%, |1 £ ———(1 — 25%,) — 21 S1N ¢
2 e 9
. 9 |5m31 |L al o 92 dmg L 2 C23C12512
» sIn 1 —2s 850 — COoSs O¢
5 T 15 13) F g\ Sie - — cr

_ E
223G rEn. — 7.56 x 10 %eV?2 [ —~— ( )
(1 \% FLT, X e (g/.;-_mE') GoV

al/2F is about 0.17 at SK

Next leading terms depend on
the mass hierarchy and CP violating phase !

M. Koike, N.OKamura, M, Saito, T.Takeuchi, Phys, Rev D 13 (2006) 053010



Allowed region of sin?203
for each dcp

(assuming Am2x3=2.4 x 10-3 eV2)
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90% C.L. interval (assuming AmZ23=2.4 x 102 eV2, dcp=0)
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7% MINOS reported recent result of
V. appearance on 24t June 2011

| | Search

MINQOS

= MINOS (Main Injector Neutrino

Oscillation Search)
= long baseline (735 km)
oscillation experiment

= neutrinos produced using the
120 GeV proton beam at the
Fermilab Main Injector (NuMI
beam)

" Concept
= Near Detector at Fermilab to
measure the beam composition
and the energy spectrum

= Far Detector in Minnesota to
look for and study oscillations




Results on
appearance of
electron-neutrinos
with 8.2x10% POT

For LEM>0.7

Expected background events:
49.5 + 2.8 (syst) + 7.0 (stat)

Observed events 1n FD data:
62

1.7c excess above background

24 June 2011 MINOS 2011 Highlights



Results on
appearance of
electron-neutrinos
with 8.2x10% POT

For 6_,= 0 the allowed values of
2s1n*(26 ,)s1n*(6,,) at 90% CL are:

010 0.12 (normal) central value: 0.04
0 to 0.19 (mnverted) central value: 0.08

24 June 2011 MINOS 2011 Highlights Allowed values are in the colored regions
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3 Tri-bimaximal Paradigm

Three Flavor analysis suggested
Tri-bimaximal Mixing of Neutrinos

Harrison, Perkins, Scott (2002)

Sin2 (912 — 1/3, Sin2 923 — 1/2, Sin2 (913 = 0,

V2/3 V13 0
Utri—bimaximal = (\/m \/m — 1/2)
-V1/6 V1/3  V1/2



Neutrino Parameters

M.C. G-Garcia, M. Maltoni, J. Salvado, arXiv:1001.4524

parameter best fit lo 30 tri-bi
f12 34.4° | 33.4° —35.4° | 31.6° — 37.6" || 35.3°
23 42.3° | 39.5° —47.6° | 35.2° — B3.7° 45°
013 6.8° 3.2° — 9.4° < 13.2° 0°
Am?, [107°eV~] 7.59 7.39-7.79 6.90-8.20 *
Am?,. [1073eV?]y | 251 2.39-2.63 2.15-2.90 *
Vo) = Uai Vi), a=e,uT1, Ii=1,273,
€12€13 512€13 % SECI
Unns = | —s12c23 — craso3size”  cracos — si2sozsize’  sp3cas
s12523 — c12c3s13€’’ —c12523 — sipcassize’® cpzcaa




Tri-bi maximal Mixing

Harrison, Perkins,

Scott (2002) sin?@ ,=1/3 , sin?8 ,,=1/2

1
3 5 O
Voo o= |1 1 _1
N WV
V6 V3 V2
Ve = tri-maximal mixture of ve, vy, vy

va = bi-maximal mixture of Vyy Vr



Consider the structure of Neutrino Mass Matrix,
which gives Tri-bi maximal mixing

mj
fEXP A * o1
ME*P o~ V7. L ( 2 ) Vi
g

my + my ! s — m Lol My — !
_ 1E 3 1 + .33 Ll 1 1] + 12 3 1
1 1 1 1 1

e integer (inter—family related) matrix elements

<> non—abelian discrete flavor sym

Mixing angles are independent of mass eigenvalues

(&_-,-}w{b.f%) Different from quark mixing angles



Suppose A, triplet (v, v, v,)_

1 1
MeXP  — my + ms 1 n ma — my 1]+ mp —ms
¥ 2 1 3 1 2

The third matrix iIs A, symmetric !

Pk e
ek e

The first and second matrices could
be derived from S; symmetry.



Quark Sector

~ogtm) For example :
AN
up 68 EG 64
j\[LlI) ~J 66 6—‘-1 €2
54 62 (O
{ ¢ | (.'_i (__';
A fﬂ-hm'n o (.'I; € 2 € -
-2 1
st 2nd 3rd ( ( 0

e |arge mass hierarchy
e small mixing

i.e. "separate"' generations

<};é{> non—abelian flavor sym ....

U(1) Froggatt—Nielsen mechanism O?



Quark/Lepton mixing .
~10° ?
Lepton : 012=30~35" ,023=38~52" ,013<12°

Quark :012~13° ,023~2.3" ,013~0.2" (90% C.L.)

QUARKS (CKM) LEPTONS (PMNS)

by M.Frigerio

Quark © Lepton : @ Comparable in 1-2 and 1-3 mixing.
@ Large hierarchy in 2-3 mixing.
(Maximal 2-3 mixing In Lepton sector ?)
Tri-Bi maximal mixing ?



4 Breaking with tri-bimaximal

T2K Collaboration suggest us
breaking with 1ri-bimaximal paradigm !

T2K Collaboration J_ZR\
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Tri-bimaximal Mixing realized in

0 Moy — M Lo my — M
0| o« 2 . 1 R P . 3
1 1 1 -

Additional Matrices break Tri-bimaximal

= o O
=0 = O

1
0
0

o N -
btk

1
Mgy = T ;mﬂ 0
' 0

|

which could appear in A,, S, A(27) flavor symmetries,



Modified Neutrino Mass Matrix

1 0 0 1 1 1 1 0 0 0 0 1
M,=al|0 1 O)+b|(1 1 1] 4+c|0 0 1) +dj0 1 0
0 0 1 1 1 1 0 1 0 1 0 0
Tri-bimaximal if d=0
EI—FC—% 0 ?d
;'T'rf;,— = F;:ri—bi 0 a —+ 3b + ¢+ d 0 I’Iﬁ_i'—bi
/3 d
S2d 0 a—c+3
2
=

shshsl-
Shgp

. 1
Virini = | — E
G

Neutrino Mass Eigenvalues in terms of 4 parameters

a+vVe2+d?—cd. a-+3b+ c+d, a—\c2+d?—cd



Suppose 4 parameters 1o be real,

Am3, = —dave? +d? —ed | Am3, = (a+3b+ec+d)? —(a+ Ve +d?2—ecd)

0.20f

V3d

—2c+d

cosff 0 sind#
Unmins = Viriobi 0 1 0

—sinf? 0 cos#t

tan 20 =

0.15}
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0.10}

0.05F

0.00————
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A, Symmetry
Tetrahedral Symmetry

Four irreducible representations 1 1’ 1”7 3
in A, symmetry

E. Ma and G. Rajasekaran, PRD64(2001)113012

the even permutation of 4 objects

class | n | h|x1|Xx1| Xx17]| X3 / '
C, (11111173 54
Co 4131w l|w |0

Cy 4131 |w?] w0

cC, (32|11 1 | -1




At first

let us understand how 1o get the tri-bimaximal
mixing in the example of A, flavor model.

G. Altarelli, F. Feruglio, Nucl.Phys. B720 (2005) 64

Ag x Z3 charge assignment A4 Flavor mOdel

(Leslpslr) RE RS KE [ Hua | X X% X

Ay 3 I 1 3 F 1

Z3 W B A 1 1l w w

¢, X, X are new scalars of gauge singlets.



Ay invariant superpotential can be written by: ’ i}
for charged leptons 1" X 1”7 — 1

Wy = R(loxe +Lixe + Lxe)RHy 30 X 3g0 — 1
—I—‘%(LE}:EE + Lyxe, + Loxes)RuHg 3L X 3favon — 17
+J%(LEXEE + Luxe, + Lexgy )R- Hag + hoc, 3 X 34,000 = 1

for neutrinos
W, = 5(Lele+ Lule + Ll)HuHax 30 % 30X Lygg — 1

y2
—I—W[(ZLE Le — LuLr — Lr L)X,
+H(—Lelr + 2L, L, — Ly Le)xu,

+(_LE"|..—,U- T "l.—,U-LE + 2L’:" LT)XI@]HHHU + h.l:.=

3L X 3L X 3f|avon_) 1

3x3=>1=a;*xby +as *xbs+ as * b



After Ay x Z3 symmetry is spontaneously broken by VEVs of yy,
Yv, and y, mass matrices are obtained as

/ : / \ / \
vy Ye ’x@ Ye (Xt3) Ve 'wazf)

My = h()’p (Xtz) Yu () Yo (Xey)
vr (xe) ysixe) e (o)

v2 (300 + 2y2 (Xon) —Y2 (Xus) —¥2 (Xu)
M, = 3¢ —¥2 (Xuvs) 2Y2 (Xun) 3y1 (X) — Y2 (Xua)
—¥2 (Xv,) 3y1 {X) — y2 (Xu1) 2y2 (Xus)

where vg = (Hy), vy = (Hy).

The mass matrices do not yet predict tri-bimaximal mixing !

Can one get Desired Vacuum
in Spontaneous Symmetry Breaking ?

We need Scalar Potential Analysis.



If vacuum expectation values are aligned,
(xe) = (V4,0,0) and (xp) = (Vo, Vi, Vo),

which are obtained hy potential analysis, then

e ve 0 O

M.I’ = A 0 Yu 0

0 0 yr
,2 (a+2bf3 —b/3 —b/3
M, = I” —b/3 2b/3 a—b/3
—b/3 a—b/3 2b/3

where a =y, V/A, b=y V, /A
3L X 3L X 3flavon 3L X 3L

, , /11 1 , {10
M, = "f "’3“; 11 1)+ "’f 0 0
11 1 01

Therefore, mixing matrix is tri-bimaximal matrix, and masses are

o o =
o = o
= O O

_ vi(a+b) v

m—ﬁ vZ(a— b)
A S '

msz = — A



3x3=1 = a1 *x bs + as x by + as * b3
3x3=1" = aq * b3 + a9 x by + as * by

I1x1=1
1 0 0
0 0 1
0 1 0

p,

©

1" x1"' =1

_O O

o = O

o O =

Let us consider Modified A, Model
(ZE: Z_L.!.t ET) e“  pt T h‘u?d o v & ‘Sf
SU(2) 2 1 1 1 2 11 1
Ay 3 1 17 17| 1 3 3 1
Z3 W w? w? w1 l w w w
3x3=1 =ay*xb;+as*xbs+ asx*bs




B ygyﬂs,;vﬁ B Yy o, v Yo v2 Ye Qerv2
~ T A b=—"73r— ‘=71 1=—=3
There is one relation « = —3b

Neglecting phases of three parameters a, ¢, d,
we can predict SN 013 versus Em; .



mi1 = a+Ve2 +d? —ed
mo =c—+d
ms = —a + Ve + d? — ed

Rough estimate for the normal hierarchy

mi € ms = a~—\/c2+d2—cd <0

We get approximately

AJim’a,tm — 4(C + d2 o Cd)J AJ"m’sol )
V3d . 2
tan29:_26+d — 8111913:%
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breaks the tri-bimaximal mixing.
There are some models with non-vanishing d ;
¥ A(27) flavor model d = Eiﬁﬁc Grimus-Laboura

w S, flavor model with flavor twisting in the five dimensional
framework. sin 6153 ~ 0.18 for normal hierarchy.

Ishimori, Shimizu, Tanimoto, Watanabe

There are other possibility to get large 0.
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5 Leptonic CP violation

Possible origin of Baryon Asymmetery in the Universe
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Lepton Unitarity Triangle
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CP Violation in Neutrinos
Sin613 islarge ~ 0.1- 0.2

Measurement of CP Violation is possible ?

T2KK  L~1000 Km
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Reactor anti-neutrinos Double Chooz
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Hagiwara, Okamura, Senda, PRD76(2007)

0AB 2.5 at SK




Re-evaluation of the T2KK physics potential with
simulations including backgrounds
Kaoru Hagiwara®? and Naotoshi Okamura® JHEPO07(2009)031

ABSTRACT: The Tokai-to-Kamioka-and-Korea (T2KK) neutrino oscillation experiment
under examination can have a high sensitivity to determine the neutrino mass hierarchy
for a combination of relatively large (~ 3.0°) off-axis angle beam at Super-Kamiokande
(SK) and small (~ 0.5°) off-axis angle at L ~ 1,000 km in Korea. We elaborate previ-
ous studies by taking into account smearing of reconstructed neutrino energy due to finite
resolution of electron or muon energies, nuclear Fermi motion and resonance production,
as well as the neutral current 7° production background to the v, — Ve osclllation sig-
nal. _[t js_found_tbhaf the mass hierarchy_ pattermn _can_ still he determined at 3q_level if

water Cerenkov detector is placed in Korea. The 7% backgrounds deteriorate the capabil-
ity of the mass hierarchy determination, whereas the events from CC nuclear resonance
productions contribute positively to the hierarchy discrimination power. We also find that
the 7Y backgrounds seriously affect the CP phase measurement. Although dyns can still
be constrained with an accuracy of ~ +45° (+£60°) at 1o level for the normal (inverted)

exposure will be needed to measure d,;ys with =30° accuracy.



Resolving the Mass Hierarchy

Matter effect enhances v, appearance for normal hierarchy
Effect is reversed (enhanced anti-v,) for inverted hierarchy

. - NOVA
10%: T2K 10% 1| \
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1l _op My —
600 MeV dm2,,=2.5x10- eV2 sin%26,,=1.0 23 GeV
290 km 8m2,,=7.1x105 eV2 sin?26,,=0.81 820 km

sin?20,,=0.16



6 Neutrinoless Double Beta Decay

(m,) and v spectfrum

Neutrinos mix, thus:
For normal hierarchy

(my)

E [-fjm.j §25CT3Mp ~ $7am3 = 2 meV
y

9 9 in 2 i3
— {"Tgrf%gml + .ﬁjc?ﬁe“*mg + s7q€"mg

A priori seven unknown gquantities:
= 3 masses: m;

= 2 angles: #1> and 3

= 2 CP violating phases: « and /3



* Lower lImif - inverse hierarchy

Recall:

(my) = ZUgjm;ﬁ
J

2 2 4 2 i
™~ (Cqa2CygMmi —|—512C13E ma

~ (Cg} — SE})‘\I &mgﬁtm

0.4-v22.103 eV =~ 19 meV

|2

= Lower limit exists, if #;, non-maximal
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Fufure experiments

Currently under construction / comissioning:

EXO-200 GERDA-I/II CUORE SNO+
AL 136y = LT 1307a 150N o
Mass 160 kg 35 kg 200 kg * 56 kg
Method liguid TPC ionization bolometer scinfillation
Location WIPP LNGS LNGS SNOlab
Starts 2009 2009 2012 2011
T (est) | 6.4 x10%° | 3x10%5- 1.6 x10% | (2-6.5) x10%¢ | 2 1.6 x1024 7
(my jlest-l gV 0.19 0.28-0.12 += 0.050-0.027 ** 0.15 *#

Assumptions:
* - All towers

++ _ Background level 10—2 - 102 ¢/(y - kg - keV), i.e. improvement ~ 20 — 200
*++ _ Optimistic nuclear matrix element




7 Summary

Large 0 ,; suggests

wbreaking with tri-bimaximal mixing.
Modified flavor model A4, S4,A(27) ?
New flavor model building ?

YNeutrino Mass Hierarchy ? 372 = 0.0:-0010~ 00
Normal mass hierarchy m3 > my > my
Inverted mass hierarchy mso > mp > ms
T2K(K) and NOvA combined with Reactor neutrinos

sc<Leptonic CP violation ?
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