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60 years old birthday is very special

 Two ways to count years (old days in Japan)
— 12 years cycle: the twelve animal signs of the zodiacs

— 10 years cycle: five elements & two sides (dark side
and light side)

+ Least Common Multiple of 12 and 10 =» 6

F17 (5 elements) |FZF5 (light/dark) |+F

B (light side) F 1

A (wood) B2 (dark side) Z |2
B (light side) A3

X (fire) BE (dark side) T4
. B (light side) X |5

+ (soil) [£ (dark side) [ 2 | 6
1% (light side) B |7

£ (metal) I£ (dark side) | ¥ |8
o [5 (light side) F |9
water fZ (dark side) % 10

=>» 1 life cycle of calendar
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60 years old birthday is very special

 Two ways to count years (old days in Japan)
— 12 years cycle: the twelve animal signs of the zodiacs

— 10 years cycle: five elements & two sides (dark side
and light side) 71T (5 elements) |KEH (ight/dark) [+F

B (light side) il L
A (wood) B2 (dark side) Z |2
B (light side) A3
X (fire) BE (dark side) T4
. 1% (ight side) X |5
+ (soil) [£ (dark side) [ 2 | 6
B (light side) B |7
£ (metal) 5 i ¥* |8
; #1 \ K (water) e Si'de) 9 2012
: f£ (dark side) % 10 DragOn

e Least Corﬁr‘noAn uItipIe of 12and 10 =» 60  water
=> 1 life cycle of calendar light
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60 =» Back to the baby

 Wear red (means baby in
Japanese) vest at the 60
years old birthday
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Brief history of Neutrino Oscillation

)
): Pontecorvo (v < D)
): Maki-Nakagawa-Sakata (flavor)
): Solar neutrino problem
): Wolfenstein

e 1986 (34): MSW (MS) effect
): Atmospheric neutrino anomaly
): Discovery of atmospheric neutrino oscillation (6,,)
): Solar neutrino oscillation (6,,)
): Non-zero 0,
): Large 0,
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 Atmospheric neutrino
anomaly comes later than

solar neutrino problem
but resolved earlier

* June 1998: Atmospheric

Neutrino Oscillation
(Super-Kamiokande)

— Asymmetry in zenith angle

distribution
— v, deficits (up-going)

Ax? =69.8
for no oscillation

K2K and MINOS

confirmed the oscillation

by accelerator neutrinos

past

- multi-

GeV

------ AN

P BT

Super Kamiokande Preliminary

(1.0, 2.2x10-%eV)
1u—like + PC

up-going
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past

e June-2001: Solar Neutrino Oscillation

(SNO+Super-Kamiokande)
— SNO: charged current =2>v, 3'3 O

In 2002, SNO
NC+CC 530

— SK: Electron Scattering 2v,+0.15(v +v,)

(3 -2 -1
D (10°em™s")

« KamLAND confirmed the oscillation and
resolve the ambiguity of the parameter space.
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MSW effect in solar neutrinos

 MSW was very attractive and VeV {v:)  95% C.L.
beautiful to explain the large 5
osillation effect from the o 10
« . . < -
small mixing angle solution. 10"
-6
i BUt we E% 1 un‘|1117day(22.5kt ALL) 10
0.9t 5.5—-20MeV (Preliminary
neutrin 5., I ; 10"
mixing “07} : Smgall Mixing Angle
* MSWd - Wf‘? 10" LOW
energy 0.4 + 40 (Gadoes not like this s
3t 10 solution) =
and SN oa|  Zmesee Vacuum———"S%
) , 10 (Just-So)
discove O'; mesasRmmaE .12 Ga, Cl, SK, SNO Rate v,-v,,, (95%C.L)¢
. . 5 7.5 10 12.5 15 10 ’
OSCIIIatI Energy(MeV) 10-4 10-3 10-2 10'1 1

sin’(20)
12/06/28
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MSW effect in solar neutrinos

e MSW was very attractive and
beautiful to explain the large

osillation effect from the
small mixing angle solution.

o But We Eg 1 uni1117day(22.5kt ALL) i
. %O.g 5.5;i.OeM"eo\: Preliminary ;
neutrin ... =
mixing { 7| |
0.6} ;

* MSWd OSME‘?
0.4F o
energy, ..,

and SN( o2 Soinns

discove " | e

. . 7.5 10 12.5 15

OSCIIIatI Energy(MeV)
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MSW effect in solar neutrinos

e MSW was very attractive and
beautiful to explain the large
osillation effect from the
small mixing angle solution.

 But we now know that solar
neutrino oscillation is large
mixing angle solution.

e MSW did work in higher
energy region where Super-K
and SNO observed and
discovered solar neutrino
oscillations
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1.0

P.. for ES was calcurated by using
8B SNO NC 7Be BPSOS(GS)

o
oo

Survival prob. P(v,2>v,)
o
(@)

- —(1 /2)sm220

[ Ga-(*B+Be) Bor:’Be

' Guide j
Line

" Correction: 1
--—'9 .

0.4/ Sty —>4 SK: P,

§ 7A“

02| sin?0,, = 0.32 | SNOG

& Am?=9.6x10°eV? |

L Amz =7.6x10-5 eV2 Sinze ]

0 r Am? =5.6x10° JeV2 l 1
0.1 1 10

Neutrino energy [MeV]
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613

 June, 2011: T2K observed 6 e-like
events with 1.5 = 0.3 (syst.)
backgrounds 2 2.5 o
— 0.03(0.04)< sin26,, < 0.28(0.34)

@90% for normal (inverted)
hierarchy.

e MINOS and

= Best fit to T2K data
68% CL
I 90% CL

< —$— Data

%, . < 3 Osc. v, CC
Double CHOOZ = sf A

g i £ NC

= %Y
followed 2 ,

s |

5 N

s 1

5 '

e

>

pd

—

o K& e ‘ i
0 1000 2000 3000
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Present Situation
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present

* sin?20,; = 0.109+0.030(stat)+0.025(syst) Double CHOOZ
* sin?20,;, = 0.089+0.010(stat)+0.005(syst) Daya Bay 7.70 effect
* sin?20,; =0.113+0.013(stat)£0.019(syst) RENO

Y
3
s

s
= A —=&— Double Chooz 2012 Data > % % : gJ B Fast nentron
g el e s 0t s T —$— Far hall = B =40 2 Accidentsl
£ F & st saaitor st | 2000] q 500 Ny SYLiHe
£ 1000 .| + o S N —}— Near halls (weighted) = r 27 RS
-~ - oo gl ~ ~ 1000~ $20-
bt ] + . 5 5 - =
. ‘4— i = E =10:* 77
*i § = @ = i R 2
600 e € o - F
5 e o o | 00 Pmmpé( energy [%/?eV]
-l ] " 500 ﬁj
|
200 *. Preliminary L ﬁﬂ —*~Hax Detestor
L ol - K —— Near Detector

.

§ E § i —\ lati U I L L ) I L I L | L
33 os? < ++ = E" 1.2__ l + _B::;C; ation E E l[ \

R st . B C _ & 1.2
o e — § I jprwr i ! = g o {-+ ¥ %‘H
j Z - T T et -
| Tt DC S, "7y DB| ,, ‘wethiiglb R
i z'L"A" SRR W, | 7 K E—— 0'80 '

5

Energy [MeV)] 0 . ‘ ‘ ‘ 5

10 10
Prompt energy (MeV) Prompt energy [MeV]

10% level measurements = 5% in future
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present

e T2K 2sin®26;3-sin? 03 = 0.10475 052 (normal: §cp = 0)
2sin? 2013 - sin? fy3 = 0.12870°0%0 (inverted: 6cp = 0)

normal hierarchy inverted hierarchy Preliminary
S 1 5[
2+ ol
In future, octant of 0,, ; i
may be explored ol — ol ——
. I st —Bemit
by comparing acc. (0,5+0,,) : . e
and reactor (0,5) results 2 et rec of i ey
1Am3212=2.4%x10-3eV2 3212=2.4%103e V2
0. 0|3204 OI |0.|3|.|2.‘0.4
° M I N OS sin“29,, sin“26,,
I AM?>0 ) [ AM?<0
== MINOS Best Fit —: ]
68%cC.L. 1 '
B oo c.L. 10.6x10%° POT v-mode |

3.3x10%° POT v-mode ]

N 0.5 .
1¢ MINOS
- PRELIMINARY
| IS T TR TR N T T T
0. 0.1 0.2 0.3 0.4
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present

Using 0,5 as an input: sin%0,; = 0.025

e All combined sin?6;s = 0.310+0.013
Amis? =T. 44+8 33 X 10—5ev2

1.5 o difference : g fffffffffffffffffffffffff | _— ,,,,,,,,,,,,, SK Gr analysis
between >11§° T
KamLAND and e
solar neutrino :
experiments in Z - o
e L = I

in%(® Ay
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Upturn (E,,,,)

present
* No observation of _ lSN()](ES)l | KlaleANDX :
upturn yet % Eﬁliiﬂj [l Ml 1 | :
* Simple statistical jj:;.ﬁl%i % ‘ :H%T-f RSk | j
fluctuation ? N3 /l m( J' -
— or may be a trouble *LBOREXINO ||| —————
— or something oo T
interesting there v: """ i, =0304 | =
* SK threshold: 3.5 keV J( A L8 10% ey -
— aim to 3.0 MeV soon. Zﬁz;:“ + 1 E
0.44;—“ -—_I_ B R o S —— =

L1 L1 [ Ldl_#%
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0,; Octant (atmospheric v)

present

--- 0,5 free in the fitting
--- 05 fixed at the best value

Super-Kamiokande atmospheric neutrino 3 flavor analysis

We may start to see
1 o level effect ??

 Normal Mass Hierarchy
* Best fit value: 0.425

v \ // 99% C.L.
6
3 \\ / 90% C.L.
2 N\ 68% C.L.
L ~N .
%.3 0.35 0.4 045 05 055 0.6 065 0.7
tn2
_ sin%0,; _
0.004 —
0.002; - —
— L L L 1 l L L L L l L 1 1 1 l L 1 L L l—‘
0.3 04 0.; 0.6 0.7
sin‘0,3
0.004
<<
0.002
085 09 095 1

* Inverted Mass Hierarchy
e Best fit value: 0.575

17 99% C.L.

\

90% C.L.
J/  68%C.L.

P N A O

0.004

0.002+

N~— V |
.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

sinZ0,;

03

0.004

0.002

PRI B!

1 ] 1 1
0.5 0.6 0.7

in2
sin%0,;

-

L0 ]

0.85

0.9

095 1
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* Best: sin22623=1 00 > 0.96 (1 par. 90%) [SKI+II+II+IV Atm v, zenith]
e Best: Am? = 2.3979-99 . 1073eV2 [MINOS beam + atmospheric]

present

0.10
3_' T T T ] 0004 ————7 71— LA B
[ —v,-beam (7.2x 102 POT) 90% C.L. ] ; SK 3v inverted-
& o gl —vibeam (107 x 10 POT) h * :
%) .8: — All beam + atmospherics i SK 3'\' normal
™ i 1 .
o 2.6 1 € %% 1212y
= i 13 [ = (=
~ 2.4r 1 o T
NE B | Ng MINOS 2 """"-’*;:».,1 .
| 37.9 kiloton-years _ ﬂ 0.002}-
< 2'2— 14.1x 10 POT (v, and¥,-beam) - SK ZVSLI{EZ th
[ MINOS PRELIMINARY ] v zeni
2 ] T T T N N N
58 085 | %.9 095 1 | 90% C.L. i
sin“(20) L A I
0.8 @ 3‘5) @..9 0.95 1
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Tau Appearance

e OPERA results:

— Found 1 more candidate of v_(total 2 v_events)

e expected events 2.1
* with 0.2 backgrounds

 SK results:

— 2806 days of data
+17.8

—Found 180.1 £ 44.3(stat) "155(syst) .

— Expected 120.273572(syst)
— Excluded no tau production at 3.80

Y. Suzuki @Smirnov Fest - What's nu in Firenze
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present

300

Events

500

vvvvvvvvvvvvvvvv

| Tau Like

HO-

' Non-tau Like

lllll

1
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* SK

CPT

present

* MINOS: more data =2 no difference

o
o

T 1 | T |
- 90% C.L.
— MINOS Vo Neutrino Beam
= MINOS v, All Data

— MINOS v, All Data

W

L | T T T I T

O
I — I Ll

[ MINOS PRELIMINARY
- 3.36 x 10° POT, v, Mode

[ 10.71x 10°° POT, v, Mode
| 37.9 kt-yrs. Atmospheric Exp.
L Il I Il L Il L | | L

N

(IAM?l or IAT1)/(10° eV?)
N
O

I
* v, Best Fit Al

A ¥, BestFitAl

| I |

L1 1 | |

|

—
$)

0.7 0.8

12/06/28 sin°(26) or s

0.9
n k(’%@)‘;irnov Fes

uzu

1

0.005

t - What's nu in Firenze
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Mass Hierarchy and CP phase
(SK Atm V) present

* There may be a hit in Atm v (SK) - 0, free in the fitting
— NH: %2, =556.7 / 477 dof --- 0,5 fixed at the best value
— IH :%?% . =555.5/477 dof
5 (liil:lm)n B /(IH) 1.2 L0 90% C.L.
X min X min - %e 23 Normal Hierarchy
2
560 | 1.5
Normal Hierarchy § 68% C.L.
559 05
558 | 90 50 100 150 200 250 300 350
o | N 90% C.L.
%7 X 25 .
| < Inverted Hierarchy
556 | 2
| 1.5 )
555 | Inverted Hierarchy P — 68% C.L.
| 0.5
540" 50 100 150 200 250 300 350 0

C 0 50 100 150 200 250 300 SSOﬁ
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Oscillation Parameters
~14 years after the discovery  ,o5ent

1 0 O\ ¢, O s.e®\c, s, O
U.=|0 ¢, s, 0 1 0 -s, ¢Cc, 0

—id
0 -s, c, | S1z€ 0 c,; ) 0 0 1

Atmospheric v Reactor, Solar v

Acc. LBL Acc. LBL Reactor LBL

Best parameter value from a single experiment (except solar v)
Ampp?  =T758T020 x 107%eV?  (~2.8% @AX2 =1) [KamLAND]
sin® A, = 03107001,

(~4.5% @Ax? =1) [all solar experiments|
Amays?  =2.39700 x 1073eV? (~

(

(

19% @AY? =1) [MINOS]
~13% @Ay*=1) [Super-Kamiokande 3v Inv.MH, read from fig.
~13% @Ay*=1) [Daya Bay]

sin®fy; = 057570 0o

sin?f;3 = 0.0223 + 0.0028

Missing:
Mass hierarchy, CP phase, Majorana phase,.
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Future

Very personal opinion as usual.

Y. Suzuki @Smirnov Fest - What's nu in Firenze
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Mainstream

* Mass hierarchy, Octant, CPV and unexpected

e Larger or sophisticated detectors & Intense
neutrino beams (many talks....) Several Cancepts, A. Rubia
|q Ar @NEUTRINOZOlZ

* US. Homestake w/ v—beam from Fermilab ctacir aoo

LNG-tank up to

* Europe: example, Pyhasalmi <- CERN IOOW?ELLT:*ff
* Japan: Okinoshima <- JPARC 0w /ﬂE‘* >
10kton  LLoEdtelt| el
— Water T S
e Japan: 0.5 Mton water Cherenkov w/v—beam from
JPARC ‘ r.'.,-'..,'..‘_'z' n

— Lig. Scint.

* Europe: many options J

Y. Suzuki @Smirnov Fest - What's r



Sensitivity

* Mass hierarchy (MH)

=» MH is an exclusive OR (On/Off) problem 2
=» 2~30 effect is enough to judge. B

— Find a place no obstacles from other
parameters

— Very long baseline (ex): Clear difference
Normal MH < Inverted MH

— But there may be a dark horse !

e CP phase

12/06/28

— We hope that MH will be resolved before
the CPV experiments.
— If not,

* then you can obtain results for two cases
(NMH & IMH), do not need to mix up MH and
CPV.

— Shorter distance may be justified for a good
CPV experiment

Y. Suzuki @Smirnov Fest - What's nu in Firenze

- o2l NJH L=2300 k'%1
CP

A.Rubia, @NEUTRINO2012

—180° |

CP-conserving
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* e CP-conserving ]




CP phase

Hyp -K (560Kt FV) /1.5yrs v + 3.5yrs v/1.66MW
S &y

3( o/ e HK (0.56 Mt)+JPARC
— 295 km baseline
—0.75 MW x10 (3+7)
yrs

G

0D
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Il

(ESSI

©)

O,
A
LAY

s ESCESp — 5% systematics
W&aw => 74% of d can be
@‘ )@E 2 covered and

3 S>> determined with 30

effect (for known MH)
@,

Inverted Hierarchy
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D@@@@

) ©
0
m

)@@@@ ) @0
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0 002 004 006 008 01 012
2
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Atmospheric neutrinos

(Complementary or Short Cut for MH & Octant)

 Atmospheric v:
atmospheric neutrinos

Mass Hierarchy Determination
HK 10 year (Normal Case)

in2
12/06/28 Sin e

Y. Sléjki @Smirnov Fes. ...

c
O
EE = .
0 J . J| 0.3~ Normal mass hierarchy
E L 45140rmal mass hierarchy Hyper-K 10 years C Hyper-K 10 years
S g ; - 90% C.L.
a5 . 29..20.6 0251 90% C.L.
m c 35:_ S\n 23 ™M B 4 . ."'-._
= — 0.2f v
c T{ 301 D I N
o 5 . 20 =0.5 >
O S 20F - ) Y
£ S _ 15:_/ . 2g.,=0.4 0.1
= Che | sty
B >§ 102—./. 3 0.05[
=on st O
x OTIIIIII ~— llllllllllllllll i-_llllllllllIlIllllllllllllllllllllllllllll
< 0.06 0.08 0.1.0.12 0.14 0.16 0.18 0.3 035 0.4 045 05 055 0.6 0.65 0.7

v "

larger 0,5 is a good news for

Octant Determination

Normal mass hierarchy (HK10 yrs)

in2
Sin“0,;

N I TN R N TSy P
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Quick MH ?

* PINGU?

PINGU geometry

(more compact version also studied)

£ 100F

® lcaCube
4 DeepCore
HQE)

50t
— Add 20 strings with ~1000 optical modules inside the J
IceCUBE Deep Core region
— Expected energy threshold of 1 GeV =9
— Multi-Megaton effective mass 100
— Shorter path to the MH 150}
* E. Akhmedov, S. Razzaque, A. Smirnov: arXiv: 1205.7071v2 el

Stot = 7,20 for 10% systematics
W' = NS [PINGU 1 yr] Smeared

20F

E, (GeV)
=

N B N 0

E, (GeV)

i
(=

18}
16]

Pt
no
T T T

e e A T -
— T —T—T T T

Stot = 3,00 for 10% systematics
™' - Ny™/@p™)' [PINGU 1 yr] Smeared

cos 6,
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Is future bright?

* Yes ....Mass Hierarchy, CPV =» Origin of Matter..
* but may be difficult.....(by other reason than science)



Is future bright?

* Yes ....Mass Hierarchy, CPV =» Origin of Matter..
* but may be difficult.....(by other reason than science)

Debt and politics in America and Europe

Turning Japanese

The absence of leadership in the West is frightening—and also

rather familiar Th
Jul 30th 2011 | from the print edition ECOIIO%liSt

S Jon Berkeley

http://www.econoist.com/node/21524874
12/06/28 Y. Suzuki @Smirnov Fest - What's nu in Firenze
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How we justify FUTURE under such
serious environments

* For our funding agencies and general public

— One number 6Cp may not justify spending a few
hundred million Euros/dollars and a few 10s
billion yen for the large detectors

* Need Neutrino Oscillation + alpha......

— Multi-purpose is really important and essential
* Discovery potential + Measurement

=>» Proton decay and Astrophysics....



More ingredients

* Proton decay and astrophysics can even justify
even larger detectors.

 Multi-Megaton

— PINGU (but need much lower threshols and much
higher resolution)

— TITAND (multi-Megaton a la SK/HK)
=>» Proton Decay: 103° years

=» Supernova Neutrinos: Burst detection every
year (5 events for 5 Mton @5Mpc (1SN/yr))

=>» More money to the detector !



Summary

We have measured all the mixing angles.

Need to determine/measure Mass Hierarchy,
0,, Octant, CP-phase.

Determination of MH and CP-phase
measurement can be done separately.

_Large Neutrino detector may need to be

justified for the large amount of money

mportant to include other physics, like proton
decay, supernova burst detection and so on.



Epilog

* Congratulation again the 60 years birthday. '9

 We, experimentalists, thank Alexei Smirnov
for his bright ideas and many suggestions for
us to study Neutrino Oscillations.

* |, personally, have spent very nice time and

really enjoyed the SAGA towards the
discovery of neutrino oscillations with many
distinguished theorists like Alexei for more
than 20 years.




Story Continues



