
Experiments Experiments 
t K i k U d dt K i k U d dat Kamioka Undergroundat Kamioka Underground

(Past, Present and Future)( , )

Two Research Laboratories now in the Kamioka  underground:Two Research Laboratories now in the Kamioka  underground:gg
Kamioka Observatory, ICRR (University of Tokyo)      Kamioka Observatory, ICRR (University of Tokyo)      SuperSuper--K & othersK & others
Neutrino Science Center (Tohoku University)Neutrino Science Center (Tohoku University) KamLANDKamLAND

Two laboratoriesTwo laboratories
CollaborationCollaboration

IPMU Kamioka SatelliteIPMU Kamioka Satellite

YoichiroYoichiro SUZUKISUZUKI

CollaborationCollaboration

Kamioka Observatory, Institute for Cosmic Ray Research, 
The University of Tokyo

and
Institute for the Physics and Mathematics of the Universe, 

The University of Tokyo
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PrePre--historyhistory
InIn thethe beginningbeginning waswas ProtonProton DecayDecay

1974: Grand Unified Theories
SU(5) and ( )

other models later

leptons-quarks single irreducible 
representation

P t d ( + 0) 1029±1 7Proton decay : τp(e+π0)~1029±1.7 yr
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uu dd

ee++

PP 00
XX
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Creation of the Large Water Cherenkov DetectorsCreation of the Large Water Cherenkov Detectors

People were aware that People were aware that 
Large Water Cherenkov Detectors can lookLarge Water Cherenkov Detectors can lookLarge Water Cherenkov Detectors can look Large Water Cherenkov Detectors can look 
for Proton Decayfor Proton Decay

(1000 t W t 3 1032 t )(1000 tons Water ～3x1032 protons)
Real experimental search Real experimental search in early 1980sin early 1980spp yy

IMB in USA (7000tons, 1982～)
KamiokandeKamiokande in JapanKamiokande  Kamiokande  in Japan
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Brief historyBrief history
19811981--19831983 KamiokandeKamiokande ConstructionConstruction
18841884 KamiokandeKamiokande startedstarted
19851985 Non observation of proton decay (KM)Non observation of proton decay (KM)

proton lifetime exceeds 10proton lifetime exceeds 103131yr yr SU(5)SU(5)
19871987 Neutrino burst from SN1987A (KM)Neutrino burst from SN1987A (KM)19871987 Neutrino burst from SN1987A (KM)Neutrino burst from SN1987A (KM)
19881988 Confirmation of solar neutrino problem (KM)Confirmation of solar neutrino problem (KM)
19881988 Atmospheric Neutrino Anomaly (KM)Atmospheric Neutrino Anomaly (KM)
19911991--19961996 SuperSuper--KamiokandeKamiokande ConstructionConstruction19911991--1996    1996    SuperSuper--KamiokandeKamiokande ConstructionConstruction
19961996 SuperSuper--KamiokandeKamiokande startedstarted
19981998 Discovery Atmospheric Neutrino Oscillation (SK)Discovery Atmospheric Neutrino Oscillation (SK)
19991999 K2K startedK2K started19991999 K2K startedK2K started
19991999--20022002 KamLANDKamLAND constructionconstruction
20012001 Discovery Solar Neutrino Oscillation w/ SNO (SK)Discovery Solar Neutrino Oscillation w/ SNO (SK)
20022002 KamLANDKamLAND startedstarted
20032003 Discovery of reactor neutrino disappearance (KL)Discovery of reactor neutrino disappearance (KL)
20042004 Confirmation of Atmospheric Confirmation of Atmospheric νν oscillation (K2K/oscillation (K2K/SKSK))
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20052005 Observation of GeoObservation of Geo--neutrinos (KL)neutrinos (KL)



Neutrino Mass and Mixing

?

Case for normal 
hierarchy mixing:
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θatm~θ23,  θsol~θ12
approximatelyapproximately

(( ee xx )) solsol gg
reactorreactor(ν(νee ννxx ):):θθ1313 smallsmall

(short distance)(short distance)



Neutrino oscillations for two neutrino case Neutrino oscillations for two neutrino case 
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( 1 GeV, 2.5 x 10-3eV2 ) λ/2  ~  500 kmAtmospheric ν 

NoteNote



Art McDonald has discussed solar neutrinos, 
including SK and KL results, thereforeg ,

I will presentI will present
1)1) b i f f t h ib i f f t h i & K2K& K2K1)1) a brief summary of atmospheric a brief summary of atmospheric νν & K2K,& K2K,
2)2) future activities in Kamioka underground,  future activities in Kamioka underground,  )) utu e act t es a o a u de g ou d,utu e act t es a o a u de g ou d,

andand
3) ‘be ond ndergro nd’?3) ‘be ond ndergro nd’?3) ‘beyond underground’?3) ‘beyond underground’?
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SuperSuper--KamiokandeKamiokandepp

C S i tifi A i

50 kt of Imaging Water Cherenkov Detector
–– Inner: Inner: 32,000 tons32,000 tons

(Outer Vol: ~2.5 m thick)(Outer Vol: ~2.5 m thick)
–– Fid. Vol: 22,5 ktFid. Vol: 22,5 kt 1kt(KM)1kt(KM)ν

C  Scientific American

Fid. Vol:  22,5 kt Fid. Vol:  22,5 kt 1kt(KM)1kt(KM)
•• 11,146 PMTs (ID)11,146 PMTs (ID)

–– 50 cm in diameter50 cm in diameter

m –– 40% coverage 40% coverage 20%(KM)20%(KM)
•• 1,885 PMTs (OD)1,885 PMTs (OD)

20 cm in diameter20 cm in diameter42
m

–– 20 cm in diameter20 cm in diameter
•• 1,000 m underground1,000 m underground39m

45 times more solar neutrino data  45 times more solar neutrino data  KMKM
with lower energy threshold (5 with lower energy threshold (5 MeVMeV 7 7 MeVMeV))

20 times more atmospheric neutrino data20 times more atmospheric neutrino data

2008/03/12

20 times more atmospheric neutrino data 20 times more atmospheric neutrino data 
w/ better resolutionw/ better resolution
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Atmospheric NeutrinosAtmospheric Neutrinos
Mi t f &

(protons, He, , ,) L=10~20 km
Primary cosmic rays

ν3D

Mixture of νe, νe, νμ & νμ

νμ+νμ flux

π±, K±

νμ3D 
calculation

μ±

E (G V)
10-1 1      10     102

e±νμ

Eν(GeV)
π→μ+νμ 

→e+ν +νo

ν Low EnergyLimit

→e+νμ+νe

lu
x 

ra
ti

νμ
νe

gy
νμ : νe = 2 : 1 Fl

νμ+νμ
ν +ν

2

2008/03/12
10-1 1      10     102

Eν(GeV)

νe+νe
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Atmospheric NeutrinosAtmospheric Neutrinos
Mi t f &

The atmospheric neutrino flux 
calculation ν3D

Mixture of νe, νe, νμ & νμ

νμ+νμ fluxcalculation
• Many improvements for the last 

~10 years

νμ3D 
calculation

y
– Primary flux (AMS, BESS,,,,)
– hadronic interactions
– 3D calculation E (G V)

10-1 1      10     102
– 3D calculation
– and so on 

• Uncertainty of absolute ν-Flux

Eν(GeV)
π→μ+νμ 

→e+ν +νoy
– 10%  @ <10GeV
– Uncertainty in primary proton flux: 

Eproton
-2.71 (δα~0.05: @ Epr>100GeV)

→e+νμ+νe

lu
x 

ra
ti

proton pr

• Uncertainty in R (flux)
– 3%  @ <5GeV

15% @100G V
Fl

νμ+νμ
ν +ν

2
– 15%  @100GeV

2008/03/12 10
10-1 1      10     102

Eν(GeV)

νe+νe
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Atmospheric Neutrino Events Atmospheric Neutrino Events 
in Superin Super--KKin Superin Super KK
Wide range of path-length (3 orders)
L: ~10~13 000 kmkm

) 13,000km
L: ~10~13,000 km

-le
ng

th
 (

~10km
Wide range of the energy (5 orders)

E: ~0 1~10 000 GeV

ht
 p

at
h-

Up Down
~10km E: 0.1 10,000 GeV

Event categoryEvent category

Fl
ig

zenith angle (cosθ)
PartiallyPartially
ContainedContained (PC) (PC) 
(<E(<E >> ~ 10GeV)~ 10GeV)

Fully ContainedFully Contained (FC) (FC) 
(<E(<Eνν> ~ 1GeV)  > ~ 1GeV)  

(<E(<Eνν>> ~ 10GeV)  ~ 10GeV)  

νν ++NN μμ//ee+N+N’’
ννμμ++NN μμ+X+X

UpwardUpward
UpwardUpward
Stopping  Stopping  μμ

ννμμ,e,e++NN μμ//ee+N+N
ννμμ,e,e+N+N μμ//ee++ππ+N+N’’

11

pp
ThroughThrough--going going μμ (<E(<Eνν>>  ~ 100GeV) ~ 100GeV) (<E(<Eνν>>  ~ 10GeV) ~ 10GeV) 
2008/03/12

ννμμ++NN μμ+X+Xννμμ++NN μμ+X+X
Open Symposim IPMU



Zenith angle distributionZenith angle distribution

• Key to the oscillation

10 3

νe+ν
–

e νμ+ν
–

μ • Key to the oscillation 
analysis

• Up-Down Symmetry0.3-0.5 GeV

μ μ

2:1 p y y
uniformity of Pr. CR 

for the energy above 
the geomagnetic cut off10 2

0.3-0.5 GeV

0.9-1.5 GeV the geomagnetic cut off
• Uncertainty in Up/Down

~1~2% E <1GeV
0.9-1.5 GeV

0.9 1.5 GeV

~1~2% Eν <1GeV
~1% in a few GeV region

• Uncer. of Hol./Ver. (up-μ)
3.0-5.0 GeV

3 0-5 0 GeV ( p μ)
~2% (from π/K ratio)10

3.0 5.0 GeV

13,000km13,000km 10km10km 10km10km13,000km13,000km

2008/03/12

-1 -0.5 0 0.5 1
cosΘ

-1 -0.5 0 0.5 1
cosΘ
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Historical RemarksHistorical Remarks
In 1988, Kamiokande saw few μ

(Obs /MC)μ-like = 0 59±7% (stat )

ee--likelike μμ--likelike

(Obs./MC)μ-like = 0.59±7% (stat.)

M t (M V/ )M t (M V/ )
•• Problems:Problems:

–– Large uncertainty of the flux calculationLarge uncertainty of the flux calculation

Momentum (MeV/c)Momentum (MeV/c)

Large uncertainty of the flux calculationLarge uncertainty of the flux calculation
–– Theorists did not believe large mixingTheorists did not believe large mixing

2008/03/12 13Open Symposim IPMU



Discovery of Atmospheric Neutrino Oscillation Discovery of Atmospheric Neutrino Oscillation 
by Superby Super--KamiokandeKamiokandeby Superby Super--KamiokandeKamiokande
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In 1998 (10 yrs later)
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– definitive evidence

in zenith angle
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Zenith angle Distribution Zenith angle Distribution 
(SK(SK I + SKI + SK II)II)

data

no oscillation(SK(SK--I + SKI + SK--II)II) no oscillation
w/ oscillationSK-I + SK-II
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Oscillation Parameters (SKOscillation Parameters (SK--I + SKI + SK--II)II)

# of bins

Assume 2 neutrino oscillation:  νμ ντ

10-2
SK-I + SK-II

10
-3

10
-2

0.7 0.75 0.8 0.85 0.9 0.95 1

sin22θ

Δm
2  (

eV
2 )

68% C.L.
90% C.L.
99% C.L.

Best fit (Physical Region)Best fit (Physical Region)

m
2

SK-I + SK-II

10
-3

10
-2

0.7 0.75 0.8 0.85 0.9 0.95 1

sin22θ

Δm
2  (

eV
2 )

68% C.L.
90% C.L.
99% C.L.

sinsin2222θθ =1.00=1.00
ΔΔmm22=2.5x10=2.5x10--3 3 eVeV22

Δm

SK-I + SK-II

10
-3

10
-2

0.7 0.75 0.8 0.85 0.9 0.95 1

sin22θ

Δm
2  (

eV
2 )

68% C.L.
90% C.L.
99% C.L.

χχ22
minmin=839.6/755dof=839.6/755dof

ΔχΔχ22=555.8 (for no osc.)=555.8 (for no osc.)

1.9x10-3eV2<Δm2<3.1x10-3 eV2

i 22θ 0 93 (@90%C L )

SK-I + SK-II

10
-3

10
-2

0.7 0.75 0.8 0.85 0.9 0.95 1

sin22θ

Δm
2  (

eV
2 )

68% C.L.
90% C.L.
99% C.L.

2008/03/12

sin22θ > 0.93   (@90%C.L.)
0.9           110-3

sin22θ

SK-I + SK-II

10
-3

10
-2

0.7 0.75 0.8 0.85 0.9 0.95 1

sin22θ

Δm
2  (

eV
2 )

68% C.L.
90% C.L.
99% C.L.
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Other effect expected from the 
neutrino oscillation

•• Evidence for Evidence for ττ appearance (appearance (ννμμ ννττ)?  Yes)?  Yes
•• Oscillation pattern? YesOscillation pattern? YesOscillation pattern?  YesOscillation pattern?  Yes
•• Subdominant effects?  Not yet!Subdominant effects?  Not yet!

– Effect of Δm12, θ12 (Solar term)
– Octant of θ23 (θ23 is maximal?)23 ( 23 )
– Effect of θ13 (θ13 can be seen in atm-ν)

Effect of CPV– Effect of CPV
– Mass hierarchy

2008/03/12 17Open Symposim IPMU



3 flavor oscillation and 3 flavor oscillation and ννee--appearanceappearance
1

)(
)(
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−
Ψ
Ψ

e

e

ν
ν

)sin(cos2sin~~
)1(

2223
2

1313

2
232

⋅−⋅⋅⋅⋅−

−⋅≅

IRcsr

 crP

CPCP δδϑ

P2 = |Aeμ|2 : νe νμ,τ in matter 
R2 = Re(A*

eeAeμ)
I2 = Im(A*

eeAeμ)
r : μ/e flux ratio
~ : mixing angle in matter

)1(~2 2
23

2
13

22231313

−⋅+ srs
CPCP ~   : mixing angle in matter 

1st term: solar term (θ12, Δm12)
mostly in low energy

M tt Eff tM tt Eff t
y gy

cancellation effect (c2
23=0.5,r=νμ/νe=2)

1~2% effect

θθ zz
))

Matter EffectMatter Effect
~ 0  for cos2θ23 = 0.5
< 0  for cos2θ23 < 0.5
> 0  for cos2θ23 > 0.5

3rd term: θ13 term
> a few GeV
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Search for Search for ττ appearance in atmospheric appearance in atmospheric νν

• τ events cannot be 
identified by event by

ντ νττ
identified by event-by-
event basis

Many Hadrons
Lepton or Hadrons

Many Hadrons
Complicated events

• Make statistical
Hadrons

amiokandeTypicalTypical • Make statistical 
analysis

using characteristics of

Event 30
49:03

hits, 14223 pE

ts, 0 pE (in-time)

0x03

ned

Typical Typical 
ττ MC eventMC event

using characteristics of 
τ production

• But not easyBut not easy
– Eth >3.5 GeV
– Low rate 

• ~ 1 CC ντ FC ev /kt/yr900

1200

1500

2008/03/12

 1 CC ντ FC ev /kt/yr
• BG: ~ 130 ev /kt/yr

0
0 500 1000 1500 2000

0

300

600

Times (ns)
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Zenith angle dist. and resultsZenith angle dist. and results
Select Select ττ--like events using  1) likelihood analysis orlike events using  1) likelihood analysis or
(for 6 distribution)(for 6 distribution) 2) neural network meth2) neural network meth

likelihood analysis

(for 6 distribution) (for 6 distribution) 2) neural network meth.2) neural network meth.

τ MC

nt
s Fitted # of  τ 138 ±48(stat )

of
 e

ve
n events

Expected # of 
t 78 4±26( t )

138  ±48(stat.)
+14.8 /-31.6 (corr. for 43% efficiency)

um
be

r o τ events 78.4±26(syst.)

Tau appearance

N
u pp

2.4 σ

2008/03/12

cosθzenith
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L/E analysisL/E analysis
• Can observe oscillation pattern in L/E plot λ ~ E

direct oscillatory evidencedirect oscillatory evidence 
distinguish other exotic hypotheses
strong constraint on Δm2strong constraint on Δm2

(λ/E=4π/Δm2: Position of Dip)

1 /5 f t t l d t1 /5 f t t l d tDifficult to see the patternDifficult to see the pattern
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Result of L/E analysis (SKResult of L/E analysis (SK--I + SKI + SK--II)II)
Th fi di h b1489.2 days SK-I +

800 days SK-II FC+PC
• The first dip has been 

observed at ~500km/GeV
• The first dip observed

Decay
Decoherence

• The first dip observed 
cannot be explained by 
other hypothesesDecay

• This provides a strong 
confirmation of neutrino 
oscillation

SK-I + SK-II

10
-3

10
-2

0.7 0.75 0.8 0.85 0.9 0.95 1

sin22θ

Δm
2  (e

V2 )

68% C.L.
90% C.L.
99% C.L.

10-2

oscillation

Oscillation

SK-I + SK-II

10
-3

10
-2

0.7 0.75 0.8 0.85 0.9 0.95 1

sin22θ

Δm
2  (e

V2 )

68% C.L.
90% C.L.
99% C.L.

Δm
2

4.8 σ to decay
5 3 t d h

SK-I + SK-II

10
-3

10
-2

0.7 0.75 0.8 0.85 0.9 0.95 1

sin22θ

Δm
2  (e

V2 )

68% C.L.
90% C.L.
99% C.L.

Δ
2008/03/12

5.3 σ to decoherence
sin22θ

0.9         1

SK-I + SK-II

10
-3

10
-2

0.7 0.75 0.8 0.85 0.9 0.95 1

sin22θ

Δm
2  (e

V2 )

68% C.L.
90% C.L.
99% C.L.

10-3
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K2K (KEK to Kamioka)K2K (KEK to Kamioka) KEK KEK 
12G V12G VE i t t t d i M h 1999 12GeV12GeV
PSPS

SuperSuper--KK Experiment started in March, 1999
Completed in November, 2004

250 km250 km

)27.1(sin2sin
2

22 θ Lmprob Δ
⋅= )(sin2sin.

ν

θ
E

prob ⋅=

L=250km (fixed),  <Eν> ~ 1.3GeV
Total POT delivered
Jun.1999 – Nov.2004
1 0 1020

Δm2 = 2.5x 10-3 eV2, sin22θ=1 1.0x1020 POT

Used for analysis

2008/03/12

~ 0.3 Expect ~70% survivalExpect ~70% survival 0.9x1020 POT
23Open Symposim IPMU



K2K_SK event summaryK2K_SK event summary

Nsk
obs Nsk

pred
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Allowed parameter regionAllowed parameter region

Confirmation of the Confirmation of the K2KK2K--I + K2KI + K2K--IIII
oscillation consistent oscillation consistent 
with the atmospheric with the atmospheric 
neutrino oscillationneutrino oscillation

Best fit value 
(all region)(a eg o )

sin22θ = 1.19 ± 0.23     
Δm2 = (2.55 ± 0.40)x10-3eV2

(in physical region)
sin22θ = 1 0sin 2θ = 1.0 
Δm2 = (2.76 ± 0.36)x10-3eV2

2008/03/12
1.881.88××1010--33 ≤≤ ΔΔmm22 ≤≤ 3.483.48××1010--33 eVeV22 (90%CL)  @ sin(90%CL)  @ sin2222θθ=1 =1 
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F A i i iF A i i iFuture ActivitiesFuture Activities
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TTokai okai toto KKamiokaamioka （（T2KT2K））

•• Long baseline oscillation Long baseline oscillation 
experimentexperiment

J-PARC(50 GeV)
(60km N.E. of KEK) pp

from JPARCfrom JPARC--PS@TokaiPS@Tokai to SKto SK
•• Beam Intensity: ~50 x K2KBeam Intensity: ~50 x K2K
•• Baseline: 295kmBaseline: 295km
•• Experiment:  2009 ~Experiment:  2009 ~Super-K

50kton

Phase 1 (0 75MW + SK)Phase 1 (0 75MW + SK)
Neutrino Beam Line

Phase 1 (0.75MW + SK)Phase 1 (0.75MW + SK)
– νμ νx disappearance

P i Δ 2 i 22θ
600MeV Linac

3GeV PS

– Precise Δm2, sin22θ

– νμ νe appearance
Finite θ ?

FD
– Finite θ13 ?

2008/03/12
To SKPhase 2 4MW, Mton, CPV
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Event rate and SensitivityEvent rate and Sensitivity
Off A i B

δδ((ΔΔmm22
2323)    < 1)    < 1××1010--4 4 eVeV22

For 5yr runningFor 5yr running
OA0°OA2°

Off Axis Beam

(( 2323))
δδ(sin(sin2222θθ2323) ~ 0.01) ~ 0.01

OA0OA2

OA2 5° (OA2.5(OA2.5°°)) sinsin2222θθ
OA3°

OA2.5 (( ))

0.008 @ 0.008 @ ΔΔmm22
1313=2.5=2.5××1010--33[ev[ev22], ], δδ=0=0

sinsin 22θθ1313

Quasi Monochromatic
GeV

2~3 times intense than NBB
Can be tuned at oscill. max.

Statistics at SK (OAB 2.5 deg, 5 yr) 
νμ total ~ 11,000
ν CC ~ 8 000

2008/03/12 28Open Symposim IPMU

Stat. & Sys. uncertainty Stat. & Sys. uncertainty 
for BG subtraction (10%)for BG subtraction (10%)

νμ CC      8,000
νe ~      0.4% at νμ peak
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Other Activities for futureOther Activities for future
New Lab.: Completed in Feb., 2008New Lab.: Completed in Feb., 2008
1.1.XMASS 100~300kg f.v. detector XMASS 100~300kg f.v. detector 

KamLANDKamLANDN AGEN AGE (D k M )(D k M ) KamLANDKamLAND
Univ. of TohokuUniv. of Tohoku

SuperSuper KamiokandeKamiokande

NewAGENewAGE (Dark Matter)(Dark Matter)

SuperSuper--KamiokandeKamiokande

XMASS (Dark Matter)XMASS (Dark Matter)
using Liq. Xe using Liq. Xe (prototype)(prototype)

200 m
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Dark MatterDark Matter Ordinary matterOrdinary matter（４％）（４％）

C l i l WMAP SDSS
Dark MatterDark Matter
２３％２３％

Detailed discussion on Dark Matter will be made Detailed discussion on Dark Matter will be made 
in this afternoon by Prof. Rick Gaitskell in this afternoon by Prof. Rick Gaitskell 

• Cosmological WMAP, SDSS
• Cluster of Galaxies Gr. lens Dark EnergyDark Energy

７３％７３％７３％７３％Mass distribution of the cluster of galaxies

Rotation Velocity

NGC6503

Dark HaloDark Halo
• Galactic Dark Matter

Ordinary matterOrdinary matter

• Galactic Dark Matter
• velocity: v0= 220km/s

Maxwell Distribution

2008/03/12 31Open Symposim IPMU

• ρDM ~ 0.3 GeV/cm3

We know dark matter existsWe know dark matter exists



Direct detection experiments
But we do not know what it really is !But we do not know what it really is !

Need direct detectionNeed direct detectionNeed direct detectionNeed direct detection

• Rate (aimed sensitivity: σ ~10-45 cm2)
O(1event /10days /100kg)O(1event /10days /100kg)

• Experimental Requirements
Large volume ~100kg Large volume ~100kg low signal ratelow signal rate
Low background Low background low signal ratelow signal rate
Low energy threshold ( a fewLow energy threshold ( a few keVkeV)) low energy peaklow energy peakLow energy threshold  (~ a few Low energy threshold  (~ a few keVkeV)) low energy peaklow energy peak

2008/03/12 32Open Symposim IPMU

I will just concentrate on the Kamioka ActivitiesI will just concentrate on the Kamioka Activities



XMASSXMASS
~~1t li id d t t1t li id d t t~~1ton liquid xenon detector1ton liquid xenon detector

L h t i ld ( 42 h t /k V
Why liquid XenonWhy liquid Xenon

• Large photon yield (~42 photons/keV ~ 
NaI(Tl))

Low threshold
3• High density (~3 g/cm3)

Compact detector (80cm in diameter)
• Large Z =54g

Shielding effect of itself is large: Ext. BG
• Purification is easy (distillation) : 85Kr
• No long life radioactive isotope in Xe• No long life radioactive isotope in Xe
• Scintillation wavelength is 175 nm,

detected directly by PMT

W hiW hi l th h ldl th h ld dd

XMASS:  uses 812 PMTs providing ~70% photoXMASS:  uses 812 PMTs providing ~70% photo--cathode coverage andcathode coverage and
also give also give fiducialfiducial volume of ~200kg  (20 cm selfvolume of ~200kg  (20 cm self--shielding layer)shielding layer)

2008/03/12

We can achieve We can achieve low energy thresholdlow energy threshold andand
low backgroundlow background (aim 10(aim 10--44 //keVkeV/kg/day)/kg/day)
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XMASS experimental hallXMASS experimental hall
KamLAND

21m21m

SK
15m15m

New Halls

2008/03/12 Cavity is completed last month.Cavity is completed last month. 34Open Symposim IPMU



Structure of the detectorStructure of the detector
Pentakis-dodecahedron
12 pyramids

1PMT
12 pyramids 

5 triangles make5 triangles make 
pentagonal pyramid

T t l 812 PMT Ph tT t l 812 PMT Ph t th dth d 67%67%•• Total 812 PMTs: PhotoTotal 812 PMTs: Photo--cathodcathod coverage 67%coverage 67%
•• Center to inner surface (photocathode) ~45cmCenter to inner surface (photocathode) ~45cm2008/03/12 35Open Symposim IPMU



Mock up
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Development of low BG PMTDevelopment of low BG PMT
(most BG among external origin)

• U/Th ~ 1mBq/PMT: almost achieved• U/Th ~ 1mBq/PMT: almost achieved
• Reduce BG further

by liq Xenon self-shielding effect
U-chain gamma rays

by liq. Xenon self shielding effect

t 137Cs: 662keV
DATA
MCtra

ry
 U

ni
t

10-1

10-2

Gamma rays

MC

~1/200

A
rb

it 10

10-3

1/200
10-4

2008/03/12
Z= +15Z= -15-15 +15cmReconstructed Z

10-5

37Open Symposim IPMU



Remaining BG in the Remaining BG in the fiducialfiducial volumevolume
from PMT BGfrom PMT BG

60Co238U

200 kg fid. vol.200 kg fid. vol

232Th 40K

200 kg fid. vol. 200 kg fid. vol.

Energy (keV)Energy (keV)

2008/03/12 BG level : <<10BG level : <<10--44/day//day/keVkeV/kg  for <300keV/kg  for <300keV

Energy (keV)Energy (keV)
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Environmental BG: fast neutron, γ-rays 
from surrounding rocksfrom surrounding rocks 

We will have >3m thickness of water shieldWe will have >3m thickness of water shield

10MeV neutrons  (107 ev) 
Fast neutron flux Fast neutron flux 

@Kamioka mine:@Kamioka mine:
Positions they get thermalized

@Kamioka mine:@Kamioka mine:
(1.15(1.15±±0.12) x100.12) x10--6 6 /cm/cm22/sec/sec

Liq Xe
water

< 2 x 10-4 counts/day/kg[c
m

]

Liq. Xe y g

200cm of water is enough
to reduce the fast neutron

Z 

to reduce the fast neutron

200cm is also sufficient 
to reduce γ BG

X [cm]
to reduce γ BG
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Internal BGInternal BG
Radioactive Radioactive contamination in contamination in Liq. XenonLiq. Xenon

Achieved with the Achieved with the 
prototype detectorprototype detector Target ValueTarget Valuep ypp yp

238238U:  U:  (9(9±±6) x106) x10--1414 g/gg/g < 1x10< 1x10--1414 g/gg/g
Further reduction by filter (~1decay /100kg /day)Further reduction by filter ( y g y)

232232Th: Th: < 23 x10< 23 x10--1414 g/gg/g < 2x10< 2x10--1414 g/gg/g
Upper limit use filter (~1decay/100kg/day)Upper limit, use filter ( y g y)

8585Kr: Kr: 3.33.3±±1.1 ppt1.1 ppt < 1 ppt< 1 ppt
by a prototype distillation tower

U, U, ThTh, Kr near the target value, Kr near the target value

by a prototype distillation tower

2008/03/12

,, , g, g
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Sensitivity of the 800kg detectorSensitivity of the 800kg detector
Plots exept for XMASS
http://dmtools.berkeley.edu
Gaitskell & Mandic

DAMA

10-4

on
 (p

b)

SI

Gaitskell & Mandic

volume,  100kg

XENON10

DAMA

10-6

o 
nu

cl
eo

XENON10+ XMASS800kg10-8ec
tio

n 
to

& 7B l

SuperCDMS 
Phase A

WARP140kg

X J Ellis et al. benchmark
10-10C

ro
ss

 s
e pp & 7Be solar ν

XMASS 100k 5

10310              102 103
10-10C

WIMP mass(GeV)
Expected dark matter signal
(assuming 10-42 cm2, Q.F.=0.2 
50GeV / 100GeV,)

2008/03/12

XMASS 100kg, 5yr
3σ discovery
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Schedule of XMASS
•• Excavation finished in February.Excavation finished in February.Excavation finished in February.Excavation finished in February.
•• We are making detail design of the We are making detail design of the 

detector.detector.
–– Structure, Inner & Outer DetectorsStructure, Inner & Outer Detectors
–– Water shieldWater shieldWater shield, ….Water shield, ….
–– Purification systemPurification system
–– Cooling systemCooling system–– Cooling systemCooling system
–– Electronics and etc…..Electronics and etc…..

•• Finish the construction in one yearFinish the construction in one year•• Finish the construction in one year.Finish the construction in one year.
•• The experiment will started in 2009The experiment will started in 2009
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NEWAGE @ Kamioka NEWAGE @ Kamioka (Kyoto university)(Kyoto university)
(New generation WIMP search(New generation WIMP search 

with an advanced gaseous tracker experiment)
PLB 654 (2007) 58 (Miuchi et.al.) PLB 578 (2004) 241

• “WIMP-wind” detection
– DM: Maxwellian distribution v0 ~ 220km/sDM: Maxwellian distribution v0  220km/s
– Earth`s motion in our Galaxy 

WIMP i dWIMP wind…
• Direction-sensitive detector provides a p

robust  signature direction-sensitive 
signatureg

WIMPWIMP
WINDWIND γγ

2008/03/12

WINDWIND γ γ 
FF
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NEWAGE：Detector
Micro-TPC (time-projection-chamber)

gaseous 3D tracking device
CURRENT: 
• CF4 0.2 bar ・30cm cubegaseous 3D tracking device

Goal:
CF4 gas (0 05 bar)

4

• first direction-sensitive 
results  by neutron 
underground studiesCF4 gas (0.05 bar)

Large vol. > 10m3
• underground studies

2007~

μ-PIC

2008/03/12 44Open Symposim IPMU



Other Activities for futureOther Activities for future
New Lab.: Completed in Feb., 2008New Lab.: Completed in Feb., 2008
1. XMASS 100~300kg 1. XMASS 100~300kg f.vf.v. detector . detector 

48482. 02. 0νββνββ detector (detector (4848Ca) (Osaka U.)Ca) (Osaka U.)

N AGEN AGE (D k M )(D k M )
• undoped CaFCaF22 (CaF2(pure))

CANDLES
NewAGENewAGE (Dark Matter)(Dark Matter)

p 22 ( 2( ))
–– 4848CaCa (0.187%0.187%) Q=4.27 Q=4.27 MeVMeV
– 305 kg (III-chika)  103cmx96

Water BufferCaF2 crystal
+ w.l. shifter

3.4 t     (IV)

30 t 2% i h d (V)

~0.1 eV

XMASS (Dark Matter)XMASS (Dark Matter)
using Liq. Xe using Liq. Xe (prototype)(prototype)

30 t, 2% enriched (V)

• Liquid Scintillator (LS)
li id i till t

~30 meV (best NME)

200 m
q ( )

– 4π active shield
• Photomultiplier

liquid scintillator

2008/03/12 45Open Symposim IPMU
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KamLANDKamLAND: double beta with : double beta with 136136XeXe
SensitivitiesSensitivities
KamLANDKamLAND＋＋136136XeXe

Resolve enriched Resolve enriched 136136XeXe
Into liquid scintillatorInto liquid scintillator

200 kg 2yrs200 kg 2yrs 1010C 90% reductionC 90% reduction
KKDCKKDC claimclaim

Into liquid scintillatorInto liquid scintillator

2ν2ν 208208TlTl

200 kg, 2yrs, 200 kg, 2yrs, 1010C 90% reductionC 90% reduction

200kg, 1yr $$~6M~6M??
EXOEXO--200 2yrs200 2yrs

200kg, 5yrs

0ν0ν1010CC 11～～2ton,4yr 2ton,4yr 
+ larger photo + larger photo 

inverted
hierarchy

g, y

coveragecoverage

～～$40M$40M??

normal
hierarchy

KL+KL+136136Xe is very competitive Xe is very competitive 
And probably the lowest cost.And probably the lowest cost.
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Other Activities for futureOther Activities for future
New Lab.: Completed in Feb., 2008New Lab.: Completed in Feb., 2008
1. XMASS 100~300kg 1. XMASS 100~300kg f.vf.v. detector . detector 

KamLANDKamLAND

2. 02. 0νββνββ detector (detector (4848Ca) (prototype)Ca) (prototype)

N AGEN AGE (D k M )(D k M ) KamLANDKamLAND
Univ. of TohokuUniv. of Tohoku

SuperSuper KamiokandeKamiokande

NewAGENewAGE (Dark Matter)(Dark Matter)

SuperSuper--KamiokandeKamiokande

XMASS (Dark Matter)XMASS (Dark Matter)
using Liq. Xe using Liq. Xe (prototype)(prototype)

200 mgravitational wave antenna w/ cryogenic gravitational wave antenna w/ cryogenic 
mirrors (CLIO) (Prototype)mirrors (CLIO) (Prototype)

LCGT (3km interferomer) ~ Adv. LIGOLCGT (3km interferomer) ~ Adv. LIGO

2008/03/12

( )( )
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Other Activities for futureOther Activities for future• Large Cryogenic Gravitational Wave 
Telescope (LCGT) Binary neutron star Binary neutron star coalesencecoalesenceTelescope (LCGT)
• Baseline ~ 3km
• 150W laser

@200 @200 MpcMpc

150W laser
•Underground

Small Seismic NoiseSmall Seismic Noise
• Cryogenic mirror

30kg Sapphire mirrorsg pp
Reduce thermal Noise

• Budget request 
• Prototype CLIO

• 100m interferometer

200 mgravitational wave antenna w/ cryogenic gravitational wave antenna w/ cryogenic 
mirrors (CLIO) (Prototype)mirrors (CLIO) (Prototype)

LCGT (3km interferomer) ~ Adv. LIGOLCGT (3km interferomer) ~ Adv. LIGO

2008/03/12

( )( )
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There is Proton DecayThere is Proton DecayThere is Proton Decay There is Proton Decay 
in the endin the endin the endin the end

If you really want to pursueIf you really want to pursue
a ‘discovery’ experimenta ‘discovery’ experiment

Beyond ‘Underground’Beyond ‘Underground’Beyond UndergroundBeyond Underground
Where ??Where ??
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Required SensitivityRequired Sensitivityq yq y

Theorists do not give usTheorists do not give us
Lifetime in benchmark scenarios (Flipped SU(5)xU(1)

J. Ellis, NNN05, April 7th, 2005

Theorists do not give usTheorists do not give us
any guarantee, butany guarantee, but
Theorists’ bestTheorists’ bestTheorists’ best Theorists’ best 
bet ???bet ???

10103535 10103636 yr for eyr for e 00~ 10~ 103535～～10103636 yr for eyr for eππ00

< 10< 103535 yr for yr for ννK, K, μμK K 

M d t i th i f f t d t tM d t i th i f f t d t tMay determine the size of future detectorsMay determine the size of future detectors
2008/03/12 50Open Symposim IPMU



Another argumentAnother argument
H h f th l i d dH h f th l i d d•• How much of the volume is needed.How much of the volume is needed.

– Super-Kamiokande (22.5kton) untill 2020
(~start time for UNO, HK,,,,,,)( , ,,,,,,)

achieve ~0.5 Mtyr exposure (25yrs)
• ~ 0.5 Mt fid. detector : HK, UNO etc.

UNO 440ktonHyper-K 540kton

Onl factor 3 sqrt(10) impro ementOnly factor 3=sqrt(10) improvement
(for 10 years operation: 2020 ~ 2030)

“NEED” 5 Mt fiducial mass for“NEED” ~ 5 Mt fiducial mass for
factor 10=sqrt(100) improvement in 10 years 
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Sensitivity for pSensitivity for p ee++ππ00
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Sensitivity for pSensitivity for p ee++ππ00
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Sensitivity for pSensitivity for p νΚνΚ++
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How does a 5 Mt detector look like?How does a 5 Mt detector look like?

Requirements for the detector

1) Scalability: May start with 1 Mt 
but can be expandable

2) Better to place > 700m depth (w.e.)2) Better to place  700m depth (w.e.)
3) Low cost
4) Short construction time4) Short construction time
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DeepDeep--TITANDTITAND (under water)(under water)
Tension Leg Platform (TLP)
Laboratory, Office, Café, Power station, 

Autonomous UnderwaterAutonomous Underwater

Water purification sys., Dormitory etc.

85m85m

Autonomous Underwater Autonomous Underwater 
Vehicle (AOV)Vehicle (AOV)

85m85m

105m105m

85m85m DepthDepth
1000 m1000 m

105m105m

85mx85mx105m=0.76Mt85mx85mx105m=0.76Mt
DistanceDistance
600 m600 m

76x76x96m76x76x96m33=0.554Mt (fiducial)=0.554Mt (fiducial)
Inner surface: 44800 mInner surface: 44800 m22

2008/03/12

9 units 9 units 5.0 Mt (fid.)5.0 Mt (fid.)
Placed at the depth of ~1000mPlaced at the depth of ~1000m56Open Symposim IPMU



Pressure Head

Sea levelSea level 25m25m + 2.5 atm+ 2.5 atm
Must compensate the pressure 
difference due to the density difference 
between the salt water and the pure

Pi
pe

Pi
pe

mm

between the salt water and the pure 
water by 2.5%

10
00

 
10

00
 

DeepDeep--
TITANDTITAND 10

5m
10

5m Pressure balance betweenPressure balance between
Inside and outsideInside and outside

Bottom ofBottom of
30m30m

Inside and outsideInside and outside
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Bottom of Bottom of 
the seathe sea
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Structure
Double ShellDouble Shell
StructureStructureSingle ShellSingle Shell

5m OR

10
5 OR

e

In
si
de

O
ut
si
d e

SemiSemi pressure vesselpressure vessel
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SemiSemi--pressure vesselpressure vessel
upto > 0.3 atm (in/out)upto > 0.3 atm (in/out)

58Open Symposim IPMU



How to constructHow to construct
dockyarddockyard

Construct steel container (unit) at the DOCKConstruct steel container (unit) at the DOCK
85m x 85m x 105m85m x 85m x 105m

dockyarddockyard

Maximum size of DOCK in the worldMaximum size of DOCK in the world
width:width:108m x length: 480m108m x length: 480m

Install light sensors(LSs) or equivalentInstall light sensors(LSs) or equivalentInstall light sensors(LSs) or equivalent Install light sensors(LSs) or equivalent 
Number of LSs (50cm in dia.)Number of LSs (50cm in dia.)
44,800 LSs for one unit44,800 LSs for one unit

(for 1/2 SK density)(for 1/2 SK density)(for 1/2 SK density) (for 1/2 SK density) 

PurePure--waterwater
TemplateTemplate

PurePure waterwater
tanktank

tugboattugboat

Tug to offshore for loadingTug to offshore for loading
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Tug to offshore for loading Tug to offshore for loading 
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Sinking bargeSinking barge Sinking bargeSinking bargeg gg g
(loading capacity: 20,000 ~ 30,000 tons)(loading capacity: 20,000 ~ 30,000 tons)

Sinking bargeSinking barge

Move to the installation siteMove to the installation site

Bring a Ultra Large Crude Oil Carrier (ULCC) Bring a Ultra Large Crude Oil Carrier (ULCC) 
which contains pure water of 300ktonwhich contains pure water of 300kton

ULCC: 300ktons x 3ULCC: 300ktons x 3 760ktons for one unit760ktons for one unit
Water is poured into a tankWater is poured into a tank
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ULCC: 300ktons x 3 ULCC: 300ktons x 3 760ktons for one unit760ktons for one unit
Transfer speed 10ktons /hour (30 hours /ship)Transfer speed 10ktons /hour (30 hours /ship)



The water tank is rotatedThe water tank is rotated
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WinchWinchWinchWinch

The template and the water tank is joint togetherThe template and the water tank is joint together

Bring the template and the water tank to the bottom of the seaBring the template and the water tank to the bottom of the sea
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Completion of the installationCompletion of the installation
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DeepDeep--TITANDTITAND

85m85m85m85m

105m105m

85m85m DepthDepth
1000 m1000 m

105m105m

DistanceDistance
600 m600 m
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Where we can place the detector?
Tidal current < 3 knot Tidal current < 3 knot 

~ 5.6km/hour (1.5m/s)~ 5.6km/hour (1.5m/s) 5.6km/hour (1.5m/s) 5.6km/hour (1.5m/s)

Kamioka

Pressure from the tidal current on the wall: 
½*ρ*v2 = 0.12tonf/m2

0.12x85x105 = 1071 ton per one wall1071 ton per one wall
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DeepDeep TITANDTITANDDeepDeep--TITANDTITAND

•• Proton decay search  ~10Proton decay search  ~103636yryr
•• SN neutrino detection: ~1 every yearSN neutrino detection: ~1 every yearSN neutrino detection:  1 every yearSN neutrino detection:  1 every year

–– Reaches 5Mpc w/ ~ 5 eventsReaches 5Mpc w/ ~ 5 events
•• Precise atmospheric neutrino Precise atmospheric neutrino 

measurementsmeasurements
•• Flexible location of the detector Flexible location of the detector 

f l b li t i ill tif l b li t i ill tifor a long baseline neutrino oscillation for a long baseline neutrino oscillation 
experimentexperiment
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Summary (Kamioka in future)Summary (Kamioka in future)
Neutrino Oscillation

T2KT2K θθ1313 2009~2009~
T2K phase2 w/HKT2K phase2 w/HK CPVCPV 2020 ? ~2020 ? ~T2K phase2 w/HKT2K phase2 w/HK CPVCPV 2020 ? 2020 ? 
KL solar (KL solar (77Be, CNO)Be, CNO) 2009~, 2011~2009~, 2011~
SK Solar (Upturn of SK Solar (Upturn of 88B)B) 2009~2009~
SKSK--GAZOOKGAZOOK ννee measurementmeasurement 20132013 ? ~? ~SKSK GAZOOKGAZOOK ννee measurementmeasurement 20132013 ? ? 

Dark Matter
XMASSXMASS 1010--45 45 cmcm 2009~2009~
NEWAGENEWAGE 1010 3939 SDSD 201? ?201? ?NEWAGENEWAGE 1010--3939cm SDcm SD 201? ? ~201? ? ~

Double Beta
CANDLESCANDLES 0.1 0.1 eVeV 2013 ? ~2013 ? ~
KL KL 136136XeXe 0.1~0.06 0.1~0.06 eVeV 2011~16 ?2011~16 ?
XMASS XMASS 136136XeXe 0.05 0.05 eVeV 2013 ? ~2013 ? ~
XMASS XMASS 136136XeXe < 0.01eV< 0.01eV 202?202?

Gravitational Wave Antenna
LCGTLCGT 1010--2323 (1/(1/RHzRHz)) 2009 ?  ~2009 ?  ~

Proton Decay (Personal View)Proton Decay (Personal View)
DeepDeep--TITANDTITAND ~7x10~7x103535yryr 2030 ? ~2030 ? ~
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Tension Leg PlatformTension Leg Platform

Power GeneratorPower Generator
Desalination system Desalination system 
Water purification systemWater purification system
Research buildingsResearch buildings

Electronics & computerElectronics & computer
DormitoryDormitoryyy
Restaurant & CafeRestaurant & Cafe

Upper Deck

Sea level

~ 20m~ 20m

00
 m

00
 m

> 
1,

00
> 

1,
00
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