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1:

+ 2
3 u c t

− 1
2 d s b

−1 e μ τ
0 νe νμ ντ

2: [3]

2 eV

190 keV

18.2 MeV

0

2 Particle Data Group [3] 2015

4 2 eV

511 keV

25

[4–7]

4

2.2

CMB

109

4p → 4He + 2e+ + 2νe

660 / /cm2



ℓ–

W Z

荷電カレント(CC)反応 中性カレント(CC)反応

e- e-

標的：電子
N N’

標的：核子（クォーク）
or ν

1:

2.3

10 MeV

10−43 cm2

1 g(=1 cm3)

(O(1023))

L � 1

1023 × 10−43
= 1020cm = 1018m

1 1016 m 100

1018

1 m 1

W±

(Charged Current, CC) Z0

(Neutral Current, NC)

1

+1

−1

νe + n→ μ− + p νe + p→ e+ + n
5

μ τ 511 keV, 106 MeV,

1.78 GeV

3

5



3:

νe νμ ντ

0 11 GeV 3.1 TeV

∼0.5 MeV 110 MeV 3.5 GeV

(disappearance)

10 MeV

1 GeV

2.4

μ τ

να, νβ

ν1, ν2 θ

(
να

νβ

)
=

(
cos θ sin θ

− sin θ cos θ

)(
ν1

ν2

)
(1)

θ
ν1

ν2

να

νβ

2:

θ

2

θ θ = 0◦

θ

45◦

να 1

|να〉 = cos θ|ν1〉+ sin θ|ν2〉 (2)

|να; t〉 = e−iE1t/h̄ cos θ|ν1〉+ e−iE2t/h̄ sin θ|ν2〉
(3)

m1 m2



να

L να(νβ)

P (να → να)(P (να → νβ))

E Δm2 ≡ m2
2−m2

1

P (να → να) = 1− sin2 2θ · sin2
(
Δm2L

4E

)
(4)

P (να → νβ) = sin
2 2θ · sin2

(
Δm2L

4E

)
(5)

L/E

sin2

(neutrino oscil-

lation)

(4), (5)

θ 0

Δm2 0

0

(4), (5) θ

Δm2

3× 3 ⎛
⎜⎜⎝
νe

νμ

ντ

⎞
⎟⎟⎠ = U

⎛
⎜⎜⎝
ν1

ν2

ν3

⎞
⎟⎟⎠ (6)

U -

- - (MNS)

[8] MNS

4 3 1

3 θ12,

θ23, θ13 δCP

[3]

U =

⎡
⎢⎢⎣
Ue1 Ue2 Ue3

Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

⎤
⎥⎥⎦ (7)

=

⎡
⎢⎢⎣
1 0 0

0 c23 s23

0 −s23 c23

⎤
⎥⎥⎦
⎡
⎢⎢⎣

c13 0 s13e
−iδCP

0 1 0

−s13eiδCP 0 c13

⎤
⎥⎥⎦
⎡
⎢⎢⎣
c12 s12 0

−s12 c12 0

0 0 1

⎤
⎥⎥⎦
⎡
⎢⎢⎣
1 0 0

0 ei
α1
2 0

0 0 ei
α2
2

⎤
⎥⎥⎦ (8)

=

⎡
⎢⎢⎣

c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13

s12s23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13

⎤
⎥⎥⎦
⎡
⎢⎢⎣
1 0 0

0 ei
α1
2 0

0 0 ei
α2
2

⎤
⎥⎥⎦ (9)

sij cij sin θij cos θij

δCP - [9]

CP -

CP

-

[10]

CP 1964

KEK Belle -

2008

[11]
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3:

CP

(9) α1, α2

KamLAND-Zen

[12]

1960 Davis

1980

1996

3

3.1

[13]

1000 m
6

39.3 m 41.4 m

50 cm

11,000

20 cm

1,800

5

3.3

2 m

2.25

24

8 3

61000 m 1000 m



4:

SK-I SK-II SK-III SK-IV

1996/04–2001/07 2002/10–2005/10 2006/07–2008/08 2008/09–

40% 19% 40% 40%

ATM ATM ATM QBEE

4.5 MeV 6.5 MeV 4.0 MeV 3.5 MeV

20

4

SK-I, II, III, IV

3.2

c
7 n c/n

v c/n

[14]

cos θ = 1
nβ β = v/c θ

1.34
8 β = 1

θC 42◦

β 1/n

5

7

8

5:

Eth pth

e μ π± p

Eth(MeV) 0.8 160 210 1400

pth(MeV/c) 0.6 120 160 1070

1 GeV/c

3.3

3.3.1

50 cm 20

IMB

(Irvine-Michigan-Brookheaven)

50 cm



6: R3600

50 cm

(Sb-K-Cs)

70%

∼21% (360–400 nm)

∼107
4.5 kHz

2.2 ns (RMS, 1p.e.)

50 cm

R1449 2014 IEEE

R3600 [15]

R3600 6

2001

[16]

KEK 12 GeV

250 km K2K

K2K 2005-2006

2002

FRP(fiber reinforced plastic)

350 nm 4%

3.3.2

VETO

20 cm 8

60 cm

IMB

2002

3.4

13,000

kHz

ATM

2008



[17]

QBEE

QBEE

QTC [18]

TDC [19]

2.2 MeV γ

T2K J-PARC

GPS

1 ms

3.5

24

1 500GB

3.6

60

18.20 MΩ·cm
2 mBq/m3

0.01◦C
0.2◦C

400 nm 100 m

60 cm



3.7

20

[20]
252Cf-

58Ni

(LINAC)

[21]

LINAC

- D-T
16O + n → 16N + p

16N → 16O+ e−+ νe β

SK-IV

0.54%

π0(→ γγ) 200–

400 MeV/c

1–10 GeV/c

2%

3.8

1–10MeV

100MeV

3.8.1 (vertex)

(vertex

3.8.2

Hough

42◦

=



likelihood

3.8.3

-

4

μ-like non-showering

e-like showering

π±

μ-like

e-like

1

KEK-PS

[22]

K2K

1

likelihood

5 log-likelihood

e-like

μ-like e-like μ-like

1%

3.8.4

1

1 MeV 6

3.8.5

7

MeV TeV
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7:

10 MeV Sub-GeV Milti-GeV

e 1-ring e 1-ring μ 1-ring e 1-ring μ

50 cm 31 cm 24 cm 34 cm 24 cm

23◦ 3.0◦ 1.9◦ 1.2◦ 0.8◦

14% 3% 2%

3.9

20

3.9.1

π π

π+ → μ+ + νμ, π− → μ− + ν̄μ (10)

μ+ → e++ ν̄μ+νe, μ− → e−+νμ+ ν̄e (11)



5: Sub-GeV, 1ring

log-likelihood

e-like μ-like

MC

MC

Charged Current Quasi-Elastic interaction

100 MeV

π

(Fully Contained,

FC)

(Partially Contained,

PC)

TeV

1030–32

10 11

2 : 1

1.2 : 1

1988

[23]

PID likelihood sub-GeV 1ring (FC)
-10 -8 -6 -4 -2 0 2 4 6 8 10
0

50

100

150

200

250

CCQE electron

Super Kamiokande IV 1294.7 days : Monitoring

CCQE muon

e-like µ-like



6: NEUTRINO98 OHP

[26]

[24, 25]

1996 4

20

1998 6 9

OHP

6 [26]

6.2σ

Δm2
32 � 2.5 ×

10−3 eV2/c4 θ23 45◦

9

6

(4)

L/E

L/E

L/E

L/E

L/E

L/E

[27]

Z

6

(sterile)

100%

[28]



290 fs

[29,30]

OPERA [31]

10 km

10,000 km 0.1 GeV 1 TeV

[32]

[33]

ν3 ν1, ν2 mass

ordering mass hierarchy

[34]

3.9.2

1MeV 10MeV

1960 R. Davis

[35, 36]
37Cl+νe → 37Ar+e−

37Ar 35

600

1 37Ar

0.5 Davis

1990

1/3

[37]

Davis

2000

[38]

W



6

2001 SNO

[39]

SNO

2002 4 SNO

[40] 12

1

180 km

KamLAND

[41]

Large Mixing

Angle(LMA)

30

Δm2
21 � 7.5 ×

10−5 eV2/c4 sin2 θ12 � 0.3

5 MeV

Mikheyev-Smirnov-Wolfenstein, MSW

[42–44] 1 MeV

3 MeV

Borexino

[45]

SNO 1MeV 5MeV

MSW

3.5 MeV

3σ

[46]

10

8

3.9.3



7:

1030 1.38× 1010
1 g

6× 1023
10 1010 g 1

1033

20

p →
e+π0 p →
ν̄K+

90%

τ/Br(p → e+π0) > 1.6 × 1034 τ/Br(p →
ν̄K+) > 6.6 × 1033

-

7

3.9.4

99%

1987A 10 11

[47, 48]

8,000

[49]

SNEWS(Supernova Early Warning System)

[50,51]

16–30 MeV



[52,53] SK-Gd

5

3.9.5

27%

200 GeV

[54]

3.10

20

T2K

SK-Gd [55]

8 MeV γ

[56]

4 T2K

2009

J-PARC

295 km

T2K -to- [57]

J-

PARC

4.1

1962

νμ BNL-AGS [58,59]

[60]

1km

π K



π± 99%

π+ → μ+ + νμ, π− → μ− + ν̄μ (12)

10

K

μ

T2K

0.6 GeV

1%

π±

π±

W/Z

Simon van der Meer [61]

[62] T2K

8

π+

π−

T2K 3 [63]

320 kA

250 kA

4.2

Δm2
32 � 2.5 × 10−3

L/E �
500(km)/1(GeV)

10π+ → e+ + νe

8: T2K [64]

1 GeV

KEK 12 GeV

250 km

K2K KEK-

to-Kamioka K2K

1999

K2K 2004

[65]

K2K GPS

MINOS OPERA

Ceramic insulator ring

Inner conductor
Outer conductor

Current direction

Magnetic field direction



4.3 T2K

K2K 2

T2K

[ ]

[ ]

KEK 12GeV-PS

5 kW J-PARC

750 kW 2016 7

425 kW 100

CP

C

P

CP

CP

P (να → να)
CPT−−−→ P (ν̄α → ν̄α)

CPT

CP

P (να →
νβ) P (ν̄α → ν̄β)

(νμ → νe

) CP

1

3

(9) θ13

θ23 45◦

KamLAND θ12 34◦

3 θ13

12◦

T2K J-

PARC

CP

-

4.4

J-PARC

T2K

9 J-PARC

J-PARC 30GeV

2.48 2016
11

80

π

3 [66]

11



神岡方向

前置ニュートリノ検出器

標的

陽子ビーム

ビームダンプ
ミューオンモニター

崩壊領域
(�→µ+ν)

J-PARCメインリング

νビーム

9: J-PARC

π → μ + νμ

2 3

[67]

T2K

[68]

π

10 T2K 295 km

T2K

2.5

0

10: 295 km

T2K

NOνA

J-PARC

12

12

 (GeV)νE
0 1 2 3

 (A
.U

.)
29 μν

Φ

0

0.5

1 °OA 0.0
°OA 2.0
°OA 2.5

) eν
→ μν

P(

0.05

0.1
= 0CPδNH, = 0CPδIH,

/2π=CPδNH, /2π=CPδIH,

) μν
→ μν

P(

0.5

1

= 1.023θ22sin
= 0.113θ22sin

2 eV-3 10×= 2.4 32
2mΔ



      �-mode POT: 7.57×1020 (50.14%)
      �-mode POT: 7.53×1020 (49.86%)

27 May 2016
POT total: 1.510×1021

2011    2012    2013    2014    2015    2016

11: 2016 T2K

(POT

[69]

[70]

π CERN

NA61 [71–74]

2009 4

2010

1 50 kW

425 kW

11

12: INGRID

(POT

2016 (protons

on target, POT) (7.8 × 1021)
19% 1.5 × 1021POT

2014 2016

POT

4.5

π

280 m

T2K 2



13: ND280

INGRID Interactive Neutrino GRID

12

ND280 13

8

4.6

TPC

(Time Projection Chamber)

MPPC R©

56,000

4.6.1

Fermilab

[75]

FGD Fermilab

SMRD

PPO POPOP

1% 0.03%

1mm Y-11(200)MS

4.6.2 MPPC R©

Multi-

Pixel Photon Counter (MPPC R©)
MPPC R©

-

Q

Q× (
) Q

14

MPPC R© 2005

[76,77]

T2K

T2K 15



8: T2K

INGRID

1.2× 1.2× 0.9 m3 × 14 + 2

(6.5 cm)+ 110

9,592

1.42× 1.42× 0.96 m3

1,204

7.6× 5.6× 6.1 m3

900

0.2 T

FGD

2.3× 2.4× 0.37 m3 × 2

1 1 × 2

1 + 8,448

TPC Time Projection Chamber

2.5× 2.5× 0.9 m3 × 3

95%Ar+2%iso-C4H10+3%CF4

Micromegas(36× 34 cm2 ×72 )

124,416

P0D

2.1× 2.2× 2.4 m3

(0.6 mm) + 16

10,400

ECAL

DS-ECAL, P0D-ECAL, Barrel-ECAL

(1.75 mm)+ 74 13

22,336

SMRD (48 mm)+
4,016

1.3×1.3 mm2 50×50 μm2 667

[78] MPPC R©

70–80V

105–106

T2K

4.6.3

FGD MPPC R©

Fermilab

Trip-t ASIC [79,80]

10

2

1 64

MPPC R©



14: MPPC R©

FPGA

FGD TPC T2K

Saclay AFTER

[81] FGD

100 nsec

50 MHz(20 nsec ) 10 msec

1

12 2

1 : 8 15

3 nsec

TPC

25 MHz(40 nsec ) 20 msec

4.7 INGRID

INGRID [82–84]

T2K

SK

15: T2K MPPC R©

1.3× 1.3 mm2 50× 50 μm2

667 3× 3

1 mrad

(> 5 GeV)

10×10 m2

10

INGRID

16 11

120× 120× 6.5 cm3 9



16: INGRID

1.5m 

~10m 

~10m 

X 

Y 
Designed 
beam center 

Z 

17: INGRID

1.2 m 5 cm 1 cm

24 2

2

VETO

17

±5 m

9 14

100 14

2

π

[85] 1

4.8 ND280

ND280 [86]

π0

ND280

•

•
(FGD:Fine-Grained-Detector)

•
3 TPC

• π0

(P0D:Pi-zero Detector)

• (ECAL)

•
(SMRD: Side-Muon-Range-Detector)

ND280

( ) ECAL

TPC dE/dx



18: ND280

FGD P0D

18 ND280

P0D

3 TPC 2 FGD

ECAL(DSECAL)

J-PARC

4.8.1

ND280 CERN

W/Z UA1

CERN UA1

CERN NOMARD

T2K

850 7.6 m

5.6 m 6.1 m 88 m3 0.2 T

6.5 m 2.5 m 2.6 m

P0D 3 TPC 2

FGD DS-ECAL

4.8.2 FGD

FGD(Fine Grained Detector) [87]

FGD

FGD

K2K

Fermilab

SciBooNE SciBar [88]

SciBar(1.3×2.5 cm2)

0.96× 0.96× 184.3 cm3

192

FGD 2

FGD1 FGD2 FGD1

30 5,760

FGD2 14

2.5 cm 6

( 2 1 )

4.8.3 TPC

FGD

TPC Time

Projection Chamber [89] TPC

0.2 T



dE/dx

μ π±

TPC

ECAL

T2K 2.5 m 2.5 m

0.9 m TPC 3

Ar(95%)+iso-C4H10(2%)+CF4(3%)

CO2

Micro Pattern Gas Detector, MPGD 1

(micromegas MICRO

MEsh GAS counter) 36 × 34 cm2

6.9× 9.7 mm2

1,728 1 TPC

12 (2 × 6) 24

MPGD

T2K

0.6 mm ( )

1.42 mm

1GeV/c 7%

4.8.4 P0D

P0D (Pi 0[Zero] Detector) [90]

π0

P0D 0.6 mm 1.7 cm

3.25 cm 1.7 cm 210 cm(

223 cm) 126 (

134 ) 1 40

+ 2.1× 2.2×
2.4 m3 16

π0

4.8.5 ECAL

ECAL (Electromagnetic Calorimeter) [91]

γ ( π0 )

ECAL

DS-ECAL(DownStream ECAL) P0D

P0D-ECAL TPC FGD

Barrel-ECAL 4 × 1 cm2

DS-ECAL Barrel-ECAL 1.75 mm

P0D-ECAL 5 mm DS-ECAL 34

11X0( ) Barrel-ECAL 32

10.5X0 P0D-ECAL 6 4.5X0

P0D-ECAL P0D

4.8.6 SMRD

ND280 48 mm

17 mm

CERN

UA1

SMRD (Side Muon Range

Detector) [92] 17 mm

TPC

SMRD



19: T2K

4.9

T2K

T2K

99%

T2K

±500μs

30 MeV

Fully Contained FC

19 FC
13 J-PARC 8

J-PARC

2 m

Fiducial Volume, FV

10−2

13

ν� + n → �− + p
ν̄� + p → �+ + n Charged Current Quasi-

Elastic:CCQE T2K

• 1 μ-like

•
>200 MeV/c

• 0 1

• 1 e-like

•
>100 MeV

• 0

•
1250 MeV

• π0 π0 → γγ γ

π0

π0

9

10

20

2016



9: νμ

νμ + νμ νe + νe
NC

νμ νμ

non-CCQE CC CCQE CCQE

ν
52.7 0.5 8.8 71.5 4.6 138.1 135

20.4% 0.8% 2.7% 71.2% 71.7%

ν̄
27.8 0.1 3.4 13.2 23.8 68.3 66

24.6% 0.6% 2.5% 65.8% 77.5%

10: νe

νμ + νμ νe + νe
NC

νμ → νe
BG

νμ → νe

CC CC (νμ → νe) (νμ → νe)

ν
0.1 3.7 1.4 0.2 5.3 23.3 32

0.0% 19.8% 0.4% 46.2% 0.7% 65.6%

ν̄
0.0 1.6 0.6 1.0 3.2 3.0 4

0.0% 17.5% 0.4% 45.7% 1.1% 70.8%

μ-like e-like

π+

21

11

2011 6

6 2.5σ

[93]

2012 11 [94] 2013 28
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20: T2K

μ-like e-like

7σ

[95] 22

2012 θ13

[96–98] θ13

8◦

1998

θ23

θ23

T2K

2013

[99]

2014

1/3 14

14 CP



21: π+

π+

MC

11:

ν 1 e ν̄ 1 e ν/ν̄
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22: T2K

Δm2
32 θ23

Δm̄2
32 θ̄23

CPT

23

[100]

CP

CP

T2K

θ13 δCP

θ13

23: Δm2
32 θ23

Δm̄2
32 θ̄23

90%

3

δCP

CP 2013

[101]

CP

δCP = −90◦

2016 T2K

24
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