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参加している実験	

•  T2K	  (Tokai	  to	  Kamioka)実験	  
•  Super-‐Kamiokande	  
•  J-‐PARC加速器	  
•  将来実験	  
– T2K前置検出器のアップグレード	  
– Hyper-‐Kamiokande	  (Super-‐Kamiokande	  x	  20倍)	  
– AXEL	
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T2K実験
T2K カラオケの様子

T2K長基線ニュートリノ振動実験 

` 大型国際物理実験：メンバー約５００人、59機構、11国  

` 京大高エネは最前線で奮闘！！ 

` 加速器から生成した大強度νμビームを用いた長基線ニュートリノ
振動実験 (Tokai to Kamioka:T2K) 
` 主要目標：電子ニュートリノ出現モード探索による振動角θ13測定 

` ミューニュートリノ消失モードによる質量差Δm23,振動角θ23精密測定 

` 将来計画：CP破れを測定Æ物質と反物質の謎を解明 

茨城県東海村 

岐阜県神岡町 

ν
l 

l 

Super-K 

~40m 

標的と電磁ホーン 

MUMON 

JPARC 

νμを用いた加速器ニュートリノ振動実験

1. νe出現事象を用いたθ13、及びδCPの測定

2. νμ消失事象を用いたθ23、Δm223精密測定

T2K振動実験の目標とν観測手法 
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` νμ  Æνe変化:θ13、δCP 

` 振動確率P 𝜈 → 𝜈 =    𝑠𝑖𝑛 2𝜃 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 ∆   − 𝑠𝑖𝑛𝛿 …… +
⋯ 

` 反νでは、δ符号が反転 

` νμ Æνμ消失: θ23、Δm2
32 

` 振動確率

P 𝜈 → 𝜈 ≅ 1 − 4𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 (1 − 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 )𝑠𝑖𝑛 ∆
 

` SuperKでニュートリノを観測する 
` リングパターンでμ、eを区別できる 

` リングの光量分布から、運動量、エネルギーを再構成 
 

θ13項 CPを破れる項 CPを破る項

T2K振動実験の目標とν観測手法 
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` νμ  Æνe変化:θ13、δCP 

` 振動確率P 𝜈 → 𝜈 =    𝑠𝑖𝑛 2𝜃 𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 ∆   − 𝑠𝑖𝑛𝛿 …… +
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` 反νでは、δ符号が反転 

` νμ Æνμ消失: θ23、Δm2
32 

` 振動確率

P 𝜈 → 𝜈 ≅ 1 − 4𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 (1 − 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 )𝑠𝑖𝑛 ∆
 

` SuperKでニュートリノを観測する 
` リングパターンでμ、eを区別できる 

` リングの光量分布から、運動量、エネルギーを再構成 
 

θ13項 CPを破れる項 

�= P (�̄µ � �̄e)？

3. ニュートリノ反応の研究
13

T2K実験とは	
•  νμビームを用いたニュートリノ振動実験	

J-‐PARC	  @	  茨城県東海村	

Super-‐K	

@岐阜県	  
飛騨市神岡町	

295km	

•  νμ→νe	  	  
–  Super-‐Kでの電子ニュートリノの出現を測定する。	  

•  νμ→νx	  	  
–  ΝμがSuper-‐Kでどれだけ減ったしまったかを測定する。	  
	  

•  ニュートリノ反応断面積の測定	  
–  前置検出器(INGRID)やSuper-‐Kで。	  
–  T2Kや他の実験、観測へのインプットになる。	  

振動実験	

2.5度	  Off	  Axis法	  
Super-‐Kはビーム軸から2.5度の方向。	  

ビームエネルギーを0.6GeV付近に絞る。	

ビーム軸方向	  
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ニュートリノビームモニター	

ニュートリノグループこれまでの活躍

J-PARC MR 陽子ビーム

ミューオン・ニュートリノビーム

Chapter 3. Experimental Components

Iron plates

Scintillator planes VETO planes

Figure 3.12: INGRID detector. Left: Front view. INGRID consists of seven horizontal and seven
vertical modules. There are extra two modules on the diagonal, which were installed during the
summer shutdown in 2010. Right: Exploded view of an INGRID module.

Downstream of the P0D, three Time Projection Chambers [173] (TPCs), together with two
Fine Grained Detectors [174] (FGDs) are placed to measure charged current interactions. The
TPCs use a gas mixture Ar:CF4:iC4H10 (95:3:2) and MicroMegas detectors [175]. They measure
the three-momenta of charged particles produced in neutrino interactions to reconstruct the
neutrino energy spectrum, and measure the ionization rate to determine the particle type. The
FGDs consist of layers of finely segmented scintillating bars. They provide target mass for
neutrino interactions as well as tracking of charged particles coming from the interaction vertex.
The downstream FGD also provides water target.

The P0D, TPCs, and FGDs are all surrounded by an sampling electromagnetic calorimeter
(ECAL). Each ECAL module consists of layers of plastic scintillator bars and Pb absorber sheets
between the layers. The role of the ECAL is to detect γ-rays which do not convert in the inner
detectors and to detect charged particles for their identification (electron-muon-pion separation).

All sides of the magnet are instrumented with the Side Muon Range Detector [176] (SMRD).
Scintillator plates are inserted between gaps of the magnet yokes to measure the ranges of muons
which exit any side of the inner detectors.

3.3.2 INGRID

INGRID consists of seven horizontal and seven vertical modules (and two extra modules on the
diagonal, which are not used in this thesis). Each module is made of alternate layers of an iron
plate and scintillator bars as shown in Fig. 3.12. INGRID counts the number of neutrino events
in each module and reconstructs the neutrino profile. To measure the neutrino beam direction
with a precision much better than 1 mard, neutrino events are accumulated for approximately
one day in the 750 kW operation. INGRID complements the measurement of the neutrino beam
direction with the muon monitor, since it monitors the neutrino beam itself while the muon
monitor monitors the neutrino beam by measuring the muon beam spill-by-spill.
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Figure 3.1.: Left: Schematic view of the muon monitor. The monitor consists of arrays
of ionization chambers and silicon PIN photodiodes. The muon beam passes
through the array of the silicon PIN photodiodes first and then the ionization
chambers [49]. Right: Moving stage for the calibration silicon PIN photodiode,
as viewed from downstream.

to the beam-axis. There is also an additional silicon PIN photodiode mounted on a small
moving stage behind the silicon array (see Fig. 3.1 right).

Our strategy is to monitor the muon beam direction with a precision of 0.3 mrad for
every beam spill, in order to better control the neutrino beam for the neutrino oscillation
measurement.

3.1.1. Silicon PIN photodiode

In a semi-conductor device, an ionization process of charged particle leads to a generation
of electron-hole (e-h) pairs. These carriers drift toward the electrodes under the electric
field. The signal is then induced by the drift of these carriers and the charged particle
can be detected. In the T2K experiment, silicon PIN photodiodes, HAMAMATSU R�
S3590-08, are used as the semi-conductor devise for the detection of the muon flux.

Table 3.1 shows the specification of the silicon PIN photodiode. The sensor has an
active area of 10 ⇥ 10 mm2 and a depletion layer thickness of 300 µm. The silicon layer
is mounted on a ceramic base. In order to fully deplete the layer, a bias voltage of 80 V
is applied. The photodiode is put on a PEEKTM base fixed to the support enclosure and
is covered by an aluminum base.
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Beam stability in anti-neutrino mode is similar to neutrino mode running.
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ビームのコントロールは実験遂行のためにも必須

良質なビームの供給に貢献
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Downstream of the P0D, three Time Projection Chambers [173] (TPCs), together with two
Fine Grained Detectors [174] (FGDs) are placed to measure charged current interactions. The
TPCs use a gas mixture Ar:CF4:iC4H10 (95:3:2) and MicroMegas detectors [175]. They measure
the three-momenta of charged particles produced in neutrino interactions to reconstruct the
neutrino energy spectrum, and measure the ionization rate to determine the particle type. The
FGDs consist of layers of finely segmented scintillating bars. They provide target mass for
neutrino interactions as well as tracking of charged particles coming from the interaction vertex.
The downstream FGD also provides water target.

The P0D, TPCs, and FGDs are all surrounded by an sampling electromagnetic calorimeter
(ECAL). Each ECAL module consists of layers of plastic scintillator bars and Pb absorber sheets
between the layers. The role of the ECAL is to detect γ-rays which do not convert in the inner
detectors and to detect charged particles for their identification (electron-muon-pion separation).

All sides of the magnet are instrumented with the Side Muon Range Detector [176] (SMRD).
Scintillator plates are inserted between gaps of the magnet yokes to measure the ranges of muons
which exit any side of the inner detectors.

3.3.2 INGRID

INGRID consists of seven horizontal and seven vertical modules (and two extra modules on the
diagonal, which are not used in this thesis). Each module is made of alternate layers of an iron
plate and scintillator bars as shown in Fig. 3.12. INGRID counts the number of neutrino events
in each module and reconstructs the neutrino profile. To measure the neutrino beam direction
with a precision much better than 1 mard, neutrino events are accumulated for approximately
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Figure 3.1.: Left: Schematic view of the muon monitor. The monitor consists of arrays
of ionization chambers and silicon PIN photodiodes. The muon beam passes
through the array of the silicon PIN photodiodes first and then the ionization
chambers [49]. Right: Moving stage for the calibration silicon PIN photodiode,
as viewed from downstream.

to the beam-axis. There is also an additional silicon PIN photodiode mounted on a small
moving stage behind the silicon array (see Fig. 3.1 right).

Our strategy is to monitor the muon beam direction with a precision of 0.3 mrad for
every beam spill, in order to better control the neutrino beam for the neutrino oscillation
measurement.

3.1.1. Silicon PIN photodiode

In a semi-conductor device, an ionization process of charged particle leads to a generation
of electron-hole (e-h) pairs. These carriers drift toward the electrodes under the electric
field. The signal is then induced by the drift of these carriers and the charged particle
can be detected. In the T2K experiment, silicon PIN photodiodes, HAMAMATSU R�
S3590-08, are used as the semi-conductor devise for the detection of the muon flux.

Table 3.1 shows the specification of the silicon PIN photodiode. The sensor has an
active area of 10 ⇥ 10 mm2 and a depletion layer thickness of 300 µm. The silicon layer
is mounted on a ceramic base. In order to fully deplete the layer, a bias voltage of 80 V
is applied. The photodiode is put on a PEEKTM base fixed to the support enclosure and
is covered by an aluminum base.
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the three-momenta of charged particles produced in neutrino interactions to reconstruct the
neutrino energy spectrum, and measure the ionization rate to determine the particle type. The
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neutrino interactions as well as tracking of charged particles coming from the interaction vertex.
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Figure 3.1.: Left: Schematic view of the muon monitor. The monitor consists of arrays
of ionization chambers and silicon PIN photodiodes. The muon beam passes
through the array of the silicon PIN photodiodes first and then the ionization
chambers [49]. Right: Moving stage for the calibration silicon PIN photodiode,
as viewed from downstream.

to the beam-axis. There is also an additional silicon PIN photodiode mounted on a small
moving stage behind the silicon array (see Fig. 3.1 right).

Our strategy is to monitor the muon beam direction with a precision of 0.3 mrad for
every beam spill, in order to better control the neutrino beam for the neutrino oscillation
measurement.

3.1.1. Silicon PIN photodiode

In a semi-conductor device, an ionization process of charged particle leads to a generation
of electron-hole (e-h) pairs. These carriers drift toward the electrodes under the electric
field. The signal is then induced by the drift of these carriers and the charged particle
can be detected. In the T2K experiment, silicon PIN photodiodes, HAMAMATSU R�
S3590-08, are used as the semi-conductor devise for the detection of the muon flux.

Table 3.1 shows the specification of the silicon PIN photodiode. The sensor has an
active area of 10 ⇥ 10 mm2 and a depletion layer thickness of 300 µm. The silicon layer
is mounted on a ceramic base. In order to fully deplete the layer, a bias voltage of 80 V
is applied. The photodiode is put on a PEEKTM base fixed to the support enclosure and
is covered by an aluminum base.
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•  ビームの方向と強度をモニター	

MUMON:	  μを測定	 INGRID： νを測定	 Son、林野、	  
山本	

Si	  PIN	  
Photo	  
diode	  	  
(7×7ch)	

イオン	  
チェンバー	  
(7×7	  ch)	

鉄とシンチの	  
サンドイッチ構造	  
(14	  module)	

Nik、鈴木、	  
平木、近藤	

•  OnAxis検出器	  
•  京大グループで開発、

建設、維持	  
•  安定したビームは実験

に必須！	  
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ニュートリノ反応断面積測定	

•  前置検出器によるニュートリノ反応断面積測定	  

	  
	

Son、
Benjamin	  
鈴木	  
木河	  (卒業)	

前置検出器でのニュートリノ反応の研究

ニュートリノグループこれまでの活躍

J-PARC MR 陽子ビーム

ミューオン・ニュートリノビーム
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FIG. 20. The inclusive ⌫µ charged current cross section on Fe (left) and that on CH (right) with predictions by NEUT and
GENIE. The isoscalar corrections are not applied to our data or predictions. Our data point is placed at the flux mean energy.
The vertical error bar represents the total (statistical and systematic) uncertainty, and the horizontal bar represents 68% of
the flux at each side of the mean energy. The MINOS, T2K ND280, SciBooNE and NOMAD results are also plotted[12–15].
Because the isoscalar correction is applied to the MINOS data, it is expected to be shifted by about �2%.
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FIG. 21. The inclusive ⌫µ charged current cross section ra-
tio on Fe to CH with predictions by NEUT and GENIE. The
isoscalar corrections are not applied to our data or predic-
tions. Our data point is placed at the flux mean energy. The
vertical error bar represents the total (statistical and system-
atic) uncertainty, and the horizontal bar represents 68% of the
flux at each side of the mean energy. The MINER⌫A result
is also plotted[16].
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TABLE VII. The CCQE cross-sections (⇥10�39cm2) mea-
sured from each sample when the spectral function is used
in the MC simulation for the e�ciency correction. Mean neu-
trino energies of the high and low energy regions are 1.94GeV
and 0.93GeV, respectively.

(a)High energy region

Used sample cross-section result
One-track sample 12.46± 0.22(stat.)+1.98

�1.62(syst.)
Two-track sample 11.43± 0.36(stat.)+1.85

�1.60(syst.)
Combined sample 12.19± 0.19(stat.)+1.84

�1.50(syst.)

(b)Low energy region

Used sample cross-section result
One-track sample 11.04± 0.43(stat.)+2.26

�1.84(syst.)
Two-track sample 8.84± 0.70(stat.)+1.94

�1.70(syst.)
Combined sample 10.51± 0.37(stat.)+2.00

�1.67(syst.)

 (GeV)QE
1í10 1 10

/n
e
u
tr

o
n
)

2
(c

m
C

C
Q

E
V

0

2

4

6

8

10

12

14

16
39í

10u

SciBooNE

MiniBooNE

NOMAD

One track data

Two track data

Combined data

NEUT

GENIE

NEUT flux average

GENIE flux average

(M    =1.21 GeV/c  )A
QE 2

(M    =0.99 GeV/c  )A
QE 2

FIG. 20. The CCQE cross-section results when the spectral
function is used as the nuclear model.

in order to isolate the e↵ect of the multi-nucleon inter-1

action. In this CCQE cross-section analysis, the CCQE2

signal is defined as the conventional two-body interac-3

tion with a single nucleon. Therefore, the multi-nucleon4

interaction events are defined to be background events5

and are subtracted from the selected events as with CC-6

nonQE events, NC events, etc. The CCQE cross-section7

results assuming the existence of multi-nucleon interac-8

TABLE VIII. Ratio of the CCQE cross-section result from
the one-track sample to that from the two-track in the low
energy region when the relativistic Fermi gas model and the
spectral function are used in the MC simulation.

Nuclear model in MC Ratio of cross-section results
Relativistic Fermi gas model 1.45± 0.09(stat.)+0.24

�0.29(syst.)
Spectral function 1.25± 0.08(stat.)+0.22

�0.26(syst.)

tions are summarized in Table IX and shown in Fig. 219

together with the predictions. Although the measured10

CCQE cross-sections assuming the existence of the multi-11

nucleon interaction are 6–13% smaller, they are still com-12

patible with the predictions.13

TABLE IX. The CCQE cross-sections (⇥10�39cm2) measured
from each sample when the existence of the multi-nucleon in-
teraction is assumed in the MC simulation for the background
subtraction. The relativistic Fermi gas model is used as the
nuclear model. Mean neutrino energies of the high and low
energy regions are 1.94GeV and 0.93GeV, respectively.

(a)High energy region

Used sample cross-section result
One-track sample 10.79± 0.22(stat.)+2.01

�1.63(syst.)
Two-track sample 10.28± 0.35(stat.)+1.85

�1.52(syst.)
Combined sample 10.66± 0.19(stat.)+1.88

�1.52(syst.)

(b)Low energy region

Used sample cross-section result
One-track sample 10.11± 0.45(stat.)+2.41

�2.03(syst.)
Two-track sample 7.14± 0.64(stat.)+1.96

�1.56(syst.)
Combined sample 9.30± 0.37(stat.)+2.13

�1.75(syst.)
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FIG. 21. The CCQE cross-section results on the assumption
of the existence of the multi-nucleon interaction. The rela-
tivistic Fermi gas model is used as the nuclear model.

VIII. CONCLUSIONS14

We have reported a CCQE cross-section measurement15

using the T2K on-axis neutrino detector, INGRID. We16

have selected one-track and two-track samples of ⌫

µ

17

CCQE scattering in the Proton Module. From the num-18

ber of selected events, the CCQE cross-sections on car-19

bon at mean neutrino energies of 1.94 GeV and 0.93 GeV20

have been measured. The cross-section analysis was per-21
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CC coherent pion cross section result 
• CC coherent pion cross section at mean energy of 1.5GeV is 

𝜎 = (1.03 ±0.25 𝑠𝑡𝑎𝑡. .. 𝑠𝑦𝑠𝑡. ) × 10  cm2/nucleus 
• 90% C.L upper limit is 

𝜎 < 1.98 × 10  cm2/nucleus 
• It agrees well with the prediction by GENIE, but is significantly 

smaller than prediction by NEUT. 
• It is compatible with CC 

coherent pion results from 
K2K and SciBooNE. 

• Significance of the signal 
excess corresponds to 1.5V. 
(SciBooNE and K2K results 
are consistent with null CC 
coherent pion.) 
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前置検出器でのニュートリノ反応の研究

ニュートリノグループこれまでの活躍

J-PARC MR 陽子ビーム

ミューオン・ニュートリノビーム
 (GeV)νE

0 2 4 6

/n
uc

le
on

/G
eV

)
2

 (c
m

ν
/E

σ

0

5

10

-3910×

NEUT
GENIE
MINOS

T2K INGRID flux ave.

This result

ν 

Proton Module 

INGRID 

Preliminary

荷電カレント(CC) on Fe

鈴木、木河

 (GeV)QE
0 1 2 3 4 5 6

 (p
er

 n
uc

le
on

)
C

H
C

C
V/

Fe C
C

V

0.7

0.8

0.9

1

1.1

1.2

1.3

PO
T)

21
/5

0M
eV

/1
0

2
 fl

ux
 (/

cm
PQ

0

200

400

600

800

1000

1200

1400

1600

1800

2000
910u

AQMINER

T2K on-axis data
NEUT
GENIE
NEUT flux average
GENIE flux average

 fluxPQ

 (GeV)QE
-110 1 10

/n
eu

tro
n)

2
(c

m
C

C
Q

E
V

0

2

4

6

8

10

12

14

16
-3910u

SciBooNE
MiniBooNE
NOMAD

One track data
Two track data
Combined data
NEUT
GENIE
NEUT flux average
GENIE flux average

(M    =1.21 GeV/c  )A
QE 2

(M    =0.99 GeV/c  )A
QE 2

CC ratio (Fe/CH) CC準弾性散乱 on C

Preliminary

CC コヒーレントπ on C

Phys. Rev. D 90 052010 (2014)

PD Son

 

. 
 
 

90%C.L. limit 

CC coherent pion cross section 

18

前置検出器でのニュートリノ反応の研究

ニュートリノグループこれまでの活躍

J-PARC MR 陽子ビーム

ミューオン・ニュートリノビーム
 (GeV)νE

0 2 4 6

/n
uc

le
on

/G
eV

)
2

 (c
m

ν
/E

σ

0

5

10

-3910×

NEUT
GENIE
MINOS

T2K INGRID flux ave.

This result

ν 

Proton Module 

INGRID 

Preliminary

荷電カレント(CC) on Fe

鈴木、木河

 (GeV)QE
0 1 2 3 4 5 6

 (p
er

 n
uc

le
on

)
C

H
C

C
V/

Fe C
C

V

0.7

0.8

0.9

1

1.1

1.2

1.3

PO
T)

21
/5

0M
eV

/1
0

2
 fl

ux
 (/

cm
PQ

0

200

400

600

800

1000

1200

1400

1600

1800

2000
910u

AQMINER

T2K on-axis data
NEUT
GENIE
NEUT flux average
GENIE flux average

 fluxPQ

 (GeV)QE
-110 1 10

/n
eu

tro
n)

2
(c

m
C

C
Q

E
V

0

2

4

6

8

10

12

14

16
-3910u

SciBooNE
MiniBooNE
NOMAD

One track data
Two track data
Combined data
NEUT
GENIE
NEUT flux average
GENIE flux average

(M    =1.21 GeV/c  )A
QE 2

(M    =0.99 GeV/c  )A
QE 2

CC ratio (Fe/CH) CC準弾性散乱 on C

Preliminary

CC コヒーレントπ on C

Phys. Rev. D 90 052010 (2014)

PD Son

 

. 
 
 

90%C.L. limit 

CC coherent pion cross section 

18

プロトンモジュール	  
•  プラスチックシンチ

レーターからなる飛
跡検出器	  

•  ニュートリノ反応で
蹴飛ばされる陽子
の飛跡も検出	  

•  INGRIDをミューオン
検出器として利用	

7	



T2K実験 最新の成果
2013年5月まで取得したデータの解析結果
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FIG. 34: 68% (dashed) and 90% (solid) CL regions from the analysis that includes results

from reactor experiments with di↵erent mass hierarchy assumptions using ��

2 with

respect to the best-fit point, the one from the fit with normal hierarchy. The parameter

|�m

2| represents �m

2
32 or �m

2
13 for normal and inverted mass hierarchy assumptions

respectively.

C. Alternate frequentist analysis

In order to thoroughly cross-check the analysis described above, an alternate frequentist

joint fit analysis was performed which di↵ers in the treatment of the systematic errors. This

90

νe出現事象とνμ消失事象の同時解析
arXiv:1502.01550

Most precise measurement of θ23 !!

まだまだ統計誤差が支配的。更なるデータの蓄積が必要。

Excluded region (90% C.L. )
NH [0.15 - 0.83] π
IH [-0.08 - 1.09] π

15

これまでの成果	
•  νe出現事象の世界初観測 (2011)	  

•  CP位相δに先陣を
切って制限！	  

•  世界一の精度での
混合角θ23の測定！	

この一年のニュース
• 2014.11.11
• 中家教授 仁科賞受賞
• KEK小林氏、物一の松田教授と共
に

• 2015.2.17
• 中家教授 戸塚賞受賞
• KEK小林氏、東大塩澤教授と共に

• 番外編
• 京都大学総長杯ボーリング大会
• 市川准教授 女子の部優勝（2大会
連続）

• 温子の部屋SP 団体戦優勝

KEK小林氏

5

•  νμ消失事象の世界最精密測定	  

•  最新の結果	  (2014)	  

(2013)	

中家さん	2013には7.3σで存在を確立！	

ニュートリノエネルギー(GeV)	

(2013)	

8	



大型水チェレンコフ検出器	  
スーパーカミオカンデ	

＠岐阜県飛騨市神岡町	

ニュートリノ  

荷電粒子  

チェレンコフ	  
リング	

池の山  	

1000m	

•  巨大水タンクとタンク内壁の光センサ	  

•  水槽は内水槽と外水槽	

内水槽	

宇宙線ミューオン 

ニュートリノ 

外水槽	

ニュートリノ事象
を選択できる！	

•  リングパターンで粒子の種類を識別 	

μ	 e	

ν	
n	

p	

e?	  μ?	

40m	

40m	
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陽子崩壊探索	

J-‐PARC	
SK	

T2K	  (νμ,	  νμ)	

太陽ニュートリノ 	  
	  超新星爆発	

大気ニュートリノ	  

大気ニュートリノ	  
（地球の裏から）	  

Kamioka	  

スーパーカミオカンデでできる物理	

ニュートリノ物理	  
CPの破れ	  
ニュートリノ質量階層性	  
ステライルニュートリノ探索	

ニュートリノ天文学	

陽子崩壊探索	
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スーパーカミオカンデを使った研究	
•  T2Kビームを用いた中性カレント準弾性反応測定	

•  質量階層性決定に向けたアルゴリズム開発	

ν	 ν	

Z0	 γ	

p	  or	  n	

スーパーカミオカンデ	

脱励起	  
ガンマ	  
(6MeV)	

ν	  from	  T2K	

モチベーション	  

•  ステライルニュート
リノ探索	  

•  暗黒物質探索	  
•  超新星背景ニュー

トリノ測定	  
	  
	  
	  

	

T2KRUN1-‐4
測定結果	

•  高いエネルギー領域（数GeV）の大気
ニュートリノ測定	  

→	  複数リングイベント	  
→	  イベント再構成アルゴリズム開発	  
•  従来アルゴリズムに時間情報を追加	  	  
•  全てのパラメータを同時フィットする新型アル

ゴリズム開発	

複数リング	  
イベントの例	

黄	

廣田、江	
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48m	

247m	
54m	

スーパーカミオカンデから	  
ハイパーカミオカンデへ	
•  スーパーカミオカンデでの技術

を土台に確実に成果を出す。	  
•  1桁多い統計量	  

–  容積:	  50	  kton→	  1	  Mton	  (20倍!)	  
–  光センサ数：	  10000本→99000本	  
	  
	

•  統計量が増えることで決定的な結果を。	C Nucleon decays 73
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FIG. 48. Proton lifetime predictions of several GUT models, the current experimental limits (90% CL) by

Super-K, and the sensitivities of Hyper-Kamiokande with a 5.6 Megaton·year exposure. Hyper-Kamiokande

can cover most of the predicted range of the leading GUT models.
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FIG. 49. The proton decay search sensitivity as a function of year. The left plot is for the p ! e+⇡0 mode

and the right is for the p ! ⌫K+ mode. Hyper-Kamiokande is assumed to start from 2019; its results will

overtake the Super-Kamiokande limits within one year.

2012.8.22 Roger Wendell  9 

NH, unknown T13 is fixed : sin22T13 = 0.10 

Hierarchy + Octant sensitivity, 10 years of Atmospheric data  

� Thickness of the bands corresponds to range of Gcp  
�Weakest hierarchy sensitivity overall in the tail of the first octant 

3V  

NH, unknown T13 is fixed : sin22T13 = 0.10 

3V  

2V  

� For Octant discrimination  
� Best value of Gcp = 40 degrees 
�Worst value of Gcp = 140 (260) degrees, for 1st (2nd ) octant 
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A Accelerator based neutrinos 45
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FIG. 22. Allowed regions for inverted hierarchy. See caption of Fig. 21.
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•  陽子崩壊	  
　　　検証可能なモデルが増える！	  

•  質量階層性	  
　　　ほぼ3σ以上での測定	  

sin2θ13=	  0.1に固定	

•  CP位相δ	  
　　　3σでの測定可能領域が増大！	  
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ハイパーカミオカンデのスケジュール	

2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2024	2025	2026	
-4	 -3	 -2	 -1	 1	 2	 3	 4	 5	 6	 7	 8	 9	

　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	

　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	

　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	

　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	

JFY	

建設開始	

トンネル掘り	
検出器用空洞切削	

コンクリート	

光検出器サポート、光検出器設置	

光検出器の研究開発	

光検出器用製造ライン	  
の準備	  

光検出器の製造	

水入れ	

運転開始	

建設期間は約7年	 13	



M1の研究テーマ	
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修士、博士での研究	

M1	  
2015	

M2	  
2016	

D1	  
2017	

D2	  
2018	

D3	  
2019	

D論	M論	

T2K/Hyper-‐K	  
（ハードウェア）	  
•  新型検出器の開発	  
•  加速器の強度向上	  
•  読み出しエレキ開発	  

T2K/Super-‐K	  
（物理解析）	  
•  T2K	  CP位相δなど
•  大気ν(質量階層性)	  
•  ν反応断面積測定	  

+	

自分のシステム	  
を構築	

グループで	  
研究	  

研究を主導	  
物理結果	  

15	



木河氏の修士、博士での研究	

M1	  
2009	

M2	  
2010	

D1	  
2011	

D2	  
2012	

D4	  
2014	

D論	M論	

D2	  
2013	

•  CdTe	  project	  
•  Proton	  moduleを	  
	  	  	  	  	  開発/建設	

•  INGRIDの運転/保守	  
•  INGRIDを用いて	  
	  	  	  	  	  	  ビーム品質を保証	  
•  Proton	  module解析	  

•  T2K	  νe出現νµ消失同時解析	  
•  INGRID/Proton	  module	  
	  	  	  	  	  を用いたν反応断面積測定	  
	  	  	  	  	  (投稿論文3本分の結果)	  
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第 8章

実機の製作及び試験

図 8.1 Proton Module用フレーム
内側には溝の刻まれた板が付いている

8.1 実機の製作
2010 年 4 月から実機の製作を開始した。まず 4 月から

6月にかけては、Proton Moduleのハードウェアの準備を
した。4月に京都大学において Proton Module用のファイ
バー 1204 本を製作した。5 月は J-PARC の HENDEL 棟
にてシンチレータ、MPPC、ケーブルの準備をし、6月から
は検出器の完成後に行う試験のためのデータ取得システム
のセットアップを行った。それらの詳細な過程については
付録 Eに記述する。Proton Moduleのフレームは 3月から
6月にかけて製作された (図 8.1)。すべてのハードウェアの
準備が完了した 6 月 20 日からは HENDEL 棟にて検出器
の組立を開始した。
検出器の組立は、大掛かりな作業となるため、T2K実験の共同研究者、技術者らの協力を賜り*1、各日

2 ∼ 4人 (執筆者を含む)のシフトを組んで行った。その過程は以下の通りである。

1. フレームの溝にトラッキングプレーン用シンチレータを取り付ける (図 8.2)
2. Vetoプレーン用シンチレータを Veto用フレームに取り付ける (図 8.3)
3. 取り付けたシンチレータの穴にファイバーを挿入する (図 8.4)

図 8.2 トラッキングプレーン用
シンチレータの取り付け

図 8.3 Veto プレーン用シンチ
レータの取り付け

図 8.4 ファイバーの挿入

*1 京都大学、大阪市立大学、LLR Ecole Polytechnique(フランス)の研究者、技術者の協力の元で行われた

Chapter 6. Measurement of Neutrino Beam Properties
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(a) Background event by a neutron from outside (b) Background event by a photon from outside

Figure 6.11: Event displays of MC background events induced by neutral particles from outside.

Event pileup

Even when two or more neutrino events occur in a cycle in a module, mostly they can be
separately reconstructed as shown in Fig. 6.12 (a). However, when a track from a neutrino
event piles up with a track from another neutrino event, vertices may fail to be reconstructed
as shown in Fig. 6.12 (b). Since this results in the loss of events, this event-pileup effect needs
to be corrected. The event-pileup effect is proportional to the beam intensity (i.e. POT per
bunch). Thus, the event loss caused by the event pileup can be corrected as follows:

Ncorr =
Nsel

1− Clossnppb
, (6.1)

where Ncorr and Nsel are the number of selected events with and without the correction, nppb is
the POT per bunch and Closs is a constant which is hereafter referred to as “event-loss constant”.
The event-loss constant is estimated as follows. First, the beam data are categorized into eleven
subsamples according to the POT per bunch as shown in Fig. 6.13. For each subsample, average
POT per bunch, nAV

ppb, is calculated. Then, the pseudo event pileups are generated in each
sample as follows. All INGRID hits in two beam cycle are summed together to make one new
pseudo beam data which is hereafter referred to as pseudo data 1. This procedure effectively
doubles the beam intensity and MPPC dark counts observed by INGRID. On the other hand, all
INGRID hits in a beam bunch cycle and a dummy cycle are summed together to make another
pseudo beam data which is hereafter referred to as pseudo data 2. This procedure effectively
doubles only the MPPC dark counts observed by INGRID. The track reconstruction and event
selection are applied to both pseudo data, and the number of selected events per POT, N1 and

Side view Top view
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ν
(a) Separately reconstructed events (b) Overlapped events

Figure 6.12: Event displays of the event pileups in the MC simulation. Red and blue circles
represent hits caused by different neutrino interactions.
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Chapter 7. Measurement of Charged Current Inclusive Cross Section
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Figure 7.12: The inclusive νµ charged current cross section on Fe (left) and that on CH (right)
with predictions by NEUT and GENIE. Our data point is placed at the flux mean energy. The
vertical error bar represents the total (statistical and systematic) uncertainty, and the horizontal
bar represents 68% of the flux at each side of the mean energy. The MINOS, T2K ND280,
SciBooNE and NOMAD results are also plotted [224,277–279].
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Figure 7.13: The inclusive νµ charged current cross section on Fe (left) and that on CH (right)
divided by the neutrino energy with predictions by NEUT and GENIE.
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Figure 7.14: The ratio of the inclusive νµ charged current cross section on Fe to CH with
predictions by NEUT and GENIE. The MINERνA result is also plotted [283].
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WAGASCI実験	

•  特徴:	  3次元格子構造を持つ新型検出器	  
–  4π方向すべてに高い検出効率	  

•  目的:	  ニュートリノ反応断面積測定	  
•  目標:	  T2K実験のν反応の誤差を低減	  
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2.5cm�

5cm�
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2.5cm�

Each)cell)is)filled)with)
water)or)hydrocarbon.�
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x� grid� y� grid� x�

���

���

���

Central(detector�

H2O$target�
CH#target����

���

�����
�����

�����

ν�

Muon%range%detectors�

Figure 3: Schematic view of entire sets of detectors.

• Capability of identifying directions of motion of charged particles from the hit-time differ-
ence between the central detector and the MRDs

• Track reconstruction efficiency of 99% for an isolated track longer than 10cm

• Particle identification capability, especially for protons and pions or muons, with dE/dx
information

Once the performance is confirmed, we will measure the water to hydrocarbon charged current
cross section ratio.

3.2 Water to hydrocarbon charged current cross section ratio mea-
surement

We have studied the water to hydrocarbon charged current cross section ratio measurement by
using the MC simulation in the Geant4 framework. The simulated event display is shown in Fig.
7.

A neutrino charged current interaction in the central detector is identified by a track from
the fiducial volume of the central detector to the MRD located around the central detector,
where the MRD is used to identify a long muon track. First, hits are clustered by timing. Then,
tracks are reconstructed using hit information. Next, tracks joined between the central detector
and the MRD are searched to select long muon tracks which are stopped inside the MRD. After
that, charged particles which originate from neutrino interactions in the material surrounding
the central detector are rejected with VETO layers, and the determination of the direction of
motion of charged particles from hit-time difference between the central detector and the MRD.
Finally, the reconstructed event vertex is required to be inside the fiducial volume (FV) of the
central detector. The FV of the central detector is defined as a volume within ±45cm from the

6

WAGASCI	

T2K前置検出器棟地下2階に設置	

ミューオン検出器(MRD)	

格子の隙間は水もしくは	  
プラスチックで満たす	

μ	  

p	  

林野、Benjamin	
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WAGASCI実験	
•  スケジュール	  
–  2015/8	  -‐	  9:	  WAGASCI	  module	  4台中1台を製作	  
–  2015年末〜:	  WAGASCI	  module	  1台でニュートリノ測定	  
–  2015/10	  –	  2016/7:	  残りのWAGASCI	  moduleとMRDを製作	  
–  2016/8,9:	  全WAGASCI	  moduleとMRDを設置、試運転	  
–  2016/10:	  ニュートリノ測定開始	  

A. Bonnemaison / O. Ferreira LLR Ecole Polytechnique

WAGASCI H2O/CH design

5

2 modules CH and 2 modules H2O

MPPC 32ch

connector

PCB 60mmx300mm 

1 Module 1280ch

positionning

Fixing nut

A. Bonnemaison / O. Ferreira LLR Ecole Polytechnique

SIDE MRDs DESIGN

4

Same design as Downstream with 30mm steel plateMRD	WAGASCI	  module	

林野、Benjamin	

自分の手で検出器を	  
製作/運転するチャンス!	  
	  

これまでにない構造の検出器で	  
ν反応について新たな知見を得る。	  
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シンチレーションファイバー検出器	
•  特徴:	  T2K前置ニュートリノ検出器の約10倍の位置分解能	  
•  目的: ν反応点周りの理解を進め、ν反応の誤差を低減	  
•  目標:	  Hyper-‐K	  +	  J-‐PARC実験の前置検出器として運転(~10万ch)	  
•  スケジュール	  

–  2014年度:	  64ch	  プロトタイプが完成 -‐>	  β線源を使って性能試験	  
–  2015~2016年度:	  陽電子ビームテスト	  @	  東北大	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  J-‐PARCハドロンホールで陽子ビーム試験	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  320ch	  プロトタイプを製作	  -‐>	  ニュートリノ測定@J-‐PARC	  
–  2017年度以降:	  さらなる大質量(多チャンネル)化	  -‐>	  物理結果	  
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を再較正可能	
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検出器性能実証	
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ハイパーカミオカンデに向けた光センサ開発	

•  新しい光センサ	  
–  よりよい時間分解能、1光子感度	  

•  光電面の量子効率	  ~20％→~30%	  
•  1光子時間分解能	  	  ~2ns	  →	  ~1ns	  
•  1光子電荷分解能	  	  ~	  60%	  →	  >20%	  

–  数が多いので低コスト化を目指す	  

New 20 inch Box&Line PMT : R12860

New 20 inch Box&Line PMT䛿ᆺྡR12860䛸䛺䜚䜎䛩䚹

SK型とは違うダイノード	

B&L	  PMT	  
(Box&Line型PMT)	

•  開発要素	  	  
–  HPD	  
•  アバランシェダイオードの

特性評価 (温度特性など)	  
•  優れた性能を保つアンプ	  
•  低ノイズのHV開発	  	  

–  HPD,	  B&L	  PMT共通	  
•  実用性評価	  
•  水圧試験	   200tタンクにて実証試験	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

@神岡	  

HPDの開発現状

2015/3/19 5

HV module

Preamplifier

Avalanche 
Diode

光電面

• HVモジュールは長寿命PDの実現の鍵
• きちんと動作しているHV module
はいくつかがある

• 安定性・寿命・耐水圧性から
総合的に選びたい

• 外部供給の可能性も考えている
• 交換しやすい

• 大口径PDの収集効率を上げるため、
ADの面積が大きくするので
(Φ5mm→Φ20mm)、
ノイズがのりやすくなる

• 対策として
• 分割AD(多チャンネルAD)
• アンプ再設計

• Decoupling Transformer
• Boost strap 回路

• …

日本物理学会 2015年春季大会 早稲田大学

HPD	  	  
(ハイブリッド光検出器)	

HV	  	

アンプ	

アバランシェ	  
ダイオード	

光電面	

アンプの開発の目標

• 50cm HPDの収集効率が大きくする
ため、20mmΦADを使いたい

• AD自身の容量が大きくなる
• 5mmΦ  AD:  ~60pF
• 20mmΦ  AD:  ~800pF

• ノイズが乗りやすくて、S/Nが小さくなる

•デカップリングトランスを使って、ア
ンプから見る入力容量を軽減

• トランス中継/なしで20mmAD単体
の信号とペデスタルを測定した

d
SC H

 

AD

ADの容量

アンプの
入力容量

デカップリング
トランス

フィードバック
容量

ノイズ

2015/3/19 14日本物理学会 2015年春季大会 早稲田大学

シミュレーションの1pe出力信号

概念図

トランスなし

トランスあり

t/μｓ0 1 2 3

電圧/mV

0

3.3

2.2

0

t/μｓ

従来アンプ	

新型アンプ	  
（設計段階	  
シミュレーション）	

センサ開発、HKシミュレーション	  
へフィードバック	

(廣田)、江	
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J-‐PARC加速器の高強度化	
•  J-‐PARC	  MR	

ニュートリノグループこれまでの活躍

J-PARC MR 陽子ビーム

Bunch内の振動（ビーム位置のズレ）を検出し、
周回ごとに補正をかけ、ビームロスを削減
より高周波な帯域に感度を持つBPMを開発

M2 仲村
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Feedback system
• If the correction kick applied before the 
oscillation amplitudes become big, we 
can avoid the beam instability. 
->Feedback system 

• Since 2009, bunch by bunch(BxB) 
feedback system has been developed by 
Kurimoto-san (ex-collaborator of T2K).  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今後	  
•  汎用コントロールボードの開発	  
•  広帯域キッカーの開発	  
•  など	  
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muon	  monitor	  (MUMON)	

•  Si	  PIN	  photodiodeとイオンチェンバーからなる
が、ビーム強度が上がってSi	  PIN	  photodiode
の放射線耐性が問題になってきたので、次期
検出器が望まれる。	  
候補	  
– diamond,　SiCなどwide	  bandgapな半導体	  
– 電子増倍管もどき  (先週、思いついた。
ミューオンによる２次電子放出を捉える)	  

22	

Super-‐K	

beam	

Si	 IC	

7×7	  	  
censors	



T2K実験予想POTのケーススタディ	

23	

Linac	  updade	  400	  MeV	

High	  rep.	  rate	  
(1.28	  sec	  cycle)	

D3	

T2K	  Full	  POT	  =	  7.8e+21	

2015年4月現在	  
Beam	  power	  >	  300	  kW	  
積算POT	  =	  1.0e+21	



T2K(+NOνA)のsinδCP≠0の決定感度	

24	

Future*Sensi1vity*with*NOνA*

•  A)joint)analysis)with)NOνA:))
–  Increases)signiEicance)of)the)
“luckiest”)point)

–  Adds)sensitivity)in)δCP)regions)
where)there)would)be)none.)

•  Same)assumptions,)plus)
–  Choose)sin2(θ23))=)0.5)
–  3.6)×)1021)NOνA)POT,)even)split)
–  Shown)both)without)(solid))and)
with)(dashed))systematic)errors)
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Submitted)to)PTEP,)arXiv:1409.7469)[hep1ex])

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  仮定	  
•  点線	  (実線):	  系統誤差あり（なし）	  
•  sin22θ13	  =	  0.1	  w/	  ultmate	  reactor	  prec.	  
•  sin2θ23	  =	  0.5	  
•  Δm2	  =	  2.4	  x	  10-‐3	  eV2	  

•  標準質量階層性	  
•  T2K	  

•  7.8	  x	  1021	  POT	  (50%	  ν-50%	  ant-‐ν)	  
•  NOνA	  

•  3.6	  x	  1021	  POT	  (50%	  ν-‐50%	  ant-‐ν)	  

PTEP	  043C01	  (2015),	  arXiv:1409.7469	  [hep-‐ex]	

Systematcs:	  5%(10%)	  norm.	  error	  on	  sig.	  (BG)	

D論の時に大発見があるかも	



T2K+NOνAの質量階層性の決定感度	
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バックアップ	
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(a) 100% ν-running.
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(b) 50% ν-, 50% ν̄ running.

Figure 26: The expected ∆χ2 for sin δCP = 0 hypothesis, as a function of POT. Plots assume
true sin2 2θ13 = 0.1, δCP = +90◦, inverted MH, and various true values of sin2 θ23 (as given in
the plot legends). The solid curves include statistical errors only, while the dash-dotted (dashed)
curves assume the 2012 systematic errors (the projected systematic errors). Note that the sensitivity
heavily depends on the assumed conditions, and that the conditions applied for these figures (δCP =
+90◦, inverted MH) correspond to the case where the sensitivity for sin δCP ̸= 0 is maximal.
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Figure 27: Relation between the expected number of events of T2K and that of NOνA for various
values of δCP , sin

2 θ23 and mass hierarchy. The two blue and red upper bands are for the neutrino-
mode run events and the red and blue bottom bands are for the antineutrino-mode run events.
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T59:	  3D	  grid-‐detector:	  WAGASCI	
Event	  display	  (same	  CCQE	  event)	

with	  grid	  layer	w/o	  grid	  layer	

easy	  to	  track	  
large	  scayering	  μ	  

hard	  to	  track	  
large	  scayering	  μ	  

μ	   μ	  

p	   p	  
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この一年のニュース
• 2014.11.11
• 中家教授 仁科賞受賞
• KEK小林氏、物一の松田教授と共
に

• 2015.2.17
• 中家教授 戸塚賞受賞
• KEK小林氏、東大塩澤教授と共に

• 番外編
• 京都大学総長杯ボーリング大会
• 市川准教授 女子の部優勝（2大会
連続）

• 温子の部屋SP 団体戦優勝

KEK小林氏
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