
Status and future prospect of 
long baseline experiments

with J-PARC neutrino beam  
and near detectors

2019-Apr-25 INR, Moscow

K.Sakashita(KEK/J-PARC), 
M.Shiozawa(Kamioka observatory, U. of Tokyo),

M.Yokoyama (U. Tokyo)



Neutrinos

 2

νe νe

νe

νe

νe

νe νe

νe

νe

higgstan.com

http://higgstan.com


It’s special, mysterious particle..
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Its properties are of great importance 
in particle- and astro-physics

Tiny but 
non-0 mass

Abundant in 
Universe

Electrically 
neutral

Particle=antiparticle?

Mass other than 
Higgs mechanism?

Evolution of Universe

Particle-
antiparticle 
asymmetry?

Origin of matter?

Large mixing
Suggestion for 

Grand Unification?
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Neutrino oscillation
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NEUTRINO MIXING & OSCILLATIONS
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➤ The neutrinos have states of definite mass and states of definite flavor  

➤ Neutrinos are produced and interact in their flavor states:

➤ Neutrinos propagate as states of definite mass.  Flavor states are a 
linear superposition of mass states:

➤ The relative phase of propagation depends on Δm2ji = mj2-mi2 

➤ These relative phases and a non-diagonal mixing matrix U lead to 
neutrino oscillations!

α = e, µ, τ

weak eigenstate weak eigenstate

mass eigenstate

Production Propagation Detection

Flavor (weak eigenstate) of neutrino can be changed during the propagation 

P (⇥� � ⇥⇥) = sin2(2�) sin2

�
1.27�m2L

E⇤

⇥
Δm2 = m12 - m22 [eV2]

θ: mixing angle

L [km], Eν [GeV]
(2 flavor case)

Happens only if the neutrino has a finite mass (Δm2 ≠ 0)
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Nobel Prize in 2015
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June 1998
NEUTRINO conference
@ Takayama, Japan

First firm evidence for
neutrino oscillation

2015, Stockholm

T.Kajita



Amazing progress in ~20 years
• 1998, neutrino oscillation 

discovered by Super-K 
atmospheric neutrino 
observation 

• Solar neutrino oscillation 
confirmed by SNO(2001) and 
KamLAND (2002) 

• Accelerator-based neutrino 
oscillation experiments: K2K, 
MINOS, OPERA 

• T2K experiment discovered 
νµ→νe in 2011, Daya-bay 
discovered non-zero θ13 
(established 3-flavor oscillation)
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Experiments in Japan lead the world on 
neutrino oscillation physics  6



Present understanding of ν oscillation

All of the three mixing angle and two mass square differences are measured 

The Value of Precision 3 Flavour n Physics

• Remember: Many theoretical options…
• Precise measurements test mass models

e.g. based on flavour symmetries
ßà many models... will we learn something generic?

• Majorana masses ßà best explanation of BAU
ßà related to heavy Majorana CP phases
ßà detection of dCP phase makes this more plausible

BUT: Don‘t forget it is only the light Dirac-like phase
... and BAU without Majorana (phase transitions, ... , D-leptogenesis) 

• Neutrinos are a 0.6% HDM component
ßà cosmological structure formation

• Precision may open the door for more new physics
ßà test of 3 flavour unitarity, overconstraining, ... 

M. Lindner,  MPIK Neutrino Twon  Meeting @ CERN, Oct. 22-24, 2018 12
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NEUTRINO MIXING & OSCILLATIONS
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➤ The neutrinos have states of definite mass and states of definite flavor  

➤ Neutrinos are produced and interact in their flavor states:

➤ Neutrinos propagate as states of definite mass.  Flavor states are a 
linear superposition of mass states:

➤ The relative phase of propagation depends on Δm2ji = mj2-mi2 

➤ These relative phases and a non-diagonal mixing matrix U lead to 
neutrino oscillations!

α = e, µ, τ

Next physics targets are :

CP violation  
parameter :  

δCP

Mass ordering Any flavor symmetry ? 7

UPMNS=



CP violation

14. Neutrino mixing 9

neutrino oscillations depends essentially only on the magnitude of the currently not well
determined value of the Dirac phase δ. The current data implies JCP ! 0.035 sin δ, where
we have used the 3σ ranges of sin2 θ12, sin2 θ23 and sin2 θ13 given in Table 14.1. For the
best fit values of sin2 θ12, sin2 θ23, sin2 θ13 and δ we find in the case of ∆m2

31(2) > 0

(∆m2
31(2) < 0): JCP

∼= 0.0327 sin δ ∼= − 0.0291 (JCP
∼= 0.0327 sin δ ∼= − 0.0276). Thus, if

the indication that δ ∼= 3π/2 is confirmed by future more precise data, the CP violation
effects in neutrino oscillations would be relatively large.

If the neutrinos with definite masses νi, i = 1, 2, 3, are Majorana particles, the
3-neutrino mixing matrix contains two additional Majorana CPV phases [48]. However,
the flavour neutrino oscillation probabilities P (νl → νl′) and P (ν̄l → ν̄l′), l, l′ = e, µ, τ ,
do not depend on the Majorana phases [48,65]. The Majorana phases can play
important role, e.g., in |∆L| = 2 processes like neutrinoless double beta ((ββ)0ν -) decay
(A, Z) → (A, Z + 2) + e− + e−, L being the total lepton charge, in which the Majorana
nature of massive neutrinos νi manifests itself (see, e.g., Refs. [46,66]) . Our interest in
the CPV phases present in the neutrino mixing matrix is stimulated also by the intriguing
possibility that the Dirac phase and/or the Majorana phases in UPMNS can provide
the CP violation necessary for the generation of the observed baryon asymmetry of the
Universe [67,68].

As we have indicated, the existing data do not allow one to determine the sign of
∆m2

31(2). In the case of 3-neutrino mixing, the two possible signs of ∆m2
31(2) correspond

to two types of neutrino mass spectrum. In the widely used conventions of numbering the
neutrinos with definite mass in the two cases, the two spectra read:

– i) spectrum with normal ordering (NO):

m1 < m2 < m3, ∆m2
31 = ∆m2

A > 0,

∆m2
21 ≡ ∆m2

⊙ > 0, m2(3) = (m2
1 + ∆m2

21(31))
1
2 . (14.11)

– ii) spectrum with inverted ordering (IO):

m3 < m1 < m2, ∆m2
32 = ∆m2

A < 0, ∆m2
21 ≡ ∆m2

⊙ > 0,

m2 = (m2
3 + ∆m2

23)
1
2 , m1 = (m2

3 + ∆m2
23 − ∆m2

21)
1
2 . (14.12)

Depending on the values of the lightest neutrino mass [69], min(mj), the neutrino mass
spectrum can also be:

– Normal Hierarchical (NH):

m1 ≪ m2 < m3, m2
∼= (∆m2

21)
1
2 ∼= 0.0086 eV,

m3
∼= |∆m2

31|
1
2 ∼= 0.0504 eV; or (14.13)

– Inverted Hierarchical (IH):

m3 ≪ m1 < m2, m1,2
∼= |∆m2

32|
1
2 ∼= 0.0500 eV; or (14.14)

October 6, 2016 11:02

JCP~3x10-5 (quark)

CPV through δ may be sufficient source for the 
matter dominant universe

[Nucl. Phys. B774 (2007) 1 etc.]

• CP violation(CPV) is one of the 3 Sakharov’s conditions to 
create the matter dominant universe 

• The size of CPV (JCP) in neutrino oscillation can be three order 
of magnitudes larger than one of the quark

 8



Long baseline experiments with J-PARC

3

T2K (Tokai to Kamioka)  experiment

� High intensity �� beam from J-PARC MR to Super-Kamiokande @ 
295km

� Discovery of �e appearance � Determine �13
� Last unknown mixing angle
� Open possibility to explore CPV in lepton sector

� Precise meas. of �� disappearance � �23, �m23
2

� Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse 


	� ��� � prob.  in term odd CP sin�12~0.5, sin�23~0.7, 
sin���<0.2)

High intensity  
ν beam

Large size Water 
Cherenkov detector

Hyper-Kamiokande

Prob.(⌫µ ! ⌫e) Prob.(⌫̄µ ! ⌫̄e)

same?

T2K → T2K-II → Hyper-Kamiokande
(2010~) (2027~)

Intermediate detector

 9



T2K collaboration

International collaboration 
(as of 2019 Jan. : ~500 members, 68 institutes, 12 countries)

Recently, CERN neutrino group has joined ! 10



J-PARC & Neutrino beam-line
Linac

25Hz,330m
H- 400MeV, 50mA

3GeV Synchrotron 
(RCS)

25Hz, 350m,
1MW

30GeV MR
0.3Hz, 1.6km,

485kW(present) 
→ 1.3MW

Neutrino beam-line 
& Near detector

Material/Life 
Science Facility

Hadron Experimental 
Facility

500m
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Contribution from INR!



J-PARC neutrino facility
Producing a high intensity neutrino beam

 12



10 year anniversary this week!

• First beam to J-PARC beamline was delivered on  
April 23, 2009

 13

T2K beamline started operation!

12

Muon monitor signal 
for the first shot



Near Detectors
ND280 @ Off-axis

ν

INGRID @ On-axis

10m

νbeam direction,  
intensity measurement

0.2T UA1 magnet

3.5m

7m
ν flux, 
ν interaction  
measurement

FGD1

TPC1 TPC2 TPC3

FGD2
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• FGD 
- scintillator bars target 
(water target in FGD2) 

• TPC 
- momentum,  
dE/dx measurement 



Cooperation with Russia/INR

 15

Baby-MIND/ 
WAGASCI 
detectors

SMRD detector for ND280

SuperFGD for 
ND280 upgrade

T2K near neutrino  
detector ND280 

3 

Q 

M.Yokoyama and Y.Kudenko 

   First 192x192 cube sheet   

13



Far detector (Super-K)
•50kton water Cherenkov detector 

•ID: ~11,000  x20inch PMTs

•Good e-like/μ-like separation 

•4π acceptance

•Refurbishment in summer 2018 for Gd loading 
(planned in 2019-2020)

 16



Super-K refurbishment in 2018

 17

Operation resumed in Jan. 2019  (SK-V)
No water leakage observed  

after refurbishment

Gd loading scheduled
in the beginning of 2020



Total	accumulated	POT	for	Physics	all	runs

6/1/18 Beam	group	meeting 10

23	Jan.	2010	– 31	May	2018
POT	total:	 3.16362e+21	(power	max	497.27	kW)

nu-mode	 1.51309e+21	(47.8278%)
nubar-mode 1.65053e+21	(52.1722%)

Total	accumulated	POT	for	Physics	all	runs

6/1/18 Beam	group	meeting 10

23	Jan.	2010	– 31	May	2018
POT	total:	 3.16362e+21	(power	max	497.27	kW)

nu-mode	 1.51309e+21	(47.8278%)
nubar-mode 1.65053e+21	(52.1722%)

Accumulated POT and beam power
(POT=protons on target)

Accumulated 15.1x1020 POT for neutrino mode and  
16.5 x 1020 POT for anti-neutrino mode 

(total POT corresponds to 40% of the T2K approved POT)
 18



Latest results
Results with all the data collected in the 2010~2018 period (9years)

 19

Obs.
Expectation

δ=-π/2 δ=π δ=π/2 δ=0
90 81.4 68.6 55.5 68.3
15 17.1 19.3 21.7 19.4

νµ→νecandidates

CPCCPV CPC CPV

Indication of neutrino 
CP violation ? 

Need more data 
for confirmation

CP conserving values (δ=0, π) 
are excluded with 2σ level

νµ→νecandidates



Toward discovery of CPV, we plan to accumulate more data up 
to 2x1022 POT by 2027 (J-PARC E65 [T2K-II])

>3σ CPV sensitivity

J-PARC PAC stage-1 status

T2K-II

Beam power upgrade to 1.3MW 

Near detector upgrade to 
reduce the total systematic error 
down from 6% to ~4%

 20



Beam power upgrade to 1.3MW

Beam power improvement plan
Increase the MR beam power up to 1.3MW 
• Power ∝ 30GeV x # of protons x 1/Trep. 

• Upgrade MR for both shortening the  
repetition time (Trep.) and increasing  
the number of protons per pulse 

Improve the neutrino beam-line  
• Modest improvement to realize 1.3MW operation 

Increase the effective statistics (x1.5)  

• Horn current increase (250kA → 320kA) and data analysis 
improvement 

Achieved Target
Beam 
power 
[MW]

0.425 1.3

# of 
protons 
per pulse

2.2 x 
1014

3.2 x 
1014

Rep. 
Time 
[sec]

2.48 1.16

12

Shorten rep. rate + higher protons/pulse   
by upgrading  
    - Main Power Supply  [Funding started]  
    - RF 
    - Beam dump etc. 

 21



PAC　Jan./16/2019Test result

0.65 s 0.5 s2 s

AC 電流

一応,立上げ+立下げ+待受 = 1.29秒

~1 ms(0.1π)のずれ

✦定格電流出力確認 (1580 A @ F.T., 150 A @ F.B.) : done’

✦ 1.3 sec 以下のサイクルでの運転(立上げ/立下げ時間を短くする) :  yet

!3

�16

Test result of new magnet PS
Design output current (1580A@F.T, 150A@F.B) : confirmed.
Rising Time + Falling T. + Waiting T. = 1.29 s : confirmed. 
(Flat Top (FT) period is variable (0~5 s). Now FT is fixed to 2 s as 
same as SX)

‣ New power supply 
- Commissioning w/ an actual BM3 
magnet was successfully performed 
→1.29 sec cycle was  confirmed 

‣ RF upgrade 
- New 2nd harmonic RF system for 
1.32s operation was assembled

New Power Supplies being constructed
Capacitor Banks for BM3

BM3_A BM3_B
BM3_C

Choppers
+

Output filters

New PS for BM3

• A new power supply was designed 
with capacitor banks for the cycle of 
1.3 s.

• The power supply for the BM3 family 
was constructed and installed at D4.

• It has been tested with the BM3 family.

7

Main Ring status

 22



Upgrade plan of MR 

① Magnet PS upgrade
2.48 à 1.3 s cycle

② 2nd harmonic RF 
cavities 

③ RF system upgrade

④ 1.3 à 1.16 s cycle

19 23



J-PARC neutrino facility
Producing a high intensity neutrino beam

 24



Neutrino beamline upgrade toward 1.3MW

- Increasing cooling capability for the heat generated by 
beam (higher beam power)  
   :  Horn, Target, He vessel etc.

- Accepting high repetition rate (~1Hz) beam  
   :  Horn, DAQ 

- Increasing capability of radio-active waste  
   :  Radio-active water disposal capacity  

- Realizing safe and stable operation  
   :  Interlock, beam monitor,  

       primary beamline etc.
 25

Inaccessible part (decay volume, beam dump, etc) 
were designed and built for multi-MW



Horn upgrade

• Plan to upgrade the horn electric system to realize 1.16s repetition and 
higher current (present 250kA → 320kA)

- 320kA is also beneficial to 
reduce wrong sign flux 

- One horn - one power 
supply - one pulse-
transformer configuration

 26
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Table 10: Upgrade scenarios for 1.3 MW target

Figure 53: Velocity flow lines in current T2K target geometry operating at 5 bar outlet pressure and
1.3 MW beam power.

3.2.4 Upgrade to 1.3 MW1422

Incremental developments to the target design are planned to enable it to operate at higher1423

beam power, which will require higher helium pressure and result in higher temperature1424

gradients. Tab. 10 shows the target pressure drop and operating temperature under a range1425

of conditions. The top line of the table is the current design for 750 kW. It is shown that1426

with a mass flow rate of 60 g/s the target core temperature is nominally the same (⇠50 �C)1427

as the current design. Therefore oxidation of the graphite should be about the same as the1428

current target if O2 levels in the helium are similar. The table also shows how increasing the1429

system pressure reduces the pressure drop and maximum velocity in the target. Keeping1430

the pressure drop down is an important consideration for the helium compressors physical1431

size and power requirements.1432

If the target outlet pressure is increased from 0.9 bar to 5 bar then it is possible to1433

double the helium coolant mass flow rate without a significant increase in overall pressure1434

drop. This means that in principle the existing target design may be able to dissipate the1435

heat load deposited by a 1.3 MW beam. A velocity vector plot of a CFD simulation of1436

this case is shown in Fig. 53. The objective will be to maximise the material safety factors1437

in order to maximise target lifetime. New components and manufacturing methods will1438

be prototyped and tested before the detailed design of the upgrade is completed and QA1439

procedures developed.1440

The elevated heat load also generates an increase in thermal gradients in the graphite,1441

as shown in Fig. 54 for the casey where the thermal conductivity of the Toyo Tonso IG-431442

graphite is reduced by a factor of 4 in line with radiation damage data for fast neutrons (for1443

IG-110, similar to IG-430).1444

52

Proton beam monitor upgrade
• New beam monitors which are more robust and cause less beam 
loss are under development 

• Ti-wire secondary emmission monitor (SEM) 
• 10 times less material in the beam compared  
to the foils-based SEM which presently used  
in the beam-line  → 10x less beam loss 

• Beam induced florescence monitor 
• Measure proton beam profile by fluorescence 
light induced by proton beam interactions  
with gas in the beam-line 

• Continuously and non-destructive monitor  
proton beam profile 

J-PARC Profile Monitor Upgrade R&D
• Towards higher beam power, need:

• Monitors that are more robust
• Cause less beam loss

• Segmented Secondary Emission Monitor
(SSEM) used to monitor beam profile during
beam-tuning (destructive monitor)

• 3 5-µm-thick Ti foils
! Each monitor causes 0.005% beam loss

• Now working on 2 new beam profile
monitors:

1 More robust SEM using wires rather than
foils ! ⇠10x less material in the beam =
⇠10x less beam loss

2 Beam Induced Florescence Monitor
• Measure proton beam profile by beam

interactions with gas injected into the

beamline

• Non-destructive, continuous monitoring

New Ti Wire SEM:

Beam Induced
Fluorescence Monitor

Schematic:

(NIMA 492 (2002) 74-90)

22 / 31
23

Upgrade for 
1Hz rep.

Reinforcing cooling 
capability (target, horn etc.)

Improvement of maintenance scheme and  
New beam profile monitor R&D

- Design and production of new target and horns 
with reinforcing cooling capability 

- Fast DAQ for 1Hz operation w/ newly 
developed network-based ADC modules 

- Upgrade of beam monitors  

We are proceeding necessary R&D on 
high beam power facility with 

international and domestic cooperation



Near Detector upgrade

T2K Upgrades for T2K and Beyond
• SK refurbishment in preparation for SK-Gd completed last month !

• Gd loading to capture thermal neutrons – tag ⌫̄e
• Tentatively plan to add 0.01% Gd in 2019/2020, load to 0.1% later

• J-PARC neutrino beamline upgrades
• Upgrades to the neutrino beamline necessary to accommodate MW+

power J-PARC proton beam
• + Others to improve T2K data quality

• ND280 upgrades
• Reduce ND systematics to <4%

• Improve acceptance for high-angle and backwards tracks

• Beamline and ND280 upgrades to be completed by 2021

12 / 13

Replacing part of ND280 with new detectors to enhance capability

• TDR submitted to PAC and reviewed 
(J-PARC & CERN)

• Strong collaboration of experts from 
Europe (incl. CERN), Japan and USA

• will be approved as CERN NP07 

Aiming installation in 2021
 28



Expected performances of upgraded ND280
•  Selection of CC-νµ  events: compare ND280 current vs upgraded

•  νµ interactions in FGD / SuperFGD —> muon detected in TPC or ECAL

 10

Current Upgrade

1021 protons on target (POT)
• Upgrade: factor x2 higher statistics

• Sensible statistics for wrong-sign 
background —> very important to 
search for CP violation (not-magnetized 
far detector)

Near Detector upgrade
• Large angle acceptance 
will be improved  

• High granularity can 
improve vertex 
reconstruction efficiency

28T2K	ND280	upgrade	workshop,	25-26	July	2018

SuperFGD @ CERN T9 HA-TPC @ CERN T9

検出器全体 - 検出器設計、試作機開発とビーム試験 - 

・小型試作機を開発し、ビーム試験で性能を実証 
・検出器主要部の構造/寸法/配置の基本設計が完了 
　→ 確定に向けては、細部にまだ多くの課題

ToF @ CERN T10
e+

γ

e+

e-

Positron, 1 GeV, B = 0.2T

 /118

東北大学電子光理学研究センター(ELPH)
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使用実験室： GeV gamma 照射室
日時： 2018年11月13日-15日 (12時間×3 = 36時間)
ビーム：
• 陽電子(,-)
• 運動量: ~500 MeV/c
• ビームの広がり: /0 = /2 = 7 mm
• ON/OFF サイクル: 10 s/18 s or 10 s/6 s
• ビームレート: 2.7 kHz

• DAQにより制限されたレート: 〜400 Hz

氏名 所属 職名

岩本康之介 東京大学 研究員

藤田亮 東京大学 修士2年

松下昂平 東京大学 修士1年

松原綱之 KEK 助教

木河達也 京都大学 助教

栗林宗一郎 京都大学 修士1年

粟田口唯人 首都大東京 修士1年

在原拓司 首都大東京 学部4年

参加者一同

#oÃÆÈ»ÆÏ

77

表面実装MPPC基板(5x5Ch)
表面実装MPPC

(13360-1325PE)

プラスチックレイヤー

波長変換ファイバー
+

ファイバーコネクタ

Test beams for prototypes of 
SuperFGD, TPC, TOF are conducted

Forward dir. acceptance Larger angle 
acceptance

 29



SuperFGD

• Full image of 2D projection × 3 
directions

• Low threshold without weak 
direction

 30

proton

Muon

4-5 cm

=

~500 MeV/c

FGD

2-3 cm=

~300 MeV/c

Super-FGD

1 cm 1 cm

Same event with FGD

   First 192x192 cube sheet   

13

Conveners: M.Yokoyama and Y.Kudenko

@INR



Beyond SK/T2K:
The Next Generation

 31

Kamiokande
(1983-1996)

Super-Kamiokande
(1996-)

Hyper-Kamiokande
(2027-)

3kton 50kton 260kton
20% coverage

with 50cm PMT
40% coverage

with 50cm PMT
40% coverage

with high-QE 50cm PMT

Nucleon Decay Experiment
Neutrino Detection Experiment



Broad science program with Hyper-K
• Neutrino oscillation physics
• Comprehensive study with  

beam and atmospheric neutrinos
• Search for nucleon decay 
• Possible discovery with ~×10 better 

sensitivity than Super-K
• Neutrino astrophysics

• Precision measurements of solar ν
• High statistics measurements of SN burst ν
• Detection and study of relic SN neutrinos

• Geophysics (neutrino oscillography of interior 
of the Earth)

• Maybe more (unexpected)

 32

~3.5MeV ~20 ~100MeV ~1GeV TeV
SolarSupern

ova

Acce
lera

tor

Proton deca
y

DM sea
rch

Atmospheric

MeV to TeV with 
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Long baseline exp. with HK
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• J-PARC beam (1.3MW), near and intermediate 
detectors, and Hyper-Kamiokande

• Same beamline and far detector technique

• Expertise with T2K will be directly applicable



Expected events at HK
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Expected sensitivity: CP violation
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Summary & Outlook

•With data collected so far, T2K reported an indication 
of large CPV in neutrino oscillation

• J-PARC and neutrino beamline stably operated with 
~500kW

•We plan to upgrade accelerator, beamline and near 
detectors aiming to detect neutrino CPV with 3σ 
sensitivity

•With Hyper-K, we will study CPV in more detail

• Your participation are highly welcome !!
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