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Long baseline neutrino oscillation 
experiment in Japan
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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
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� Really maximum mixing? Any symmetry? Anytihng unexpected?
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The main physics motivations at present is
CP violation in neutrino oscillation

Goal of the extension T2K 
• T2K collaboration proposed the extension of run to search for the CP violation 
with 3σ sensitivity. (J-PARC E65) 

• To accumulate 2×1022 POT within 10 year, the beam power upgrade is planed. 
• The upgraded neutrino beam will be used for the future long-baseline 
experiment with the proposed Hyper-K detector.
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400 MeV LINAC

Hyper-K  
(J-PARC P58)

→ hint for the origin of matter dominate universe 

Prob.(⌫µ ! ⌫e)

Prob.(⌫̄µ ! ⌫̄e)

same?
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J-PARC neutrino facility

• ~485kW stable operation
• 519kW (single shot) beam extraction to ν beamline 

was successfully performed with no major issues 
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T2K Run 1-9 Preliminary

Confidence interval on δCP 

Excluded CP conservation  
(sinδCP = 0) at 2σ level 

2σ ranges 
・Normal：[-2.97, -0.63] rad 
・Inverted：[-1.80, -0.98] rad 

Best-fit values 
・Normal：-1.885 rad 
・Inverted：-1.382 rad

“More data” is necessary for better precision 
“Reduction of systematic error” is also important 

w/ reactor θ13  
constraint

Confidence 
interval of 2σ

 /308

Latest result shows 90 (15) observed events for the ν mode (ν mode)  
w.r.t. predicted events of roughly ~68 (~19) in case of CP conservation T2K and T2K-II

T2K indicates CP violation in 
neutrino oscillation with 3.16 x 1021 
protons on target (POT) data 
(~2018) 

Toward a discovery of CPV, we plan 
to accumulate more data up to 
2x1022 POT by 2027 (T2K-II)

Toward >3σ CPV sensitivity, we plan 
✴Upgrade of beam power 0.5MW → 1.3MW 

✴Upgrade of near neutrino detector to reduce systematic error  

✴Flux error reduction w/ hadron production measurements
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CPV search with Hyper-K 
• Discovery (5σ) of CPV is highly expected! 

5

Both beam power upgrade and reduction of syst. error are also 
crucial for Hyper-K

• 260kt Water Cherenkov
• 186 kt fiducual : 8x Super-K
• high-QE PD w/ 40%  ( 2x Super-K)

Hyper-K detector

• 1.3 MW n-beam
• Upgraded ND/IWCD Aim to start 

construction in 
2020 and start 
operation in 202768m

71m



Cooperation between CERN and neutrino 
experiments in Japan

Top View
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Beamline upgrade toward 1.3MW
‣ Increasing cooling capability for the heat 

generated by beam  

‣ Accepting high repetition rate(~1Hz) beam  

‣ Increasing capability of radio-active waste  

‣ Realizing safe and stable operation 

7

+30%

~1/2

~x3

https://indico.cern.ch/event/847104/

Upgrade works in progress w/ 
international and domestic collaboration

Workshop for CERN/J-PARC-
KEK collaboration on high 
intensity accelerator/beamline 
was held on 2019.Oct. @CERN



T2K Magnetic Horn 5

Horn2 Horn3Horn1

• Horns consists of aluminum alloy (A6061-T6) conductors 
• Inner conductor : 3mm-thick 
• Outer conductor : 10mm-thick 

• Conductors designed to survive 320 kA pulsed current

• He-gas cooled graphite target installed in 
TS-DV-BD He vessel with horns and a 
baffle (graphite collimator).

Target & Helium Vessel
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proton  
 beam

He circ. system 
for target

• He circ. systems. 
• Beam window: ~10Nm3/h 
• Target:          ~660Nm3/h 
• He vessel: ~1500Nm3/h

CHARM Irradiation Room

Oct 11, 2019 P. Fernández-Martínez – CERN/JPARC-KEK workshop 16

PRIMARY PROTONS 
IMPINGE ON THE 

TARGET

A SECONDARY 
RADIATION FIELD IS 

CREATED

THREE KEY ELEMENTS

1) Target

2) Movable Shielding

3) Position
Conveyer
Montrac

Iron
Concrete

Metal

With 40 Gy/day it is possible to achieve 200 Gy in 1 week 
(typical qualification limit for TID)

Top View

CHARM Irradiation Room

Oct 11, 2019 P. Fernández-Martínez – CERN/JPARC-KEK workshop 16

PRIMARY PROTONS 
IMPINGE ON THE 

TARGET

A SECONDARY 
RADIATION FIELD IS 

CREATED

THREE KEY ELEMENTS

1) Target

2) Movable Shielding

3) Position
Conveyer
Montrac

Iron
Concrete

Metal

With 40 Gy/day it is possible to achieve 200 Gy in 1 week 
(typical qualification limit for TID)

Top View
Common technical challenges toward high intensity facility

� ��

CERN Beam Dump Facility
Target Station Design

J-PARC Neutrino Facility 
Target Station

New cooperation w/ CERN for these items to realize high beam 
power facilities is under discussion w/ relevant people

Horn magnet R&D R&D, know-how exchange on radiation safety protection
(e.g. Tritium handling in the water, air)

Remote maintenance 
scheme

Radiation effects on the electronics

Beam Induced Fluorescence (BIF) Monitor
• Uses fluorescence induced by proton
beam interactions with gas injected into
the beamline

• Protons hit gas (i.e. N2) inside the
beam pipe

• Gas molecules are excited or ionized by
interaction with protons, then fluoresce
during de-excitation

• Continuously and non-destructively
monitor proton beam profile

• 5 ✓ 10�8% beam loss for 1m of gas at
10�2Pa

• ⇥ 10�5x less beam loss than 1 SSEM
• Monitor development ongoing – collaboration between KEK,
IPMU/TRIUMF, Okayama Univ.

M. Friend et al., Proceedings of IBIC2016, WEPG66, 2016
S. Cao et al., Proceedings of IBIC2018, WEPC08, 2018

S. Cao et al., Proceedings of IBIC2019, 2019
13 / 23

Beam monitors for 
high intensity beam



RaDIATE Collaboration Activities

RaDIATE (Radiation Damage In Accelerator Target Environment) 
international collaboration is organizing high-intensity proton irradiation 
experiment at BNL-BLIP facility

Test specimens provided by participating accelerator labs.
Post-Irradiation Examination (PIE) being conducted at participating 
reactor/fusion energy research institutions with hot-cell facilities

Collaboration is also conducting an in-beam thermal shock destructive 
inspection at CERN’s HiRadMat facility

Including irradiated/damaged specimens at BLIP (BeGrid2)
Beam exposure completed in 2018, shipment / PIE in preparation 

Brookhaven Linac
Isotope Producer

Medical 
Isotope

(slides courtesy fo T.Ishida)



CERN-JPARC Cooperation: Amendment No.2
Cooperation in the Development of 
Proton Accelerators, since 2009
Expand the cooperation to the fields 
of high-intensity accelerator target 
facilities and relevant technologies 
At J-PARC:

Developments for novel target materials 
(Highly-ductile tungsten for SNS/muon 
target, SiC composite for muon/neutrino 
target …)
Upgrade of MR FX abort dump
Experience on target facility operation 

At CERN 
Various needs on TCD materials   
Thermal shock study at HiRadMat facility 
New target facility design (CENF/BDF) In effect on 29 July 2019

N.Saito
Director

T.Koseki
Vice Dir.

M. Futakawa
Vice Dir.

F.Bordry
AT Director



Hadron production
• Thanks to NA61/SHINE experiment, T2K flux 

prediction with ~5% uncertainty was 
achieved with replica target data 

• For T2K-II and HK, total flux uncertainty down 
to 3~4% is desired  

• We proposed new measurements to achieve 
this goal → Addendum of NA61/SHINE was 
submitted to SPSC 

CERN-SPSC-2018-008, SPSC-P-330-ADD-10 (2018)

Possibilities for (Very) Low Energy beams
at CERN North Area

N. Charitonidis (CERN, EN-EA)

Investigating a possibility to build 
a tertiary beam line in order to 
perform a low momentum 
interaction measurement 11

NA61	measurements	for	T2K	
•  Hadron	produc=on	experiment,	momentum	
measurement	with	TPCs	in	superconduc=ng	magnets,	
PID	with	dE/dx	(Bethe-Bloch)	and	=me	of	flight.	
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setup is suitable for measuring hadron yields on the T2K replica target surface, although the target is placed
outside of the tracking system.

2 NA61/SHINE experimental setup

The NA61/SHINE setup during the T2K replica target data-taking in 2010 consisted of five Time Projection
Chambers (TPCs), three Time-of-Flight walls (ToF-F, ToF-L and ToF-R), three Beam Position Detectors
(BPD-1, BPD-2, BPD-3), a 90-cm-long graphite target, five scintillator counters and two Cherenkov
detectors. Two of the vertex TPCs (VTPC-1 and VTPC-2) are inside the magnetic field created by two
superconducting magnets. For the study presented here the magnetic field of the dipole magnets was set to
a bending power of 1.14 T m (standard magnetic field), while a small subset of data was also taken with the
full magnetic field of 9 T m. A schematic overview of the setup is presented in Figure 1. More details can
be found in Ref. [1]. The coordinate system is defined as follows: the z-axis is in the nominal direction of
the beam, the x-axis in the horizontal plane is such that positively charged particles are bent in the positive
x-direction, and the y-axis is perpendicular to the horizontal plane and points upward. The origin is located
in the centre of the VTPC-2.

Figure 1: A top view of the NA61/SHINE experimental setup used in 2010 for the T2K replica target data-taking.
The beam comes from the left. The orientation of the coordinate system is shown in the bottom left corner, while its
origin is located at the centre of VTPC-2.

2.1 Beamline

The NA61/SHINE spectrometer [1] is served by the so-called H2 beamline at the north area of the SPS. The
beamline is designed to transport both primary and secondary hadrons and ions from the maximum SPS
energy (400 GeV/c) down to 13AGeV/c. Secondary hadron beams of various momenta are produced by
impinging a primary 400 GeV/c proton beam on a beryllium target. Produced hadrons are selected by two
spectrometers and a set of collimators according to their rigidity (momentum to charge ratio). The secondary
beam is then transported towards NA61/SHINE. The beam is defined by three scintillator counters used in
coincidence (S1, S2 and S3) and two scintillator counters with holes used in anticoincidence (V0 and V

p

1 ).
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Beam	 Target	 Year	 Stat	(106)	 Outgoing	PID	 Usage	at	T2K	

protons	at	
31	GeV/c	

Thin	
(2cm)	

2007	 0.7	 π±, K±, K0
S, Λ past	

2009	 5.4	 π±, K±, p, K0
S, Λ in	use	

T2K	
replica	
(90cm)	

2007	 0.2	 π±

2009	 2.8	 π± almost	ready	

2010	 10.	 π±, K±, p this	work	

CHAPTER 2. EXPERIMENTS 29
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Figure 2.8: Left: The location of the NA61 experiment in the CERN accelerator com-
plex (not to scale, adapted from [28]). Right: The NA61 detector layout with trigger
configuration for the 2010 data taking with the T2K replica target [29].

Analysis of p + T2K replica target data
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Figure 5.13: Energy loss distribution vs. log(p) for the data. The left panel shows the distribu-
tion of the negatively charged tracks and the right panel shows the distribution of the positively
charged tracks. Energy loss parameterization is overlaid on top of the distributions.

relation 5.7 by assuming that a single Gaussian is su�cient for describing the dE/dx distribution
in a single phase space bin:
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Figure 5.14: Distribution of a number of clusters for selected tracks (a) and energy loss resolution
with respect to the number of clusters. Resolution saturates around 0.03 for tracks with the
large number of clusters. Clusters in the GTPC are not included since energy loss measurement
is not performed in the GTPC.

Tracks with the low number of clusters may create tails in the dE/dx distribution for a given
phase space bin. The possibility of the bias is investigated in subsection 5.5.6.
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Analysis of p + T2K replica target data

 p < 4.95 GeV/c≤ < 80 mrad, 4.22 θ ≤ z < 54 cm, 60 ≤36 
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Figure 5.15: Example of the particle identification fit for the positively charged tracks. The top
left panel shows m2

tof ≠ dE/dx distribution, the top right panel shows a projection to the m2
tof

axis, the bottom right panel shows a projection to the dE/dx axis and the bottom left panel
shows a number of extracted particles.

5.3.3.1 Initialization of the parameters

Because of a large number of parameters, it is important to set the initial values and ranges
of the parameters properly. The mean value of the energy loss is taken from the calibrated
dE/dx parametrization (see figure 5.13). The allowed range for the mean value of the energy
loss varies depending on the particle species. For pions, it is set to ±10%, while for the protons
and electrons/positrons it is ±8%. In case of kaons, the range is set to only ±5%. This is
because kaons are under the proton peak in the energy loss distribution and under the pion
peak in the tof mass squared distribution for the momenta larger than 2GeV/c. This makes K+

yields di�cult to extract with great precision. The width of the dE/dx distribution is estimated
to be 0.04µ–

i for all particle species, and the range is set to ±35% of the value, to account for
the possible variations in the number of clusters per track.

Mean values for the squared tof mass are taken from the figure 4.17a. Ranges for elec-
trons/positrons and pions are set to ±100% because of the very small absolute values of the
masses (for example, m2

fi = 0.019GeV2/c4). Ranges for kaons and protons are set to ±50% and
±30% respectively. Widths of the tof mass squared distributions which are momentum depen-
dent are also taken from the calibration (see figure 4.17b), while the ranges are set to ±35% for
all particle species. Since there are two tof widths for each particle species, first one is evaluated
at the low momentum border of the phase space bin, while the second one is evaluated at the
high momentum border. Fraction ÷ is set to value 0.7 and allowed to change from zero to one
for momenta below 8GeV/c and fixed to one above the defined threshold.
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 p 

π eK 

Figure 2.9: Left: ionization loss curves for negatively (positively) charged particles on
left (right) half. Right: By combining with m2 information from the TOF measurement,
one can clearly separate p, K+, π+ and e+. Both figures taken from [30].

points at low material budget, and is important for MTPC tracks that do not leave a track
inside the VTPCs. Finally, time-of-flight (TOF) walls at the end of the beamline provide
independent information for particle ID in the crossover regions of dE/dx Bethe-Bloch
curves (Fig. 2.9). NA61 performs measurements using various incident beams (charged
mesons, protons and ions) and targets, mainly to study hadron physics and to provide
valuable inputs for the Monte Carlo simulation of the hadronic processes involved in
producing neutrino beams, as well as cosmic showers.
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Figure 60: The total uncertainties evaluated on the SK flux prediction constrained with a
combination of 2009 replica-target and thin-target data data. The uncertainty on the previous
flux prediction based purely on thin-target measurements is labelled by the dashed line. The
crucial improvement is achieved at the T2K flux peak (⇠ 600 MeV) in the ⌫µ (⌫̄µ) flux in
(anti)neutrino mode.
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T2K Preliminary

Replica tuning with 2009 data (π ±)

Achieve 5-8% uncertainty near the flux peak 
from reduced interaction length uncertainty.

next T2K results

in development
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Figure 56: The hadronic interaction modelling portion of uncertainties evaluated on the SK flux
prediction constrained with a combination of 2009 replica-target and thin-target data (replica
tuning for exiting pions + thin tuning for all other exiting particles and out-of-target interac-
tions). The uncertainty on the previous flux prediction based purely on thin-target measure-
ments is labelled by the dashed line. The crucial improvement is achieved at the T2K flux peak
(⇠ 600 MeV) in the ⌫µ (⌫̄µ) flux in (anti)neutrino mode.
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T2K Preliminary

For interactions that do not receive tuning weights 
from replica or thin tuning (“unconstrained 
interactions”), assign multiplicity uncertainty in 
xF,pT space motivated by MC-MC comparisons.

Uncertainties on 
hadron 

interactions



ND280 Upgrade

12
Approved as Neutrino Platform project NP07 in March 2019

Replacing part of ND280 with new detectors in 2021 
for better understanding of neutrino-nucleus interaction

CERN EP-NU has been member of project since Jan 2018

Two new High-Angle TPCs

TOF planes  
all around

Scintillator  cube

WLS fibers

A highly segmented  
scintillator detector (SuperFGD)

(slides courtesy fo M.Yokoyama)



ND280 Upgrade (NP07)

13

G.Collazuol - Status

Prototype Test at CERN

Summary slides by Thorsten 2019.08.31

Test beams for prototypes of  
SuperFGD, TPC, TOF  
in summer 2018

HA-TPC prototype test 
Development of gas system 

and resistive micromegas

Mockup “mini-basket”  
for TOF plane assembly 
and test integration of  
sub-detectors

Meetings ~3 times / year at CERN

SuperFGD mechanics  
and calibration

TOF assembly @EHN1

Software and analysis development

CERN has been playing key roles in almost all aspects of the project



Beam Test at CERN for IWCD and Multi-PMT

Beam test at CERN with 3-4m scale detector

New photo-sensor (Multi-PMT) for HK and IWCD

IWCD: Intermediate 
Water Cherenkov 
Detector for HK

(slides courtesy fo M.Ishitsuka)14



Hyper-Kamiokande

Possible collaboration with CERN on HyperK Project
• Electronics and DAQ system

1. Technical helps from experts in designing the front-end 
electronics modules, HV system and timing synchronization 
system. Same technologies are extensively used in the 
accelerator experiments.

2. Technical helps from experts in designing the special water-
tight pressure tolerant cables, connectors and enclosures. 
Especially, mechanical engineering supports are anticipated.

3. Participation to the technical reviews of the electronics and 
DAQ system.



Summary
• T2K indicates CP violation in neutrino oscillation. We 

aim to discover the CP violation in T2K-II (Upgrade of J-
PARC neutrino beamline and Near detector) and HK  

• Essential cooperation between CERN and Japan on 
T2K beam and ND280 so far 

• Many collaboration works with CERN are in progress 
and expected for T2K-II and HK 



backup



HiRadMat Workshop July 2019 @ CERN

75 peoples from 20 institutions
From J-PARC

Masatoshi Futakawa (Vice Director, SNS/ADS)
T.Nakadaira (Neutrino Section Leader) 
S.Makimura, Shin-ichiro Meigo, T.Ishida

https://indico.cern.ch/event/767689/
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Fabrication of Highly-
Ductile Tungsten
TFGR W-TiC

PSB 10kW Beam Dump:
air-cooled CuCrZr core Fast-Extraction Dump upgrade 7.5à 30kW

NITE 
SiC/SiC 
Composite

Materials highly
Irradiated at BNL
assembled at PNNL

Thermal Shock Studies: PROTAD

TDICoat



•1kilo-ton water Cherenkov detector located at 1-2km from the neutrino 
target and its position can be moved up/down to make measurements 
at different off-axis angle

THE E61 EXPERIMENT

3

~1 km baseline
Phase-1
1-4º off-
axis angle

➤ E61 is proposed as an intermediate detector for Hyper-K and the later part 
T2K experiment 

➤ 1 kilo-ton scale water Cherenkov detector located ~1 km from the neutrino 
source 

➤ Position of instrumented part of the detector can be moved in ~50 m shaft 
to make measurements at different off-axis angles 

➤ Measurements to address uncertainties on neutrino-nucleus scattering 
modeling for Hyper-K

WHY OFF-AXIS ANGLE SPANNING

4

1˚

2.5˚

4˚

ν Beam

Take advantage of pion decay 
kinematics to probe neutrino 
interactions as a function of 
neutrino energy

Intermediate Water Cherenkov Detector (IWCD)

1~2

PHYSICS PROGRAM

5

Measure relationship between neutrino energy 
and final state particles (inferred energy)
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Measure the electron (anti)neutrino cross 
section - important for CP violation search in 
appearance modes:

Measure neutron production in neutrino-
nucleus scattering - input to SK-Gd and HK 
physics using neutron tagging

Primary physics objectives:

20


