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Super-K

Hyper-K • 420 kW (today) 
• ~1MW (2020) 
• 1.3 MW (2025)

•   22.5     kton (Super-K, ~2026) 
• 190(×2) kton (Hyper-K, 2026~)

(ー) (ー)



Accelerator Power Plan
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Figure 1: Anticipated MR beam power and POT accumulation vs. calendar year.

in this document, including further improvements to the MR beam power, neutrino beam
line upgrades, and analysis developments to improve statistical and systematic uncertain-
ties. We then discuss the physics potential resulting from these combined developments.

2 Data accumulation Plan and Improvement of e↵ective
Statistics

Projected MR beam power and POT accumulation The MR beam power has
steadily increased since the start of the operation. In June 2015February2016, 360390 kW
beam with 1.682.0⇥1014 protons-per-pulse (ppp) every 2.48 seconds was successfully pro-
vided to the neutrino beamline. Discussions with the J-PARC Accelerator Group have
resulted in a plan to achieve the design intensity of 750 kW by reducing the repetition
cycle to 1.3 seconds. This requires an upgrade to the power supplies for the MR main
magnets, RF cavities, and some injection and extraction devices by January 2019. Stud-
ies to increase the ppp are also in progress, with 2.73 ⇥ 1014 ppp equivalent beam with
acceptable beam loss already demonstrated in a test operation with two bunches.

Based on these developments, MR beam power prospects were updated and presented
in the accelerator report at the last PAC in July 2015[12] and anticipated beam power
of 1.3 MW with 3.2⇥1014 ppp and a repetition cycle of 1.16 seconds arewere presented
at international workshops[13, 14]. A possible data accumulation scenario is shown in
Fig. 1, where 5 months of neutrino beam operation each year and realistic running time
e�ciency are assumed. We expect to accumulate 20⇥1021 POT by JFY2026 with 5 months
operation each year and by JFY2025 with 6 months operation each year as requested by
T2K.

Beamline upgrade The beam intensity in the current neutrino beam facility is limited
to 3.3 ⇥ 1014 ppp by the thermal shock induced by the beam on the target and beam
window. The MR power upgrade plan allows 1.3 MW beam operation without increasing
the ppp. However, the beamline cooling capacity for components like the target and
helium vessel is su�cient for up to 750 kW; these would need to be upgraded to accept
1.3 MW beam operation.

The T2K horns were originally designed to be operated at 320 kA current, but so far
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      nu-mode POT: 7.12×1020 (48.6%)
      nubar-mode POT: 7.53×1020 (51.4%)

18 May 2016
POT total: 1.465×1021

http://www.t2k.org/docs/plotsx/frequentlyupdated/Beam/2016-05-18/t2k_total_pot_18may2016

Today

T2K-II to Hyper-K

T2K
T2K-II Hyper-K

• J-PARC MR achieves 420 kW operation 
• MR Power Supply Upgrade is 
scheduled on 2018. [The upgrade is 
approved and the budget starts this year.] 

• After the upgrade, aims at the power of 
>1MW.

400kW



Hyper-Kamiokande 
with Upgrade of J-PARC Neutrino Beam
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• ~10×Super-K fiducial mass 
• ~2×Super-K Photon Sensitivity

Exploring many important physics questions 
• Neutrino particle-physics 
• Neutrino astro-physics 
• GUT 
• more …



Neutrino Physics in Japan
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νosc.

νastro

•Supernova ν 
•Solar ν

CP

•Atmospheric ν 
•Solar ν

•6 quark
•Atmospheric ν 
•Accelerator ν

II



Probing Neutrino CPV
• Neutrino Oscillations with CP violation 

• Weak (flavor) state ≠ Mass state 

• 3 generations ➡ Imaginary Phase in a mixing matrix 

• [Neutrino] MNS matrix ～ [Quark] CKM matrix 

• Example:  Prob.(νμ→νe) ≠　Prob.(νμ→νe) 

• Heavy Majorana Neutrino (N) if exists 

• NOT easy to access (very very difficult) 

• The decay of N  

• Prob.(N→lL+φ) ≠　Prob.(N→lL+φ) 

• Or, the oscillations of N
6



Leptogenesis and Neutrino CPV
• Saharov conditions for Baryon Asymmetry 

• [B] Baryon Number Violation 

• [CP] C and CP violation 

• [T] Interactions out of thermal equilibrium 

• Leptogenesis and Low Energy CP violation in Neutrinos 

• [B] Sphaleron process for Δ(B+L)≠0 

• [CP] Heavy Majorana Neutrino decay and/or Neutrino oscillations 

•  [Phys. Rev. D75, 083511 (2007)]  |sinθ13sinδ|>0.09 is a necessary 
condition for a successful “flavoured” leptogenesis with hierarchical heavy 
Majorana neutrinos when the CP violation required for the generation of 
the matter-antimatter asymmetry of the Universe is provided entirely by 
the Dirac CP violating phase in the neutrino mixing matrix. 

•  sinθ13～0.15 ➡　|sinδ|>0.6 
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How to measure neutrino CPV?
• Measure  P(νμ→νe)/P(νμ→νe) ≠1  

• or P(νμ→ντ)/P(νμ→ντ)≠1 because of P(νμ→νall)/
P(νμ→νall) =1 

• Or, precisely measure P(νμ→νe) with the assumption of 3 light 
neutrinos. Within the framework of 3 neutrinos, CP violation will be 
governed by the imaginary phase δCP in the neutrino mixing matrix.  

• Matter effect can mimic the genuine CP violation. The 
measurement of the matter effect is equally important to study 
neutrino CP violation. The matter effect determine the neutrino 
mass ordering.  
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What we already know

O
R

δ=?
¸
¸
¸

¹

·

¨
¨
¨

©

§
−

<
≈

7.06.04.0
7.06.04.0
21.055.08.0

MNSU

¸
¸
¸

¹

·

¨
¨
¨

©

§
≈

104.0008.0
04.097.023.0

004.023.097.0

CKMU

δ∼60o

)%90(   12
)CL%90(   845

3.14.34

13

23

12

CL°≤
°±°=

°±°=

θ
θ
θ

~7.6x10-5eV2

~7.6x10-5eV2

~2.4x10-3eV2

~2.4x10-3eV2

7



Formula of Oscillation Probability with CP violation

HKWG internal note ? 10-01

CP sensitivity study of Hyper-Kamiokande

Masashi Yokoyama

December 13, 2010
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where Cij , Sij , ∆ij are cos θij , sin θij , ∆m2
ijL/4Eν , respectively, and a[eV2] = 7.56 ×

10−5 × ρ[g/cm3] × Eν [GeV ].
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CP violating (flips sign for ν)Leading

Solar

Matter effect
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• No magic for the 2nd maximum. 
• Energy dependence is important.
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1.8×108 eV

3×109 eV

3×1010 eV

J-PARC　 
（Japan-Proton-Accelerator Research Complex）
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OA2.5!˚�

•30 GeV ~1×1014 protons extracted every 
2.5/1.3 sec. directed to the carbon target.
•Secondary π+(and K+) focused by three 
electromagnetic horns (250kA/320kA)
•νμ from mainly π+→μ++νμ　

•νe in the beam come from K and μ 
decays

• Off-axis (2.5 ˚) νµ beam  
•Intense,	low	energy	narrow-band		
•Peak	Eν	tuned	for	oscilla<on	max.	( ~0.6	GeV)	
•Reduce	BG	from	high	energy	tail	
•1mrad	direc<on	shiJ	=>	~2%	energy	shiJ	at	peak	
•Small	νe	frac<on	(~1%)

T2K 2016 νμ disappearance

Creating an (offaxis) neutrino beam 

K Mahn, Les Rencontres de Physique de la 

Vallée d'Aoste 

30 GeV protons hit a target (carbon) producing secondary mesons (π, K) which 

decay to a terOary νµ beam 

  Collected 1.43 x 1020 POT  (2% of T2K goal)    

T2K uses a novel off‐axis beam technique: 

  Off the primary neutrino beam direcOon, 
neutrino energy spectrum is narrower, 
thanks to pion decay kinemaOcs 

  Peak can be set to ~oscillaOon maximum 

  Reduces backgrounds from higher energy 
neutrino interacOons 

2012/02/27  6 

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

Beamline Magnets

Superconducting Magnets

Normal Conducting Magnets

 Located in the arc section of the beamline

 28 magnets each producing both dipole 
(2.59 T) and quadrapole (18.6 T/m) fields

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range

Producing νµ beam

Decay Area
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Figure 6: Side view of the secondary beamline. The length of
the decay volume is ∼96 m.

down to a 16 mW beam loss. In the commissioning run, it
was confirmed that the residual dose and BLM data integrated
during the period have good proportionality. This means that
the residual dose can be monitored by watching the BLM data.

3.2. Secondary Beamline

Produced pions decay in flight inside a single volume of
∼1500 m3, filled with helium gas (1 atm) to reduce pion ab-
sorption and to suppress tritium and NOx production by the
beam. The helium vessel is connected to the monitor stack via a
titanium-alloy beam window which separates the vacuum in the
primary beamline and the helium gas volume in the secondary
beamline. Protons from the primary beamline are directed to
the target via the beam window.

The secondary beamline consists of three sections: the target
station, decay volume and beam dump (Fig. 6). The target sta-
tion contains: a baffle which is a collimator to protect the mag-
netic horns; an optical transition radiation monitor (OTR) to
monitor the proton beam profile just upstream of the target; the
target to generate secondary pions; and three magnetic horns
excited by a 250 kA (designed for up to 320 kA) current pulse
to focus the pions. The produced pions enter the decay vol-
ume and decay mainly into muons and muon neutrinos. All the
hadrons, as well as muons below ∼5 GeV/c, are stopped by the
beam dump. The neutrinos pass through the beam dump and are
used for physics experiments. Any muons above ∼5 GeV/c that
also pass through the beam dump are monitored to characterize
the neutrino beam.

3.2.1. Target Station
The target station consists of the baffle, OTR, target, and

horns, all located inside a helium vessel. The target station
is separated from the primary beamline by a beam window at
the upstream end, and is connected to the decay volume at the
downstream end.

The helium vessel, which is made of 10 cm thick steel, is
15 m long, 4 m wide and 11 m high. It is evacuated down to
50 Pa before it is filled with helium gas. Water cooling chan-
nels, called plate coils, are welded to the surface of the vessel,
and ∼30◦C water cools the vessel to prevent its thermal defor-
mation. An iron shield with a thickness of ∼2 m and a concrete
shield with a thickness of ∼1 m are installed above the horns
inside the helium vessel. Additionally, ∼4.5 m thick concrete
shields are installed above the helium vessel.

The equipment and shields inside the vessel are removable
by remote control in case of maintenance or replacement of the
horns or target. Beside the helium vessel, there is a maintenance
area where manipulators and a lead-glass window are installed,
as well as a depository for radio-activated equipment.

3.2.2. Beam Window
The beam window, comprising two helium-cooled 0.3 mm

thick titanium-alloy skins, separates the primary proton beam-
line vacuum from the target station. The beam window assem-
bly is sealed both upstream and downstream by inflatable bel-
lows vacuum seals to enable it to be removed and replaced if
necessary.

3.2.3. Baffle
The baffle is located between the beam window and OTR. It

is a 1.7 m long, 0.3 m wide and 0.4 m high graphite block, with
a beam hole of 30 mm in diameter. The primary proton beam
goes through this hole. It is cooled by water cooling pipes.

3.2.4. Optical Transition Radiation Monitor
The OTR has a thin titanium-alloy foil, which is placed at 45◦

to the incident proton beam. As the beam enters and exits the
foil, visible light (transition radiation) is produced in a narrow
cone around the beam. The light produced at the entrance tran-
sition is reflected at 90◦ to the beam and directed away from the
target area. It is transported in a dogleg path through the iron
and concrete shielding by four aluminum 90◦ off-axis parabolic
mirrors to an area with lower radiation levels. It is then col-
lected by a charge injection device camera to produce an image
of the proton beam profile.

The OTR has an eight-position carousel holding four titan-
ium-alloy foils, an aluminum foil, a fluorescent ceramic foil of
100 µm thickness, a calibration foil and an empty slot (Fig. 7).
A stepping motor is used to rotate the carousel from one foil
to the next. The aluminum (higher reflectivity than titanium)
and ceramic (which produces fluorescent light with higher in-
tensity than OTR light) foils are used for low and very low in-
tensity beam, respectively. The calibration foil has precisely
machined fiducial holes, of which an image can be taken us-
ing back-lighting from lasers and filament lights. It is used for
monitoring the alignment of the OTR system. The empty slot
allows back-lighting of the mirror system to study its transport
efficiency.

3.2.5. Target
The target core is a 1.9 interaction length (91.4 cm long),

2.6 cm diameter and 1.8 g/cm3 graphite rod. If a material sig-
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3.3. Muon Monitor

The neutrino beam intensity and direction can be monitored
on a bunch-by-bunch basis by measuring the distribution pro-
file of muons, because muons are mainly produced along with
neutrinos from the pion two-body decay. The neutrino beam
direction is determined to be the direction from the target to
the center of the muon profile. The muon monitor [18, 19] is
located just behind the beam dump. The muon monitor is de-
signed to measure the neutrino beam direction with a precision
better than 0.25 mrad, which corresponds to a 3 cm precision
of the muon profile center. It is also required to monitor the
stability of the neutrino beam intensity with a precision better
than 3%.

A detector made of nuclear emulsion was installed just down-
stream of the muon monitor to measure the absolute flux and
momentum distribution of muons.

3.3.1. Characteristics of the Muon Flux
Based on the beamline simulation package, described in Sec-

tion 3.5, the intensity of the muon flux at the muon monitor, for
3.3 × 1014 protons/spill and 320 kA horn current, is estimated
to be 1 × 107 charged particles/cm2/bunch with a Gaussian-like
profile around the beam center and approximately 1 m in width.
The flux is composed of around 87% muons, with delta-rays
making up the remainder.

3.3.2. Muon Monitor Detectors
The muon monitor consists of two types of detector arrays:

ionization chambers at 117.5 m from the target and silicon PIN
photodiodes at 118.7 m (Fig. 8). Each array holds 49 sensors
at 25 cm × 25 cm intervals and covers a 150 × 150 cm2 area.
The collected charge on each sensor is read out by a 65 MHz
FADC. The 2D muon profile is reconstructed in each array from
the distribution of the observed charge.

The arrays are fixed on a support enclosure for thermal insu-
lation. The temperature inside the enclosure is kept at around
34◦C (within ±0.7◦C variation) with a sheathed heater, as the
signal gain in the ionization chamber is dependent on the gas
temperature.

An absorbed dose at the muon monitor is estimated to be
about 100 kGy for a 100-day operation at 750 kW. Therefore,
every component in the muon pit is made of radiation-tolerant
and low-activation material such as polyimide, ceramic, or alu-
minum.

3.3.3. Ionization Chamber
There are seven ionization chambers, each of which contains

seven sensors in a 150×50×1956 mm3 aluminum gas tube. The
75 × 75 × 3 mm3 active volume of each sensor is made by two
parallel plate electrodes on alumina-ceramic plates. Between
the electrodes, 200 V is applied.

Two kinds of gas are used for the ionization chambers ac-
cording to the beam intensity: Ar with 2% N2 for low intensity,
and He with 1% N2 for high intensity. The gas is fed in at ap-
proximately 100 cm3/min. The gas temperature, pressure and
oxygen contamination are kept at around 34◦C with a 1.5◦C

Figure 8: Photograph of the muon monitor inside the support
enclosure. The silicon PIN photodiode array is on the right side
and the ionization chamber array is on the left side. The muon
beam enters from the left side.

gradient and ±0.2◦C variation, at 130 ± 0.2 kPa (absolute), and
below 2 ppm, respectively.

3.3.4. Silicon PIN Photodiode
Each silicon PIN photodiode (Hamamatsu® S3590-08) has

an active area of 10 × 10 mm2 and a depletion layer thickness
of 300 µm. To fully deplete the silicon layer, 80 V is applied.

The intrinsic resolution of the muon monitor is less than
0.1% for the intensity and less than 0.3 cm for the profile center.

3.3.5. Emulsion Tracker
The emulsion trackers are composed of two types of mod-

ules. The module for the flux measurement consists of eight
consecutive emulsion films [20]. It measures the muon flux
with a systematic uncertainty of 2%. The other module for the
momentum measurement is made of 25 emulsion films inter-
leaved by 1 mm lead plates, which can measure the momentum
of each particle by multiple Coulomb scattering with a preci-
sion of 28% at a muon energy of 2 GeV/c [21, 22]. These films
are analyzed by scanning microscopes [23, 24].

3.4. Beamline Online System
For the stable and safe operation of the beamline, the online

system collects information on the beamline equipment and the
beam measured by the beam monitors, and feeds it back to the
operators. It also provides Super-Kamiokande with the spill
information for event synchronization by means of GPS, which
is described in detail in Section 3.6.2.

3.4.1. DAQ System
The signals from each beam monitor are brought to one of

five front-end stations in different buildings beside the beam-
line. The SSEM, BLM, and horn current signals are digitized
by a 65 MHz FADC in the COPPER system [25]. The CT and
ESM signals are digitized by a 160 MHz VME FADC [26].

9

horn/target assembly

horn

He decay volume

Muon monitors

Beam dump

• 30 GeV protons extracted from J-PARC Main Ring onto carbon target

• secondary π+ focussed by three electromagnetic horns

• meson decays produce neutrinos

• Also: νe from µ decay, high energy νµ /νe  from K decay

⇥+ � µ+ + �µ

5Thursday, August 25, 2011

T2K ν beam

High Power ν beam production



ND280
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• INGRID @ on-axis (0 degree) 
• ν beam monitor [rate, direction, and 

stability] 

• ND280 @ 2.5 degree off-axis 
✦ Normalization of Neutrino Flux 
✦ Measurement of neutrino cross sections. 

•Dipole magnet w/ 0.2T 
• P0D: π0 Detector 

• FGD+TPC: Target + Particle tracking 
• EM calorimeter 
• Side-Muon-Range Detector

Near Detector @ 280m from the target



T2K-Far Detector: Super-Kamiokande
• Water Cherenkov detector with 50 kton mass (22.5 kton Fiducial 

volume) located at 1km underground 
Good performance (momentum and position resolution, PID, 
charged particle counting) for sub-GeV neutrinos. 
[Typical] 61% efficiency for T2K signal νe with 95% NC-1π0 rejection 

Inner tank (32 kton) :11,129 20inch PMT 
Outer tank:1,885  8inch PMT 

• Dead-time-less DAQ 
• GPS timing information is recorded  
     real-time at every accelerator spill 

T2K recorded events: All interactions 
    within a ±500µsec window centered  
    on the the neutrino arrival time.
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39.3m

41
.4

m

Atmospheric ν
● Data
−  MC     



Neutrino Detection at SK Far Detector

"#	CCQE"5	CCQE "ℓ	NC1iK
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Signal ("#)Signal ("5) Background
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New Results 
- this summer-
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      !-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

Data Set
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wx/wx	Disappearance Analysis
- CPT test by comparing "# → "# and "# → "# modes
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(+10 events since Neutrino 2016)

(135.8 events expected) (64.2 events expected)
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WXY and opYX
X Comparison

- No hint of CPT violation

13

Δ0.+
+
		 = 2.16, 3.02 ×10l.|}+ Q~ at 90% CL Δ0.++ 		 = 2.34, 2.75 ×10l.|}+ Q~ at 90% CL

sin	+-+. = 0.32,0.70 Q~ at 90% CL sin	+-+. = 0.42,0.61 Q~ at 90% CL

23θ2 or sin23θ2sin
0.2 0.3 0.4 0.5 0.6 0.7 0.8

)2
| (

eV
322

 m
∆

| o
r 

|
322

m 
∆ |

1.8

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8
3−10×

 90% CLνT2K Run1-7  68% CLνT2K Run1-7 

 90% CLνT2K Run1-7  68% CLνT2K Run1-7 

IH

23θ2 or sin23θ2sin
0.2 0.3 0.4 0.5 0.6 0.7 0.8

)2
 (e

V
322

 m
∆

 o
r 

322
m 

∆ 

1.8

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8
3−10×

 90% CLνT2K Run1-7  68% CLνT2K Run1-7 

 90% CLνT2K Run1-7  68% CLνT2K Run1-7 

NH

Normal Hierarchy Inverted Hierarchy



Full Joint Fit Analysis
"5 "5

32 events observed 4 events observed
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68%CL
90%CL
T2K best-fit

Super-KNOvA (2016)
MINOS+

IceCube

Normal Hierarchy

WXY and opYX
X

NH IH

sinXWXY 0.532lK.KÇÉjK.KÑÇ 0.534lK.KÇÇjK.KÑ.

|opYX
X |[dÄlYeVX] 2.545lK.KÉÑjK.KÉ1 2.510lK.KÉ.jK.KÉ1

- Consistent with maximal mixing
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Daya Bay: 
oàÅÅ

X = X. Z[ ±Ä. Äâ ×dÄlYÅäX
90% CL (NH)
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WdY and STU

T2K-Only
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T2K Result with Reactor Constraint
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- T2K-only result consistent with the reactor measurement
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+	 region



WdY and STU
- T2K result with reactor constraint (sin+ 2-1. = 0.085 ± 0.005)
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Sensitivity (Simulation) Measurement (Data)

δCP with reactor θ13

• A hint of neutrino CPV at 90% CL 

• δCP = [-3.13, -0.39] (NH), [-2.09, -0.74] (IH) at 90% CL  
23

with sin22θ13=0.085±0.005



Prospect
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CP Violation Sensitivity in T2K-II
T2K-II  w/ improved stat. (10E21 POT for nu and 10E21 POT for anti-nu)

25

Figure 3: Sensitivity to CP violation as a function of POT with a 50% improvement
in the e↵ective statistics, assuming the true MH is the normal MH and the true value
of �CP = �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while
that on the right compares di↵erent assumptions for the T2K-II systematic errors with
sin2 ✓23 = 0.50.

(a) Assuming true sin2 ✓23 = 0.50. (b) Assuming true sin2 ✓23 = 0.60.

Figure 4: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The current POT corresponds to 6.9⇥1020 POT ⌫- + 4.0⇥1020 POT ⌫̄-mode. For
the ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50% increase in e↵ective statistics is
assumed.

7

Table 1: Number of events expected to be observed at the far detector for 10⇥1021 POT ⌫-
+ 10⇥1021 POT ⌫̄-mode with a 50% statistical improvement. Assumed relevant oscillation
parameters are: sin2 2✓13 = 0.085, sin2 ✓23 = 0.5, �m2

32 = 2.5 ⇥ 10�3 eV2, and normal
mass hierarchy (MH).

Signal Signal Beam CC Beam CC
True �CP Total ⌫µ ! ⌫e ⌫̄µ ! ⌫̄e ⌫e + ⌫̄e ⌫µ + ⌫̄µ NC

⌫-mode 0 454.6 346.3 3.8 72.2 1.8 30.5
⌫e sample �⇡/2 545.6 438.5 2.7 72.2 1.8 30.5

⌫̄-mode 0 129.2 16.1 71.0 28.4 0.4 13.3
⌫̄e sample �⇡/2 111.8 19.2 50.5 28.4 0.4 13.3

Beam CC Beam CC Beam CC ⌫µ ! ⌫e+
Total ⌫µ ⌫̄µ ⌫e + ⌫̄e ⌫̄µ ! ⌫̄e NC

⌫-mode ⌫µ sample 2612.2 2290.5 150.0 1.6 7.0 163.1

⌫̄-mode ⌫̄µ sample 1217.5 482.1 672.5 0.6 1.0 61.3

experiments(sin2(2✓13) = 0.085 ± 0.005) [21]. However, this uncertainty is correlated be-
tween ⌫ and ⌫̄ beam mode samples and its impact on the observation of a CP asymmetry
in T2K data is small.

As will be described in Sec. 4, the current systematic errors, if they are not improved,
will significantly reduce the sensitivity to CP violation with the T2K-II statistics. Any
improvement on the systematics would enhance physics potential. Here, we describe pro-
jected improvements.

Neutrino Flux The neutrino flux prediction [15] uncertainty is currently dominated by
uncertainties on the hadron interaction modelling in the target and surrounding materials
in the neutrino beamline and by the proton beam orbit measurement. These errors can
be represented as an absolute flux uncertainty relevant for neutrino cross section mea-
surements, and an extrapolation uncertainty which impacts oscillation measurements. At
the peak energy (⇠ 600 MeV), these are currently ⇠ 9% and ⇠ 0.3% , respectively. Fur-
ther improvement is expected with the incorporation of the T2K replica target data from
NA61/SHINE, improvements in the beam direction measurement, and improved usage of
the near detector measurements, to achieve ⇠ 6% uncertainty on the absolute flux.

Near Detector measurement Currently, detector-related systematic uncertainties of
⇠ 2% have been achieved in ⌫µ/⌫̄µ charged-current samples selected in ND280. Some
uncertainties, such as those related to reconstruction e�ciencies and backgrounds, may
be reduced by further e↵ort and development. By far the largest uncertainty, however,
arises from pion secondary interaction uncertainties, which may be reduced by external
measurements or by studying pion interactions within ND280 itself. With additional
data, we expect to reduce this uncertainty and achieve ⇠ 1% overall systematic error in
the ND280 samples.

Neutrino Interaction T2K has engaged in continuous development and improvement
of neutrino-nucleus interaction modelling [16, 17], including e↵ects arising from nucleon
correlations[18, 19] and final state interaction of hadrons within the target nucleus. These

4

T2K-II• 3σ sensitivity to CP violation for favorable 
parameters based on 
• 20×1021 Protons on Target with the 
upgrade of J-PARC to 1.3MW (~10 year 
long run) before year 2026. 

• 50 % more events with improvements of 
the beam line and event reconstructions. 

• ~2/3 smaller systematic uncertainties.  
• J-PARC PAC gives Stage 1 approval. We 
are preparing the Technical Design Report.

today



J-PARC MR Expected Performance
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Accelerator Upgrade
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Today

T2K
Extension

• J-PARC MR has achieved 420 kW operation 
• MR Power Supply Upgrade is scheduled in 
2018. 

• J-PARC demonstrated 3.41E13 ppb operation 
[1 MW equivalent] (see the accelerator reports 
in the previous J-PARC PAC). 

• After the upgrade, the aim is 1.3MW or higher.

400kW



Improvement of Neutrino Flux with Upgrade

27

19

The installation of the new horns with water-cooled striplines, and the upgrades of the542

helium circulation systems for the target and the beam window need to be completed543

by 2021. The upgrade of the water disposal system requires a long construction period544

without beam operation and is desired to be done during the MR long shut down in 2018545

to minimize the beam-o↵ period.546

FIG. 12: Time table for beam line upgrade.

E. Improved Super-K Sample Selection547

The current T2K selection for oscillated ⌫
e

events in SK is shown in Table II. Following548

basic requirements of containment and fiducialization (“fully contained fiducial volume”549

or FCFV), ⌫
e

charged current quasi-elastic (CCQE) scattering events, where no pions550

are expected (“CC0⇡”), are selected by identifying events with a single e-like Cherenkov551

ring. Considering the ⌫
e

CC interactions inclusively as the targeted sample (rather than552

the subset of CC0⇡ interactions), the main sources of ine�ciency in this selection are553

requiring a single ring (13.3%), zero Michel electrons (10.9%), E
⌫

< 1250 MeV (4.1%),554

and that the event is not consisent with a ⇡0 hypothesis (8.0%). In future analyses, many555

of the signal ⌫
e

events can be recovered by expanding the signal definition beyond the556

CC0⇡ channel to include pion production channels, and additional signal events can be557

added by extending the current fiducial volume definition. Some of these developments558

will be enabled by fully utilizing a new reconstruction algorithm with better vertex and559

kinematic resolution, and enhanced multi-ring reconstruction capabilities. So far, the use560

of this algorithm has been limited to improving the rejection of ⇡0 backgrounds in the SK561

• 320kA horn current, Radio-active water disposal, 
cooling, cooling, and cooling  
• +10% more neutrino flux expected



Near Detector Upgrade

• T2K steadily improves the systematic uncertainty. 
• ~18% (2011) → ~9% (2014) → ~6% (2016)     [→ ~3% (2020)] 

• Understanding of Neutrino Interactions is essential for future 
experiments (T2K-II and Hyper-K)

28
9

ND280Goal of the ND280 upgrade simulation
• People are welcome to joint the ND280 upgrade task force
• The final goal is the simulation of different possible configurations of ND280

• Implemented a GEANT4 framework with very simple configuration
• Start with a certain configuration, for example: 

- 2 side TPCs + target 

- Produce selection efficiencies 
- Constrain systematic parameters with BANFF 
- Propagate to Super-K and estimate new sensitivities with VALOR

2

ND280 (NOW) ND280 (Upgrade)

This is just an image, and the details are 
under discussions in the T2K collaboration.



T2K-II Physics Sensitivity
• For which true δCP values can we find CP violation assuming true sin

2
θ23=0.43, 

0.50, 0.60? 

• The fractional region for which sinδCP=0 can be excluded at the 99% (3σ) 
C.L. is 49% (36%) of possible true values of δCP assuming the MH is known.

29

assuming MH unknown assuming MH known
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FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming947

that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode948

(with true normal MH and �
CP

= �⇡/2) is given in Fig. 22.949
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FIG. 22: Sensitivity to CP violation as a function of POT with a 50% improvement

in the e↵ective statistics, assuming the true MH is the normal MH and the true value

of �
CP

= �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while

that on the right compares di↵erent assumptions for the T2K-II systematic errors with

sin2 ✓23 = 0.50.
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FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming947

that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode948

(with true normal MH and �
CP

= �⇡/2) is given in Fig. 22.949
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(Note) Although T2K alone can't measure MH, we can help with the 
MH measurement by, ie, combining T2K + NOVA 



T2K-II Physics Sensitivity
•As a function of POT in the case of sin2θ23=0.5, 
δCP=-π/2 and normal MH
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T2K-II Physics Sensitivity
• Precisions of sin2θ23 and Δm322
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FIG. 25: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the T2K-II exposure of 20 ⇥ 1021 POT, a 50% increase in

e↵ective statistics is assumed.

The plots indicate that for ✓23 values at the edge of the current 90% CL regions, T2K-II985

data can resolve the ✓23 octant degeneracy. Specifically, Fig. 26 shows that the octant986

degeneracy can be solved by more than 3� if the ✓23 is in the high octant, sin2 ✓23=0.6.987

For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant degeneracy is988

also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of POT. If sin2 ✓23989

is maximal, the expected 1� precision of sin2 ✓23 determined by the proposed T2K-II is990

1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7� respectively. The991

uncertainty of ✓23 in the case of maximum mixing is much higher than the other cases992

since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.993
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(c) Assuming true sin2 ✓23 = 0.50.
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FIG. 26: ��2 vs. sin2 ✓23 assuming 2016 T2K systematic errors for a.) sin2 ✓23 = 0.43,

b.) sin2 ✓23 = 0.60, and c.) sin2 ✓23 = 0.50. The full T2K-II exposure of 20 ⇥ 1021 POT

with a 50% e↵ective statistical improvement is compared to the approved T2K exposure

and the 6.9 ⇥ 1020 POT ⌫- and 4.0 ⇥ 1020 POT ⌫̄-mode accumulated by the end of 2015.

The bottom right plot (d.) shows the expected uncertainty on sin2 ✓23 as a function of

POT with di↵erent values of true sin2 ✓23 assuming a 50% improvement in the e↵ective

statistics.

Fig. 27 shows the ��2 plotted as function of �m2
32 for three di↵erent values of sin2 ✓23994

and also the uncertainty of �m2
32 as a function of POT. There is not much di↵erence in995

sensitivity between these three assumptions. For T2K-II, a precision of ⇠ 1% on �m2
32996

can be achieved.997
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(c) Assuming true sin2 ✓23 = 0.50.
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FIG. 27: ��2 plotted as function of �m2
32 with the predicted 2016 systematic error.

The full T2K-II exposure of 20 ⇥ 1021 POT with a 50% e↵ectively statistic improvement

is compared to the approved T2K exposure and the POT exposure accumulated by 2014

corresponds to 6.9⇥1020 POT ⌫- and 4.0⇥1020 POT ⌫̄-mode. The bottom right plots show

uncertainty on �m2
32 plotted as function of POT with di↵erent values of true sin2 ✓23. In

this plot, a 50% improvement in the e↵ective statistics is applied for every POT exposure.

C. Neutrino Interaction Studies998

The additional run time of T2K-II will provide improved measurements of neutrino and999

antineutrino scattering, which probe nuclear structure through the axial vector current.1000

In the T2K flux the largest contribution is due to Charged-Current Quasi-Elastic (CCQE)1001

interactions (50-60%) and single pion production, mainly from � resonance, (about 25%),1002

with the rest being due to multi-pion production and Deep Inelastic Scattering. Actually,1003

in modern experiments, like T2K, where the neutrinos interact with relatively heavy nu-1004

δ(sin2θ23) δ(Δm322)

•More physics for Neutrino Interactions and 
non-standard models



Intermediate Detector
• Because of the intense neutrino beam, a Water Cherenkov detector can 
be only operable in the intermediate distance (> ~1km from the target). 
• Good Near/Far flux ratio to predict the neutrino events at Kamioka 
(TITUS) 

• A new technique to predict the neutrino events at Kamioka (NuPRISM). 
• Under design intensively!

32

Creating an (offaxis) neutrino beam 

K Mahn, Les Rencontres de Physique de la 

Vallée d'Aoste 

30 GeV protons hit a target (carbon) producing secondary mesons (π, K) which 

decay to a terOary ν
µ  beam 

  Collected 1.43 x 10 20 POT  (2% of T2K goal)     

T2K uses a novel off‐axis beam technique: 

  Off the primary neutrino beam direcOon, 

neutrino energy spectrum is narrower, 

thanks to pion decay kinemaOcs 

  Peak can be set to ~oscillaOon maximum 

  Reduces backgrounds from higher energy 

neutrino interacOons 

2012/02/27 

6 

1 degree

4 degree

NuPRISM
TITUS

+
combining



Hyper-Kamiokande

33



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 (neutrinography of 
interior of the Earth)

• Maybe more (unexpected)
334



M.Yokoyama (UTokyo)

Hyper-K construction timeline

• Assuming funding from 2018

• The 1st detector construction in 2018~2025

• Cavern excavation: ~5 years

• Tank (liner, photosensors) construction: ~3 years

• Water filling: 0.5 years
15

The Hyper-Kamiokande Timeline 

The Hyper-Kamiokande Experiment 6/July/2016 14 

FY 
2015 

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 

Photosensor development 

Suvey, detailed design 

Access tunnels 

Cavity excavation Tank construction 

Photosensor production 

Sensor 
installation 

Water 
filling 

Operation 

Beam up to 1.3MW 

• 2018 - 2025 HK construction. 
• 2026 onwards CPV study, Atmospherics Q, Solar Q, Supernova 

Q, Proton decay searches,  … 
• The 2nd identical tank starts operation 6yrs after the first one. 

35



96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in
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2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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• Single Photon Efficiency:  x2 
• Time Resolution: x2 
• Charge Resolution: x2 
• Better Physics Sensitivity with the improved 
detector performance 

Hyper-K New Technology
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96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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Hyper-K with KM3NET and IceCube
There are several common features among Hyper-K, KM3NET and 
IceCube projects 
• Physics 
• Neutrino Interactions 
• Atmospheric Neutrinos 
• Cosmic Neutrinos 

• Detectors 
• A Large Novel Photo-Sensors are KEY  
• Simulation/Calibration of the Cherenkov detectors 

• It is important to move the Project and Science forward together 
with collaborative efforts. 
• Hyper-K and KM3NET make MOU to develop the projects 
together.
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Expected events

for δ=0
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CPV sensitivity

sinδ=0 exclusion error

>3σ >5σ δ=0° δ=90°

78% 62% 7.2° 21°

• Exclusion of sinδCP=0

• >8σ(6σ) for δ=-90°(-45°)

• ~80% coverage of δ 
parameter space with >3σ

• From discovery to  
δCP measurement:

• ~7° precision possible
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Towards leptonic CP asymmetry

31
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CPV significance for δ=-90°, normal hierarchy
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(Based on DUNE CDR,
arxiv:1601.05471 Table 2.1,
“optimized” beam design)

(2 tank staging)

Note: “exact” comparison sometimes difficult due to different assumptions

Strategy of Japan-based program
~3σ indication with T2K→T2K-II,

>5σ discovery and measurement with HK
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θ23 and Δm232
δ(Δm232)~1.4×10-5eV2

δ(sin2θ23)~0.015 (for sin2θ23=0.5)

→ Mass hierarchy sensitivity 
in combination with reactor

~0.006 (for sin2θ23=0.45)
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Beam + Atm ν combination

• Complementary information from beam and atm ν
• Sensitivity enhanced by combining two sources!
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M.Yokoyama (UTokyo)

Proton decay searches
• Only way to directly probe Grand Unified Theory

• Two major modes predicted by many models
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• Only way to directly prove GUT

※Searches for other modes are also important

• Two major modes predicted by many models

Motivation of Nucleon Decay Searches

• We need to pursue both decay modes for discovery, 
given the variety of predictions
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Mediated by gauge bosons SUSY mediated

p→e+π0 p→νK+

• Need broad searches including other possible modes

Proton Decay
• Keep looking for GUT with neutrinos. 

• Example: p→e+π0 in Hyper-K
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Proton Decay Sensitivity, p → 𝒆+ S𝟎 
Proton decay p → 𝒆+ S𝟎   is a favoured model of many GUTs.   
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BoundProton Enhanced 

0 < Ptot < 100 MeV/c 

100 < Ptot < 250 MeV/c 

Similar analysis as in SK but with neutron tagging 
(remove events with a tagged neutron) thanks to 
improved PMTs. 3σ discovery potential reaching t ~ 

1035 yrs. Similar sensitivity to PTEP, 
thanks to the neutron tagging. 

tproton=1.4×1034years (SK 90% CL limit) 

signal 

atm. bkgd 

LAr discovery potential computed using 
numbers from DUNE CDR 2015.  
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Summary
• Discovery of Neutrino Oscillation opens the window to explore neutrinos 

science further including CP violation. 

• CP violation in lepton sector is within the reach by using these facilities. 

• T2K, T2K-II and Hyper-K are running, being upgraded and being proposed. 

• T2K produces many interesting results about neutrino oscillations.  

• T2K-II aims for the discovery of neutrino CP violation with 3σ or higher 
significance with the extension of running to 20×1021 POT for the next 
10 years (by ~2026). 

• Hyper-K is planned to start taking data in 2026. In addition to the precise 
measurements of neutrino CP violation, we are also looking for the 
evidence of GUT, proton decay.
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