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Hyper Kamiokande
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M. Malek, Imperial College 121 Oct 2014

Hyper-K Overview

Broad physics programme:
● Neutrino oscillation:

– Atmospheric neutrinos (still statistics limited!)
– Solar neutrinos
– Accelerator neutrinos [see next slide]

● Proton decay
● Neutrino astrophysics

– Supernova burst (~250,000 events expected @ 10 kpc)
– Supernova relic neutrinos

● Various other physics (indirect WIMP search, n-n osc., etc.)

● ~1 Mega tonne total mass
● Segmented design
● 99,000 PMTs (20”)
● 20% photo-coverage

• ~1 mega tonne total mass 
(0.52 Mt fiducial mass) 

!
• 295 km and 2.5° off-axis 
from J-PARC neutrino beam 

!
• Segmented design 
!
• 99,000 (20inch) PMTs 
!
• 20% photo-coverage



Physics with Hyper-K

Sam Short5

Supernova neutrinos Nucleon decay searches

Atmospheric neutrinos Solar neutrinos

1

10

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
-1

1 10 10
2

10
3

!
–

e +p

!
e + 16

O

!
–

e + 16
O

!+e -

B
e
te
lg
e
u
s
e

A
n
ta
re
s

G
a
la
c
ti
c

c
e
n
te
r

L
M
C

M
3
1

distance(kpc)

e
v
e
n
ts
/0
.7
4
M
e
g
a
-t
o
n

10 33

10 34

10 35

10 36

2010 2015 2020 2025 2030 2035 2040

Year

Li
fe

tim
e 

lim
it 

90
%

C
L 

(y
ea

rs
) Hyper-Kamiokande

Super-Kamiokande

p�e�0 sensitivity

23e2sin
0.4 0.45 0.5 0.55 0.6

 W
ro

ng
 H

ie
ra

rc
hy

 R
ej

ec
tio

n
2 r

6

0

5

10

15

20

25

30

m3

m2

 Uncertaintycpb

T2K 90% CL

))θ(2(tan10log
-1 -0.5 0 0.5 1

)2
m∆(

10
lo

g

-4.4

-4.2

-4

-3.8

-3.6

0.2%

4.0%

(N-D)/(N+D)*2  5.0-20MeV

))θ(2(tan10log
-1 -0.5 0 0.5 1

)2
m∆(

10
lo

g

-4.4

-4.2

-4

-3.8

-3.6

0.2%

4.0%

(N-D)/(N+D)*2  8.0-20MeV

Energy threshold (MeV)
6 8 10 12 14 16 18 20

Energy threshold (MeV)
6 8 10 12 14 16 18 20

(N
-D

)/(
N

+D
)*

2

0

0.02

0.04

Integral

=7.94e-052m∆)= 0.40 θ(2tan

Energy threshold (MeV)
6 8 10 12 14 16 18 20

Energy threshold (MeV)
6 8 10 12 14 16 18 20

S
ig

m
a 

to
 0

0

1

2

3

4
No sys. err.

0.5% sys. err.

1.3% sys. err.

=7.94e-052m∆)= 0.40 θ(2tan

D
ay

/N
ig

ht
 s

ig
ni

fic
an

ce

-150 -100 -50 0 50 100 150

m
�3

r�

0

2

4

6

8

10
Normal mass hierarchy

�ѫ

�ѫ

CPb [degree]

Long baseline 
accelerator neutrinos

29 October 2015



Tokai2HyperKamiokande

6 Sam Short29 October 2015

Hyper-Kamiokande

ND280

INGRID

Near Detectors

M. Malek, Imperial College 121 Oct 2014

Hyper-K Overview

Broad physics programme:
● Neutrino oscillation:

– Atmospheric neutrinos (still statistics limited!)
– Solar neutrinos
– Accelerator neutrinos [see next slide]

● Proton decay
● Neutrino astrophysics

– Supernova burst (~250,000 events expected @ 10 kpc)
– Supernova relic neutrinos

● Various other physics (indirect WIMP search, n-n osc., etc.)

● ~1 Mega tonne total mass
● Segmented design
● 99,000 PMTs (20”)
● 20% photo-coverage

Intermediate detectorsHyper-K Systematic UncertaintiesNuFact 2015

Near/Intermediate Detectors

6

• Near detector data are used to constrain the predicted event rate in the far detector 
through the flux and cross section models 

• HK is considering an upgrade to ND280 and a new intermediate water-Cherenkov 
detector (at 1-2 km baseline) Tuesday 11:00 AM WG1-WG2 Session 

K. Mahn, T2K Near Detectors 
A. Minamino, T2K Upgraded and HK Near Detectors

TITUS
NuPRISM

Figure 6: The proposed configuration of the magnetized muon range detectors of the TITUS
experiment. A large magnetized MRD, with radius 11 m to match the Cherenkov tank,
and thickness 2 m is placed downstream of the tank, to stop the large numbers of forward-
scattered muons. A smaller magnetized side-MRD is placed on the side of the tank to allow
low-background measurements of the anti-neutrino cross-section in this high-angle region of
phase-space.

can be used to both calibrate the neutron capture and provide a more precise measurement482

of the charge separation.483

A measurement of the e�ciency of the gadolinium technique using the high energy MRD484

sample will allow us to exploit the full potential of the gadolinium technique. The mean485

charge reconstruction e�ciency for all events in the downstream MRD is estimated to be486

95%. Furthermore, the precise calibration of the performance of the gadolinium charge487

reconstruction in TITUS will be greatly advantageous if it is used in the far detector, Hyper-488

Kamiokande, or indeed in other neutrino experiments, as it will help in minimizing the489

neutrino interaction modelling systematic error.490

The most interesting sample of muons is those resulting from neutrino events near the oscil-491

lation maximum at E⌫ ⇠ 0.6 GeV. The muon charge is more di�cult to reconstruct using492

the traditional method as the tracks may traverse only handful of planes. The design has493

therefore been optimized for the lower energy muon spectrum of Hyper-Kamiokande using494

a novel arrangement of the first three iron planes by the introduction of double scintillator495

planes and 10 cm air gaps, both of which increase charge reconstruction e�ciency for short496

tracks. In this case one does not fit tracks but rather measures the angle of the particle497

trajectory before and after each iron plane, and observes the direction of curvature. This498

technique is ultimately limited by multiple scattering, however several such measurements499

allows an e�ciency of 90% for events at the oscillation peak, a figure which is comparable500

with the e�ciency expected from the independent gadolinium measurement. When these501

two methods are combined it will be possible to obtain ⇠ 96% pure ⌫µ and ⌫̄µ samples from502

22

TITUS

NuPRISM
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Neutrino Flux Near/Intermediate 
Detector Response

Neutrino Interactions Far Detector Response
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Figure 6: The proposed configuration of the magnetized muon range detectors of the TITUS
experiment. A large magnetized MRD, with radius 11 m to match the Cherenkov tank,
and thickness 2 m is placed downstream of the tank, to stop the large numbers of forward-
scattered muons. A smaller magnetized side-MRD is placed on the side of the tank to allow
low-background measurements of the anti-neutrino cross-section in this high-angle region of
phase-space.

can be used to both calibrate the neutron capture and provide a more precise measurement482

of the charge separation.483

A measurement of the e�ciency of the gadolinium technique using the high energy MRD484

sample will allow us to exploit the full potential of the gadolinium technique. The mean485

charge reconstruction e�ciency for all events in the downstream MRD is estimated to be486

95%. Furthermore, the precise calibration of the performance of the gadolinium charge487

reconstruction in TITUS will be greatly advantageous if it is used in the far detector, Hyper-488

Kamiokande, or indeed in other neutrino experiments, as it will help in minimizing the489

neutrino interaction modelling systematic error.490

The most interesting sample of muons is those resulting from neutrino events near the oscil-491

lation maximum at E⌫ ⇠ 0.6 GeV. The muon charge is more di�cult to reconstruct using492

the traditional method as the tracks may traverse only handful of planes. The design has493

therefore been optimized for the lower energy muon spectrum of Hyper-Kamiokande using494

a novel arrangement of the first three iron planes by the introduction of double scintillator495

planes and 10 cm air gaps, both of which increase charge reconstruction e�ciency for short496

tracks. In this case one does not fit tracks but rather measures the angle of the particle497

trajectory before and after each iron plane, and observes the direction of curvature. This498

technique is ultimately limited by multiple scattering, however several such measurements499

allows an e�ciency of 90% for events at the oscillation peak, a figure which is comparable500

with the e�ciency expected from the independent gadolinium measurement. When these501

two methods are combined it will be possible to obtain ⇠ 96% pure ⌫µ and ⌫̄µ samples from502

22
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Near/Intermediate Detectors

6

• Near detector data are used to constrain the predicted event rate in the far detector 
through the flux and cross section models 

• HK is considering an upgrade to ND280 and a new intermediate water-Cherenkov 
detector (at 1-2 km baseline) Tuesday 11:00 AM WG1-WG2 Session 

K. Mahn, T2K Near Detectors 
A. Minamino, T2K Upgraded and HK Near Detectors

TITUS
NuPRISM

NuPRISM
Hyper-K Systematic UncertaintiesNuFact 2015

Near/Intermediate Detectors

6

• Near detector data are used to constrain the predicted event rate in the far detector 
through the flux and cross section models 

• HK is considering an upgrade to ND280 and a new intermediate water-Cherenkov 
detector (at 1-2 km baseline) Tuesday 11:00 AM WG1-WG2 Session 

K. Mahn, T2K Near Detectors 
A. Minamino, T2K Upgraded and HK Near Detectors

TITUS
NuPRISM

WAGASCI
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Neutrino Flux
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Neutrino Flux Prediction

Data driven flux model: 

• Proton beam monitor 
measurements 

• Horn field measurements 

• Beam-line component 
alignment measurements 

• NA61/SHINE hadron 
production measurements

9 Sam Short29 October 2015

Hyper-K Systematic UncertaintiesNuFact 2015

Neutrino Flux Model

7

p+
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ν
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To detector

Beam dump

Decay volumeTarget hall

HornsTargetBaffle

Flux prediction from data driven simulation: 
• Proton beam monitor measurements 
• Horn field measurements 
• Beam-line component alignment measurements 
• Hadron production measurements (NA61/SHINE) 

Dominant source of systematic error

9
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µνSK: Positive Focussing Mode, T2K (Super-K) νμ Flux Uncertainty for Neutrino Mode

New total flux error!!
Old total flux error
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Hyper-K Flux Uncertainty for Antineutrino Mode
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Neutrino Flux Uncertainty
Uncertainties considered: 

• Hadron interactions 

• Proton beam profile and off-axis angle 

• Horn current and field 

• Horn and target alignment 

• Material modelling 

• Proton number

10 Sam Short29 October 2015

T2K OFFICIAL PLOT



• At 280m: source is not 
point-like ➜ near/far 
ratio not flat 

• At 1km, 2km: ratio is 
flatter ➜ better 
cancellation of flux 
uncertainties 

• Uncertainty <0.5% for 
intermediate (1km and 
2km) detectors 

• Uncertainty <1% around 
peak region (0.6GeV) for 
280m detector (T2K ND280)

11 Sam Short

Near/Far Flux Uncertainty
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Wrong Sign Background

19

• <10% uncertainty is necessary to have negligible impact on CPV sensitivity 

• Few % uncertainty can be achieved with a magnetized detector such as ND280 

• In antineutrino mode, neutrinos contribute ~20% to the event rate:  
 
 
 

• Study a normalization uncertainty on the wrong sign background: 

20%
10%

• In antineutrino mode neutrinos contribute 20% 
to the event rate

12 Sam Short29 October 2015

• <10% normalisation uncertainty is necessary to 
have negligible impact on CP-Violation sensitivity

Wrong Sign Background

• Achieved with magnetised detector (ND280)

PTEP 2015, 053C02 K. Abe et al.
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Fig. 11. Reconstructed neutrino energy distribution of the νe candidate events. Normal mass hierarchy with
sin2 2θ13 = 0.1 and δC P = 0 are assumed.

Table 7. The expected number of νe candidate events. Normal mass hierarchy with sin2 2θ13 = 0.1 and
δC P = 0 are assumed. Background (BG) is categorized by the flavor before oscillation.

Signal BG

νµ → νe νµ → νe νµ CC νµ CC νe CC νe CC NC BG total Total

ν mode 3016 28 11 0 503 20 172 706 3750
ν̄ mode 396 2110 4 5 222 396 265 891 3397

where mn , m p, mℓ are the masses of the neutron, proton, and charged lepton, respectively, pℓ is the
charged lepton momentum, and V is the nuclear potential energy (27 MeV).

Then, to select νe/νe candidate events, the following criteria are applied:

◦ The reconstructed ring is identified as electron-like (e-like).
◦ The visible energy (Evis) is greater than 100 MeV.
◦ There is no decay electron associated to the event.
◦ The reconstructed energy (E rec

ν ) is less than 1.25 GeV.
◦ In order to reduce the background from mis-reconstructed π0 events, additional criteria using a

reconstruction algorithm recently developed for T2K (fiTQun; see Sect. 3.3) is applied. With a
selection based on the reconstructed π0 mass and the ratio of the best-fit likelihoods of the π0

and electron fits as used in T2K [11], the remaining π0 background is reduced to about 30%
compared to the previous study [15].

Figure 11 shows the reconstructed neutrino energy distributions of νe events after all the selections.
The expected number of νe candidate events is shown in Table 7 for each signal and background
component. In the neutrino mode, the dominant background component is intrinsic νe contamina-
tion in the beam. The mis-identified neutral-current π0 production events are suppressed thanks to
the improved π0 rejection. In the anti-neutrino mode, in addition to νe and νµ, the νe and νµ com-
ponents have non-negligible contributions due to larger fluxes and cross sections compared to their
counterparts in the neutrino mode.

For the νµ/νµ candidate events, the following criteria are applied:

◦ The reconstructed ring is identified as muon-like (µ-like).
◦ The reconstructed muon momentum is greater than 200 MeV/c.
◦ There is at most one decay electron associated to the event.
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• Intrinsic beam νe contributes ~15-20% to the event 
rate

13 Sam Short29 October 2015

• <5% normalisation uncertainty is necessary to have 
negligible impact on CP-Violation sensitivity

Intrinsic νe Background

Hyper-K Systematic UncertaintiesNuFact 2015

Intrinsic Electron Neutrino Background

20

• <5% uncertainty is necessary to have negligible impact on CPV sensitivity 

• <5% should be achievable with an intermediate WC detector (under study)  

• The intrinsic beam νe contribute ~15-20% to the event rate: 
 
 

20%
10%
5%

• Achieved with intermediate water Cherenkov detector
13

PTEP 2015, 053C02 K. Abe et al.
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Fig. 11. Reconstructed neutrino energy distribution of the νe candidate events. Normal mass hierarchy with
sin2 2θ13 = 0.1 and δC P = 0 are assumed.

Table 7. The expected number of νe candidate events. Normal mass hierarchy with sin2 2θ13 = 0.1 and
δC P = 0 are assumed. Background (BG) is categorized by the flavor before oscillation.

Signal BG

νµ → νe νµ → νe νµ CC νµ CC νe CC νe CC NC BG total Total

ν mode 3016 28 11 0 503 20 172 706 3750
ν̄ mode 396 2110 4 5 222 396 265 891 3397

where mn , m p, mℓ are the masses of the neutron, proton, and charged lepton, respectively, pℓ is the
charged lepton momentum, and V is the nuclear potential energy (27 MeV).

Then, to select νe/νe candidate events, the following criteria are applied:

◦ The reconstructed ring is identified as electron-like (e-like).
◦ The visible energy (Evis) is greater than 100 MeV.
◦ There is no decay electron associated to the event.
◦ The reconstructed energy (E rec

ν ) is less than 1.25 GeV.
◦ In order to reduce the background from mis-reconstructed π0 events, additional criteria using a

reconstruction algorithm recently developed for T2K (fiTQun; see Sect. 3.3) is applied. With a
selection based on the reconstructed π0 mass and the ratio of the best-fit likelihoods of the π0

and electron fits as used in T2K [11], the remaining π0 background is reduced to about 30%
compared to the previous study [15].

Figure 11 shows the reconstructed neutrino energy distributions of νe events after all the selections.
The expected number of νe candidate events is shown in Table 7 for each signal and background
component. In the neutrino mode, the dominant background component is intrinsic νe contamina-
tion in the beam. The mis-identified neutral-current π0 production events are suppressed thanks to
the improved π0 rejection. In the anti-neutrino mode, in addition to νe and νµ, the νe and νµ com-
ponents have non-negligible contributions due to larger fluxes and cross sections compared to their
counterparts in the neutrino mode.

For the νµ/νµ candidate events, the following criteria are applied:

◦ The reconstructed ring is identified as muon-like (µ-like).
◦ The reconstructed muon momentum is greater than 200 MeV/c.
◦ There is at most one decay electron associated to the event.
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Neutrino Interactions
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Interaction Model 
Uncertainties

Use T2K approach:  

• Data driven: External 
neutrino, electron and pion 
scattering data 

• Uncertainties: Modelled by 
varying the underlying model 
parameters and ad-hoc 
parameters 

• Fit to near detector data to 
constrain flux and 
interaction model 
uncertainties to ~3%

15 Sam Short29 October 2015 Hyper-K Systematic UncertaintiesNuFact 2015

Interaction Model Uncertainties

10

• The current approach for interaction model errors is based on the T2K parameterization 
of the NEUT model and the near detector constraintes

Include uncertainties in the FSI and nuclear 
model assigned due to different target in the 
near and far detector (CH vs. H2O) 

Should be reduced with measurements on 
H2O in near and intermediate detectors

The fit to ND280 data constrains the flux and 
interaction models to the 3% level (excluding 
separate systemic parameters for the nuclear 
model/FSI)

Phys. Rev. D 91, 072010 (2015)
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• Perform sensitivity study where the νe and νe cross sections are assigned two uncorrelated 
normalization systematic parameters  

• The uncertainties on the normalization parameters are varied and the impact on the CPV 
sensitivity is studied. 

νe,νe Cross Section Sensitivity Impact

• The systematic uncertainty should be controlled to <1-2% to minimize the impact on the CPV 
discovery sensitivity 

1%
3%

νe/ν̅e Cross-Sections
• Measure νμ, ν̅μ rates in near detectors 

• To predict νe, ν̅e rates at far detector need to correct for 
cross-section difference 

• Problem: no precision measurements of νe, ν̅e cross-sections at 
energies of interest 

• Sensitivity study: assign νe, ν̅e cross-sections uncorrected 
normalisation systematic parameters 

• Need: <1-2% uncertainty to minimise impact on CP-Violation 
discovery sensitivity 

16 Sam Short29 October 2015
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Near and Intermediate 
Detectors
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T2K Near Detector Suite

18 Sam Short29 October 2015

10m

10m

ν"beam"

Off-Axis: ND280 On-Axis: INGRID
• 16 iron/scintillator module 

• 1 scintillator tracking 
module 

• Monitors beam centre, 
profile and neutrino flux

• Characterises beam before 
neutrino oscillations 

• Targets: water, carbon, lead 
and argon  

• Measures neutrino cross-
sections



Potential T2K Near 
Detector Upgrades

Inside UA1 magnet: 

• FGD2: H2O ➜ D2O  
Neutrino interaction properties on quasi-free neutron in 
deuterium (via subtraction with data taken with H2O) 

• Using water-based liquid scintillator 
Detailed reconstruction of hadronic system 

• High pressure TPC (He, Ne, Ar) 
Study A-dependence of cross-sections and final state 
interactions

19 Sam Short29 October 2015
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Near/Intermediate Detectors

6

• Near detector data are used to constrain the predicted event rate in the far detector 
through the flux and cross section models 

• HK is considering an upgrade to ND280 and a new intermediate water-Cherenkov 
detector (at 1-2 km baseline) Tuesday 11:00 AM WG1-WG2 Session 

K. Mahn, T2K Near Detectors 
A. Minamino, T2K Upgraded and HK Near Detectors

TITUS
NuPRISM

Outside UA1 magnet: 

• Scintillating tracking detector 
with water and plastic targets 
surrounded by range detectors  
Measure muon momentum over large 
range of angles and water/CH 
cross-sections



NuPRISM

10 m 14m

6 m

10m

ν)beam

Spans)many)off4axis)angles)to
measure)many)Eν)spectra

>4% bias
in θ23

Improved
θ23 Error

<1% bias
in θ23

sin2θMulti-N-sin2θNominal

Sterile)Neutrinos

Unique)σν)Measurements

Enhanced)SensiBvity)for)T2K)and)T2HK

Default
T2K

T2K++
NuPRISM

4°

2.5°

1°

• First)ever)measurements
of)σNeutral)Current(Eν)

•Clear)separaBon)of)single
and)mulB4nucleon)events

3

NuPRISMNuPRISM for T2K-II

NuPRISM Linear Combination Method
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NuPRISMNuPRISM for T2K-II

NuPRISM & νμ Disapperance

6

• Linear combination of NuPRISM off-

axis fluxes reproduces the far 

detector spectrum with oscillation 

hypothesis applied 

• The linear combination of off-axis 

NuPRISM measurements are used to 

predict the reconstructed energy 

distribution at the far detector 

• The 4% systematic error estimated 

using the T2K ND280 detector is 

reduced to 1% with NuPRISM 

 
 

NuPRISMNuPRISM for T2K-II

NuPRISM Linear Combination Method

5
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NuPRISM Linear Combination Method
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Hyper-K Intermediate 
Detector: NuPRISM

• Experimental method to remove 
uncertainties of neutrino interactions 
from oscillation analyses 

• Covers 1-4° off-axis angle range 

• Initial design: inner detector moves up 
and down in water filled pit 

• Linear combinations reproduce and 
predict muon kinematic distributions 
for the oscillated flux 



NuPRISMNuPRISM for T2K-II

νe/νμ Cross Section Measurement Precision

9
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Flux 
Error

Hadron 
x1/2

Stat. 
Error

300-600 
MeV 3.2% 1.7% 2.9%

600-900 
MeV 5.2% 3.4% 2.7%

• We estimated flux model and statistical errors for a             measurement in 

NuPRISM for 1.45e21 protons-on-target for the 2.5-4.0º off-axis angle range - 

5600 candidates 

• Preliminary study suggests that a <5% measurement or better is plausible.  

• Reduced hadron production uncertainties for flux from replica target data are 

needed 

• Increased statistics from a T2K extension can improve the precision 

νPRISM�
•  νµ%disappearance%analysis%

–  4.3$%$systemaFc$effect$on$sin22θ23$from$“mulFTnucleon”$
modeling$when$using$ND280.$!1.2%$when$using$νPRISM.$

•  Other%physics%
–  Short$baseline$νe$appearance$(Sterile$neutrino$search).$
–  Cross$secFon$measurements$using$monochromaFc$beams.$ ���

nuPRISM Status 7

νμ Disappearance

• The use of nuPRISM in the disappearance  
analysis has been presented at previous  
meetings 

• Linear combinations of the nuPRISM fluxes 
can reproduce the oscillated flux between 
0.4 and 1.5 GeV 

• 4.3% systematic effect on sin2θ23 from  
“multinucleon” modeling when using ND280 

• Reduced to 1.2% when nuPRISM is used  
in the extrapolation 

• Further studies of the total systematic error 
in the nuPRISM analysis are ongoing  
(see next slide)

M. Scott

nuPRISM Status 8

νμ Disappearance Sensitivity

Compare the disappearance sensitivity to the T2K (neutrino only) sensitivity 
studies 
Using consistent SK detector modeling uncertainties 
See improvement compared to the T2K result

Preliminary

A$template$for$the$oscillated$flux.� sin2θ23$sensiFvity$(T2K,$ν$mode)�
preliminary�

NuPRISM Studies
• νμ disappearance analysis 
4% systematic error using 
T2K ND280, using NuPRISM 
reduces to 1% 

• Short baseline νe  
appearance (sterile 
neutrino search) 

• Cross-section  
measurements

21 Sam Short29 October 2015

NuPRISMNuPRISM for T2K-II

Short Baseline νe Appearance Sensitivty

11

2.3e21 POT
Neutrino beam 30% reduction of 

NC background

• NuPRISM can exclude most of the LSND allowed region at 5σ (better if more 
exposure during T2K extension and/or Hyper-K) 

• Working on optimization of detector design for νe selection to improve 
sensitivity 



Gadolinium Doping

I Neutron capture on Gadolinium:
I Cross section of 49,000b compared to 0.3b for H
I 8MeV gamma cascade with 4-5MeV visible energy
I 100% detection e�ciency on Gd (<20% on H in SK)
I 0.1% Gd doping: ⇠90% of neutrons capture on Gd

I New signal to distinguish ⌫ / ⌫̄ events and di↵erent interaction modes:
⌫µ CCQE ⌫µ + n ! µ� + p 0 neutrons
⌫̄µ CCQE ⌫̄µ + p ! µ+ + n 1 neutron
⌫µ MEC ⌫µ + (n+ n) ! µ� + p+ n 0.2 neutrons average
⌫̄µ MEC ⌫̄µ + (p+ p/n) ! µ+ + n+ p/n 1.8 neutrons average

I Greatly enhanced sample purities:
I ⌫µ CCQE: 36% ! 67%
I ⌫̄µ CCQE: 63% ! 88%

I Feasibility of Gd in water Cherenkov detector being tested in EGADS
I arXiv:1201.1017

Nick Prouse (Queen Mary & Southampton) TITUS: An intermediate detector for Hyper-K IoP Meeting, 31 March 2015 6 / 12

Figure 6: The proposed configuration of the magnetized muon range detectors of the TITUS
experiment. A large magnetized MRD, with radius 11 m to match the Cherenkov tank,
and thickness 2 m is placed downstream of the tank, to stop the large numbers of forward-
scattered muons. A smaller magnetized side-MRD is placed on the side of the tank to allow
low-background measurements of the anti-neutrino cross-section in this high-angle region of
phase-space.

can be used to both calibrate the neutron capture and provide a more precise measurement482

of the charge separation.483

A measurement of the e�ciency of the gadolinium technique using the high energy MRD484

sample will allow us to exploit the full potential of the gadolinium technique. The mean485

charge reconstruction e�ciency for all events in the downstream MRD is estimated to be486

95%. Furthermore, the precise calibration of the performance of the gadolinium charge487

reconstruction in TITUS will be greatly advantageous if it is used in the far detector, Hyper-488

Kamiokande, or indeed in other neutrino experiments, as it will help in minimizing the489

neutrino interaction modelling systematic error.490

The most interesting sample of muons is those resulting from neutrino events near the oscil-491

lation maximum at E⌫ ⇠ 0.6 GeV. The muon charge is more di�cult to reconstruct using492

the traditional method as the tracks may traverse only handful of planes. The design has493

therefore been optimized for the lower energy muon spectrum of Hyper-Kamiokande using494

a novel arrangement of the first three iron planes by the introduction of double scintillator495

planes and 10 cm air gaps, both of which increase charge reconstruction e�ciency for short496

tracks. In this case one does not fit tracks but rather measures the angle of the particle497

trajectory before and after each iron plane, and observes the direction of curvature. This498

technique is ultimately limited by multiple scattering, however several such measurements499

allows an e�ciency of 90% for events at the oscillation peak, a figure which is comparable500

with the e�ciency expected from the independent gadolinium measurement. When these501

two methods are combined it will be possible to obtain ⇠ 96% pure ⌫µ and ⌫̄µ samples from502
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Hyper-K Intermediate 
Detector: TITUS

• 4π coverage ➜ mimic coverage at far 
detector 

• Full magnetised downstream MRD: 

• Forward scattering muons 
(momentum < 2GeV) used in 
oscillation fits 

• Constrain “wrong-sign” components 

• Small magnetised side MRD: 

• Measure high Q2 region of  
phase-space 

• 0.1% Gd doping  
➜ ~90% neutrons captured
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Type Average number 
of neutrons

   CCQE ~0
   CC-MEC ~0.2

   NC ~0.5
   CCQE ~1

   CC-MEC ~1.8
Phys.Rev.Lett. 93, 171101, 2004
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Figure 15: The composition of the 1Rµ sample in TITUS during anti-neutrino mode running.
The e↵ect of di↵erent neutron selections is shown.
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Figure 16: The neutrino energy resolution due to the QE assumption for the 1Rµ sample in
TITUS during neutrino mode running. The e↵ect of di↵erent neutron selections is shown.
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Figure 15: The composition of the 1Rµ sample in TITUS during anti-neutrino mode running.
The e↵ect of di↵erent neutron selections is shown.
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Figure 16: The neutrino energy resolution due to the QE assumption for the 1Rµ sample in
TITUS during neutrino mode running. The e↵ect of di↵erent neutron selections is shown.
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90% contour comparing the nominal TITUS+Hyper-K with Hyper-K
only.
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Figure 18: �CP performance as a function of POT exposure for di↵erent configurations.
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90% contours

TITUS Sensitivity Studies
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90% contour comparing the nominal TITUS+Hyper-K with Hyper-K
only.
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Significantly increase sensitivity to 
δCP when include TITUS and neutron 

tagging to fits

• Use Super-K lepton selection and 
efficiency and detector resolution 
tables

• Gd enhances CCQE purity: 
(assume 100% efficiency neutron captures on Gd) 
FHC 1Rμ: 74% ➜ 83% 
RHC 1Rμ: 60% ➜ 73%

No neutron tagging

PRELIMINARY

PRELIMINARY



Summary
• Hyper Kamiokande will study:  
nucleon decay and solar, atmospheric, accelerator and 
supernova neutrino physics 

• Require systematic uncertainties to be at the few % 
level 

• Studies ongoing to determine largest sources of 
systematic errors: 

• Flux uncertainties (data driven measurements) 

• Wrong sign backgrounds (magnetised near detector) 

• Beam contamination (water Cherenkov intermediate 
detector) 

• Model and (νe, ν̅e) cross-section uncertainties (data 
driven measurements)
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Thanks for listening
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Sam Short 
for the Hyper-K Collaboration 

!
NNN15 

29 October 2015

Hyper-K Strategy for 
Controlling Systematic 

Uncertainties
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Tokai2Kamioka Experiment
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Super-Kamiokande

ND280

INGRID

Near Detectors



J-PARC Beamline
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Main Ring Synchrotron: 
30 GeV protons every 
2-3 seconds 

LINAC: 
Accelerate 
H- ions to 
energy of 
400 MeV

Rapid Cycling Synchrotron: 
Accelerate H+ ions to 3 GeV
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T2K On-Axis Near 
Detector: INGRID

Interactive Neutrino GRID: 

• 280m from target on beam axis 

• 16 iron/scintillator module 

• 1 scintillator tracking module 

• Monitors beam centre, profile and neutrino 
flux10m

10m
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T2K Off-Axis Near 
Detector: ND280

31 Sam Short29 October 2015

ν"beam"

Upstream π0 detector (POD) 
Scintillator interleaved 
with carbon and water 

targets

Fine Grained 
Detectors (FGDs) 
Provide active 

targets for neutrino 
interactions 
FGD1: carbon 

FGD2: carbon + water

Tracker: FGDs + TPCs 
Measure momenta of 
charged particles 
and particle ID

Electromagnetic 
Calorimeter (ECAL) 

Plastic scintillator 
and lead 

Aids in PID

UA1 magnet: 0.2T magnetic field



Expected 
Sensitivities
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PTEP 2015, 053C02 K. Abe et al.

Fig. 1. Schematic view of the Hyper-Kamiokande detector.

Table 1. Physics targets and expected sensitivities of the Hyper-Kamiokande experiment, based on
the study shown in Ref. [15] except for the long-baseline experiment that is described in this paper.
Improvement is expected with further optimization of the detector design and development of reconstruc-
tion/analysis tools. Also, only selected values are listed; e.g., other channels will be accessible for nucleon
decays.

Physics target Sensitivity Conditions

Neutrino study w/ J-PARC ν 7.5 MW × 107 s
− C P phase precision <19◦ @ sin2 2θ13 = 0.1, mass hierarchy

known
− C PV discovery coverage 76% (3 σ ), 58% (5 σ ) @ sin2 2θ13 = 0.1, mass hierarchy

known
− sin2 θ23 ±0.015 1 σ @ sin2 θ23 = 0.5

Atmospheric neutrino study 10 yr observation
− MH determination >3 σ CL @ sin2 θ23 > 0.4
− θ23 octant determination >3 σ CL @ sin2 θ23 < 0.46 or sin2 θ23 > 0.56

Nucleon decay searches 10 yr data
− p → e+ + π0 1.3 × 1035 yr (90% CL UL)

5.7 × 1034 yr (3 σ discovery)
− p → ν̄ + K + 3.2 × 1034 yr (90% CL UL)

1.2 × 1034 yr (3 σ discovery)

Astrophysical neutrino sources
− 8B ν from Sun 200 ν/day 7.0 MeV threshold (total energy)

w/ osc.
− Supernova burst ν 170 000–260 000 ν @ Galactic center (10 kpc)

30–50 ν @ M31 (Andromeda galaxy)
− Supernova relic ν 830 ν/10 yr
− WIMP annihilation at Sun 5 yr observation

(σSD: WIMP–proton spin- σSD = 10−39 cm2 @ MWIMP = 10 GeV, χχ →
bb̄ dominantdependent cross section)

σSD = 10−40 cm2 @ MWIMP = 100 GeV, χχ →
W +W − dominant
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Errors for Appearance and 
Disappearance Analyses
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PTEP 2015, 053C02 K. Abe et al.
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Fig. 15. Fractional error size for the appearance (left) and disappearance (right) samples in the neutrino mode.
Black: total uncertainty, red: flux and cross section constrained by the near detector, magenta: near-detector
non-constrained cross section, blue: far-detector error.
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trino mode. Black: total uncertainty, red: flux and cross section constrained by the near detector, magenta:
near-detector non-constrained cross section, blue: far-detector error.
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Fig. 17. Correlation matrix between reconstructed energy bins of the four samples due to the systematic
uncertainties. Bins 1–8, 9–20, 21–28, and 29–40 correspond to the neutrino-mode single-ring e-like, the neutri-
no-mode single-ring µ-like, the anti-neutrino-mode single-ring e-like, and the anti-neutrino-mode single-ring
µ-like samples, respectively.
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Table 9. Uncertainties (in %) for the expected number of events at Hyper-K from the systematic
uncertainties assumed in this study. ND: near detector.

Flux & ND-constrained ND-independent
cross section cross section Far detector Total

ν mode Appearance 3.0 1.2 0.7 3.3
Disappearance 2.8 1.5 1.0 3.3

ν mode Appearance 5.6 2.0 1.7 6.2
Disappearance 4.2 1.4 1.1 4.5
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Fig. 18. The 90% CL allowed regions in the sin2 2θ13–δC P plane. The results for the true values of
δC P = (−90◦, 0, 90◦, 180◦) are overlaid. Top: normal hierarchy case. Bottom: inverted hierarchy case. Red
(blue) lines show the result with Hyper-K only (with a sin2 2θ13 constraint from reactor experiments).

(inverted) mass hierarchy. Also shown are the allowed regions when we include a constraint from
the reactor experiments, sin2 2θ13 = 0.100 ± 0.005. With reactor constraints, although the contour
becomes narrower in the direction of sin2 2θ13, the sensitivity to δC P does not significantly change
because δC P is constrained by the comparison of neutrino and anti-neutrino oscillation probabilities
by Hyper-K and not limited by the uncertainty of θ13.

Figure 19 shows the expected significance to exclude sin δC P = 0 (the C P conserved case). The
significance is calculated as

√
$χ2, where $χ2 is the difference in χ2 for the trial value of δC P

and for δC P = 0◦ or 180◦ (the smaller value of difference is taken). We have also studied the case
with a reactor constraint, but the result changes only slightly. Figure 20 shows the fraction of δC P for
which sin δC P = 0 is excluded with more than 3 σ and 5 σ significance as a function of the integrated
beam power. The ratio of integrated beam power for the neutrino and anti-neutrino modes is fixed to
1:3. Normal mass hierarchy is assumed. The results for the inverted hierarchy are almost the same.
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Table 9. Uncertainties (in %) for the expected number of events at Hyper-K from the systematic
uncertainties assumed in this study. ND: near detector.

Flux & ND-constrained ND-independent
cross section cross section Far detector Total

ν mode Appearance 3.0 1.2 0.7 3.3
Disappearance 2.8 1.5 1.0 3.3

ν mode Appearance 5.6 2.0 1.7 6.2
Disappearance 4.2 1.4 1.1 4.5
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Fig. 18. The 90% CL allowed regions in the sin2 2θ13–δC P plane. The results for the true values of
δC P = (−90◦, 0, 90◦, 180◦) are overlaid. Top: normal hierarchy case. Bottom: inverted hierarchy case. Red
(blue) lines show the result with Hyper-K only (with a sin2 2θ13 constraint from reactor experiments).

(inverted) mass hierarchy. Also shown are the allowed regions when we include a constraint from
the reactor experiments, sin2 2θ13 = 0.100 ± 0.005. With reactor constraints, although the contour
becomes narrower in the direction of sin2 2θ13, the sensitivity to δC P does not significantly change
because δC P is constrained by the comparison of neutrino and anti-neutrino oscillation probabilities
by Hyper-K and not limited by the uncertainty of θ13.

Figure 19 shows the expected significance to exclude sin δC P = 0 (the C P conserved case). The
significance is calculated as

√
$χ2, where $χ2 is the difference in χ2 for the trial value of δC P

and for δC P = 0◦ or 180◦ (the smaller value of difference is taken). We have also studied the case
with a reactor constraint, but the result changes only slightly. Figure 20 shows the fraction of δC P for
which sin δC P = 0 is excluded with more than 3 σ and 5 σ significance as a function of the integrated
beam power. The ratio of integrated beam power for the neutrino and anti-neutrino modes is fixed to
1:3. Normal mass hierarchy is assumed. The results for the inverted hierarchy are almost the same.
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Fig. 19. Expected significance to exclude sin δC P = 0. Top: normal hierarchy case. Bottom: inverted hierarchy
case.
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Fig. 20. Fraction of δC P for which sin δC P = 0 can be excluded with more than 3 σ (red) and 5 σ (blue)
significance as a function of the integrated beam power for the normal hierarchy case. The ratio of the neutrino
and anti-neutrino modes is fixed to 1:3.

C P violation in the lepton sector can be observed with more than 3(5) σ significance for 76(58)%
of the possible values of δC P .

Figure 21 shows the 68% CL uncertainty of δC P as a function of the integrated beam power. With
7.5 MW × 107 s of exposure (1.56 × 1022 protons on target), the value of δC P can be determined to
better than 19◦ for all values of δC P .
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Fig. 25. Atmospheric neutrino sensitivities for a 10 yr exposure of Hyper-K assuming that the mass hierarchy
is normal. Top: the !χ2 discrimination of the wrong hierarchy hypothesis as a function of the assumed true
value of sin2θ23. Bottom: the discrimination between the wrong octant for each value of sin2θ23. The uncertainty
from δC P is represented by the thickness of the band. Vertical dashed lines indicate 90% confidence intervals
of sin2 θ23 from the T2K measurement in 2014 [38].

combination of these complementary measurements is known to be able to resolve this degeneracy
if θ23 is sufficiently away from π

4 [87–89]. As shown in Fig. 24, with a constraint on sin2 2θ13 from
the reactor experiments, Hyper-K measurements can resolve the octant degeneracy and precisely
determine sin2 θ23.

The expected precision of !m2
32 and sin2 θ23 for true sin2 θ23 = 0.45, 0.50, 0.55 with a reactor

constraint on sin2 2θ13 is summarized in Table 10.

4.7. Combination with atmospheric neutrino data
Atmospheric neutrinos can provide independent and complementary information to the accelerator
beam program on the study of neutrino oscillation. For example, through the matter effect inside the
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