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1. Introduction
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Hyper-Kamiokande experiment
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Next-generation water-Cherenkov detector
• CP phase measurement using the neutrino beam from J-PARC
• Mass hierarchy measurement with atmospheric neutrinos
• Proton decay search

19

FIG. 1. Illustration of the Hyper-Kamiokande first cylindrical tank in Japan.

and flux. The WAGASCI detector is a new concept under development that would have a larger

angular acceptance and a larger mass ratio of water (and thus making the properties more similar

to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, would measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 70 participating institutions

from Armenia, Brazil, Canada, France, Italy, Korea, Poland, Russia, Spain, Sweden, Switzerland,

Ukraine, the United Kingdom and the United States, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles and mass

squared di↵erence parameters and will aim to make the first observation of asymmetries in neutrino

and antineutrino oscillations arising from a CP-violating phase, shedding light on one of the most

promising explanations for the matter-antimatter asymmetry in the Universe. The search for
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FIG. 130. Oscillation probabilities as a function of the neutrino energy for ⌫µ ! ⌫e (left) and ⌫µ ! ⌫e

(right) transitions with L=295 km and sin2 2✓13 = 0.1. Black, red, green, and blue lines correspond to

�CP = 0�, 90�, 180� and �90�, respectively. Solid (dashed) line represents the case for a normal (inverted)

mass hierarchy.
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FIG. 131. Oscillation probabilities of ⌫µ ! ⌫e (left) and ⌫µ ! ⌫e (right) as a function of the neutrino energy

with a baseline of 295 km. sin2 2✓13 = 0.1, �CP = �90�, and normal hierarchy are assumed. Contribution

from each term of the oscillation probability formula is shown separately.

Also shown in Fig. 130 are the case of normal mass hierarchy (�m2

32

> 0) with solid lines and

inverted mass hierarchy (�m2

32

< 0) with dashed lines. There are sets of di↵erent mass hierarchy

and values of �CP which give similar oscillation probabilities, resulting in a potential degeneracy if

the mass hierarchy is unknown. By combining information from experiments currently ongoing [43–

45, 84, 179] and/or planned in the near future [39, 40, 46–48], it is expected that the mass hierarchy

will be determined by the time Hyper-K starts to take data. If not, Hyper-K itself has a sensitivity

to the mass hierarchy by the atmospheric neutrino measurements as described in the next section.

Thus, the mass hierarchy is assumed to be known in this analysis, unless otherwise stated.

Figure 131 shows the contribution from each term of the ⌫µ ! ⌫e and ⌫µ ! ⌫e oscillation

probability formula, Eq.(8), for L = 295 km, sin2 2✓
13

= 0.1, sin2 2✓
23

= 1.0, �CP = �90�, and

dCP measurement at Hyper-K
• This talk will focus on dCP measurement.
• CP phase is measured as the difference between neutrino 
and anti-neutrino appearance probabilities.
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Expected event rates
Statistical uncertainties decreases to a few % by 10-years 
operation with 1.3 MW beam
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FIG. 134. Top: Reconstructed neutrino energy distribution for several values of �CP . sin2 2✓13 = 0.1 and

normal hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the

case with �CP = 0�. The error bars represent the statistical uncertainties of each bin.

in the top plots of Fig. 134. The e↵ect of �CP is clearly seen using the reconstructed neutrino

energy. The bottom plots show the di↵erence of reconstructed energy spectrum from �CP = 0�

for the cases �CP = 90�,�90� and 180�. The error bars correspond to the statistical uncertainty.

By using not only the total number of events but also the reconstructed energy distribution, the

sensitivity to �CP can be improved and one can discriminate all the values of �CP , including the

di↵erence between �CP = 0� and 180� for which CP symmetry is conserved.

Figure 135 shows the reconstructed neutrino energy distributions of the ⌫µ sample, for the cases

with sin2 ✓
23

= 0.5 and without oscillation. Thanks to the narrow energy spectrum tuned to the

oscillation maximum with o↵-axis beam, the e↵ect of oscillation is clearly visible.

5. Analysis method

As described earlier, a binned likelihood analysis based on the reconstructed neutrino energy

distribution is performed to extract the oscillation parameters. Both ⌫e appearance and ⌫µ disap-



2. Systematics for CP phase
measurement at Hyper-K
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Current T2K systematics
• Total systematics of 4‒9% for ~10% statistical uncertainty
• Systematics of ne events are dominated by ND-independent 
neutrino interaction uncertainty.

• For more details, see T2K talks by L. Kormos and K. McFarland
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Flux & ND-
constrained 
cross section

ND-
independent 
cross section

Far 
detector

Hadronic re-
interaction

Total

n-mode Appearance 3.2% 7.8% 2.9% 3.0% 8.8%
Disappearance 3.3% 2.4% 2.4% 2.2% 5.1%

n-mode Appearance 2.9% 4.8% 3.8% 2.3% 7.1%
Disappearance 2.7% 1.7% 2.0% 2.0% 4.3%

arXiv:1807.07891

Systematics uncertainties on number of events at SK



Impact of systematic in Hyper-K
Reduction of systematic uncertainties will significantly 
enhance physics capability of Hyper-K, maximizing strength 
of unprecedented high statistics neutrino data.
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Hyper-K systematics goal
• Current target is total systematics of 3‒4% for ~3% 
statistical uncertainty

• To achieve that goal, all the sources of uncertainties need 
to be further understood.
• Beam flux, neutrino interaction, hadronic re-interaction,
far detector response

11/2/2018 NNN18 10arXiv: 1805.04163

Systematic uncertainties on number of events at HK
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FIG. 138. 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

neutrino mode single ring µ-like, the anti-neutrino mode single ring e-like, and the anti-neutrino mode

single ring µ-like samples, respectively.

number of expected events at the far detector are summarized in Table XXXVIII.

TABLE XXXVIII. Uncertainties for the expected number of events at Hyper-K from the systematic uncer-

tainties assumed in this study.

Flux & ND-constrained ND-independent
Far detector Total

cross section cross section

⌫ mode
Appearance 3.0% 0.5% 0.7% 3.2%

Disappearance 3.3% 0.9% 1.0% 3.6%

⌫ mode
Appearance 3.2% 1.5% 1.5% 3.9%

Disappearance 3.3% 0.9% 1.1% 3.6%

6. Measurement of CP asymmetry

Figure 139 shows examples of the 90% CL allowed regions on the sin2 2✓
13

–�CP plane resulting

from the true values of �CP = (�90�, 0, 90�, 180�). The left (right) plot shows the case for the

normal (inverted) mass hierarchy. Also shown are the allowed regions when we include a constraint

from the reactor experiments, sin2 2✓
13

= 0.100 ± 0.005. With reactor constraints, although the



3. Improvements of 
flux uncertainties
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Neutrino flux prediction
• The major source of flux uncertainties originates from 
hadron production process in the graphite target.

• T2K has been using NA61 2cm thin target results to tune 
the hadron production simulation.

• Efforts are ongoing to use newly provided 90cm replica 
target data to reduce flux uncertainty from ~10% to ~5%.
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T2K 2018 analysis

NA61 experimental setup



Flux prediction in near future
• When the hadron production uncertainties are reduced by 
replica target measurements, proton beam profile and off-
axis angle would be the next most dominant.

• The error is estimated conservatively by proton beam 
profile measured just upstream of the target and neutrino 
beam direction obtained by on-axis near detector.

• Now the study of new analysis 
technique has started in T2K 
to take account of 
correlations of the two 
measurements more strictly.

11/2/2018 NNN18 13

T2K flux uncertainties after 
replica target constrain



NA61 beyond 2020
• Out-of-target interaction is a significant 
source of wrong-sign component.
In anti-neutrino mode, almost half 
of neutrinos originate from mesons 
interacting in the horn etc.

• Measurements with various target materials (Al, Fe, etc.) at 
lower energy would help understanding those interactions.

• Recently an idea to design a hybrid target came up in T2K.
• Also motivate NA61 measurements with other target (Si, Al)

11/2/2018 NNN18 14

Target
p

p, K
n

Graphite to allow p to exit  the target
Core with heavier material (super-
sialon) to increase p production



4. ND280 upgrades
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ND280 upgrades
• Acceptance of high-angle muons will be increased by 
horizontal TPCs.

• Neutrino interaction uncertainty at high-Q2 region would 
be reduced.

11/2/2018 NNN18 16

nµ CC selection efficiency
(TPC track required)



Fine-grained neutrino target
Fully active tracker with 2 tons consists of 1 cm3 scintillator 
cubes.
• Statistics will be increased by a factor of 2.
• Lower tracking threshold compared to current tracker 
made of scintillator bars.

• e/g separation using dE/dx enables ne measurements.
• Full 4p acceptance

For more details of the
detector, see talk 
by E. Noah 
in detector session.
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cos ✓ 0 < p < 0.5 p > 0.5
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0.6 < ⌫ < 0.7

2

⌫µ

2

⇡

Estimated performance
Sensitivity studies were performed using parametrized 
detector performance based on Geant4 simulation of new 
sub-detectors and known performance of current TPCs.
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CERN-SPSC-2018-001. 
SPSC-P-357 

⌫e ⌫µ ⌫e CC1⇡+

�N/N �N/N �N/N

2

Assuming T2K 
interaction model 
and parametrization,
total uncertainty will
be reduced by 15‒20%.



5. Intermediate water 
Cherenkov detector
(J-PARC E61)
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Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

Intermediate Water Cherenkov
• A new intermediate water Cherenkov detector will 
be located at 1‒2 km downstream of the 
neutrino production target.

• An instrumented volume moves vertically within 
a 50 m tall water pit

• Cherenkov photons are detected by 
3inch PMTs enveloped in mPMT
modules (19 PMTs for inner detector side). 

11/2/2018 NNN18 20

E61
Hyper-Kamiokande
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Linear combination of off-axis bins

NNN18 2111/2/2018

1.Separate  
detector 
volume to 30 
off-axis slices.

2. Take a linear 
combination
of off-axis 
slices to 
reproduce  
desired 
spectrum.

0.8×

-0.6×

0.4×

0.8×

-0.6×

0.4×

3.Take the 
same linear 
combination 
of observed
variables to 
predict the 
distribution 
corresponding 
to that 
spectrum.

Example: 
Oscillated 
far detector 
spectrum

Enables 
data driven fit
less-dependent 
on interaction 
models.
Some ND-
independent 
systematics can 
be canceled.
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FIG. 24. Selected 1Re candidates in the 2.5-4.0� o↵-axis range
for NuPRISM.

1.2 GeV, the purity for ⌫
e

-CC events is 71% and the ex-
pected signal is 3500 events. It should be noted that this
simulation was carried out with 3 m radius inner detec-
tor. Since the time of this work, the baseline design for
NuPRISM has changed to a 4 m radius inner detector
and new Monte Carlo simulations are being generated.
The larger inner detector will give an increased event
rate due to the larger fiducial volume and higher purity
since the particle ID performance improves as the dis-
tance to the detector wall increases. Additional tuning
of the fiTQun ⇡0 rejection is also planned, but has not
yet been implemented.

The �
⌫e/�

⌫µ ratio measurement is best carried out
with the same energy spectrum for ⌫

e

and ⌫
µ

fluxes so
that di↵erences in the measured ratio can be attributed
to cross-section di↵erences. The ⌫

µ

spectrum is matched
to the ⌫

e

spectrum using the linear combination of o↵-
axis spectra that has been previously described. Fig. 25
shows the matched ⌫

µ

, which has good agreement with
the ⌫

e

spectrum up to 1.5 GeV. Agreement up to 1.5 GeV
is su�cient since ⌫

µ

interactions above 1.5 GeV will
typically produce muons that are not contained in the
NuPRISM inner detector. It is also the case that the
⌫

e

(⌫̄
e

) appearance probabilities and CP violation e↵ect
are dominant below 1 GeV, so it is most important to
measure the relative cross-section in the sub GeV region.

Using the simulated and selected 1Re candidates, we
have estimated the expected uncertainty on the �

⌫e/�
⌫µ

ratio measurement. The uncertainty on the ratio of the
fluxes �

⌫e/�
⌫µ is estimated using the T2K flux system-

atic error model with the assumption that hadron pro-
duction errors will be reduced to 1/2 of their current val-
ues with replica target measurements and new thin target
measurements. As mentioned previously, the linear com-
bination of NuPRISM ⌫

µ

spectra is matched to the intrin-
sic NuPRISM ⌫

e

spectrum, as shown in Fig. 25, and the
flux error estimate is evaluated on this linear combina-
tion. The statistical error is estimated for the background
subtracted signal. Systematic errors on the background
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FIG. 25. The intrinsic ⌫
e

spectrum and the matched ⌫
µ

spec-
trum using the linear combination method.

modeling are assumed to be 5% for NC⇡0 and ⌫
µ

� CC
backgrounds since these can be constrained with control
samples in NuPRISM. The error on the modeling of the
NC1� background is set to 50%, which is conservative
compared to an estimate of 12% by Wang et al [34]. It is
assumed that a relative signal e�ciency of 1% between
1Re and 1Rµ candidates can be achieved.

The estimate of the uncertainty on the �
⌫e/�

⌫µ as a
function of reconstructed energy is shown in Fig. 26. For
the region below a reconstructed energy of 1 GeV, the
estimated total error is ⇠4.5%. It is expected that this
will be reduced with the change to a 4 m radius inner de-
tector, and additional tuning of the reconstruction. The
uncertainty on the �

⌫e/�
⌫µ flux ratio is the dominant er-

ror at 3.2% and may be reduced by more precise hadron
production measurements.

The measurement of the �
⌫̄e/�

⌫̄µ ratio does present
additional challenges beyond the �

⌫e/�
⌫µ measurement.

The lower antineutrino interaction cross section implies
a smaller statistical sample, however Hyper-K will use
a longer exposure with the antineutrino beam so as to
balance the total event rates for neutrinos and antineu-
trinos. Hence, we expect a similar statistical precision
can be achieved for the �

⌫̄e/�
⌫̄µ ratio. The ⌫̄

e

candidate
sample will include a larger neutral current background,
so the purity of the electron reconstruction is most im-
portant for the antineutrino measurement. The antineu-
trino candidates also have a significant wrong-sign (neu-
trino) background. The wrong-sign background can be
constrained by the measurement made in the neutrino
beam.

2. Event Rate Prediction Ignoring �
⌫e �

⌫µ di↵erences

The linear combination method can be applied to re-
produce the predicted SK spectrum from ⌫

µ

! ⌫
e

oscil-

ne interaction measurement
E61 provides a data-driven constraint on s(ne)/s(nµ) to 2‒3%
• Base on full detector MC, 1-ring ne candidates are selected 
with a purity of ~60% out of 1% beam ne contamination.

• By taking linear combination of nµ spectra to match ne
spectrum, s(ne)/s(nµ) will be measured as a function of 
kinematics.
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FIG. 28. The ⇡+ spectra after final state interactions in simu-
lated ⌫

e

-CC and ⌫
µ

-CC events in SK generated with identical
spectra and with 1Re and 1Rµ selections applied respectively.

3. Measurement of the intrinsic backgrounds

In the 2.5� o↵-axis slice of NuPRISM, the spectra for
neutral current interactions and intrinsic ⌫

e

are nearly
identical to those at Super-K, as shown in Fig. 29. The
intrinsic 1Re backgrounds can be directly measured in
NuPRISM without resorting to the linear combination
method by measuring the rates at 2.5� o↵-axis. This
measurement only requires a small model dependent cor-
rection for the <10% flux di↵erences between NuPRISM
and Super-K, and a correction for the relative e�ciency
between NuPRISM and Super-K.

The measured intrinsic 1Re background in the 2.4-2.6�

reconstructed o↵-axis angle range for an exposure of 1.5⇥
1021 POT is shown in Fig. 30. The expected number of
events with reconstructed energy less than 1.2 GeV is
933, giving a statistical precision of 3%. The statistics
will increase with the move to a 4 m radius inner detector.

H. Sterile Neutrino Sensitivity

The NuPRISM detector will provide a unique and sen-
sitive search for sterile neutrinos in the ⌫

µ

! ⌫
e

channel,
and eventually the ⌫

µ

! ⌫
µ

channel, particularly when
ND280 is incorporated into the analysis. The 1km loca-
tion of NuPRISM for the o↵-axis peak energies of 0.5-
1.0GeV matches the oscillation maximum for the sterile
neutrinos hinted by LSND and MiniBooNE. The pres-
ence or absence of an excess of ⌫

e

events as a function
of o↵-axis angle will provide a unique constraint to rule
out many currently proposed explanations of the Mini-
BooNE excess, such as feed-down in neutrino energy due
to nuclear e↵ects. The o↵-axis information also allows
for a detailed understanding of the backgrounds, since
they have a di↵erent dependence on o↵-axis angle than
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FIG. 29. The spectra for all neutrinos (left) and intrinsic ⌫
e

(right) at NuPRISM and Super-K and the ratio of area nor-
malized spectra at NuPRISM and SK. For NuPRISM, the
spectra are chose for the 2.4-2.6� o↵-axis angle range, corre-
sponding to region of transverse size of 3.5 m in NuPRISM.

the oscillated signal events.
Figure 31 shows the single ring e-like events observed

by MiniBooNE. There are several sources of events:

• Beam ⌫
e

from muon and kaon decays

• NC⇡0 with one of the photons missed
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FIG. 28. The ⇡+ spectra after final state interactions in simu-
lated ⌫

e

-CC and ⌫
µ

-CC events in SK generated with identical
spectra and with 1Re and 1Rµ selections applied respectively.

3. Measurement of the intrinsic backgrounds

In the 2.5� o↵-axis slice of NuPRISM, the spectra for
neutral current interactions and intrinsic ⌫

e

are nearly
identical to those at Super-K, as shown in Fig. 29. The
intrinsic 1Re backgrounds can be directly measured in
NuPRISM without resorting to the linear combination
method by measuring the rates at 2.5� o↵-axis. This
measurement only requires a small model dependent cor-
rection for the <10% flux di↵erences between NuPRISM
and Super-K, and a correction for the relative e�ciency
between NuPRISM and Super-K.

The measured intrinsic 1Re background in the 2.4-2.6�

reconstructed o↵-axis angle range for an exposure of 1.5⇥
1021 POT is shown in Fig. 30. The expected number of
events with reconstructed energy less than 1.2 GeV is
933, giving a statistical precision of 3%. The statistics
will increase with the move to a 4 m radius inner detector.

H. Sterile Neutrino Sensitivity

The NuPRISM detector will provide a unique and sen-
sitive search for sterile neutrinos in the ⌫
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channel, particularly when
ND280 is incorporated into the analysis. The 1km loca-
tion of NuPRISM for the o↵-axis peak energies of 0.5-
1.0GeV matches the oscillation maximum for the sterile
neutrinos hinted by LSND and MiniBooNE. The pres-
ence or absence of an excess of ⌫

e

events as a function
of o↵-axis angle will provide a unique constraint to rule
out many currently proposed explanations of the Mini-
BooNE excess, such as feed-down in neutrino energy due
to nuclear e↵ects. The o↵-axis information also allows
for a detailed understanding of the backgrounds, since
they have a di↵erent dependence on o↵-axis angle than
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FIG. 29. The spectra for all neutrinos (left) and intrinsic ⌫
e

(right) at NuPRISM and Super-K and the ratio of area nor-
malized spectra at NuPRISM and SK. For NuPRISM, the
spectra are chose for the 2.4-2.6� o↵-axis angle range, corre-
sponding to region of transverse size of 3.5 m in NuPRISM.

the oscillated signal events.
Figure 31 shows the single ring e-like events observed

by MiniBooNE. There are several sources of events:

• Beam ⌫
e

from muon and kaon decays

• NC⇡0 with one of the photons missed

ne background measurements
Intrinsic ne and neutral current background at the far 
detector will be constrained with a statistical precision of 3% 
by measurement at 2.5° off axis, the same angle as Hyper-K.
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Neutral current
2.4‒2.6° See Hyper-K 

near detector 
talk by J. Walker
for more detail
of E61



5. Beam and atmospheric 
combined analysis
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Beam and atmospheric 
combined analysis
As the T2K and Super-K are different collaborations,
their analyses were developed separately.
• Some of current Super-K detector systematics in the T2K 
analysis are estimated using atmospheric neutrinos.
• Part of atmospheric flux and cross section uncertainties 
propagate to T2K oscillation analysis.

• Super-K produces “atmospheric only” results and “atmospheric 
+ beam” results using only published T2K constraints.
• Part of atmospheric flux and cross section uncertainties 
and Super-K detector systematics are double-counted.

Hyper-K proto-collaboration includes beam, near and far 
detectors. Beam and atmospheric combined analysis will be 
straightforward in such organization with single collaboration.
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B Atmospheric neutrinos 233
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FIG. 153. Constraints on �CP after a 10 year exposure of Hyper-K assuming the normal mass hierarchy.

Cyan and blue lines show the constraint from the atmospheric neutrino sample and beam neutrino sample

individually, whereas the constraint from their combination appears in the red line. The left (right) figure

assumes the true value of �CP is 0� (90�). Solid and dashed lines denote the normal and inverted hierarchies,

respectively.

Metric 1TankHD

sin2(✓23) Atmospheric ⌫ Atm + Beam

Hierarchy
0.40 2.2 � 3.8 �

0.60 4.9 � 6.2 �

Octant
0.45 2.2 � 6.2 �

0.55 1.6 � 3.6 �

TABLE XLII. Summary of Hyper-K’s sensitivity in various metrics with atmospheric neutrinos only (At-

mospheric) and with the combination of atmospheric neutrino and beam data (Atm + Beam ) for the staged

1TankHDdesign. These numbers assume a normal hierarchy, �m2
23 = 2.5⇥ 10�3eV2, sin2✓13 = 0.0219, and

the value of �CP that minimizes the sensitivity. Entries in the table are in units of
p

��2. See text for

details.

3. Exotic Oscillations And Other Topics

Though the standard paradigm of neutrino oscillations driven by two mass di↵erences has been

well established, hints for a third mass di↵erence with �m2

s ⇠ 1eV2 have been seen in a variety

of short-baseline experiments (c.f. [103, 104, 203, 204]). Measurements of the Z0 decay width,

however, indicate that there are only three neutrinos that participate in the weak interaction and

therefore explaining the short-baseline data with an additional neutrino means it cannot couple to

the Z and therefore cannot participate in ordinary weak interactions. Such a state is referred to as

Another merit of combined analysis
Beam and atmospheric events have complementary sensitivities.
• Precision measurement of oscillation parameters with beam 
neutrino improves sensitivity to mass hierarchy and q23 octant 
of atmospheric neutrinos.

• Determining mass 
hierarchy  by 
atmospheric neutrinos 
resolves degeneracy 
in dCP and hierarchy.
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Summary
• Statistical uncertainty of neutrino data will be suppressed to a 
few percent with Hyper-Kamiokande far detector and upgraded 
J-PARC neutrino beam. The goal of the systematic uncertainty 
is therefore 3% level.

• Many efforts are on-going to realize that precision across 
multiple collaborations.
• Understand hadron production with external data
• Constrain beam properties and neutrino interaction model 
with upgraded near detectors

• Develop less model-dependent analysis with intermediate 
water Cherenkov detector

• Use both beam and atmospheric data in the most efficient 
way
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Supplemental slides
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Event rates and efficiencies
• NH assumed
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Atmospheric sensitivities
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228 III.1 NEUTRINO OSCILLATION
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FIG. 148. Oscillated ⌫e flux relative to the non-oscillated flux as a function of neutrino energy for the

upward-going neutrinos with zenith angle cos⇥⌫ = �0.8. ⌫̄e is not included in the plots. Thin solid

lines, dashed lines, and dotted lines correspond to the solar term, the interference term, and the ✓13

resonance term, respectively (see Eq. 19). Thick solid lines are total fluxes. Parameters are set as

(sin2 ✓21, sin
2 ✓13, sin

2 ✓23, �,�m2
21,�m2

32) unless otherwise noted. The ✓23 octant e↵ect can be seen by

comparing (a) (sin2 ✓23 = 0.4) and (b) (sin2 ✓23 = 0.6). � value is changed to 220� in (c) to be compared

with 40� in (b). The mass hierarchy is inverted only in (d) so ✓13 resonance (MSW) e↵ect disappears in this

plot. For the inverted hierarchy the MSW e↵ect should appear in the ⌫̄e flux, which is not shown in the

plot.

parametric resonance driven by ✓̃
13

, whose amplitude increases with sin2✓
23

( c.f. panels a. and b.).

Further, this resonance becomes suppressed in the neutrino channel when the hierarchy is switched

from normal to inverted (compare panels a. and d.). Though some change in the resonance can be

seen via the interference term as �CP is varied, the dominant e↵ect appears below 1 GeV (panels

a. and c.). For these reasons the atmospheric neutrino oscillation analysis has been designed to

maximize each of these potential e↵ects.

Hyper-Kamiokande’s reconstruction performance is expected to meet or exceed that of its pre-

decessor, Super-Kamiokande. Nominally the size and configuration of the two detectors are similar

enough that event selections and systematic errors are not expected to di↵er largely. While the

larger statistics a↵orded by Hyper-K may result in improved detector systematic uncertainties, such

Atmospheric ne appearance probabilities

Hierarchy

Octant

dCP



E61 detector
• The detector has optically separated 
inner and outer detectors.

• Cherenkov photons are detected by 
3inch PMTs enveloped in mPMT
modules (19 PMTs for ID side).
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8m

10m

6

FIG. 4. Left: Neutron rates as a function of radius of moderator balls measured at B2 (black) and 1st floor (red) in NM building
in J-PARC. Right: Measured and calculated response functions of the He-3 counter with di↵erent thickness of moderators from
[2].

FIG. 5. The baseline design of the E61 mPMT module.

A. UV-Transparent Acrylic121

E61 collaborators at INFN have worked with the company EVONIK to identivy a UV transmitting acrylic for use122

in the pressure vessel. Optical measurements show high transmission down to 300 nm, as illustrated in Fig. 6. Tensile123

and compression mechanical stress tests of the EVONIK acrylic have been carried out, and these data are now being124

used to produce mechanical simulations of the acrylic for all possible mPMT module designs. The production of125

acrylic parts for prototype mPMT modules is now under preparation.126

B. PMT Support and Optical Gel127

Each PMT is held in place by a 3-D printed holder that also includes the surface to which the reflector that128

surrounds the photo-cathode is attached. The PMT is then optically coupled to the acrylic endcap of the mPMT129

using a silicone based optical gel compound that solidifies to form a “puck”. An example of a PMT, and PMT130

holder with the optical puck is shown in Fig. 7. E61 collaborators at TRIUMF have identified optical gel compounds131

including the Wacker SilGel 612 compount used for KM3NeT. The Wacker SilGel 612 compound is found to have132

good transimisson down to 250 nm with acceptable mechanical properties and uniformity of the cured puck. An133

additional compound, Elastosil 604, that produces a harder puck is also being investigated, and E61 is collaborating134

3inch PMT



Software development
Full detector simulation and event reconstruction algorithm
are developed to study detector optimization and physics 
sensitivities.
• Detector simulation WCSim
• Event reconstruction algorithm fiTQun
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FIG. 10. Example event display from a WCSim simulation with mPMT photosensors.

V. SMALL SCALE INITIAL PHASE168

As discussed in the introduction, the realization of the full scale Phase-0 detector before Phase-1 is is di�cult169

given the schedule and facility funding envelop derived from discussions with the Hyper-K collaboration and KEK170

management. However, the E61 collaboration still sees significant values in the realization of an initial phase detector171

that will integrate the systems to be used in the full Phase-1 detector and prove the detector performance. Having172

considered funding requests and cycles at collaborating institutes we find that the construction of a detector starting173

at the end of 2019 with operation starting in 2021 may be possible. This timescale will allow for data taking before174

the construction of the Phase-1 detector starts.175

The proposed small scale initial phase detector will use the same photosensors that will be used in the full Phase-1176

detector. Given the capacity of potential facilities to house the detector, and potential available funding, the size of177

the detector will be ⇠3 m diameter and ⇠4 m tall. Fig 11 shows the potential mPMT configuration for this detector178

size, with 168 mPMT modules to instrument the full detector inner surface. This detector size allows for propagation179

of particles through the detector volume over distances that are similar to to those traversed by particles produced180

in neutrino interactions in the center of the Phase-1 detector.181

A possible location for the initial phase small scale detector is in a charged particle test beam. With a beam of182

incident particles of known momentum and particle type, the calibration and performance of the detector can be183

directly confirmed. The E61 collaboration has started discussions with managers of the Fermilab Test Beam Facility,184

where the MCenter beam line can o↵er charged particle tertiary beams with particle momenta ranging from 200185

MeV/c to 1200 MeV/c. This covers most of the range of interest for the E61 experiment. The MC7 area in the186

MCenter beam line currently houses a test experiment for the NOvA experiment, but is expected to be available from187

2020. This area can house a detector with dimensions of approximately 4 m⇥4 m. Detailed investigations of the188

beam properties and detector hall capabilities are under way.189

An alternative option for a small scale initial phase detector is to place it in an existing facility at J-PARC. A190

detector with 3 m⇥4 m dimensions is too small to achieve the Phase-0 electron neutrino cross section measurement.191

Since no test beam is available at J-PARC, it will not be possible to evaluate the detector performance and calibration192

with charged particles of known momentum and type. This option remains as a back-up solution if the detector cannot193

be realized in a charged particle test beam.194

VI. SUMMARY195

Since the last PAC meeting, the E61 collaboration has continued e↵orts on the design of the Phase-0 and Phase-1196

detectors. In consultation with a general engineering and design company, design options for the Phase-0 detector,197

including the facility, have been developed. Significant progress has also been made on the design of the mPMT198

photosensor components, and the coordination of these design e↵orts both within E61 and with Hyper-K.199

The E61 collaboration has held discussions with the Hyper-K collaboration and KEK management to understand a200

realistic funding scenario and schedule for the Phase-1 detector facility that is compatible with the Hyper-K physics201

program. This schedule was shown in Fig. 1. Given the available funds for facility construction and and the Phase-1202

NuPRISM mPMT in WCSim

T. Feusels (UBC, TRIUMF) mPMT in WCSim 01/03/2017 6 / 9
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Vertex resolution
Vertex resolution is improved by using smaller PMTs.
• Timing resolution of PMTs is improved
• Location of each photon is decided more precisely
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Toward the combined analysis
Recently, studies have been started to fit beam and 
atmospheric events simultaneously in T2K and Super-K .
• As a first step, atmospheric 1-ring sub-GeV (<1.33 GeV) 
events were simultaneously fitted with T2K beam events 
with the T2K parameterization of interaction systematics.

• This demonstrated that the T2K interaction model also 
describes atmospheric sub-GeV events well enough and 
that detector systematics are significantly reduced for 
beam events.

• Further study is necessary to include atmospheric events 
with higher energy since the T2K interaction model is 
focused on interactions below a few GeV.
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