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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

J-PARC E61 
experiment
Feb. 21, 2018
Tomoyo Yoshida
(Tokyo Institute of Technology)
For J-PARC E61 collaboration
Lake Louise Winter Institute
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One of the world-leading neutrino oscillation experiments
• (Anti-) muon neutrino beam is generated at J-PARC.
• Beam property and neutrino interaction are measured at 
near detectors.

• Oscillated neutrinos are detected at Super-Kamiokande.



Future LBL experiments in Japan 
T2K-II (‒2025)
Proposed T2K extension 
from original 7.8×1021 POT 
to 20×1021 POT

Hyper-Kamiokande (2026‒)
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FIG. 25: 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 but unknown 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.

The above study assumes that equal POT are accumulated in ⌫-mode and the ⌫̄-mode.

The balance could be optimized to enhance the significance for observing CP violation.

Sensitivity to CP violation depends on resolving degeneracies such as the mass hierarchy

and the ✓23 octant. Thus, this optimization requires a detailed consideration over a large

space of neutrino oscillation parameters and the outcome of future measurements. Here,

we verify that ⌫ : ⌫̄ = 50 : 50 running, while not optimal in all cases, is a reasonable

option that achieves sensitivities close to optimal across a range of underlying parameters.

Figure 26 shows the sensitivity to CP violation plotted as a function of POT with seven

true values of sin2 ✓23 and five options of the ⌫ : ⌫̄ running time ratios (in percentage).

In this study, only statistical uncertainty is considered and the statistical enhancement

is assumed throughout. It can be observed that the configuration where data is taken

dominantly in ⌫-mode gives the worst sensitivity to CP violation if the true value of ✓23

is in the lower octant. This is because ⌫-mode running alone has limited power to resolve

the ✓23 octant. On the other hand, while more ⌫̄-mode running improves the ability to

resolve the ✓23 octant, it su↵ers from decreased statistics. We conclude that taking data

equally in ⌫-mode and ⌫̄-mode, while not the optimal configuration for all values of sin2 ✓23,

consistently gives high sensitivity to CP violation overall.
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significance for 76(57)% of the possible values of �CP .4011

Figure 143 shows the 68% CL uncertainty of �CP as a function of the integrated beam power.4012

The value of �CP can be determined with an uncertainty of 7.2� for �CP = 0� or 180�, and 23� for4013

�CP = ±90�.4014

As the nominal value we use sin2 ✓
23

= 0.5, but the sensitivity to CP violation depends on the4015

value of ✓
23

. Figure 144 shows the fraction of �CP for which sin �CP = 0 is excluded with more than4016

3� and 5� of significance as a function of the true value of sin2 ✓
23

. T2K collaboration reported4017

sin2 ✓
23

= 0.51+0.08
�0.07 for neutrinos in case of the normal hierarchy.4018

Exclude CP conservation 
at 5s for wide rangearXiv: 1609.04111

KEK Preprint 2016-21

Long-baseline experiments will enter the precision era.



Super-Kamiokande IV
Run 999999 Sub 0 Event 103 
11-11-21:09:42:21
Inner: 1796 hits, 4245 pe
Outer: 4 hits, 3 pe
Trigger: 0x07
D_wall: 594.8 cm
Evis: 472.1 MeV
mu-like, p = 617.0 MeV/c

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
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MC event 
display of 
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Neutrino energy reconstruction
Energy reconstruction is crucial since the oscillation probability 
depends on neutrino energy.
• Single ring events are selected at Super-K.
• Neutrino energy is reconstructed from momentum and 
direction of the charged lepton, assuming charged current 
quasi-elastic (CCQE) kinematics.
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FIG. 1. The CCQE cross section measurements are shown for MiniBooNE and NOMAD. The data show significant di↵erences
between measurements made at low and high energies.

FIG. 2. A cartoon of the e↵ect of energy reconstruction biases
is shown for both the T2K near detector (top) and the far
detector (bottom). At the far detector, these biases directly
impact the measurement of the oscillation dip, but the biases
are largely unconstrained at the near detector due to the large
unoscillated sample of unbiased CCQE events.

(anti)neutrinos are measured in the near detector while
electron (anti)neutrinos are detected in the far detector.
Since conventional neutrino beams produce neutrinos
from pion decays, there are no precision measurements
of electron (anti)neutrino-nucleus scattering at O(1 GeV)
and experiments such as T2K rely on models of neutrino-
nucleus scattering to account for the di↵erences in the
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FIG. 3. The ratio of the CCQE cross section ration for muon
neutrinos and anti-muon neutrinos is shown for various theo-
retical models and the MiniBooNE measurement. More pre-
cision is required for precision CP violation measurements.
(plot courtesy of J. Grange, private communication)

electron (anti)neutrino and muon (anti)neutrino cross
sections. Theoretical uncertainties on the di↵erences in
the interaction cross sections have been estimated by Day
and McFarland [8]. They include the uncertainty arising
from the phase space di↵erences due to the lepton mass
di↵erence, the uncertainty on the size of second-class cur-
rents, and radiative corrections. For the T2K beam, the
error on the interaction rates is estimated to be 3% with
significant anti-correlations between the neutrino and an-
tineutrino rates. It should be emphasized that this un-
certainty is a theoretical estimate. Given the challenges
in the theoretical modeling of neutrino-nucleus interac-
tions, the electron (anti)neutrino cross sections should
be confirmed directly with measurements, particularly
for an experiment that hopes to report a discovery of CP
violation.

The uncertainties on the modeling of the Super-K de-
tector response (1.9%), uncertainties on flux and cross
section model parameters directly constrained by the
ND280 data (2.4%), and the uncertainty on the NC1�
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Figure 14. Schematic and pictorial representation of the 1p-1h and 2p-2h excitations.

neutrino with a single nucleon in the nucleus, which are susceptible to produce an increase
of the quasielastic cross section. The absorption of the W boson by a single nucleon, which
is knocked out, leading to 1 particle - 1 hole (1p-1h) excitations, is only one possibility.
In addition one must consider coupling to nucleons belonging to correlated pairs (NN
correlations) and two-nucleon currents arising from meson exchange (MEC). This leads to
the excitation of two particle -two hole (2p-2h) states. 3p-3h excitations are also possible.
Together they are called np-nh (or multinucleon) excitations. A schematic and pictorial
representation of the 1p-1h and 2p-2h excitations is shown in Fig. 14. As shown in Ref. [9] and
in Fig. 13 the addition of the np-nh excitations to the genuine quasielastic (1p-1h) contribution
leads to an agreement with the MiniBooNE data without any increase of the axial mass.
Isolating a genuine quasielastic event in electron scattering experiments where the kinematics
are fixed by the knowledge of the energy and momentum of incoming and outgoing electron
beams is relatively easy. In the double differential cross sections, or in the nuclear responses,
one can isolate the bump centered at Q2/(2MN) corresponding to single nucleon knockout,
shown for example in Fig. 5. This is not the case in neutrino scattering experiments. Due
to the broadening of the incoming neutrino flux as illustrated in Sec. 2.1, one explores the
whole energy- and momentum-transfer plane, hence the multinucleon excitations are strictly
entangled with the single nucleon knockout events. This is particularly true for Cherenkov
detectors. The importance of 2p-2h excitations in neutrino scattering processes was suggested
for the first time by Delorme and Ericson in Ref. [181]. The confusion between one nucleon
knock out processes and multinucleon excitations in the Cherenkov detectors was stressed as
first by Marteau et al. [201, 202] in connection with the atmospheric neutrino measurements
at Super-Kamiokande. Today one generally refers to single nucleon knockout processes as
true or genuine quasielastic. Processes in which only a final charged lepton is detected, hence
including multinucleon excitations, but pion absorption contribution is subtracted, are usually
called quasielastic-like, or QE-like. Thus, what MiniBooNE published was not CCQE data,
but CCQE-like data. To avoid the confusion of the signal definition, it is increasingly more
popular to present the data in terms of the final state particle, such as “1 muon and 0 pion,
with any number of protons”. This corresponds to the CCQE-like data without subtracting
any intrinsic backgrounds (except beam and detector related effects) and it is called CC0p .
We will discuss the advantage of such topology-based signal definition in Sec. 4.1.

The results presented in Figs.12 and 13 relate to cross sections as a function of the
neutrino energy. Nevertheless the experimental points shown in these figures are affected
by the energy reconstruction problem, see Section 6. For a comparison between theory and
experiment, the most significant quantities are the neutrino flux-integrated double differential
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Interaction model uncertainties
Reducing model uncertainties will be 
more and more important in future.
• Multi-nucleon interaction components 
can bias neutrino energy reconstruction.

• Although this smearing may not be seen 
significantly at near detectors, the bias 
might be crucial at far detector, as 
neutrino oscillate.

2/21/2018 LLWI 2018 5

arXiv:
1611.07770



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

J-PARC E61 detector proposal
An intermediate water Cherenkov detector at 
1 ‒ 2 km downstream of J-PARC neutrino beam
• An instrumented volume moves vertically within 
a 50 m tall water pit

• Optically separated inner and outer detectors
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40

IV. DETECTOR DESIGN AND HARDWARE

The NuPRISM detector uses the same water
Cherenkov detection technology as Super-K with a cylin-
drical water volume that is taller than Super-K (50-100m
vs 41m) but with a much smaller diameter (6-10m vs
39m). The key requirements are that the detector span
the necessary o↵-axis range (1�-4�) and that the diameter
is large enough to contain the maximum required muon
momentum. The baseline design considers a detector lo-
cation that is 1 km downstream of the neutrino interac-
tion target with a maximum contained muon momentum
of 1 GeV/c. This corresponds to a 50 m tall tank with
a 6 m diameter inner detector (ID) and a 10 m diameter
outer detector (OD), as shown in Figure 47. A larger,
8 m ID is also being considered at the expense of some
OD volume in the downstream portion of the tank. As
the NuPRISM analysis studies mature, the exact detec-
tor dimensions will be refined to ensure su�cient muon
momentum, ⌫

e

statistics and purity, etc.

FIG. 47. The planned configuration of the nuPRISM detector
within the water tank is shown. The instrumented portion of
the tank moves vertically to sample di↵erent o↵-axis angle
regions.

The instrumented portion of the tank is a subset of
the full height of the water volume, currently assumed
to be 10 m for the ID and 14 m for the OD. The novel
feature of this detector is the ability to raise and lower
the instrumented section of the tank in order to span the
full o↵-axis range in 6 steps. The inner detector will be

instrumented with either 5-inch or 8-inch PMTs to en-
sure su�cient measurement granularity for the shorter
light propagation distances relative to Super-K. Also un-
der consideration is to replace the OD reflectors with
large SMRD-style scintillator panels, as discussed in Sec-
tion IV E.

The remainder of this section describes the elements
needed for NuPRISM and corresponding cost estimates,
where available. The cost drivers for the experiment are
the civil construction and the cost of the PMTs, and, cor-
respondingly, more detailed cost information is presented
in those sections.

A. Site Selection

The NuPRISM detector location is determined by sev-
eral factors, such as signal statistics, accidental pile-up
rates, cost of digging the pit, and potential sites available.
At 2.5o o↵-axis position at 1 km with a fiducial volume
size of 4 m diameter and 8 m high cylinder, the neutrino
event rate at NuPRISM is more than 300 times that of
SK. At 2km, the number of events drops by a factor of
4, which yields 75 times more events than SK, for the
same size of the detector. The impact of the number of
events collected on the physics sensitivities is described
in Section III. The event pile-up is dominated by sand
muons, but at 1 km, the pile-up rate appears to be ac-
ceptable, which is explained in more detail in Section III,
The detector size and the depth scales with the distance
to the NuPRISM detector. In order to cover from 1-4�

o↵-axis angles, the depth of the detector is 50m at 1km
and 100m at 2km. There are standard Caisson approach
available the pit depth of up to 65m and diameter of up
to 12m. For deeper depth or larger diameter, more spe-
cialized construction may be required, and could increase
the cost per cubic meter of excavation dramatically.

The two far detector sites that must be considered are
the Mozumi mine, where Super-K is located, and Tochi-
bora, which is a candidate site for Hyper-K. There are
four potential unused sites in the Tochibora and Mozumi
directions, not including rice fields, a shown in Figure 48:

• 750m site near the Muramatsu community meet-
ing centre: This location is right next to R245 and
owned by the local government. The space is lim-
ited but covers the Mozumi direction and the cen-
tral line between Mozumi and Tochibora. This site
would have the highest event pile-up rate.

• 1km site: a large un-cultivated private land cover-
ing both Tochibora and Mozumi directions

• 1.2km site: a large patch of private land at the foot
of a forest covering both Tochibora and Mozumi
directions

• 1.8km site: the originally considered 2km detector
site owned by the local government covering Tochi-

8m

10m



J-PARC E61 collaboration
• 2 collaborations, 
NuPRISM and TITUS 
merged.

• 110 collaborators
from 35 institutes 
in 8 countries
as of Jan. 2018
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Report from the E61 Experiment
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IV. DETECTOR DESIGN AND HARDWARE

The NuPRISM detector uses the same water
Cherenkov detection technology as Super-K with a cylin-
drical water volume that is taller than Super-K (50-100m
vs 41m) but with a much smaller diameter (6-10m vs
39m). The key requirements are that the detector span
the necessary o↵-axis range (1�-4�) and that the diameter
is large enough to contain the maximum required muon
momentum. The baseline design considers a detector lo-
cation that is 1 km downstream of the neutrino interac-
tion target with a maximum contained muon momentum
of 1 GeV/c. This corresponds to a 50 m tall tank with
a 6 m diameter inner detector (ID) and a 10 m diameter
outer detector (OD), as shown in Figure 47. A larger,
8 m ID is also being considered at the expense of some
OD volume in the downstream portion of the tank. As
the NuPRISM analysis studies mature, the exact detec-
tor dimensions will be refined to ensure su�cient muon
momentum, ⌫

e

statistics and purity, etc.

FIG. 47. The planned configuration of the nuPRISM detector
within the water tank is shown. The instrumented portion of
the tank moves vertically to sample di↵erent o↵-axis angle
regions.

The instrumented portion of the tank is a subset of
the full height of the water volume, currently assumed
to be 10 m for the ID and 14 m for the OD. The novel
feature of this detector is the ability to raise and lower
the instrumented section of the tank in order to span the
full o↵-axis range in 6 steps. The inner detector will be

instrumented with either 5-inch or 8-inch PMTs to en-
sure su�cient measurement granularity for the shorter
light propagation distances relative to Super-K. Also un-
der consideration is to replace the OD reflectors with
large SMRD-style scintillator panels, as discussed in Sec-
tion IV E.

The remainder of this section describes the elements
needed for NuPRISM and corresponding cost estimates,
where available. The cost drivers for the experiment are
the civil construction and the cost of the PMTs, and, cor-
respondingly, more detailed cost information is presented
in those sections.

A. Site Selection

The NuPRISM detector location is determined by sev-
eral factors, such as signal statistics, accidental pile-up
rates, cost of digging the pit, and potential sites available.
At 2.5o o↵-axis position at 1 km with a fiducial volume
size of 4 m diameter and 8 m high cylinder, the neutrino
event rate at NuPRISM is more than 300 times that of
SK. At 2km, the number of events drops by a factor of
4, which yields 75 times more events than SK, for the
same size of the detector. The impact of the number of
events collected on the physics sensitivities is described
in Section III. The event pile-up is dominated by sand
muons, but at 1 km, the pile-up rate appears to be ac-
ceptable, which is explained in more detail in Section III,
The detector size and the depth scales with the distance
to the NuPRISM detector. In order to cover from 1-4�

o↵-axis angles, the depth of the detector is 50m at 1km
and 100m at 2km. There are standard Caisson approach
available the pit depth of up to 65m and diameter of up
to 12m. For deeper depth or larger diameter, more spe-
cialized construction may be required, and could increase
the cost per cubic meter of excavation dramatically.

The two far detector sites that must be considered are
the Mozumi mine, where Super-K is located, and Tochi-
bora, which is a candidate site for Hyper-K. There are
four potential unused sites in the Tochibora and Mozumi
directions, not including rice fields, a shown in Figure 48:

• 750m site near the Muramatsu community meet-
ing centre: This location is right next to R245 and
owned by the local government. The space is lim-
ited but covers the Mozumi direction and the cen-
tral line between Mozumi and Tochibora. This site
would have the highest event pile-up rate.

• 1km site: a large un-cultivated private land cover-
ing both Tochibora and Mozumi directions

• 1.2km site: a large patch of private land at the foot
of a forest covering both Tochibora and Mozumi
directions

• 1.8km site: the originally considered 2km detector
site owned by the local government covering Tochi-
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tion IV E.

The remainder of this section describes the elements
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the civil construction and the cost of the PMTs, and, cor-
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in those sections.
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size of 4 m diameter and 8 m high cylinder, the neutrino
event rate at NuPRISM is more than 300 times that of
SK. At 2km, the number of events drops by a factor of
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and 100m at 2km. There are standard Caisson approach
available the pit depth of up to 65m and diameter of up
to 12m. For deeper depth or larger diameter, more spe-
cialized construction may be required, and could increase
the cost per cubic meter of excavation dramatically.

The two far detector sites that must be considered are
the Mozumi mine, where Super-K is located, and Tochi-
bora, which is a candidate site for Hyper-K. There are
four potential unused sites in the Tochibora and Mozumi
directions, not including rice fields, a shown in Figure 48:

• 750m site near the Muramatsu community meet-
ing centre: This location is right next to R245 and
owned by the local government. The space is lim-
ited but covers the Mozumi direction and the cen-
tral line between Mozumi and Tochibora. This site
would have the highest event pile-up rate.
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is large enough to contain the maximum required muon
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cation that is 1 km downstream of the neutrino interac-
tion target with a maximum contained muon momentum
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a 6 m diameter inner detector (ID) and a 10 m diameter
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8 m ID is also being considered at the expense of some
OD volume in the downstream portion of the tank. As
the NuPRISM analysis studies mature, the exact detec-
tor dimensions will be refined to ensure su�cient muon
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FIG. 47. The planned configuration of the nuPRISM detector
within the water tank is shown. The instrumented portion of
the tank moves vertically to sample di↵erent o↵-axis angle
regions.

The instrumented portion of the tank is a subset of
the full height of the water volume, currently assumed
to be 10 m for the ID and 14 m for the OD. The novel
feature of this detector is the ability to raise and lower
the instrumented section of the tank in order to span the
full o↵-axis range in 6 steps. The inner detector will be

instrumented with either 5-inch or 8-inch PMTs to en-
sure su�cient measurement granularity for the shorter
light propagation distances relative to Super-K. Also un-
der consideration is to replace the OD reflectors with
large SMRD-style scintillator panels, as discussed in Sec-
tion IV E.

The remainder of this section describes the elements
needed for NuPRISM and corresponding cost estimates,
where available. The cost drivers for the experiment are
the civil construction and the cost of the PMTs, and, cor-
respondingly, more detailed cost information is presented
in those sections.

A. Site Selection

The NuPRISM detector location is determined by sev-
eral factors, such as signal statistics, accidental pile-up
rates, cost of digging the pit, and potential sites available.
At 2.5o o↵-axis position at 1 km with a fiducial volume
size of 4 m diameter and 8 m high cylinder, the neutrino
event rate at NuPRISM is more than 300 times that of
SK. At 2km, the number of events drops by a factor of
4, which yields 75 times more events than SK, for the
same size of the detector. The impact of the number of
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muons, but at 1 km, the pile-up rate appears to be ac-
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and 100m at 2km. There are standard Caisson approach
available the pit depth of up to 65m and diameter of up
to 12m. For deeper depth or larger diameter, more spe-
cialized construction may be required, and could increase
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the Mozumi mine, where Super-K is located, and Tochi-
bora, which is a candidate site for Hyper-K. There are
four potential unused sites in the Tochibora and Mozumi
directions, not including rice fields, a shown in Figure 48:
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owned by the local government. The space is lim-
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FIG. 6. Three “pseudo-monochromatic” spectra centered at
0.6 (top), 0.9 (middle) and 1.2 (bottom) GeV. The aqua error
bars show the 1 � uncertainty for flux systematic variations,
while the black error bars show the flux systematic variation
after the overall normalization uncertainty is removed. The
tan error bars show the statistical uncertainty for samples
corresponding to 4.5⇥ 1020 protons on target.
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FIG. 7. The reconstructed energy distributions for 1-
ring muon candidate events produced using “pseudo-
monochromatic” spectra centered at 0.6 (top), 0.9 (middle)
and 1.2 (bottom) GeV. The aqua error bars show the 1 �
uncertainty for flux systematic variations, while the black er-
ror bars show the flux systematic variation after the overall
normalization uncertainty is removed. The tan error bars
show the statistical uncertainty for samples corresponding
to 4.5 ⇥ 1020 protons on target. The red and blue his-
tograms show the contributions from non-quasi-elastic and
quasi-elastic scatters respectively.
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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

Multi-PMT developments
The E61 baseline design is equipped with multi-PMT 
modules with 27% of photo-cathode coverage.
• Fine granularity of Cherenkov ring images improves event 
reconstruction.

• Timing resolution is improved by using smaller PMTs, 
which is important for resolving intra-bunch pileups.

• R&D is ongoing.
• PMT, acrylic, gel, …
• Electronics 
• Prototype production

• Geant4-based full detector
simulation is developed.

• Event reconstruction development is underway.
2/21/2018 LLWI 2018 11

3inch PMT



Introduction

Neutron multplicity measurement

I Large uncertainty in number and energies of neutrons produced

I Measure multiplicity in intermediate detector to understand
Gd n-capture signal in far detector

I Improve cross-section and nuclear models

I Number of neutrons captured may give information on ⌫ energy

Number of neutrons exiting nucleus
0 1 2 3 4 5 6 7 8 9 10

p.
d.

f

-410

-310

-210

-110

1

Neutron momentum [GeV]
0 0.2 0.4 0.6 0.8 1 1.2 1.4

p.
d.

f

0

0.02

0.04

0.06

0.08

0.1

0.12

—– ⌫µ CCQE
- - - ⌫̄µ CCQE

GENIE
NEUT

Nick Prouse (QMUL) Neutron simulation and reconstruction E61 meeting, Kashiwa, 3rd Sep 2017 3 / 25

Introduction

Neutron multplicity measurement

I Large uncertainty in number and energies of neutrons produced

I Measure multiplicity in intermediate detector to understand
Gd n-capture signal in far detector

I Improve cross-section and nuclear models

I Number of neutrons captured may give information on ⌫ energy

Number of neutrons exiting nucleus
0 1 2 3 4 5 6 7 8 9 10

p.
d.

f

-410

-310

-210

-110

1

Neutron momentum [GeV]
0 0.2 0.4 0.6 0.8 1 1.2 1.4

p.
d.

f

0

0.02

0.04

0.06

0.08

0.1

0.12

—– ⌫µ CCQE
- - - ⌫̄µ CCQE

GENIE
NEUT

Nick Prouse (QMUL) Neutron simulation and reconstruction E61 meeting, Kashiwa, 3rd Sep 2017 3 / 25

Gd loading option
• Super-Kamiokande plans 
to load Gd in the water.
• Statistical neutrino/anti-neutrino
separation would be possible.

• However, there is no 
measurement of neutrino-
induced neutron capture 
by Gd in water Cherenkov 
detector.

• Gd loading to E61 detector
would help constraining 
neutron emission rates and
tagging efficiency.

LLWI 20182/21/2018 12
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FIG. 11. A possible mPMT configuration for a small scale initial phase test detector.

schedule, the realization of the full Phase-0 detector may be di�cult with this schedule. The E61 collaboration is now203

considering an alternative smaller scale initial phase detector that may be placed in charged particle test beam or at204

an existing facility at J-PARC. The collaboration aims to have a fixed plan for the initial phase by the summer 2018205

J-PARC PAC meeting.206

Staged approach ̶ Beam test
• Before constructing full detector, 
small-scale initial-phase detector 
is considered to confirm the 
detector performance and to
calibrate the detector precisely 
by using charged particle beam.

• We are investigating test beam 
facility at Fermilab.

2/21/2018 LLWI 2018 13
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Prospects
• We aim to take neutrino beam data before Hyper-Kamiokande
operation starts.

• E61 received J-PARC Stage-1 status in 2016.
• Scientific merit is recognized.
• Developing concrete design is required for construction.

2/21/2018 LLWI 2018 14
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Summary
• Reducing neutrino interaction model uncertainties will be 
more and more important in future oscillation experiments.

• J-PARC E61 experiment aims to give a data-driven method 
to convert observable final state kinematics to neutrino 
energy.

• R&D of multi-PMT module is ongoing, with initial 
prototypes in production.

• Analysis scheme based on multi-PMT is being developed 
using full detector simulation and event reconstruction 
algorithm.

• The construction of an initial phase of the detector has 
been proposed to ensure detector performance.

2/21/2018 LLWI 2018 15



Back up
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Software development
Detector simulation and event reconstruction algorithm are 
developed to study detector optimization and physics 
sensitivities.
• Development of Geant4-based detector simulation is in 
cooperation with Hyper-Kamiokande collaboration. 
Multi-PMT is implemented.

• Event reconstruction is based on the algorithm used in 
T2K. Implementation of multi-PMT is underway.

2/21/2018 LLWI 2018 17
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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



Staged approaches ̶ Phase-0
• To demonstrate detector 
performance and 
calibration methods 
by a surface detector

• ne cross section and 
neutron multiplicity 
measurements are 
expected.

• Most detector 
components will be 
reused in Phase-1 
operation inside 
the 50m-deep pit. 
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FIG. 3. Picture around the neutrino beam in J-PARC and T2K near detector complex. White square and circle show the
candidate site of Phase-0 facility and detector. White and colored contours show the distance from beam target and o↵-axis
angle from beam direction, respectively.

detector. In December 2017, we brought the same detector to the 1st floor in the same building to measure the flux98

of sky shine neutrons. These are defined as neutrons generated directly from the target station and decay volume,99

which interact in the air and come down to surface.100

The beam induced neutron rate was measured by coincidence in a 300µs time window after the beam timing signal.101

From a comparison of the rate measurements when beam is on and o↵ (a dummy trigger is used when beam is o↵),102

we confirmed the beam-induced neutrons are dominant in the time window. This is consistent with the estimation103

from the integrated neutron rates, that is 1⇥ 10�3 s�1 and 3⇥ 10�2 s�1 at the B2 and 1st floor, respectively.104

The left-hand plot in Fig. 4 shows the neutron rates measured at the B2 (black) and 1st floor (red). The horizontal105

axis shows the radius of the moderator ball used for each measurement. The acceptance of the detector varies with106

the size of moderator balls as shown in the right-hand plot from Ref [2]. The excess of neutrons at 1st floor with107

respect to B2 can be interpreted as sky shine, and the rate comparison together with the response function indicates108

the sky shine neutron flux is the major component in MeV-scale within the beam timing window.109

IV. MULTI-PMT PHOTOSENSOR110

The baseline photosensor technology for the E61 experiment is the multi-PMT (mPMT) photosensor module. A111

cross-sectional view of the mPMT module is shown in Fig. 5. 19 3-inch diameter PMTs face the inner detector,112

while 7 3-inch diameter PMTs face the outer detector. The high voltage generation circuits are located at the base of113

each PMT. A main electronics board is located at the center of the module, and it constains components for the the114

readout electronics, high voltage control and communications. The PMTs and electronics are housed in a water-tight115

pressure vessel. The central barrel of the vessel is an aluminum or stainless steel tube. The end-caps of the vessel are116

UV-transparent acrylic.117

In November of 2018, a workshop on the development of mPMT modules for E61 and Hyper-K was held at Michigan118

State University. At this workshop, coordination of the R&D e↵orts necessary to realize the mPMT photosensor was119

improved. Progress on these R&D e↵orts is summarized here.120

Distance from 
the beam target

Off-axis angle at surface

6 m pit

10 m tent 10 m
8 m

Inner 
detector
8 m × 6 m

Phase-0 candidate site



T2K systematics
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Current T2K systematic errors taken from PRD 96, 092006 (2017)
dNSK/NSK [%]

1-ring µ 1-ring e
n mode n mode n mode n mode

Flux + Cross section 2.9 3.5 4.2 4.7
Final state interaction 
+ secondary interaction 
+ photonuclear effect 
at SK

1.5 2.1 2.5 3.0

SK detector 3.9 3.4 2.4 2.5
Total 5.1 5.3 5.5 6.5



E61 contributions 
to nµ disappearance analysis
• E61 analysis is less sensitive to neutrino interaction models

• Most of flux uncertainties cancel between E61 and SK

2/21/2018 LLWI 2018 20
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TABLE IV. The entering neutron rates per 1.6⇥ 1014 protons on target for NuPRISM with horn currents at 320 kA.

O↵-axis Angle (�) Entering OD Entering ID (r=4 m) Entering ID (r=3 m)
1.0-1.6 9.120 1.844 1.073
2.0-2.6 2.954 0.598 0.354
3.0-3.6 1.189 0.232 0.132
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FIG. 15. The results of fitting fake data with and without
multinucleon e↵ects are shown. The measured di↵erences in
sin2 ✓23 when comparing the Nieves model to default neut
(blue) and the Martini model to default neut (red) give RMS
values of 3.6% and 3.2%, respectively, and biases of 0.3% and
-2.9%, respectively.

pendence in the extrapolation.
The first stage of the NuPRISM ⌫

µ

analysis is to sepa-
rate the 1-4 degree o↵-axis range of the detector into 30
0.1 degree or 60 0.05 degree bins in o↵-axis angle. The
neutrino energy spectrum in each o↵-axis bin is predicted
by the T2K neutrino flux simulation. For each hypoth-
esis of oscillation parameter values that will be tested
in the final oscillation fit, the oscillated Super-K energy
spectrum is also predicted by the T2K neutrino flux simu-
lation. A linear combination of the 30 (60) o↵-axis fluxes
is then taken to reproduce each of the Super-K oscillated
spectra,
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e↵ect of cross section weighting. The c
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determined by a fitting routine that seeks agreement be-
tween the Super-K flux and the linear combination over
a specified range of energy. An example linear combina-
tion of NuPRISM o↵-axis fluxes that reproduces the SK
flux is shown in Figure 16. These fits can successfully
reproduce Super-K oscillated spectra, except at neutrino
energies below ⇠ 400 MeV. The maximum o↵-axis angle
is 4�, which peaks at 380 MeV, so at lower energies it is
di�cult to reproduce an arbitrary flux shape. This could
be improved by extending the detector further o↵-axis.

The determination of the c
i

�
✓23, �m2

32

�
weights to re-

produce the oscillated flux is subject to some optimiza-
tion. Figure 17 shows two sets of weights for a particu-
lar oscillation hypothesis. In the first case a smoothness
constrain was applied to the weights so that they vary
smoothly between neighboring o↵-axis angle bins. In the
second case the weights are allowed to vary more freely
relative to their neighbors. Figure 18 shows the compar-
isons of the NuPRISM flux linear combinations with the
Super-K oscillated flux for a few oscillation hypotheses
in the smoothed and free weight scenarios. The oscil-
lated flux in the maximum oscillation region is nearly
perfectly reproduced when the weights are allowed to
vary more freely. When they are constrained to vary
smoothly, the agreement is less perfect, although still
significantly better than the agreement between ND280
and Super-K fluxes. An analysis using the free weights
is less dependent on the cross section model assumptions
in the extrapolation to Super-K since the Super-K flux
is more closely matched. On the other hand, the analy-
sis with the smoothed weights is less sensitive to uncer-

23

FIG. 22. Covariance matrices are shown (from top to bot-
tom) for the total, statistical, systematic, and flux only un-
certainties. The bin definitions (in GeV) are 0: (0.0,0.4), 1:
(0.4,0.5), 2: (0.5,0.6), 3: (0.6,0.7), 4: (0.7,0.8), 5: (0.8,1.0),
6: (1.0,1.25), 7: (1.25,1.5), 8: (1.5,3.5), 9: (3.5,6.0), 10:
(6.0,10.0), 11: (10.0,30.0)

FIG. 23. The variation in the measured sin2 ✓23 due to mult-
inucleon e↵ects in the NuPRISM ⌫

µ

analysis are shown. For
the Nieves and Martini fake datasets, the RMS produces 1.0%
and 1.2% uncertainties, respectively, with no measurable bias.
This is a large improvement over the standard T2K results
shown in Figure 15

Nieves model  fitted by nominal model
3.6% 
uncertainty

1.0% 
uncertainty
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TABLE IV. The entering neutron rates per 1.6⇥ 1014 protons on target for NuPRISM with horn currents at 320 kA.

O↵-axis Angle (�) Entering OD Entering ID (r=4 m) Entering ID (r=3 m)
1.0-1.6 9.120 1.844 1.073
2.0-2.6 2.954 0.598 0.354
3.0-3.6 1.189 0.232 0.132
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FIG. 15. The results of fitting fake data with and without
multinucleon e↵ects are shown. The measured di↵erences in
sin2 ✓23 when comparing the Nieves model to default neut
(blue) and the Martini model to default neut (red) give RMS
values of 3.6% and 3.2%, respectively, and biases of 0.3% and
-2.9%, respectively.

pendence in the extrapolation.
The first stage of the NuPRISM ⌫

µ

analysis is to sepa-
rate the 1-4 degree o↵-axis range of the detector into 30
0.1 degree or 60 0.05 degree bins in o↵-axis angle. The
neutrino energy spectrum in each o↵-axis bin is predicted
by the T2K neutrino flux simulation. For each hypoth-
esis of oscillation parameter values that will be tested
in the final oscillation fit, the oscillated Super-K energy
spectrum is also predicted by the T2K neutrino flux simu-
lation. A linear combination of the 30 (60) o↵-axis fluxes
is then taken to reproduce each of the Super-K oscillated
spectra,
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determined by a fitting routine that seeks agreement be-
tween the Super-K flux and the linear combination over
a specified range of energy. An example linear combina-
tion of NuPRISM o↵-axis fluxes that reproduces the SK
flux is shown in Figure 16. These fits can successfully
reproduce Super-K oscillated spectra, except at neutrino
energies below ⇠ 400 MeV. The maximum o↵-axis angle
is 4�, which peaks at 380 MeV, so at lower energies it is
di�cult to reproduce an arbitrary flux shape. This could
be improved by extending the detector further o↵-axis.

The determination of the c
i

�
✓23, �m2

32

�
weights to re-

produce the oscillated flux is subject to some optimiza-
tion. Figure 17 shows two sets of weights for a particu-
lar oscillation hypothesis. In the first case a smoothness
constrain was applied to the weights so that they vary
smoothly between neighboring o↵-axis angle bins. In the
second case the weights are allowed to vary more freely
relative to their neighbors. Figure 18 shows the compar-
isons of the NuPRISM flux linear combinations with the
Super-K oscillated flux for a few oscillation hypotheses
in the smoothed and free weight scenarios. The oscil-
lated flux in the maximum oscillation region is nearly
perfectly reproduced when the weights are allowed to
vary more freely. When they are constrained to vary
smoothly, the agreement is less perfect, although still
significantly better than the agreement between ND280
and Super-K fluxes. An analysis using the free weights
is less dependent on the cross section model assumptions
in the extrapolation to Super-K since the Super-K flux
is more closely matched. On the other hand, the analy-
sis with the smoothed weights is less sensitive to uncer-

23

FIG. 22. Covariance matrices are shown (from top to bot-
tom) for the total, statistical, systematic, and flux only un-
certainties. The bin definitions (in GeV) are 0: (0.0,0.4), 1:
(0.4,0.5), 2: (0.5,0.6), 3: (0.6,0.7), 4: (0.7,0.8), 5: (0.8,1.0),
6: (1.0,1.25), 7: (1.25,1.5), 8: (1.5,3.5), 9: (3.5,6.0), 10:
(6.0,10.0), 11: (10.0,30.0)

FIG. 23. The variation in the measured sin2 ✓23 due to mult-
inucleon e↵ects in the NuPRISM ⌫

µ

analysis are shown. For
the Nieves and Martini fake datasets, the RMS produces 1.0%
and 1.2% uncertainties, respectively, with no measurable bias.
This is a large improvement over the standard T2K results
shown in Figure 15

Martini model  fitted by nominal model
4.3% 
uncertainty

1.2% 
uncertainty



25

 (MeV)recE
0 500 1000 1500 2000

Ev
en

ts
/(2

00
 M

eV
)

0

500

1000

1500
-CCeν

0πNC
γNC
-CCµν

1-Ring e Candidates

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-

E61 contributions 
to ne appearance analysis
E61 provides a data-driven constraint on s(ne)/s(nµ) to 2‒3%
• 1-ring ne candidates are selected with the 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.
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E61 contributions 
to ne appearance analysis
Intrinsic ne and neutral current background at the far 
detector are constrained by measurement at 2.5° off axis
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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 ⌫

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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