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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



The Hyper-Kamiokande Project
• Next-generation large water Cherenkov 

Detector 


• 190 kton fiducial volume: ~x8 of Super-K


• 40% photo-coverage with high-
efficiency 20” PMTs


• Vast range of physics programs:


• Neutrino oscillation study with > 1.3 MW 
J-PARC beam and upgraded near and 
intermediate detector complex from T2K


• Atmospheric, solar and astrophysical 
neutrino studies


• Search for nucleon decays
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Hyper-K 

SN ν @ G.C. 

Solar ν 

Atmospheric ν 

MeV GeV TeV 

J-PARC ν 

Relic SN ν 

Astrophysical ν 

ν from DM? 

Multi-purpose detector
Broad scientific program 
with wide energy range 

(MeV~TeV)

Details in Hyper-K Design Report (arXiv: 1805.04163) 



International Hyper-K Proto-Collaboration

!415 + 2 countries, ~80 institutes, ~300 members



Candidate site
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A birds-eye view of the Hyper-K site
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Wasabo

Mt. Nijyugo-yama

Maruyama

Excavated rock
disposal site

Tunnel
Entrance

Kamioka town

Route 41

N

Funatsu
Bridge

Mt. Ikeno-yama

Tunnel entrance yard at Wasabo

n A 10,000m2 construction yard is necessary at the 
entrance of the access tunnel
n At least during the excavation (tunnels/cavern)

n Planning to prepare the yard by filling up a part of 
“Wasabo tailings dam” owned by KMS
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Wasabo tailings dam
owned by KMS

Prefectural
Road 484

Access tunnel

Entrance
Yard

20m

For safety reasons (and by 
regulation), the access tunnel
shouldn’t pass under the road
Considering of changing the 
route of Prefectural Road 484
in advance (green), and 
discussing w/ Gifu prefecture

Modified route of
Road 484 (a plan)

Maruyama rock disposal site

n There’s a large sinkhole at Maruyama, which was induced 
by the past underground block caving

n Planning to pile up all the Hyper-K excavated rock (with a 
soil volume of 570,000 m3) on top of the sinkhole
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Capacity :
>2 million m3

Kamioka Town
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Physics targets of HK
• Study unresolved property of neutrinos


• CP violation in the lepton sector


• Determination of mass ordering, θ23 octant


• Precision test of the tension of Δm221 between reactor and 
solar neutrino data


• Observation of astrophysical neutrinos w/ much extended range


• Precise measurement of supernova (relic) neutrinos


• Search for proton decay
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HK can study all of those items with an order of magnitude 
better sensitivity than currently running experiments



Accelerator 
neutrinos

• T2K observed a hint of CP-violation


• Current T2K statistics: 90 νe and 15 νe 
candidates


• HK can study further with O(1000) νμ→νe 
and νμ→νe appearance events: ~3% 
statistical precision!


• Better control of systematics is crucial


• Current T2K systematics: 6-7%


• Upgraded near-detector and new 
intermediate detector to constrain 
flux+interaction systematics to <4%


• Even further study with a second detector 
in Korea actively considered
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Location and beam neutrinos

● candidate site 8 km south of Super-K
– the same baseline (295 km) and

off-axis angle as Super-K

● the J-PARC beamline
– 2.5 degree off-axis

– narrow band beam at ~600MeV

● upgrade of beam power
– 0.75 MW upgrade starting in 2021

(currently ~485 kW)

– increasing repetition rate to
0.86 Hz → 1.326 MW by 2026

– 3.2e14 protons per pulse

● upgrade power supplies for horns
– design current of 320 kA (wrt 250 kA)

– 10% higher neutrino flux.

– reduction of wrong-sign neutrino contamination by 5-10%.

–

“J-PARC upgrade for HK is the highest priority", KEK Project 
Implementation Plan, N. Saito, at the Third International Meeting for 
Large Neutrino Infrastructures (KEK, 30 May-1 June 2016). 

7

Near and Intermediate Detectors

● upgrade of ND280 near 
detector to reduce systematic 
uncertainties 
– expanded angular acceptance

– lower energy threshold

– systematic uncertainties
~18% (2011) → ~9% (2014) → 
~6% (2016) → 4% (2020...)?

● N61 intermediate water 
Cherenkov detector 
– distance 1-2 km

– Gd loading

– off-axis angle spanning 
coverage (1-4º)

– energy dependence of
neutrino interactions

– further reduction of systematic 
uncertainties

50
m

10m arXiv:1412
.3086

existing tracker

new tracker

TPC

TPC

SuperFGD

surrounded by TOF

CERN-SPSC-
2018-001
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Intermediate 
detector at 1-2 km Upgrader near detector at 280 m



Expected signal
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FIG. 133. 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. 133. 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 134 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-
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Expected events at HK
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CPV sensitivity
• Exclusion of sin sinδCP = 0


• 8σ for δ = -90o (current T2K best fit)


• ~80% coverage of δ parameter 
space for >3σ discovery of CPV


• Precision measurement of δCP:


• ~22o uncertainty for δ = ±90o


• ~7o uncertainty for δ = 0o or 180o


• Further enhancement with combined 
analysis with atmospheric neutrino 
data
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216 III.1 NEUTRINO OSCILLATION

FIG. 138. The expected 90% CL allowed regions in the sin2 2✓13-�CP plane. The results for the true values

of �CP = (�90�, 0, 90�, 180�) are shown. Left: normal hierarchy case. Right: inverted hierarchy case. Red

(blue) lines show the result with Hyper-K only (with sin2 2✓13 constraint from reactor experiments).
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FIG. 139. Expected significance to exclude sin �CP = 0 in case of normal hierarchy. Mass hierarchy is

assumed to be known.

contour becomes narrower in the direction of sin2 2✓13, the sensitivity to �CP does not significantly

change because �CP is constrained by the comparison of neutrino and anti-neutrino oscillation

probabilities by Hyper-K and not limited by the uncertainty of ✓13.

Figure 139 shows the expected significance to exclude sin �CP = 0 (the CP conserved case).

The significance is calculated as
p

��2, where ��2 is the di↵erence of �2 for the trial value of

�CP and for �CP = 0� or 180� (the smaller value of di↵erence is taken). We have also studied the

case with a reactor constraint, but the result changes only slightly. Figure 140 shows the fraction

of �CP for which sin �CP = 0 is excluded with more than 3� and 5� of significance as a function of

the integrated beam power. The ratio of integrated beam power for the neutrino and anti-neutrino

mode is fixed to 1:3. The normal mass hierarchy is assumed. The results for the inverted hierarchy

A Accelerator based neutrinos 217

FIG. 140. Fraction of �CP for which sin �CP = 0 can be excluded with more than 3� (red) and 5� (blue)

significance as a function of the running time. For the normal hierarchy case, and mass hierarchy is assumed

to be known. The ratio of neutrino and anti-neutrino mode is fixed to 1:3.
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FIG. 141. Expected 68% CL uncertainty of �CP as a function of running time. For the normal hierarchy

case, and mass hierarchy is assumed to be known.

are almost the same. CP violation in the lepton sector can be observed with more than 3(5)�

significance for 76(57)% of the possible values of �CP .

Figure 141 shows the 68% CL uncertainty of �CP as a function of the integrated beam power.

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

�CP = ±90�.

As the nominal value we use sin2 ✓23 = 0.5, but the sensitivity to CP violation depends on the

value of ✓23. Figure 142 shows the fraction of �CP for which sin �CP = 0 is excluded with more than



Precise measurement of 
Δm232 and θ23

• Expected precision:


• Δm232: 1.5 x 10-5 eV2 (0.6%)


• sin2θ23: 0.006 (0.017) at sin2θ23 = 0.45 (0.50)


• Reactor constraints help resolving θ23 octant
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FIG. 143. The 90% CL allowed regions in the sin2 ✓23–�m2
32 plane. The true values are sin2 ✓23 = 0.5 and

�m2
32 = 2.4 ⇥ 10�3 eV2. E↵ect of systematic uncertainties is included. The red (blue) line corresponds to

the result with Hyper-K alone (with a reactor constraint on sin2 2✓13).

FIG. 144. 90% CL allowed regions in the sin2 ✓23–�m2
32 plane. The true values are sin2 ✓23 = 0.45 and

�m2
32 = 2.4 ⇥ 10�3 eV2. E↵ect of systematic uncertainties is included. Left: Hyper-K only. Right: With a

reactor constraint.

TABLE XL. Expected 1� uncertainty of �m2
32 and sin2 ✓23 for true sin2 ✓23 = 0.45, 0.50, 0.55. Reactor

constraint on sin2 2✓13 = 0.1 ± 0.005 is imposed.

True sin2 ✓23 0.45 0.50 0.55

Parameter �m2
32 (eV2) sin2 ✓23 �m2

32 (eV2) sin2 ✓23 �m2
32 (eV2) sin2 ✓23

NH 1.4 ⇥ 10�5 0.006 1.4 ⇥ 10�5 0.017 1.5 ⇥ 10�5 0.009

IH 1.5 ⇥ 10�5 0.006 1.4 ⇥ 10�5 0.017 1.5 ⇥ 10�5 0.009
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FIG. 143. The 90% CL allowed regions in the sin2 ✓23–�m2
32 plane. The true values are sin2 ✓23 = 0.5 and

�m2
32 = 2.4 ⇥ 10�3 eV2. E↵ect of systematic uncertainties is included. The red (blue) line corresponds to

the result with Hyper-K alone (with a reactor constraint on sin2 2✓13).
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32 plane. The true values are sin2 ✓23 = 0.45 and

�m2
32 = 2.4 ⇥ 10�3 eV2. E↵ect of systematic uncertainties is included. Left: Hyper-K only. Right: With a

reactor constraint.

TABLE XL. Expected 1� uncertainty of �m2
32 and sin2 ✓23 for true sin2 ✓23 = 0.45, 0.50, 0.55. Reactor

constraint on sin2 2✓13 = 0.1 ± 0.005 is imposed.

True sin2 ✓23 0.45 0.50 0.55

Parameter �m2
32 (eV2) sin2 ✓23 �m2

32 (eV2) sin2 ✓23 �m2
32 (eV2) sin2 ✓23

NH 1.4 ⇥ 10�5 0.006 1.4 ⇥ 10�5 0.017 1.5 ⇥ 10�5 0.009

IH 1.5 ⇥ 10�5 0.006 1.4 ⇥ 10�5 0.017 1.5 ⇥ 10�5 0.009

sin2θ23 (true) = 0.50

sin2θ23 (true) = 0.45 sin2θ23 (true) = 0.45



Atmospheric neutrinos
• Unique source to study neutrino oscillation with:


• Wide energy range: ~100 MeV to ~10 GeV


• Large variety of baseline (10 km to 13000 km) and matter effect


• Sensitive to Mass ordering, θ23 octant and δCP
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FIG. 147. 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

δCP = 220o vs 40o

θ23 octant

Mass  
ordering



Beam + atmospheric combination
• Combination of atmospheric and 

beam data can provide strong 
constraints to mass hierarchy (MH)


• Can determine the MH at 3σ-5σ level 
after 6 years with HK-only data.


• Significant increase of CP-violation 
sensitivity even without prior 
knowledge of MH

!12
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FIG. 149. Neutrino mass hierarchy sensitivity (left) and octant sensitivity (right) as a function of the true

value of sin2✓23 for a single detector after 10 years. (a 1.9 Mton·year exposure). In both figures the blue

(red) band denotes the normal (inverted) hierarchy and the uncertainty from �CP is shown by the width of

the band.

ability to resolve the ✓23 octant improves with the combination as shown in Figure 151. While

atmospheric neutrinos alone can resolve the octant at 3 � if |✓23�45| > 4�, in the combined analysis

it can be resolved when this di↵erence is only 2.3� in ten years.
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FIG. 150. Expected sensitivity to the mass hierarchy as a function of time assuming sin2 ✓23 = 0.4

(triangle), 0.5 (circle), and 0.6 (square) from a combined analysis of atmospheric and accelerator neutrinos

data at Hyper-K. Blue (red) colors denote the normal (inverted) hierarchy.

However, it is not just the atmospheric neutrinos that benefit from combined measurements.

HYPER-KAMIOKANDE WITH BEAM AND ATMOSPHERICS

➤ Expected sensitivity to the mass hierarchy as 
a function of time 

➤ Even if MH not determined at that time, HK-
only can determine the MH at 5  after ≥ 6 
years. 

➤ The sensitivity highly depends on   value.
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Expected significance to exclude sin = 0 
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and beam+atmospherics atmospheric neutrinos

δCP
δCP

Fraction of CP phase space at which a   
observation of CP violation can be made 
as a function of time for NH and IH
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FIG. 153. Fraction of �CP phase space at which a 3� observation of CP violation can be made as a

function of time assuming sin2 ✓23 = 0.4 (triangle) , 0.5 (circle) , and 0.6 (square) from a combined analysis

of atmospheric and accelerator neutrinos data at Hyper-K. Blue (red) colors denote the normal (inverted)

hierarchy.

“sterile.” Even without weak interactions the existence of such sterile neutrinos can make imprints

on the atmospheric neutrino spectrum visible at Hyper-K. In addition to sterile neutrinos, other

sub-dominant contributions to the standard oscillation picture, such as e↵ects of Lorentz-invariance

violating (LV) processes are expected to influence the oscillations of atmospheric neutrinos. Positive

observation of LV would provide access to physics at the Planck scale, an energy regime far beyond

the reach of current accelerator technology. Though Hyper-K will have an atmospheric neutrino

sample of unprecedented size, its increased sensitivity to sterile and LV oscillations relative to

existing measurements is hampered by our current understanding of atmospheric neutrino flux and

interaction uncertainties. In particular, reductions in the uncertainty on the absolute neutrino flux,

the ⌫µ/⌫e ratio below 10 GeV, and the ⌫µ/⌫e cross section ratio will improve Hyper-K’s sensitivity

to these oscillations.

Extensions of the standard (PMNS) oscillation framework to include sterile states expand the

mixing matrix with additional rows and columns that include terms describing mixing between the

active and sterile neutrinos, such as Ue4, Uµ4, and U⌧4. Interestingly, for mass di↵erences �m2
s >

0.1eV2, as suggested by short-baseline measurements, atmospheric neutrinos are not sensitive to

the exact value of the splitting and further, they are essentially insensitive to the exact number of

Significance to exclude δCP = 0 Fraction of δCP phase space 
for 3σ observation of CPV  



Solar neutrinos
• Unresolved tension between solar and 

reactor (KamLAND) Δm221 values


• Super-K’s sensitivity to Δm221 come 
from spectrum distortion around a few 
MeV and day-night flux asymmetry


• Hyper-K can independently test this 
tension with much higher statistics
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Neutrino oscillation in HK
See the neutrino oscillation MSW effect directly
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Neutrino oscillation in Solar ν
~2σ tension between solar global 
and KamLAND in Δm221

�m2
21 = 7.54+0.19

�0.18

The unit of Δm221 is 10-5 eV2

sin2 ✓12 = 0.316+0.034
�0.026

sin2 ✓12 = 0.308± 0.014

�m2
21 = 4.85+1.33

�0.59

sin2 ✓12 = 0.307+0.013
�0.012

�m2
21 = 7.49+0.19

�0.18

Solar global

KamLANDSolar+ 
KamLAND

sin2θ13=0.0219±0.00148B flux is constraint by SNO NC data

PRD94, 052010 (2016)



Solar neutrino day/night 
sensitivity
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FIG. 157. Day-night asymmetry observation sensitivity as a function of observation time. The red line

shows the sensitivity from the no asymmetry, while the blue line shows from the asymmetry expected by

the reactor neutrino oscillation. The solid line shows that the systematic uncertainty which comes from the

remaining background direction is 0.3%, while the dotted line shows the 0.1% case.

Standard Solar Model (SSM). So far, only upper limits were reported from SNO and SK group [220,

221], but a recent improved analysis of the SNO charged-current data shows hints of a hep solar

neutrino signal [222], and indicates a higher hep flux than the SSM prediction.

The measurement of the hep solar neutrino could provide new information on solar physics. The

production regions of the 8B and hep neutrinos are di↵erent in the Sun. The energy production

peak of hep neutrinos is located at the outermost radius in the solar core region among all the solar

neutrinos in pp-chain [223]. So, they could be used as a new probe of the solar interior around core

region. Non-standard solar models, originally motivated by the solar neutrino problem, predict the

potential enhancement of the hep neutrino flux [224]. This is realized through the mixing of 3He

into the inner core on a time scale shorter than the 3He burning time. Significant mixing is already

ruled out by helioseismology, however, the hep neutrino observation can be a sensitive probe of

the degree of the mixing in the solar core. There is also the solar abundance problem. 8B and hep

solar neutrino fluxes show di↵erent behavior with GS98 and AGSS09 chemical compositions [225].

Theoretical calculation of hep solar neutrinos is a di�cult challenge [226]. The measurement of
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of the Sun. Hyper-K, with its unprecedented statistical power, could measure the solar neutrino

flux over short time periods. Therefore, short time variability of the temperature in the solar core

could be monitored by the solar neutrinos in Hyper-K.
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FIG. 156. Allowed neutrino oscillation parameter region from all the solar neutrino experiments (green),

reactor neutrino from KamLAND (blue) and combined (red) from one to five sigma lines and three sigma

filled area. The star shows the best fit parameter from the solar neutrinos. The contour of the expected

day-night asymmetry with 6.5 MeV (in kinetic energy) energy threshold is overlaid.

1. Background estimation

The major background sources for the 8B solar neutrino measurements are the radioactive

spallation products created by cosmic-ray muons [219] and the radioactive daughter isotopes of

222Rn in water. The spallation products is discussed in detail in the paragraph II.4 A 3 3.2, and the

rate of spallation which result in relevant backgrounds is 2.7 times higher in Hyper-K compared to

Super-K because of its shallow depth. As the radioactive daughter isotopes, 222Rn is an important

background source for the spectrum upturn measurement. First of all, the water purification system

must achieve 222Rn levels similar to that achieved at Super-K. Furthermore, this background level

must be achieved across the full fiducial volume, unlike at Super-K, where only a limited volume



Solar spectrum upturn measurement 
• 3σ (5σ) detection of spectrum upturn possible with 4.5 MeV (3.5 MeV) threshold.


• Achievable energy threshold depends on many factors:


• Radioactive backgrounds (especially Rn in water)


• PMT dark rate


• Energy resolution


• Spallation backgrounds
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FIG. 158. Spectrum upturn discovery sensitivity as a function of observation time. The solid line shows

that the energy threshold is 4.5MeV, while the dotted line shows the 3.5MeV

the hep solar neutrino flux will provide a better understanding of SSM. Hep solar neutrinos could

be also used to test non-standard neutrino physics in the energy range (⇠ 18 MeV) [227].

In Hyper-K, a high sensitivity measurements of hep solar neutrino flux would be possible, since

the detector has a good energy resolution. Figure 159 shows the expected solar neutrino fluxes in

1.9 Mton year in Hyper-K detector. The separation between 8B and hep solar neutrinos highly

depends on the energy resolution of the detector. Table XLIV shows a list of expected numbers of

solar neutrino events in typical energy regions. Hyper-K has a better separation between hep and

TABLE XLIV. Expected solar neutrino event rates in water Cherenkov detectors. The assumptions are

same as Fig. 159.

Energy resolution Energy range 8B hep hep / 8B

[MeV] [/1.9 Mton/year] [/1.9 Mton/year]

SK-III/IV 19.5–25.0 0.77 3.03 3.9

Hyper-K 18.0–25.0 0.56 6.04 10.6

matter effect is 
dominant

Super-K 
+SNO

Borexino (8B)

(averaged) vacuum 
oscillation dominant

all solar (pp)

Borexino (pep)
Borexino (7Be)

Homestake
+SK+SNO

(CNO)

MeV

Borexino (pp)

Solar best fit

Solar+KamLAND best fit
> 4.5 MeV

> 3.5 MeV

Significance of upturn detection at HK



Supernova neutrinos
• Supernova Burst Neutrinos


• 50k-70k events (mostly inverse beta decay) 
expected from bursts at 10 kpc (galactic 
center)


• Unprecedented statistics to study supernova 
burst models 


• Supernova Relic Neutrinos


• Diffused neutrinos from the past supernova 
explosions


• Retain history of supernova bust in the 
history of universe from its rate and energy 
spectrum.


• Aiming for first detection in SK-Gd


• HK can make precise study of its energy 
spectrum with >100 observed events
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FIG. 186. Expected number of inverse beta decay reactions due to supernova relic neutrinos in several

experiments as a function of year. Red, gray and purple line shows Hyper-Kamiokande, SK-Gd, and JUNO,

respectively. The sizes of their fiducial volume and analysis energy thresholds were considered. The neutrino

temperature is assumed to be 6MeV. Solid line corresponds to the case, in which all the core-collapse

supernovae emits neutrinos with the particular energy. Dashed line corresponds to the case, in which 30% of

the supernovae form black hole and emits higher energy neutrinos corresponding to the neutrino temperature

of 8 MeV.

FIG. 187. The SRN signal expectations in Hyper-K 1 tank fiducial volume and 10 years measurement. Black

line shows the case of neutrino temperature in supernova of 6 MeV, and red shows the case of 4MeV [291,

295]. Solid line corresponds to the case, in which all the core-collapse supernovae emits neutrinos with the

particular energy. Dashed line corresponds to the case, in which 30% of the supernovae form black hole and

emits higher energy neutrinos corresponding to the neutrino temperature of 8 MeV. Shaded energy region

shows the range out of SRN search window at Hyper-K.

with a lower energy threshold of ⇠ 10ṀeV is possible. Inverse beta reactions can be identified by

coincident detection of both positron and delayed neutron signals, and requiring tight spatial and

temporal correlations between them. With 0.1% by mass of gadolinium dissolved in the water,

neutrons are captured on gadolinium with about 90% capture e�ciency; the excited Gd nuclei
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FIG. 180. Time profiles of the observed inverse beta decay event rate (left) and mean energy of these

events, predicted by supernova simulations [251, 254–259] for the first 0.3 seconds after the onset of a 10 kpc

distant burst with Hyper-K 1 tank.

We can use the sharp rise of the burst to make a measurement of the absolute mass of neutrinos.

Because of the finite mass of neutrinos, their arrival times will depend on their energies. This

relation is expressed as

�t = 5.15 msec(
D

10 kpc
)(

m

1 eV
)2(

E⌫

10 MeV
)�2 (24)

where �t is the time delay with respect to that assuming zero neutrino mass, D is the distance to

the supernova, m is the absolute mass of a neutrino, and E⌫ is the neutrino energy. Totani [261]

discussed Super-Kamiokande’s sensitivity to neutrino mass using the energy dependence of the

rise time; scaling these results to the much larger statistics provided by Hyper-K, we expect a

sensitivity of 0.5 to 1.3 eV for the absolute neutrino mass [262]. Note that this measurement of the

absolute neutrino mass does not depend on whether the neutrino is a Dirac or Majorana particle.

Hyper-K can also statistically extract an energy distribution of ⌫e + ⌫X(X = µ, ⌧) events

using the angular distributions in much the same way as solar neutrino signals are separated from

background in Super-K. Although the e↵ect of neutrino oscillations must be taken into account,

the ⌫e + ⌫X spectrum gives another handle on the temperature of neutrinos. Hyper-K will be able

to evaluate the temperature di↵erence between ⌫̄e and ⌫e + ⌫X . This would be a valuable input to

model builders. For example, the prediction from many of the models that the energy of ⌫e is less

than ⌫X can be confirmed. The temperature is also critical for the nucleosynthesis via supernova

explosion [263].



Proton decay
• Direct probe for the Grand Unified 

Theory


• Previous searches at Super-K 
found no significant signal


• ~background free measurement


• Sensitivity proportional to        
(# of protons ) x (exposure)


• Aiming for an order of magnitude 
improved search at HK
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Motivation

Only possible to directly prove the grand unification

 Motivation for Fiducial Volume Expansion
• Currently both atmospheric ν 
analysis and proton decay search 
sensitivities are limited by statistics. 

• Atmospheric ν: mass hierarchy 
determination. 
• Wrong mass hierarchy rejection 
sensitivity ∝ ~√(statistics) 

• Proton decay search: unique way to 
directly test Grand Unified Theory. 
• Search sensitivity ∝ ~(statistics) 
• Enables to re-search with past 
data never used yet.

3

2 Introduction

The now well-accepted picture of neutrino mixing involves three underlying mass states, with
three mixing angles defining the linear superpositions that make up each of the three weak,
or flavor states. The magnitude of the mass-squared splitting between states ⌫1 and ⌫2 is
known from the KamLAND reactor experiment, and the much-larger splitting between the
third, ⌫3 state and the ⌫1�⌫2 pair is known from atmospheric and long-baseline experiments.
However, pure neutrino oscillations are sensitive only to the magnitude of the mass splitting,
not the sign. Defining the ⌫1 state as having the largest admixture of the electron flavor
eigenstate, the sign of the mass splitting between states ⌫2 and ⌫1 is determined to be
positive (�m2

21 > 0) using the pattern of neutrino oscillations through the varying-density
solar medium. However, the corresponding sign of �m2

32 ⇡ �m2
31 remains unknown. That

is, there are two potential orderings, or “hierarchies”, for the neutrino mass states: the so-
called “normal hierarchy”, in which ⌫3 is the heaviest, and the “inverted hierarchy”, in which
⌫3 is the lightest (as shown in Fig. 1).

Figure 1: Pictorial representation of the possible neutrino mass hierarchies. Note: �m2
atm is

equivalent to �m2
32 and �m2

sol is equivalent to �m2
21. [1].

2.1 Status of Neutrino Mixing

The relationship between neutrino flavor {⌫e, ⌫µ, ⌫⌧ } and mass { ⌫1, ⌫2, ⌫3 } eigenstates is
described by the PMNS mass matrix [2, 3]:
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Proton decay sensitivities
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Project status  
(situation in Japan)

• In the end of Aug. 2018, MEXT has decided to request the budget to 
Ministry of Finance for “funding for feasibility study” 


• Super-Kamiokande also received the “funding for feasibility study” 
in 1990, and the construction budget was approved in 1991 


• Then, the President of the Univ. of Tokyo, in recognition of both the 
project’s importance and value both nationally and internationally, 
pledged to ensure construction of the Hyper-Kamiokande 
detector commences as scheduled in April 2020. 

!19

Hyper-K construction shall start in 2020 
(aim to start operation in ~2027)



Summary
• The Hyper-Kamiokande project: Next generation neutrino and nucleon decay 

experiment with


• Huge water Cherenkov Detector with ~190 kton FV


• High-intensity neutrino beam from 1.3 MW proton beam at J-PARC


• Upgraded near detector system


• Unique capability of studying wide variety of physics


• Precision study of neutrino oscillation and CP violation in the lepton sector


• Neutrino astrophysics


• Search for nucleon decays


• Construction to start in 2020, aiming to start observation in 2027
!20


