
Physics Potential of  
Hyper-Kamiokande  

for Neutrino Oscillation measurements

Tetsuro Sekiguchi 
KEK, IPNS/J-PARC Center 

on behalf of Hyper-Kamiokande proto-collaboration


2018. 8. 16

NuFact 2018, 20th workshop on neutrinos from accelerators, Virginia tech



2018/8/16 NuFact 2018, Virginia Tech

Contents

1. Overview 

2. HK sensitivity 

3. Second tank option in Korea 

4. Summary

�2



Overview



2018/8/16 NuFact 2018, Virginia Tech

• Next generation water Cherenkov detector 
• Construct two detectors in stage 

• Realize the first detector as soon as possible 
• An option of second detector in Korea 

• Rich physics 
• Nucleon decay 
• Neutrino oscillation (CPV, MH) 
• Neutrino astronomy/Astrophysics 

• Detector 
• Φ74m x H60m 
• 260 kton total mass 
• 190 kton fiducial volume 

• ~10 x Super-K 
• 40% Photo coverage (ID) 

• 40,000 x new 20” PMTs 
• x2 higher photon detection efficiency

Hyper-Kamiokande
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60m
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• “νe appearance” : sensitive to θ13, δCP, mass hierarchy 

• “νμ disappearance” : sensitive to θ23, Δm232 

Accelerator-produced pure muon neutrino beam is quite beneficial !!

Neutrino Oscillation Measurements
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CP Effect on Oscillation Probability

• νe appearance probability changes as a function of Eν 
• Depends on δCP (max. ±27% difference) 

• Comparing probabilities for neutrino and antineutrino gives 
sensitivity for CP violation 

• Matter effect is small (~10% contribution) compared to CP effect 
with ~300km baseline length
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Long Baseline Neutrino Oscillation Measurement

• Revealing a full picture of neutrino oscillation with 
precise measurement of CP and mixing parameters 

• J-PARC neutrino beam ⇒ upgrade to 1.3 MW for HK 
• Very reliable and well understood neutrino beam
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Next Generation LBL expts
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Hyper-Kamiokande

Hyper-K

J-PARC
Accelerator Complex

üGigantic neutrino and nucleon decay detector
ü186 kton fiducial mass : ~10 × Super-K 
ü× 2 higher photon sensitivity than Super-K 
üSuperb detector capability, technology still evolving 
ü2nd oscillation maximum by 2nd tank in Korea under study

üMW-class	world-leading	ν-beam	by	upgraded	J-PARC
üProject	now	is	a	priority	project	by	MEXT’s	Roadmap

üAiming	to	start	construcBon	in	FY2019,	operaBon	in	FY2026

(Water Č)
Hyper-K
(Water Č)
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Oscillation 
Maximum 

J-PARC Neutrino Beam

• High intensity beam 
• 30 GeV primary proton beam  

• Beam power upgrade 750 kW → 1.3 MW by 
2026 

• 3.2x1014 ppp beam intensity and 1.16s cycle 

• Off-axis beam (2~2.5°) 
• Pure muon neutrino beam (96% νμ , 3% νμ, 1% νe) 
• Select ν/ν beam by changing horn polarity 
• Low energy narrow-band beam ~ 0.6 GeV 

• peak at 1st osc. max. with L=295km.
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Intermediate Water Cherenkov Detector
• ~10kton water Cherenkov detector 

• Same technology as far detector (FD) 
• Water target 
• 4π coverage  

• Located 1~2km from target 
• Same neutrino energy spectrum as FD 

• Vertically spanning (50~100m deep) 
• Linear combination of fluxes at different 

off-axis (1~4°) gives  
• Pseudo-monochromatic spectrum to 

estimate non-QE interaction
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Intermediate Water Č detector
• Intermediate water Č detector 

proposed
• Locate 1~2km downstream of J-PARC 

neutrino beam

• J-PARC E61 (NuPRISM)

• Off-axis spanning (1°~4°) to probe 
neutrino energy vs. final state 
kinematics relationship

• Increase νe purity at higher angles: 
larger contribution from Kaon
→Electron neutrino cross-section
• Aim to σ(νe)/σ(νμ) cross-section 

ratio error down to 2~3%

44

Spanning off-axis angle
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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-

Beam center
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Benefits of a Monoenergetic Beam

• First ever measurements of 
NC events with Eν

• Much better constraints on 
NC oscillation backgrounds

• First ever “correct” 
measurements of  CC events 
with Eν

• No longer rely on final state 
particles to determine Eν

• It is now possible to separate 
the various components of 
single-μ events!
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HK Sensitivity

Note : 
The sensitivity studies shown here 

are based on single tank
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Expected Events for CPV
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Assumption 
• 1.3MW x 10years (108 s) 
• ν : ν = 1 : 3 
• sin22θ13=0.1 
• Normal hierarchy

For δ=0 Signal 
νμ→νe CC

Wrong sign 
appearance νμ/νμ CC Beam νe/νe 

contamination NC

ν beam 1,643 15 7 259 134

ν beam 1,183 206 4 317 196
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CPV Sensitivity
• Exclusion of sinδCP=0 

• >8σ (6σ) for δ=-90° (-45°) 
• ~80% coverage of δ parameter 

space with >3σ 
• δCP measurement precision 

• 22° at δ=±90° 
• 7° at δ=0°, 180°
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Sensitivity study adopt analysis techniques 
and systematic uncertainties used in T2K 
• Realistic systematic uncertainties plus 

expected reduction of errors 
• 3~4% syst. Error (6~7% in T2K)
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Mass Hierarchy Determination
• Earth matter effect in upward-going multi-GeV νe sensitive 

to mass hierarchy 
• “Resonance” pattern appears in νe (νe) appearance for NH (IH) 

• Combination of atmospheric ν and beam ν to determine 
mass hierarchy
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Mass Hierarchy determination in Hyper-K

• Earth matter effect in upward-going multi-GeV νe 
sensitive to mass hierarchy
• Earth matter effect ‘resonance’ appears in νe app. for 

NH, in ν̅e app. in IH

• Combination of atmospheric ν and beam ν to 
determine mass hierarchy

39

Mass hierarchy determination in HK
� Difference of matter effect in Earth could be seen in 

upward-going multi-GeV νe sample in atmospheric 
neutrinos

� Combine Atmospheric ν + Beam ν data to study 
mass hierarchy
� Precise oscillation parameters: from beam ν
� Mass ordering effect: from atmospheric ν

© Johan Swanepoel / Shutterstock.com
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Sensitivity for Mass Hierarchy

• Hyper-K can determine Mass hierarchy in ~5 years 
(sin2θ23=0.5) using atmospheric and beam neutrinos, 
even if MH not determined before Hyper-K era 
• cf. Super-K suggests Normal Hierarchy with ~2σ 

• Phys. Rev. D97, 072001 (2018)
�14

Mass Hierarchy sensitivity in HK

• Hyper-K can determine Mass Hierarchy in ~5 years 
(sin2θ23=0.5) using atmospheric ν’s, even if MH not 
determined before Hyper-K era
• cf. Super-K suggests Normal Hierarchy with ~2σ

• Phy. Rev. D97, 072001 (2018) 19
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Korean Option for 2nd Tank

• Second tank option in Korea is being considered 
• Advantage 

• Large CP effect at second oscillation maximum 
• Higher mass hierarchy sensitivity with longer baseline 

• Possible site 
• Mt. Bisul at L=1,088km, OA=1.3° 
• Mt. Bohyun at L=1,043km, OA=2.3°

�16

Mt. Bisul

Mt. Bohyun

PTEP 2018, 063C01Korean option for 2nd tank

• Given the two tank design with staging, 
may benefit from building the second 
tank at a different baseline

• Option for second tank in Korea is
being considered

• Advantage of 2nd detector in Korea:
• CP effect at second oscillation maximum

• Mass-hierarchy sensitivity to complement 
the measurement with atmospheric ν

34

Neutrino Oscillations in Kamioka  & Korea 

7	

/HK	

1o	

3o	
2.5o	

(L	=	295	km)	
/HK	(Japan)	

FIG. 1. Map showing the baseline and o↵-axis angle of the J-PARC beam in Japan and Korea [8, 9].

CP-violating phase �CP ; it has better precision (especially on �CP ) in important regions of

parameter space; and it can serve to mutually reduce the impact of systematic uncertainties

(both known and unknown) across all measurements. It also provides an opportunity to test

the preferred oscillation model in a regime not probed with existing experiments. Constraints

on (or evidence of) exotic neutrino models, such as non-standard interactions with matter,

are also expected to be significantly enhanced by the use of a longer baseline configuration

for a second detector.

Although the use of longer-baseline in conjunction with the J-PARC beam is the primary

feature distinguishing the use of a detector in Korea from a second detector at Kamioka,

there are several mountains over 1 km in height that could provide suitable sites. This

allows for greater overburden than the site selected for the first Hyper-K detector and would

enhance the program of low energy physics that are impacted by cosmic-ray backgrounds.

This includes solar neutrinos, supernova relic neutrinos, and dark matter neutrino detection

studies, and neutrino geophysics. In the case of supernova neutrinos there is some benefit

from the separation of detector locations.

Further enhancements are possible but not considered in this document. Recent devel-

opments in gadolinium doping of water and water-based liquid scintillators could allow for

a program based on reactor neutrinos if these technologies are deployed in the detector.

There were earlier studies of a large water-Cherenkov detector in Korea using a J-PARC-

based neutrino beam [3, 4]. Originally an idea for a two-baseline experiment with a second

11

>1000km

Profile of off-
axis ν beams

L=300km

L=1000km

HK-K
Exploring option of  putting second HK tank in Korea

Putting the second detector at the second oscillation 
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Korean option for 2nd tank

• Given the two tank design with staging, 
may benefit from building the second 
tank at a different baseline

• Option for second tank in Korea is
being considered

• Advantage of 2nd detector in Korea:
• CP effect at second oscillation maximum

• Mass-hierarchy sensitivity to complement 
the measurement with atmospheric ν
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FIG. 1. Map showing the baseline and o↵-axis angle of the J-PARC beam in Japan and Korea [8, 9].

CP-violating phase �CP ; it has better precision (especially on �CP ) in important regions of

parameter space; and it can serve to mutually reduce the impact of systematic uncertainties

(both known and unknown) across all measurements. It also provides an opportunity to test

the preferred oscillation model in a regime not probed with existing experiments. Constraints

on (or evidence of) exotic neutrino models, such as non-standard interactions with matter,

are also expected to be significantly enhanced by the use of a longer baseline configuration

for a second detector.

Although the use of longer-baseline in conjunction with the J-PARC beam is the primary

feature distinguishing the use of a detector in Korea from a second detector at Kamioka,

there are several mountains over 1 km in height that could provide suitable sites. This

allows for greater overburden than the site selected for the first Hyper-K detector and would

enhance the program of low energy physics that are impacted by cosmic-ray backgrounds.

This includes solar neutrinos, supernova relic neutrinos, and dark matter neutrino detection

studies, and neutrino geophysics. In the case of supernova neutrinos there is some benefit

from the separation of detector locations.

Further enhancements are possible but not considered in this document. Recent devel-

opments in gadolinium doping of water and water-based liquid scintillators could allow for

a program based on reactor neutrinos if these technologies are deployed in the detector.

There were earlier studies of a large water-Cherenkov detector in Korea using a J-PARC-

based neutrino beam [3, 4]. Originally an idea for a two-baseline experiment with a second
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Physics Sensitivity w/ Korean Detector

• Korean detector gives us 
• better δCP measurement precision 

22°(1tank)→<15° at δCP=-90° 
• higher mass hierarchy sensitivity 

4.5σ(1tank)→9σ at sin2θ23=0.5

�17

T2HKK: δCP resolution
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FIG. 32. The 1� precision of the �cp measurement as a function of the true �cp value. Results

are shown for the Mt. Bisul and Mt. Bohyun sites. The bands represent the dependence of the

sensitivity on the true value of sin2✓
23

in the range 0.4 <sin2✓
23

< 0.6.
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The second detector in Korea allows us to 
better measure the CP-phase,

compared with both detectors in Japan

T2HKK

The	second	detector	in	Korea	allows	us	to	better	measure	the	
CP-phase,	compared	with	both	detectors	in	Japan	

Two	detectors	in	Japan

Second	detector	in	
Korea,	two	colours for	
two	different	
candidate	sites
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Fig. 36. Sensitivity to the normal mass hierarchy for components of a combined measurement of beam and
atmospheric neutrinos for a ten-year exposure. Here, JD refers to a single Hyper-K detector in Kamioka, Japan,
and JD×2 refers to two such detectors operating simultaneously. The horizontal axis shows the assumed value
of sin2 θ23, and the width of the bands shows the variation in sensitivity with δCP.

5.1. Combination of beam and atmospheric neutrino data
As described above, atmospheric neutrinos provide complementary sensitivity to the same oscillation
physics as the beam neutrino samples. Though there are common systematic error effects between
the two samples from the cross section and detector modeling, the disparate energy regimes and flux
systematics allow for a nearly independent study of oscillations. More importantly, the atmospheric
neutrino data are accumulated continuously and independently of the beam, such that the combination
of the two samples provides improved sensitivity on shorter time scales. In this section we present
a combined analysis of beam and atmospheric neutrino data assuming a Hyper-K detector in Japan
(JD) and at the Mt. Bisul site (off-axis angle 1.3◦) and compare with sensitivities assuming two
detectors in Japan (JD×2). The treatment of the atmospheric neutrino samples and their systematic
errors follows that of Super-Kamiokande, with no assumed improvements (cf. the discussion in
Ref. [44]).

Figure 36 shows the sensitivity to the mass hierarchy for the combined analysis using the same
test statistic as Eq. 5. After ten years of running, the expected ability to reject the wrong mass
hierarchy is better than

√
#χ2 = 7. Atmospheric neutrinos by themselves provide sensitivity better

than
√

#χ2 > 3 for all currently allowed values of sin2 θ23 and have comparable sensitivity to
the beam measurement at the Korean detector for the largest values of this parameter. Though the
combined JD and Mt. Bisul beam measurement has better sensitivity than the atmospheric neutrino
measurement alone, when all of the samples are combined the sensitivity improves further. The
power of this improvement manifests as an earlier realization of the hierarchy, as shown in the left
panel of Fig. 37. Within two years of operation the sensitivity will exceed

√
#χ2 > 4.

Sensitivity to sin2 θ23 for the combined analysis and its components appears in Fig. 38. Here, the
test statistic reflects the ability to reject the incorrect octant as

Toctant =
√

#χ2
WO − #χ2

CO, (7)

where #χ2
WO and #χ2

CO represent the minimum likelihood value taken over the wrong and correct
octants, respectively. The minimum for the first (second) octant is taken over values of the likelihood
in the range of parameters sin2 θ23 < 0.5 (> 0.5). If θ23 differs from maximal mixing by 2◦ or more,

45/65
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Summary
• Hyper-Kamiokande 

• Next generation water Cherenkov detector 
• 260 kton total volume with Φ74m x H60m → 190 kton fiducial 

volume 
• 2 tanks with stating (to start as early as possible) 

• HK sensitivity 
• CPV sensitivity 

• >8σ at δ=-90° & 80% coverage for >3σ 
• δCP resolution : 22°(7°) for δ=±90° (0, 180°)  

• Mass hierarchy can be determined within ~5 years 
• Second tank in Korea can improve δCP resolution down to 15° 

and mass hierarchy sensitivity
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θ23, Δm232, and Octant
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FIG. 144. 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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FIG. 145. 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

90% CL

assumption for reactor : sin2θ13=0.1±0.005

Wrong octant rejection     θ23 vs Δm232         

Δm232 precision : 0.6%  ⇒ comparable with reactor measurement 
Comparison will enable a significant consistency check 

Normal hierarchy

Normal hierarchy
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Systematic Uncertainties
• Syst. Errors based on SK/T2K experience and prospect 

• Error matrices of T2K adopted in HK sensitivity 
• Near detector : constrain cross section error w/ water target 
• Far detector : systematic error reduced by large stat. of atm-ν
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FIG. 138. Correlation matrix between reconstructed energy bins of the four samples due to the systematic

uncertainties. Bins 1–8, 9–20, 21–28, and 29–40 correspond to the neutrino mode single ring e-like, the

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

single ring µ-like samples, respectively.

number of expected events at the far detector are summarized in Table XXXVIII.4010

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

tainties assumed in this study.

Flux & ND-constrained ND-independent
Far detector Total

cross section cross section

⌫ mode
Appearance 3.0% 0.5% 0.7% 3.2%

Disappearance 3.3% 0.9% 1.0% 3.6%

⌫ mode
Appearance 3.2% 1.5% 1.5% 3.9%

Disappearance 3.3% 0.9% 1.1% 3.6%

6. Measurement of CP asymmetry4011

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

–�CP plane resulting4012

from the true values of �CP = (�90�, 0, 90�, 180�). The left (right) plot shows the case for the4013

normal (inverted) mass hierarchy. Also shown are the allowed regions when we include a constraint4014

from the reactor experiments, sin2 2✓
13

= 0.100 ± 0.005. With reactor constraints, although the4015

Assumed systematic uncertainties for sensitivity studies
T2K

(2017)
6.1%

6.5%
4.4%

3.8%

HK sensitivity studies assume uncertainties at 3~4% level 
(cf. uncertainties at 6~7% level in T2K) 

Dominant errors : electron (anti-)neutrino cross section, near-to-far 
extrapolation of event rates, far detector modeling
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New Photo-Sensor

�22

• New 20-inch photo-sensors: higher performance 
• Single-photon efficiency: x2 
• 1 p.e. timing resolution: 2ns → 1ns 
• 1 p.e. charge resolution: 53% → 35% 

• Large impact on detector performance/physics 
sensitivity 
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CP Violation Search in Neutrino Sector
• Leptonic (ν) CPV search is very important 

• The only known CPV source = CKM phase 
• Need other CPV source to explain the matter-antimatter asymmetry in 

the universe. 
• Leptogenesis scenario only with Dirac CP phase 

• S. Pascoli et al., PRD 75, 083511 (2007) PDG review 2014 

• |sinδCP|>~0.6 
• Flavor symmetry prediction on δCP 

• e.g. Petrov 1504.02402v1 

• Precise measurement is also important!
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