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Measurement Facility Area

2 et Total volume 990kton 50kton

R = inner volume 740kton 32kton

fiducial volume 560kton 22.5kton

PMT’s (20-inch) 99,000 11,146

% photocathode coverage 20% 40%

Overburden (water eq.) 1,750m 2,700m

iner Detoctors Off-axis angle 2.5 degree 2.5 degree
e Baseline

Outer Water Tank

295km 295km

Can be x10 the mass
of LAr for the same cost
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Normal hierarchy
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« CPV is sub-leading
« Matter effects are relatively unimportant
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Given large 0,,

Compare P(v, — v, ) and P(v, — v, )
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Hyper-Kamiokande International Working Group

As of April 14,2014 =
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The 4™ open meeting took place in Tokyo in January
http://indico. ipmu. jp/indico/conferenceDisplay. py?conf|d=29

The 5™ open meeting will take place in Vancouver in July
http://indico. ipmu. jp/indico/conferenceDisplay. py?conf|d=34

The 2"d EU meeting took place at CERN in June
https://indico. cern. ch/event/319681/

Sinergia strategy meeting
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The Science Council of Japan selected Hyper-Kamiokande
as one of 27 important large-scale projects in the “Master plan 2014”

large advanced detector

perform world leading studies
of nucleon decays and
neutrinos with the J-PARC
accelerator facility.

world best nucleon decay
searches, it aims to establish
unification of elementaly
particles and their forces.

will also represent dreams of
basic science by advancing
the world leading project in
Japan.

Scien-
No. I!'IE; Project Name Project Summary Scientific Significance Social Value Project Duration Fm'('ﬁ'm"':nmm"“'“
No.
The project is to construct an |The project will explors GP [ will challenge to solve
1 million ton scale water viclation (matter-antimatter |profound problems on particle _ )
Cherenkov detector Hyper—  |asymmetry) of neutrinos to unification and universe which 'I-I'Icltal.]_.:zﬂ-ﬂ .CE:E;ma':';an of
Mucleon decay and neutrine  |Kamiokande as a successor of [help understand the evolution |should appeal to intellectual U:':;tinazzst :f?'l Ir‘—
85 23=2 |oscillation experiment with a |Super-Kamickande and to of the universe. Along with curiocities of human being. It (2015 to 2038 & vee

Kamickande430, Operating
cost of J-PARCE00,
MNewutrino monitor3(
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( Full survey, Detailed design )

( ~7 yrs construction ]

\/
Yy
l'lleZ 2013|2014 | 2015|2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Cavity pxcava
I SR P L [ Operation ]
tailed design ccess funnels
oto-gensor lopmjent
IC
Photo-§ensor ;L'oducth:n
J-PARC |Upgrafde
R220kW 730kWY arjd beyogd

-2015 Full survey, Detailed design (3 years)
-2018 Excavation start (7 years)
-2025 Start operation
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Where will be by 20207

Normal
hierarchy

10

Inverted

hierarchy

Wark, EU meeting
(Assuming
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Sensitivity analyses

» A binned likelihood analysis

» reconstructed neutrino energy distribution

P appearance and disappearance samples are fitted simultaneously
» As before:

» sin?20,, and ., are fitted
» Now also:

» sin?0,, and Am2,,

P Systematic uncertainties are estimated based on the experience and prospects of
the T2K experiment

» 7.5 MW x 107 seconds is assumed
» 1.56X10%2 POT with 30 GeV J-PARC beam
» neutrino : anti-neutrino running time = 1:3
P expected number of events are approximately the same for nu and nubar mode

Sinergia strategy meeting

Bern, 10th July 2014 Hyper-Kamiokande 1



Reconstructed neutrino energy distribution of the v, candidate events

Appearance V mode Appearance V mode
> ooF L e L LA L = - S e L S B S B
v - — Total D = — Total
= Lok — signalv,—v, | = % - — S?gzal v, v,
@ ; —— Signal ﬁl-l —V, L%_ 250 — —— Signal F“ —V,
@ 250F —— Beam V_+V, ® — — Beam V. +V,
5 EUU:— —— Beam: V“'l'ﬁ“ % 200 :_ — Beam: "\-’u +Fu
] - = —
© = @ 150—
E 1505— | ‘5 E
S 100 o 0
o E bs! =
E sp _LI_'IZL_—'—-__ 5 *F
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 038 1 1.2
Reconstructed Energy E™° (GeV) Reconstructed Energy E™ (GeV)
signal BG
i total
Vy Ve V,—1v. |1, CC v, CC v, CC v, CC NC
v mode 3016 28 11 0 503 20 172 | 3750
7 mode 396 2110 4 5 222 396 265 | 3397

N.B. the z° background is reduced to about 30% compared to the previous study

Sinergia strategy meeting
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Reconstructed neutrino energy distribution of the v, candidate events

Disappearance V mode Disappearance V mode
::} : T T T I T T T T I T T T I T T T -_1- % 12&3__ | T T T | T T T | T T T | __}
@ | _| [ |
= T — Total 1 = — Total -
E SD{J__ - \’ru’ - “% 'IOD{J:— - “II._[ _:
g r Vo | £ eof Vu =
% 60*3:— — V. + Vg E % emf_ Ve + V, —f
S a00f 1 © C ]
- - {1 o 400f -
a2 - 1 02 - N
= 2[}0_— ] - 2p0 _
> L - > C _
< LT P 1 < LT . — 1
0 2 4 6 8 10 0 2 4 6 8 10
Reconstructed Energy E:_ec Reconstructed Energy E:faﬂ
significant wrong-sign component

v, CC 7, CC ».,CC ».CC NC v, —r, total

v mode 17225 1088 11 1 999 49 19372

7 mode 10066 15597 7 7 1281 6 26964
Sinergia strategy meeting Hyper-Kamiokande 13
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Number of events/50 MeV

Number of events/50 MeV

Neutrino mode: Appearance

Antineutrino mode: Appearance
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Neutrino mode: Appearance
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Uncertainties for the y? definition

- - appearance s L disappearance
AL — L) C
_.lg - 0 L
c T T
g g
s [ 5
o [ o
E‘ 0.2 3 0.2
01— . —_— | 01—
i 1 L L L | e 1 1 L L i ! L ! L L L L L L L L
% 0.5 1 % 1 2 3
Reconstructed energy [GeV] Reconstructed energy [GeV]

total uncertainty

flux 1 conservatively, same as T2K

—and -

cross section constrained by ND
cross section not constrained by ND
far detector

/ target nucleus uncertainties — negligible

estimated from atm. v control sample
decrease by > factor ten except E-scale and FSI
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significance to exclude 6., =0
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Atmospheric mixing parameters with accelerator neutrinos
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Atmospheric neutrinos

15, Uncertainty 15, Uncertainty
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Joint atmospheric + accelerator analysis

30; 30
B == Atmospheric v B \/ (
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degeneracy with mass hierarchy
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T I TUS The Tokai Intermediate Tank with Unoscil lated Spectrum

Water
Cherenkov
(2 ktonne)
+
Muon Range
Detector

Sinergia strategy meeting
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T I TUS The Tokai Intermediate Tank with Unoscil lated Spectrum

Normalized Flux
=
— =
n [ ]

=
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Gadolinium

vp— Un /I
/| Positron Gamma rays
detect with Gd / ‘
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Originally detectable signal New signal
2 E T | T T T | T T _._ vp CCQE 'i‘) :_I :-"I---! T T T | T T T | T T _._ v CCQE
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& 0185 —+— v, CCMEC Zyn —e v, CCMEC
é— 0.16 F -« antiv, CCMEC é— Tr - antivp CCMEC
— 0145 —e— v, CCOTH — 0 2:_ —e— v, CCOTH
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R 0.121 1R C ]
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0.08= — : ]
0.06 = ek S E
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% % 2 4 6 8 0 12 14
Number of captured n Number of captured n

Sinergia strategy meeting

Bern, 10th July 2014 Hyper-Kamiokande

24



Currently, 18% of u escape
the TITUS Cherenkov tank

Charge recon. efficiency for p in the MRD

2

240
220
200
180
160
140
120
100

mean ¢~ = 81% 80
Q 60

in the oscillation region E <2GeV 10

IUE 20
0 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 0

0 1 2 3 4 5 6 7 8 9 10
E, (GeV)

Considering a magnetized muon range detector

efficiency %

Sinergia strategy meeting
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Morgan Wascko

Cross-section systematics

%1073 T. Katori
*Recent v, CCQE data show ¢ 185 () e
low/high E. discrepancies % 13_ . :
eMiniBooNE/SciBooNE & gé: e MiniBooNE data with total error
NOMAD | S S — REG model with MY_138 Gev el 007
2E . Free nucleon with M, =1.03 GeV
eExplanation: multinucleon {-‘5.'1 1 10 E°ERR Gev)
scattering—not simulated by |
neutrino interaction generator ki el ol
MCs
= Not included in MINOS, Quasielastic @
MiniBooNE, early T2K (QE)
publications
eMisidentified events are not TT‘) Nucleons @
nock-out
reconstructed correctly— (2p-2h)
results in biased E, M Mardini
arXiv:0910.2622[hep-ex]
Sinergia strategy meeting Hyper-Kamiokande 26
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Effect on oscillation experiments

e Example: v, disappearance with
generic nuclear effects Coloma & Huber, arXiv:1307.1243 [hep-ph]

® Parameterise fraction of nuclear ~ “Measured” values . InE;ut value
effects that are neglected A :

e Shifts the measured values of 623 by
5° degrees and AmZz1 by .05 eV/?

=
(1]
® Can change interpretation: true S
maximal mixing can appear as <
non-maximal >
eDanger!
® These effects do not cancel in L closEsa
near-far extrapolation R A

= Using the wrong model at near
and far detector does not
accurately simulate Nature

Sinergia strategy meeting ] _
Bern, 10th July 2014 Hyper-Kamiokande
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Growing Consensus

e\\Ve need broad coverage

eModel independent
measurements spanning full
phase space (E., Q%) and many
nucle

eNeed sufficiently low energy
thresholds for recoil nucleons to
separate 1p1h from 2p2h events

®Also need sufficiently good
theoretical models to robustly
predict spectral

=) Gas TPC provides unique
opportunities to address issues

Sinergia strategy meeting
Bern, 10th July 2014
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nuPR | SM

Instead of calculating neutrino energy using the interaction models, use the flux model

vPRISM. v Mode. v, Flux

) vPRISM. v Mode. Vi Flux ><1015¢ \ %1013
& 3 & 0.06¢
L) -E )
E : 2 I
Z 0 & <
g 3 E 3 —0.04
S T
& &=
- o
2 2 0.02
b 1 2 3 4 ) 2 3 4
Neutrino Energy (GeV) Neutrino Energy (GeV)
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“Neutrino Prism” Detector Cocept

5 s 4.0° Off-axis Flux

Pseudo-Monochromatic
Neutrino Beam

008 & 80033

Line:l.r Comb. 4:')] .ou : 2oox
of 30 slicesin [/
off-axis angle

1. Constructa h.
WC detector
that spans 1° to 4°
in off-axis angle .

1. 4294 IR I8 2
Neutrino Energy GeV)

1.5° Off-axis Flux

2. Logically divide the 2
detector into 30 slices .

3. Measure muon p,0 .
distribution in each slice s

4. Take linear combinations of the > - N
measurements in each slice to get the 2% E g iy
p,0 distribution for a “monochromatic .
neutrino beam .

e Thisis just an example; there is likely better way .
to use the information from such a measurement

Sinergia strategy meeting — . Crr
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First steps with an imaginative analysis method
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Hyper—Kamiokande Summary

2018 start excavation, 2020 begin photo-sensor production, 2025 start taking data
Accelerator neutrinos
Exposure of 7.5 MW x 107 seconds (1.56x1022 POT with a 30 GeV proton beam)
* CP violation to more than 3e (50) for 76% (58%) of o, Space
* dcp to better than 19°
Accelerator neutrinos
>3c on the mass hierarchy and the octant

Nucleon decay
90% CL of 103 years for p — e*n® and 1034 years for p — v K*

Astrophysical neutrinos
200 8B v / day, 200,000 v / SN burst, xsec limit for solar WIMP annihilation
Near detector upgrade possibilities
T1TUS — identical near detector, optimized for charge 1D

_ _ st'\cs"
HP-TPC — good for studying multi-nucleon effects sitind P
nuPR | SM — attempt to bypass nuclear model systematics oty of et
Sinergia strategy meeting Hyper-Kamiokande 32
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Physics Target Sensitivity Conditions
Neutrino study w/ J-PARC v 7.5 MW x 107 sec
— (P phase precision < 19° @ sin® 26,5 = 0.1, mass hierarchy known

— C'PV discovery coverage

76% (3c), 58% (50)

@ sin? 26,3 = 0.1, mass hierarchy known

Atmospheric neutrino study
— MH determination

— 33 octant determination

= 30 CL
> 30 CL

10 years observation
@ 0.4 < sin® fa3

@ sin® 2655 < 0.99

Nucleon Decay Searches

—p—et+at

—p—=r+ KT

1.3 x 10°® yrs (90% CL)
5.7 x 103 yrs (3¢ CL)
3.2 x 10* yrs (90% CL)
1.2 x 10* yrs (30 CL)

10 years data

Astrophysical neutrino sources
— 5B v from Sun

— Supernova burst v

— Supernova relic v
— WIMP annihilation at Sun
(0sp: WIMP-proton spin

dependent cross section)

200 v’s / day
170,000~260,000 v's
30~50 v’s

830 v’s / 10 years
gsp = 107 em?

osp = 10~%0¢m?

7.0 MeV threshold (total energy) w/ osc.
@ Galactic center (10 kpc)
@ M31 (Andromeda galaxy)

5 years observation
@ Mwmp = 10 GeV, yx — bb dominant
@ Mwmp = 100 GeV, yy — WTW~ dominant

Sinergia strategy meeting
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Backup slides
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Detector type

Ring-imaging water Cherenkov detector

Candidate site Address

Lat.

Long.

Alt.

Overburden

Cosmic Ray Muon flux

Off-axis angle for the J-PARC v
Distance from the J-PARC

Tochibora mine

Kamioka town, Gifu, JAPAN
36°21/20.105"N 1

137°18/40.137"E

508 m

648 m rock (1,750 m water equivalent )
~ 8 x 1077 seelem 2

2.5% (same as Super-Kamiokande)

295 km (same as Super-Kamiokande)

Detector geometry Total Water Mass
Inner Detector (Fiducial) Mass

Outer Detector Mass

0.99 Megaton
0.74 (0.56) Megaton
0.2 Megaton

Photo-multiplier Tubes Inner detector

Outer detector

99,000 20-inch ¢ PMTs
20% photo-coverage
25,000 8-inch ¢ PMTSs

Water quality light attenuation length

Rn concentration

= 100 m @ 400 nm

< 1 mBq/m?*

T World geographical coordination system

Sinergia strategy meeting
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Measurement Facility Area
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HK can measure the MH using atmospheric neutrinos

But we can assume that another experiment will already have measured it

Experiments proposed in the 2020s

Experiment (Place)

v source Fiducial mass (kt) Energy (MeV) baseline (km)

physics targets

Hyper-K (Japan) beam 560 600 295 CP, MH, 63, 13 and , Am3,
atm. 560 100 ~ 106 10 ~ 10, 000 MH, CP, 633 and , Am2,
LBNE (US) beam 34 1,000 ~ 5,000 1300 MH, CP, 63, 13 and , Am3,
LBNO (EU) beam 20 — 100 1.000 ~ 10,000 2300 MH, CP , #a3, 013 and , Am3,
JUNO (China) reactor 20 1~ 10 ~ 50 MH, 615, Am3,, Am3,
RENO50 (Korea) reactor 10 1~ 10 47 MH, 612, Am3,, Am?,
PINGU (South pole) atm. ~ 6,000 1,000 ~ 105 10 ~ 10,000 MH, 653 and , Am3,
ORCA (EU) atm. ~ 2,000 1,000 ~ 10% 10 ~ 10,000 MH, fo3 and , Am3,
INO (India) atm. 50 1,000 ~ 105 10 ~ 10,000 MH, fo3 and , Am3,
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