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2 Hyper-Kamiokande

atmospheric v solar v supernova v astronomical v
4

 188kton (fid.) water Cherenkov

- 8 times larger than SuperK
* Physics goal

- precision v oscillation

* long baseline neutrinos

dark matter < ale * atmospheric neutrinos
Osﬂogram anihilatiopgle = - neutrino astronomy
with earth « L e * supernova & solar neutrino
o ’ - new physics

* nucleon decays

 dark matter

“Sub-GeV”  “Multi-GeyF e _ ‘ accelerator v s 4 » non-standard v interaction (NSI)
' from JPARG__ =

- s—

« Construction to start in 2020
- in the MEXT FY2020 budget

Hyper-Kamiokande




MEXT budget announcemnt (Aug.29, 2019)
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Funding process in Japan

* Hyper-Kamiokande is on the MEXT budget

* “In addition to the ongoing 13 large-scale
projects, the next-generation neutrino research
project Hyper-Kamiokande, will be newly
launched in FY2020”

- This is the first official statement of MEXT to
declare that they shall start the HK project.

» Next steps (for the entire government budget)
- Dec. 2019:
« approval by the Ministry of finance and cabinet
- Mar. 2020:
» approval by the Diet
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Focus of this talk

* Accelerator based neutrino program at J-PARC leading to HyperK
- Overview:

* Keynote talks by Kajita-san and Ooguri-san
* PN review session Kuze-san: Neutrino Experiments at J-PARC

- T2K

* PN-NP1 Matsubara-san: T2K status and ND280 upgrade

* PN-CS Kendall Mahn: ND280 neutrino cross section results
- Accelerator and beam line upgrades for T2K and HyperK

* PN-NP1 Matsubara-san on the intensity upgrade
- Upgrade of J-PARC accelerator and v beamline from 0.5MW to 1.3MW
- x20 more sensitivity in HyperK compared to T2K

* This talk will focus on
- Long baseline neutrino physics of HyperK
- Intermediate Water Cherenkov Detector (IWCD) 6



Large CP violation effect in neutrino oscillation possible

Unlike quark mixing (CKM),
lepton mixing (PMNS) is large:

Normal Hierachy
Leading (613)

0.05
VCKM. VPMNS = Total
(Q‘iark mixing) (Lepton mixing) $ . /____ Matter
2 oo S CPC —
0.2 0.01 04060.7 sin2203=0.1
i iN220,5=1.0
oo 001 1 040607 0.05 Pl
o . 0 1 2
— Large CP violation effect possible E, (GeV)

T2K/HyperKamiokande case:

At the peak of Prob(v, — v.) — Prob(v, — v,) .
~ —(0.28sin 0cp + 0.07
066V Prob(u, — ) + Proby, — ) o omler tOT




Tokai-to-Kamioka (T2K) long baseline neutrino experiment

T2K Runl-9c Preliminary
L B B B L

30 — Normal

* 295km of neutrino travel
- observed vy—Ve oscillation

» Disfavour CP conserving 15
Ocp=0,mt at 20 level 10

25 — Inverted
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Future long baseline experiments for leptonic CP

J-PARC
Near Detector 280

I 1700m A?
295 km S (_‘.""'/‘ ' ’
1.3MW beam

Sanford Underground
Research Facility

Fermilab

20—40kton liquid Ar

1.2—2.4MW beam

- Two experiments are in preparation: HyperK and DUNE



CP sensitivity

o fFT T T = 10
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* HyperK and DUNE have similar sensitivities
- Fiducial volume: HyperK 188kton DUNE 20-40kton
- Beam power: 1.3MW 1.2-2.4MW
- Running time: 107 seclyear 2x107 sec/year
« Systematic uncertainty limited: “systematic error goals” are assigned
- Big challenge to suppress systamatic error significantly less than the statistical error of 3% 10



detector

cross section

Systematic uncertainties of T2K

1-Ring u 1-Ring e
Error source v mode | Vmode||v mode| V mode| v mode ccltr| V/V ratio
SK Detector 2.409| 2.01% || 2.83 %| 3.79%| 13.16 % 1.47 «
SK FSI+SI+PN 220 | 1.98 | 3.02 | 231 | 11.44 1.58
(Flux)+ Xsec constrained || 2.88 | 2.68 | 3.02 | 2.86 | 3.82 2.31
Ey, “binding energy” 243 | 1.73 || 7.26 | 3.66 | 3.01 3.74
o(ve)/o(De) 0.00 | 0.00 || 2.63 | 1.46 | 2.62 3.03
NCly 0.00 | 0.00 | 1.07 | 2.58 | 0.33 1.49
NC Other 0.25 | 025 | 0.14 |0.33 | 0.99 0.18
Osc 0.03 | 0.03 | 3.86 | 3.60 | 3.77 0.79
All Systematics 491 | 4.28 |(8.81 ) 7.03 | 18.32 5.87

« Statistical error of HyperK: 3%
- Systematics need to be reduced well below 3%

- current systematic uncertainty is 8.8%
* in particular due to neutrino interactions with model uncertainties




Lesson from the discovery of v oscillation

Sub-GeV data o L (b) FC p-like + PC X 2 ( sha Pe)
(/U/P)D S‘h:26 spst + NC stat g 200 I 30
L > _ 0. " . =
oT e, = 0-63 2% 005 I | /4 dof
e =0 60%%% 4 0 05¢ 5100 \--;i-df U
-0.0S o e P =().54-t0 06
= o0 Fto— 25€ |Down '~  -—0.05%
Multi—GeV data = B3
/ stet syat 4 ML st e (6.20‘ ’,
_8‘7/:—;—1 =0.65 £0.05% 0.08
MC
Kow. = 0.5 +0.08 + 0.07

-0.07

* Up/Down asymmetry

- before/after oscillation

Kamiokande already observed 5¢ effect - data driven without relvin
(5 years before the SuperK discovery!) : ying
but not enough for the discovery on the atmospheric v model




Far/Near ratio

« Far/Near detector ratio in v event rate like up/down ratio in atmospheric v:

- Provide data-driven cancellation of systematic uncertainties
- First order cancellation demonstrated by T2K — 8.8% syst. error

« Sources that limit Far/Near cancellation in systematic uncertainties

- [A] Energy dependence of Far/Near event rate [flux] x [cross section]
* near and far neutrino energy distributions are different due to oscillation:
- energy dependence in cross section prevents cancellation of systematic uncertainties
* replicate the far detector flux shape at near site by@
- [B] Near detector observes v, and far detector observes ve
* cross sections are different by 15% due to my vs. me differece
« currently purely theoretical uncertainty:(WCD o(ve)/o(vy) measurement )

- [C] Far/Near detector efficiencies
* same water Cherenkov detector is needed for the near detector{(IWCD
* different sizes for near and far detectors: improved calibration is essential 13



[A] Far/Near neutrino rate cancellation with IWCD

m,K—=pv

1kton movable
Intermediate water

-cli-ZK tor Cherenkov for HyperK
etector
IWCD
ND280 Ground L evel b

Decay volype |
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B
1g| (1) Beam window
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IWCD(NuPRISM) linear combination

Linear combination
of events at different
off-axis position:

4.0° Off-axis Flux

=» Monochromatic
v beam response

7 R B A I

— Linear Combination

—— 1.7° Off-axis Flux

151

—— Gaussian: Mean=0.9, RMS=0.11 GeV -

10}

0o 05 1 15 2 25 3
E, (GeV) 15




IWCD (NuPRISM) linear combination

: omane match the far spectrum [ |
15? —Gaussian:Mean:OB,RMSd)JlGeV? by a l'inear Combination Of E :l ER
107 monochromatic the near detector spectra /

5 ;

0 0.5 1 1.5 2 2.5 3

E, (GeV)
102_ T 2.5° Off-axis Flux

: atmospheric v
107¢

104 ®wux 6(CCNM)
1 NUuPRISM linear superposition

10
= sl b b b b b s by
01 2 3 4 5 6 7 8 9 10

E, (GeV) = r T 1
235000 —— Oscillated SK flux ,%OOOO;_ _ SKBeam+Osc. v, g !
3 ST = g
5 0000 Fitted vPRISM flux =8000}- VPRISM v, Linear Combo. | b 107 Offaxis Flux
ézsﬁoo %6000: ]
% . r .
Baooo oscillated vy = oscillated ve
15000 S4000F 9 o
o r ™
10000 £2000] b —
oy A . 25 3 s
5000 vy E r E, (GeV)
[} &) Y el N A B S A
0 02 04 06 08 1 12 14 18 |'aE(Gev)2 0 0.5 1 1.5 2 2.5 1 6



IWCD cross section study with momochromatic beam

« Monochromatic v beam: unique first time measurements

- NC cross section as a function of E,
isolate the multi-nucleon (2p-2h) contribution

Study the nuclear dynamics of the neutrino interaction: S(Q,w)
 similar to neutron, Xray and electron scattering like J.Carlson (2002)

Linear Combination, 0.9 GeV Mean

= 03 > — T
b - = i i I J:'/ r *Ha BOOMeV /e, T
2 [ 5 GGM, NP B135, 45 (1978), C H, CF,Br = 6000 — 1Ring u Event Spectrum ~ . 600MeV/c 3
g 0.25 . =) Absolute Flux Error . w .
£ [ —— NUANCE (M,=1.1 GeV) Z Shape Flux Error : o sp
NE 0.2 :— 5 i Statistical Error 1 ’ +Data
o . 54000— —— NEUTQE N [ 1+2bod 1
g 0151 I ——— NEUT Non-QE 7 w0} y - 5]
o - i [ ) .
r - -
— 0.1
T F } 2000 ] ,
:_ o + Bi— -
> 0.05 - | -
| - I
o 0 0 | ‘
= i L i L | L " 1 1 L i L M
> 1 10 10? R il . ;
~— [+] m o [+ o oS
5 E, (GeV) 0 1 2 3 T e I .
Er. (GeV)



[B] o(ve)/a(vy) cross section difference

v, Excess for CC(QE.2p-2h n*), NEUT 5.3 4

» ~15% expected difference in 2025
o(Vve)/o(vy) cross section ratio 2 CT2K/HK peak  — sumof GG Modes

at the HK peak energy < 02F 1 N
i ; - . l —— CC-QE Mode -
- e/u universality (symmetry) is S i )
- - —— CC-2p2h Mode .
broken due to e/ mass 0.15- .
difference a —— CCx* Mode .
0.1f- -
« Requirements: a ]
- significantly better than 3% 0-05:_ B
statistical uncertainty OT g — —

- Constrain the error by data TO-S I L5 -

CC1m threshold
for vy



o(Ve)/o(vy) measurement

-
inG : NuSTORM
) FIUX Systematlcs IS Iarge' 5-1 O°/o fa'wt‘”O"‘( Pion Beamline OCS | Absorber
) NUSTORM/V-faCtOFy Is proposed ] e Production straight —/
: , . l._ —— |
* precise flux but expensive xp

ND FD

| | |
- Match the ve/vy flux in IWCD and L, £, )
cancel the flux systematics instead

* relative measurement

= 100E 3

o SN -

* T2K near detector is limited by g 80:_ peak v, CC interactions  —
external y backgrounds a0k (§§ T2ZK N yvackeround 3

- fully active shielding of outer veto % a0F- %% / i background 3

is essential for ve detection (IWCD) = 7OE \\é/%//f + E= Other background 3

e 0 2NV/# -

o = /,:WM e a :

05 1 15 2 25 3 35 4 455

Reconstructed P, (GeV/e)



o(Ve)/o(vy) by IWCD flux matching
Selected 1-ring e-like events

i LI AL L L L L L L L L L ESOOO}II] L L L L L L L _:
- — Ve = - — VPRISM v, (2.5-4.0° :
= BN v, Other ~ 7000E o : E
= v, n° S = — vPRISM v, Linear Combo. ]
g EEm NC Other 5 6000¢ " E
3 = NC 5 50001 -
E B NC X - .
: Enter & 40001 . =
- B Entering v - High-E is above I
= Il V. signal 3000 muon acceptance -
1 2000- Measure =
3 1000 o (ve) /o (V) E
E O E P R T T N N R R N N | [ | 3
OO 500 1000 1500 2000 2500 3000 350_0 4000 4500 5000 0.5 1 1.5 2 2.5 3
Reconstructed neutrino energy (MeV) Ev (GeV)

« good background suppression for IWCD
« match the IWCD ve flux by IWCD vy flux linear combination

- cancelling the flux systematics
* precisely test the difference in the kinematical phase space 20



* Flux uncertainty
dominates above
600-1500MeV/c

* NCy and flux
uncertainties are both
significant at
300-500MeV/c

- NA61, EMPHATIC
hadron production exp.
- ely separation in IWCD

» Optical TPC
(discussed later)

Systematic error in IWCD ve measurement

Fractional error

o

o

@
|

0.06

0.04

0.02

~3% at
the
peak

region

—— Total error

No detector
—— No cross-section
—— No flux
Statistics only

........

0

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Reconstructed neutrino energy (MeV)
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[C] IWCD detector systematics

Dae. Y

* Spacial requirement is more stringent for IWCD
- Fiducial volume (vertex) systematics
* 1% uncertainty: 2AR/R=1% — AR=0.5%R
« HK:15cm, IWCD:2cm
- Finer granularity and better timing are required:
* HK: 20-inch PMT, TTS(0)=1.1nsec ~ 20cm
« IWCD: 3-inch PMT, TTS(0)=0.6nsec ~ 12cm

60m
* Precision calibration
- Precise position information @;TT%%
« Photogrammetry o -
- Precise detector response % §

* IWCD test beam experiment at CERN R



multi-PMT for finer granularity

* multi-PMT (mPMT)
- Concept from KM3NeT

- 19 of 3” PMT’s in a vessel
e economical 3” PMT’s

@ e

PIEsseee  mPMT for INCD
- finer granularity

) O @ ¢

- X2 better timing resolution than
.%‘ 20" PMT
« TTS(0)=0.6nsec




360Abyss underwater camera
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25 IWCD beam test

* Precise calibration of water Cherenkov response

- backward light uncertainty in GEANT: impact on vertex
« difference observed in delta ray simulation models

Cherenkov photons /

Geant 3 (SKDETSIM)
Geant 4.9 (WCSim)
Geant 4.10 (WCSim v1.7.0)

- hadron interactions in water
- stopping muons: range and charge calibration

Ratio to SKDETSIM

* Prototype IWCD detector test at CERN in 2021-22
- Collaboration launched at CERN meeting in July 2019

E..(S'T--._t.ank

Tracking planes
Target Collimator

v,
oo

&P  T1oF

."--._'test beam tank Aerogel Dipole

Cherenkovy magnet



mPMT hits from 100MeV photon (Optical TPC)

Tracing back origin of each hit in the ring
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Plots by Nick Prouse



mPMT hits from 100MeV photon (Optical TPC)

, Zoom in to reconstruct the detailed
: : tracking information

; e.g. vertex, e/y separation
. %
* ¢
% 3
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mPMT hits from 100MeV photon (Optical TPC)

, . Cherenkov lights are emitted at constant angle (B=1)
: : - information of the track is projected on the wall
¢ . o . . . .
; - precision of tracking is determined by the PMT size
..? 't
% 3
= 10: “ o
R = e ke
N 43_ » h s <
O | e e et gt
_2__. ? »t-. -: ‘ : 3
_45_ . . _ ) >< T
_63_. 3” PMT radiUS # i TS0t Bup PE R B
S > |
- 207 PMT radius | : : |
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Plots by Nick Prouse



Count (Log scaled)

103

102 H

Preliminary study of electron/y separation

* Initial look shows significant e/y separation for IWCD MC
- Convolutional Neural Network on e/y/u Monte Carlo samples

0< E< 1500

v events

e events

0.2

Preliminary

0.4 0.6
Classifier softmax output : P(v)

=
(=]

y background rejection

10°

0< E <1500

104

103

10?

10!

Preliminary

— ¢, AUC0.758

0.2

0.4 0.6

e signal efficiency

0.8 1.0



30 Summary

* Diverse physics program for HyperK
- Precision neutrino oscillation; CP violation, mass hierarchy
- Neutrino astronomy; supernova, solar, GRB
- Search for new physics; nucleon decay, dark matter, NSl
 Control of systematic uncertainty essential for CP study
- IWCD provides data driven cancellation of systematic errors

* flux shape to be matched between IWCD and HyperK
. direct measurement of ve cross section

« same water Cherenkov detector with precise calibration

* Hyper-K is on the FY2020 MEXT budget
- “Hyper-Kamiokande will be newly launched in FY2020”






Summary of systematics requirements and sensitivities

CP Violation,
0(Ve)/a(Vy) 3-5% Scp precision at sin(8¢p) ~0, IWCD 3.5-5%
0,3 precision at sin(0,3)~0.5
CP Violation,
a(Ve)/o(vy) 3-5% Scp precision at sin(8¢p)~O0, IWCD 4-7%
0,3 precision at sin(023)~0.5
Wrong-sign 1
CP Violation,
background 9% - vioation ND280 TBD (expect <9%)
e e Scp precision at sin(8¢p) ~0
Intrinsic ve,ve and NC CP Violation, )
4 .
backgrounds 3-4% 8cp precision at sin(8¢) ~0 HYEID, 2.3% (neutrino)

Normalization of non-

QE with E,>0.7 GeV 5% 0.3 precision at sin(0,3) #0.5 IWCD 5% (neutrino)

5% (IWCD neutrino)
<4% (N280 neutrino)
<7% (ND280 antineutrino)

Normalization of non- Ocp precision at sin(8¢p) ~0 IWCD,
QE with all energies Am?3; precision ND280*

32



Summary of systematics requirements and sensitivities

. 4 S ision at sin(d¢p) ~0
Beam Direction -0 mrad ( @ precizion a sin(Sep) INGRID <0.3 mrad (<2 MeV)
MeV shift) Am?3, precision
Removal (binding) 4 MeV* &cp precision at sin(&¢p) ~0 IWCD, 2.6 MeV (IWCD on O)
energy Am?3; precision ND280 ~1 MeV (ND280 on C)**
High angle CP Violation, IWCD,  <4% statistical precision in both
measurement 4% 5 .. 0 (5 0 ) 4
(c0s0<0.2) cp precision at sin(d¢p) ~ ND280 etectors
o ~1 . f i
Beam rate monitoring % per General monitoring of beam quality INGRID <0.5% per d?y ot Tleutrmos eI
day antineutrinos
Neutron Multiolicit TBD Atmospheric neutrino IWCD, <5% IWCD
S Nucleon decay ND280 <4% ND280
i .
K’ cross section & TBD ert’ proton decay IWCD TBD

neutron multiplicity

33
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Kamiokande result: PLB335(1994)237

(P"/e)dala
(n/e)me
(based on Flux A),

=0.57+3%(stat.) + 0.07(syst.)

which suggests that the atmospheric (v, + 7,)/
(ve + ¥, ) ratio is smaller than expected for the multi-
GeV encrgy range. This result agrees well with that
obtained in the sub-GeV data |1]. (See also a de-
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