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i The Hyper-K Detector
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i The Hyper-K Detector 2 Hyper-Kamiokande

Inner detector (ID):
* 216 kton

Outer detector (OD):
* 1-2m thick round the edge
* veto region (incoming/outgoing particles)

Height = 71m, Diameter = 68m
Volume: 258kton

1-2m




i PMT Photosensors 3> Hyper-Kamiokande
50cm PMTs
- 2.6 ns timing resolution
Inner detector (ID)
Up to 40,000 *50cm PMTs
— up to 40% coverage

8cm PMTs
Outer detector (OD)
13,300 *8cm PMTs

Multi-PMTs (mPMTSs)
- 19 x 8cm PMTs inside single pressure vessel
- directional information and improved timing and spatial resolutions
Inner detector (ID)

Considering adding up to 10,000 mPMTs to ID




;| The Kamiokande Series

Super-

Kamiokande ¢




The Kamiokande Series yper-Kamiokande
* Proton decay |
* Solar, supernova and atmospheric neutrinos @
* Accelerator beam neutrinos 1) o .
\ per-Kamiokande
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| Hyper-Kamiokande

;l Hyper-Kamiokande Physics

* Neutrino Oscillations /\
s

- beam, atmospheric, solar neutrinos ’ W)
- BSM (sterile searches, non-standard interactions etc.) <\“)l)7per—Kamiokande
* Astrophysics Super-

- solar neutrinos, supernova neutrinos Kamiokande ¢
- dark matter, gravitational-wave sources
- gamma-ray sources

* Nuclear physics KamiokaNDE §eesistssezsh
- neutrino interactions -
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50 ktonf§
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* Geophysics | 5
- matter effect on oscillations to?
- electron density of Earths outer core = ;E SRS



Proton Decay



Proton decay

u X e’
P U> 7777777777 <H} °
d d

HK can improve the SK limit on

this process from 10°** to 10> years

Can also constrain
p - K'v
* Harder to identify

o/ [years]

1 035

1 035

10*

1033

- due to atmospheric neutrino background

Hyper-Kamiokande
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SK 22.5 kton , 30
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Neutrino Oscillations
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Neutrino Oscillations

JO Hyper-Kamiokande

Flavour eigenstate: Interact Neutrino ots?llagon * alian with f o
Mass eigenstate: Propaqate — Mass states do not align wi avour states
— NOoN-Zero masses
Oscillations governed by PMNS flavour-mass mixing matrix, U | V) = E Ui lvi)
g z
v, 1 0 0 C13 0 si3e*ocr c12 812 0 Flavour Mass
Vp| =0 c23 823 n 4 0 —812 c12 0 states states
Ly 0 —8a23 Casg _S';gcp 0 Ci3 0 0 1
~ ~ - — c=cos(0), s=sin(8)
. . ij i i i
Atmospheric and Solar and
Reactor and accelerator
accelerator 013~ 8° reactor Am?> = m?2-m?
023~ 45° 012~ 34° ’ | :

Accelerator only ocp= 7?7

|Am3s2?| ~ 2.5x10- eV?2 Amp22 ~ 7.5x10- eV?

— * * .2 2 L (s * * i 2 L
P(vg = Vg) =6,p— 429:![:"-1’&1“31“&;“;;;)51“ (ﬂmu‘ E) + zzd(umuﬁi”ﬂjuﬁj)sm (f’mij ﬂ)

i>] i>j

— Amplitude of oscillation: mixing angles and phase
- Distance of oscillation: squared mass differences and Energy
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Hyper-Kamiokande

Neutrino Oscillation Questions

1) Mass Odering (NO or 10) 2) CP violation ( écpi 0, =11 )

" — (1)’ () e m— 0 , precisely measured and not too small
(Am )sol !
2 1
(m, ) —— ! - opens the door for 5 measurements
m v ; = + : - P(v Vv
oy, : 6Cp 0, £t —» CP conserved: P(v“ave) P(vuave)
s (Am), : . — -
" : o #0,zm — CP violated: P(v -v)ZP(v -Vv)
H v : cp g e y e
Compare oscillation of v and v to probe ch
— m— (m,)’ .
(Anlz)sol
———m— (m, ) (m,)’s — , mmmmmmmmmmmmmmm—=n- '

Matter effects! (electrons)

Normal Ordering (NH) Inverted Ordering (IH) _, difference betweenv andv as

3) 6,, octant:
they travel through the earth

- Do not know th_e ordering of the m ] 0, >m/4 (similar effectas 5_ )
- Is m, smaller/bigger than m_and m_ * or . allows for mass hierarchy
0,, <14 determination
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Solar Neutrinos
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;| Solar Neutrinos

~ 20 tension in Am221

between solar & kamLAND (reactor)

x10° [z ié@)' 031290 'A}n;( (7.54919) 10°%6V?  sin%(©,5)=00242:0 0026 |
18 |sin (@12) 0.311+0.014 Amm =(4.85%}4,) 10°eV?
17 | sin?(®,,)=0.308+0.013  Am5,=(7.50*313) 10°eV? |
}g Contour lines of constant
— 12 | Solar day-night asym.
> 13 | '
9, 12 1 KamLand B
(F\l| 10 B - el B -
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8 | = sl 7_,’,
< N S~ = /
B | | e iy J
5 | | et =P SK
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2 —_— e | . 4%
1
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0.1 0.2 0.3 0.4 0.5
2
sin“(6_)

Hyper-Kamiokande

Pays———i—iNight

Electron neutrino

©:
VY * Muon/Tau neutrino

v_flux differs between night and day

- matter effects
- day-night asymmetry

Day-night asymmetry higher than
expected from reactor constraint

_, contributes to the Am221 tension
14



Day-night asym sensitivity (sigma)

Solar Neutrinos

Hyper-K can constrain the
Day-Night Asymmetry
(and resolve Am* tension)
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Hyper-K can constrain the ‘upturn’
in the low energy solar neutrino
survival probability
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—> Potential areas for new physics
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Supernova Neutrinos
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Supernova Neutrinos

Expected time profile of a supernova at 10kpc

- numbers in brakcets total interactions integrated over the 10s burst

gl %

Hyper- Kamiokande

Neutronization

) eak
- peak event rate of inverse beta decay events (black) reaches ~50 kHz P
5
010 - T A LR R tor " N ' RN
E, No Oscillation N.H. Oscillation |.H. Oscillation
Predicted = i v +p (50191) v,+p (57836) v, +p (74852)
§10°%F .
event C; g v+e (3377) v+e (3615) v+e (3580)
numbers E
inHK far 210 ° d
detector ™

v +'°0 (5452)

10
Time (sec)

10 10 1
Time (sec)

| Fluxes and energy spectra are from the Livermore simulation

10
Time (sec)
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Supernova Neutrinos

Inverse beta decay dominates

‘ﬁe+p - e +n

Different models predict different
electron antineutrino rates

- Hyper-K can constrain different
models

— Stat error is much smaller than the
difference between models

": /z;m
U< Hyper-Kamiokande

Predicted inverse beta decay rates

w
o
o
o

2500

events/Oigz Mt/20msec
o
o
o

| Nakazato et al. (2015),1D,20M
[ Bruenn et al. (2016),2D,20M
= Pan et al. (2016),2D,21M

[ Totani et al. (1998),1D,20M

1500 |

1000 |

500 |

0.05 0.1 0.15 0.2 0.25 03

Time (sec) 8



Hyper-Kamiokande

Beam neutrinos
Long-base neutrino
oscillations

19



i V o (Ge) ap p earan C e NHyper-Kamlokande

Vi ™>Ve, Vi Ve
Oscillation peak causes peak in 2 OlF——7———T 1 T ]
v_(v ) observed at SK 2y _ 2.57Offaxis v flux
L 3 0.08 —— 5,,=0% NH, v -
sensitiveto 8 <m/4 or 6 > Tm/4 ®) _ —— 5,,=270°, NH, v ]
............ “v k- ---= 5.=0°, NH, ¥ 7
Maximum possible d 0.06 ; ’ _ .
co fMatter=g - === =« - .. - === §8,,=270°, NH, ¥ .
effect ~30% effect i :
8 R Ittt 0 04 __
5 f 1Ft:§:<:i||a‘::t prediction (sin 2uu=':1.0251) """"""""""" ' :
Magnitude of peak 0.02 Iy B
linked to sin*(26 ), 5,1 mlr L T TTTeee il
and mass hierarchy P e e S -
3
E, (GeV)
Test CP symmetry
- 20
nergy (GeV)



i v (G”) disappearance

Probability minimum causes a dip in
the number of v, observed at SK

Depth of dip — Sinz(ezg)
Energy of dip — |[Am?_| (|Am? |)

Hard to distinguish mass ordering

L B N B L L L L x|

Events

25 3 3.
Energy (GeV)

Osc. Prob

SR
e\, €

.......... Hyper-Kamiokande

1y
05if %

2.5° Off-axis v flux .
uw

—— AmZ,=2.5x10° eV?, SiN‘0,,=0.5 —

Test CPT symmetry

5 3
E, (GeV)
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T sin”28,, = 1.0
S5 sin®20,,= 0.1
z .

Am2, =2.4x 107 eV?

Il Il
Tt P

T—NH,8,=0  —-IH8,=0
4—NH, 8, =12 —-IH,3,,=n/2

.0.05

Plv,—v,)

1
|||||||||||

Hitt OA 0.0°

205K g
@™ (arb. units)

0.5

VThe T2K Experiment

Hyper-Kamiokande

* Long-baseline neutrino oscillation experiment

* High intensity neutrino beam, predominantly v, (Gu)

* Near detectors constrain uncertainty on
flux and neutrino interaction models

— reduces the error on SK results

03 gl Super-Kamiokande
Off-axis,, , . ”SK ND280 On/Off-axis
far detectot” t Lroombeowseaiee  AINGRID. | near detectors
(295 km) <-. Neutrino Beam —— (280m)

295 km
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yThe

T2K Experiment

Hyper-Kamiokande

P ujr_> l’:u)

P(y“—r v,)

I - y
r singzﬂg:, =1.0 ] UA1 Magnet Yoke X
sin®20,,= 0.1 ] |
2 . 3 a2 7] Z
Amy, =24 107 eV" 4
—_— ]
5 r)e
'—NH‘a‘:P:n — [H*bcp_n J\JD_)lst
—NH,d,=m2 —-IH 3§,  =n?2
} ’ Downstream

l ECAL

Solenoid Coil

{arb. units)

205km
|.-

]

qr

far detector”

Beam

HitH OA 0.0° Direction

Barrel ECAL

|
:||||||||||,IIIII|IIII|

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

E, (GeV)

Off-axis

On/Off-axis
near detectors
—(280m)

Mt. lkeno-Yama

1 1,700 m below sea level

@

Neutrino Beam

(295 km)

295 km
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i Recent T2K results T2K 2020 Nature paper:

T2K runs 1-9
—

_IIIIllIHlIII{III[1IIIIII[IIIII_

T2K only
Reactor

<« — 1lsigma
confidence intervals
for NO case

=1 AN EEEE AN T AR RE AEA ARNAr

0.45 5

0.40

MNormal order

Inverted order

T 1 1
68.27% confidence level
99.73% confidence level

g 1 and 3 sigma
confidence intervals
for NO case
® Includes reactor constraint

4

2

< land3sigma
confidence intervals

Hyper- Kamiokande

0 https://doi.org/10.1038/s41586-020-2177-0

—— T2K + reactors _:

* Joint fit between
v-beam and v-beam data

* Near detector constraints
are applied

Normal Ordering preferred

Best fit value of 66p close
to maximal (-1t/2)

CP conserving values of
5cp ruled out at 95%

confidence level 24


https://doi.org/10.1038/s41586-020-2177-0

Hyper-Kamiokande

;‘ Hyper-Kamiokande long-baseline

* Upgrade T2K beam

sin*20,,= 1.0
sin*20,,= 0.1
AmZ, =2.4x 107 eV?

......
t t

P(er_> l’:u)

* Upgrade ND280

4—NH.8,=0  —-IH§,=0
4—NH, 8, =12 —-IH, 8, =02

* New intermediate water Cherenkov detector

P('.{“—> v.)

T
/-‘
q
I,.II{IIIIIIIIIII'III

Hi OA 0.0°
%4 OA 2.0°
SN OA25°

* Hyper-K far detector

d)‘f.zﬁk"' (arb. units)

HK at same dist
and off-axis angle
as SK

295 km
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i Intermediate water Cherenkov detector < Hyper-Kamiokande
(IWCD)

* Constrain flux and neutrino interactions
* Same target as far detector

Distance: 0.75 — 2km
Inner detector: Diameter = 8m, height = 6m
Outer detector: 1m wide all around

Gadolinium doping:
0.1% Gd
— Neutron tagging

Size optimised to contain 1GeV muons,
while minimizing beam pile up events

Vertical pit: ~ 50 — 100m, detector moves up and down
— samples flux at different angles
- sample flux with different energy peaks/profiles

Multi-PMTs
* petter timing and spatial resolution
— good reconstruction despite small detector 2




;l Intermediate water Cherenkov detector - Hyper-Kamiokande

750 m

E aal 4.0° Off-axis Flux |

4.00

Neutrino N
beam center S




;‘ Hyper-Kamiokande long-baseline

Assumes Normal Hierarchy, beamv:v=1:3

Neutrino mode: appearance

=
T

Number of events/50 MeV
]
T

~1600 v, events (far detector)

i s
150F [
i =
100 L—EZI
50f l_.‘E‘E\=\_\=E_
0F L R B B
0 02 0.4 0.6 0.8 1 1.2
Reconstructed Energy ]i.:EL (GeV)
El{m__"'|"'|"'|"'|"'|"'|'
= i
? el I
v 50f 1lsl
I EERRRRERY
4 i ;i 1td1,,
L ; SSSEERXEK;
= i .T?T{-lT .I.‘-l'.i."'-'" :
g "rlppitt
z 50 11171
= L
=R
S 000 e
0 0.2 04 0.6 0.8 1 1.2

Reconstructed Energy ]1:“ (GeV)

Number of events/50 MeV

Difference of events/50 MeV

-100F

Antineutrino mode: appearance

250

200L

150
100F

S0

-~1200 v, events

P
0.8 1 12

P
0.6
Reconstructed Energy E7* (GeV)

s0F

of

501

100

— (8=90°) - (5=0°)
— (8=-90°) - (5=0°)
(3=180°) - (5=0°)

I
] @ 1
T -
11"" .I TlTT[
EEE] ITteddiiads

o Q0 e g 8 |
: lll%T s ¥l

-

0

PR I I ST R PR
0.2 04 0.6 08 1 1.2
Reconstructed Energy E:“ (GeV)

Hyper-Kamiokande

Predicted HK far
detector event yields
for 10 years of
operation

For different values
of deltaCP

viv=1:3

Run mode chosen to
optimise deltaCP
sensitivity
28



Fraction of & (%

f & (degree)

Error

0
8

ot 1.3MWbeam
got 1year=10"s

nE| L L | 1 |

- 1.3MW beam

w B
o o
RERENRARREN
/

|

50-1year = 10’s Ocp=90°

OO

2 4 6 8
Running time (year)

10

;‘ Hyper-Kamiokande long-baseline

iFraCtlon Of - Normal mass hierarchy HK 1tank 10years -
: R :
o for > g[S w0 .
°p S T )
which o E
O = -/ _\ _ 50 [/ N 1

cp L
2 can be ar 7
3 excluded o E
: i | | I T | | | T | | | I | | | I T | | [ | | i :

N
< Hyper-Kamiokande

10

-150 -100 -50 0 50 100 150
Ocp [degree]

Significance to exclude dCP =0
(i.e. exclude CP conservation )

Note: These plots assume that the
mass ordering is NO and known 29



yl—lype r-Kamiokande long-baseline 7 Hyper Kamiokande

o, + 0, 1%(72%50 84% 30)
oy, +0 2%(67%50 81% 30)
a,, i Uv 3% (59% 50, 77% 30)
LLLTT LTINS +o 1%ant|(70%50 83% 3a)

sanmnEr O, +0 " 2% anti (61% 50, 78% 30)
LLLLLLIN % 4 Clv 3% anti (48% 50, 71%30)

16
14
12
10
8
6
4
2
0

Illll'III'Illllllllllllllllllllll
IIlll.lll.lllIlllllllllllll[lllll

o to determine CPV

Minimizing systematics errors is very important!

- Near/intermediate detectors play a vital role in constraining the errors 30



Hyper-Kamiokande

Atmospheric neutrinos (+ beam)
Sensitivity to mass orderin . : .
y J Atmospheric neutrinos sensitive to
§ o e ""“""""”“""[' 4 matter effects as they travel
- = ———_ TRaE ]
% 5: : ﬂmrBM{TﬂEinwrhedjsll;;ﬂ.d e ‘§£$:.$§:§§%§é'§£§§ : through the Earth
> O —e— Am soum (e nverted s, 05 R
ﬁ : —— Atm + Beam (True Inverted) sirft,,=0.6 ‘&‘*;%ggfg&f&gﬁ:%%g&gg : .. .
D g F —— .- - Sensitive to mass ordering
; osmic ra T s X ‘°:..E:f$§§?§%§g““‘“‘ .
. 5 o “"‘ =
n| 2t . : :
L% b - Combined fit of
LY - 1 atmospheric data + beam data
i 7 Gives the best sensitivity to mass
S o T e e T Sl S LU
\ H Running Time (Years)
. e Note: atmospheric is also sensitive
Vi (Ve JSEN to theta23 octant
| R Diagram: Kajita T. (and limited sensitivity to deltaCP)
: | | ") (10.2183/pjab.86.303) 31



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3417797/figure/f1-pjab-86-303/

Summary

32



The Hyper-Kamiokande is a next-generation neutrino experiment
* Builds on the expertise and knowledge gained from Super-K
* Bigger and better than SK
- Fiducial volume 8 times larger than SK
- Improved photosensors
- beam upgrade to 1.3 MV
- New intermediate water Cherenkov detector and upgraded near detectors

Wide range of physics

* Astrophysics
* Potential to discover new physics in many areas

i S umm al‘y &Hyper-Kamlokande

* CP violation in the lepton sector ConStru?tlon’ 2020//~\
* Nucleon decays Data taking, 2027 “‘ \
\) )2

_~
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BACKUP




Backup - Hyper-K
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Proton decay > Hyper-Kamiokande
10
" i - p— Kty
© - DUNE 40 kton, staged , 90% C.L.
p —— K V g i SK 22.5 kton , 90% C.L.
el B HK 372 kton HD staged , 90% C.L.
= ——e— HK 186 kton HD , 90% C.L.
1035 .:_ ___________________________________ _______________________________________________________________________
Harder to identify .
* atmospheric neutrino -
background 10%
* K+ is below the Cherenkov i
threshold in water
. 105
— detect mu when it decays I T e
0 5 10 15 20
- detect gamma from Years
transition
16 O - 15N~ 36




P I"O tO n d e Cay Hyper-Kamiokande
Soudan Frejus IMB Super-K Hyper-K
p—etn’ ¢ ) e
o minimal SU(5) minimal SUSY SU(5)
gre_di)cgong flipped SU(5)
SUSY SO(10)
non-SUSY SO(10) Gasp 00 SO(10)
p— et K° ¢ o ee—
p— utK° ¢ deeeeee———
n— K ¢ .. AND DUNE: (40 kt)
p— KT ¢ ¢
minimal SUSY SU(5) Hyper-K
p— KT non-minimal SUSY SU(5)
predictions
SUSY SO(10)
1 1 IlIIIII 1 1 lIIIIII 1 1 IIIIIII 1 1 L1 1111
31 32 33 34 35
10 10 10 10 10
/B (years) .



J Hyper-Kamlokande

Solar Neutrinos

‘Upturn’: increase in the solar neutrino survival probability at low energy
-~ matter effect dominate

—_ 8_
0-8 N Tl I TTT 1| T | = | I T = T T T l T T l T T I T T [_ g :
B g o o Borexino (°B) ] E =
0.7 & = s Super-K A -
L x - = I
- @ = SNO . 2 6
0.6 - E E
e B ] w 5
S [ i -
~ 058 = B
e C ’\cuﬁ il 4:_
~04f = - =
nd L om a 3__
. -1 2p
- | —— Standard —— NSl-up 1 o
02F _ -6 1=

F | — Sterile NSI-dw BE - 5 5MeV threshold -

0_1_E|||J|1|!|1|||||1| I ST (e T ) N T A oL SRR E.J‘l..t. Il‘tlllllli\llil

0.1 05 1 2 3 5 7 10 14 0 2 4 6 8 10 12 14 16 18 20

E, [MeV] Year

M. Maltoni et al., Phys. Eur. Phys. J. A52, 87 (2016) Significance of upturn detection at HK
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Predicted flux for different models

fosar ¥,

T T

" solar ®B v

- .solar hep v

SRN (T,=6MeV)
SRN (T,=4MeV)

Il

50 60 70
Neutrino Energy (MeV)

;‘ Supernova Relic Neutrinos

* Small flux
* Large backgrounds

Hyper-Kamiokande

— No evidence of supernova relic neutrinos at SK yet

Predicted event numbers

— HK
—— SK-Gd
50| —— JUNO

w B
(=]
=

— — HK (BH 30%)
— — SK-Gd (BH 30%)
— — JUNO (BH 30%)

L S
(=]
(=]

Number of SBRN events in FV

- A R SRR

100:_ ............ SRRSO —
z an
50:_ - A R N v SR
O: i i i i I i i i i | i i i i | i i i
2020 2025 2030 2035 2040

Dashed line
for case
where 30%
form black
hole and emit
higher energy
neutrinos
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IWCD: nue cross-section measurement

9001 !ll![lT!l]!l!F IIII|II[|III!T T T 171 IIIIII]II 5012:
8005 Ve Bth & —— Total error
. — - \Y/ er © 01—
v, selection : . s f No detector
700— | *8 I .
. - I NC Other B el —— No cross-section
5007 BN NC v o6~ | [ Statistics only
IWCD OD - == Entering vy i
hel g ) B V. signal b "
€ips to 300F Nl g ey TR ——
reduce the 2000 oL
photon or ETEETISI————— . [ e
E 0711I|llJII\\IlIlIIIJIllI ILlIL'llIll\\‘lLll;l'll
backg round 0 1 B e = 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 Reconstructed neutrino energy (MeV)

Reconstructed neutrino energy (MeV)

Total error <4% at the relevant momenta for HK
- expect further improvements due to reductions in flux and xs errors
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G/ E, (10% cn? GeV')

J< Hyper-Kamiokande

Neutrino interaction cross sections
and T2K/HK flux

<

V

0 &T T2K flux & T2K flux
. — GG Total L — CC Total
. — CCOE 0.25] — CCQE
0.61— == MEC i - == MEC
CGC RES il
i _ w' gaf CC RES
L GG Muli-ps - 0=t GG M-
B — CCDIS D ! — CCDIS
0.41 0.15|
0.2 e ——— =
R 0.05)
D:— (PR (. e iy A S0 T T Y iy e iy Dl i ] et g o = e = : I
0 0.5 1 1.8 2 25 3 SRR il Sl il TSR e e il

| v b 0.5 1 15 2 28 3
E, /Ge E,/ [391141



;‘ Supernova Neutrinos 5 Hyper-Kamiokande

M31 (Andromeda 6898 Galaxy)
~ 10 to 16 events expected at Hyper-K.

Large Magellanic Cloud (where SN1987A was located)
~ 2,200 to 3,600 events expected at Hyper-K

Betelgeuse (200pc)
~ 117.5 million — 180 million
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;‘ Supernova Neutrinos 5 Hyper-Kamiokande

* Blackhole formation can be observed as a sharp drop in neutrino flux

* Hyper-K can confirm/refute models relating to the dynamics of the
explosion

( Standing Accretion Shock Instability )

* Supernova flux is sensitive to mass ordering without too much model
dependence
- nheutronization burst

43
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;‘ Supernova Neutrinos 2 Hyper-Kamiokande

These supernova events will be detected via the following inter-
actions in Super-K, where the numbers in parentheses show the frac-
tions of the total number of events with/without neutrino oscillations:

Ve+p—n+e  (88%/89%). (1
ve+e —v,+e  (1.5%/1.5%). (2
Uot+e — U, +e  (<1%/<1%). (
vt+e —uv+e (1%/1%). (

(
(
(

=

n

ve +1°0 — e +1°F  (2.5%/<1%),
U, + 0 = et + 1N (1.5%/1%),
Ve + %0 = 1, + O /N "+~ (5%/6%).

o))

)
)
)
)
)
)
)

5

Astrophys.J.669:519-524,2007
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;‘ CP sensitivity

Hyper-Kamiokande
Assuming the mass hierarchy is NOT known https://arxiv.org/pdf/1612.07275.pdf
16 . . . 1 . T .
40° < 8,5 < 50° DUNE 40" < 65 < 50° DUNE
14 T2HK mmm T2HK
Jae . DUNE + mmm | e 08F DUNE/2 + T2HK/2 g 1
Ly 7 % 0.6 | -
a8 4 z
6} . E04r
z
gl | Coa2
2 L a2
—1 —0.5 0 0.5 1 0 5 10 12 1B 20
True 6 /@ Cumulative run time [years|
Note: HK sensitivity will improve if | Note: higher values are better
combined with HK atmospheric data! (better sensitivity) 45



https://arxiv.org/pdf/1612.07275.pdf

CP sensitivity

https://arxiv.org/pdf/1612.07275.pdf

Hyper-Kamiokande

Label v:7vat DUNE | v: 7 at T2HK
DUNE 5:5 0:0
Fixed run time T2HK 0:0 25: 7.5
DUNE + T2HK 5:5 25: 7.5

25 T T

40° < 6,4 < 50°

DUNE
T2HK
DUNE + T2HK &=/

Assuming ordering is known and NO

T2K has better sensitivity in most re

Note: lower values are better

(smaller error)



https://arxiv.org/pdf/1612.07275.pdf

;| The Kamiokande Series

Hyper-K: Height h=71m, diameter d =68m
Volume V = 258 kton, Fiducial Volume FV >= 187 kton

Super-K: h=41.4m, d=39.1m Super-
V = 50kton, FV: 22.5 kton Kamiokande

Kamiokande KamiokaNDE

h =16 m -Mr
d =15.6m
V =3 kton -

FV = 0.68 kton

Hyper-Kamiokande

Hyper-Kamiokande

AUV

*» .!"‘rl"d.":’:‘.' :

258 kton



i Multi-PMT (mPMT)

Stainless steel ring

PPS vessel
Stainless steel backplate

Reflector
PMT

High voltage Daughter board

Scintillator panel Main board

Hyper-Kamiokande
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i N e u t r i n 0 b eam N/Hyper-Kamlokande

Near Detectors Beam Dump Decay Volume Target Station .
i Primary
- Dl_‘fﬂ Horns protons .
— e feenline
—O
. Target ‘
p1ORS J-PARC MR

Muon Monitor ~— muons

INGRID and Muon monitor continuously < neutrinos
measure beam rate and direction

*30GeV protons - graphite target - charged hadrons
* charge selection and focusing of hadrons with 3 electromagnetic horns
* hadrons decay to v or v (depending on charge of hadron)

Dominant systematic error due to hadron interaction modelling
— Constrained using NA61/SHINE replica target measurements
- In future flux uncertainty will be reduced by the EMPHATIC experiment 49



Hypel‘- Kamiokande

25

e 40 4.0

* Beam currently capable of ~ Z100— S :
© oo S ETUNE oo N =35 35

. = =

450-500kW stable running - P -
MR Power Supply upgrade ? i 2

—

-

3
|III|Il[|I

* Beam line upgrade in 2021
- Nd280 upgrade will
happen at the same time

800[— 20« 102POT

b

Integrated Delivered Protons [102'POT]

20 2.0

AR
™
i

1III|IIII|IIII|IIII

30 CPV for sinf0,,=0.53 .=+

15 1.5

"]
Delivered Protons / Period [10*'POT]

10 1.0

0.5

I
3
\

* target power: 1.3MW

|IIII|IIll]lllllllIlllllllllif[lII\|IIII|

0 L | L | 1 | L | 1 | 1 | ! 0
2016 2018 2020 2022 2024 2026 2028 2030
Jan. Jan. Jan. Jan. Jan. Jan. Jan. Jan. 50
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i T2HK: Tokai to Hyper-K

Beam power: 1.3 MV x10°%s
Beam mode: v:v = 1:3

First 10 years of operation
Expected protons on target: 2.7x20%* POT

Jo Hyper-Kamiokande

o1



i The Hyper-K Experiment 5% Hyper Kamiokande

Politics:

The supplementary budget for FY2019 which includes the first-year construction
budget of 3.5 billion yen for the Hyper-Kamiokande project was approved by the

Japanese Diet.
The Hyper-K project has officially started.

The operations will begin in 2027.
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Neutrino interactions

CCQE

Vi

CCDIS -
NC interactions
also important

e.g. NCmt%, NC1y
- background

hadrons

Interactions occur with nucleons bound
TZK flux

T inside a nucleus
ey -~ Nuclear effects!!

=== MEG
G RES
GO Muli-ps

— CC OIS
We only measure particles that exit the nucleus

\ - lose information about the initial interaction

| _ cancreate a bias in energy reconstruction
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Free nucleon

a/E, (10™ cni GeV')

Neutrino interactions

O
u o
o @
P e e} - .
@ < "]
E ] @ é
- % e é, + o +
o 0
Yy O @ 7
n

B é
Initial
nuclear state

TZK flux
— G0 Tolal
— CCOE
=== MEG
GG RES
GG Mulli-pé
— G0 OIS

Extra nuclear
effects

Jo Hyper-Kamiokande

Interaction modes and
Nuclear models tuned
to external data

Final state
interactions

Interactions occur with nucleons bound
inside a nucleus
- Nuclear effects!!

We only measure particles that exit the nucleus
- lose information about the initial interaction
— can create a bias in energy reconstruction

54



Backup - T2K
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yper-Kamiokande

i Oscillation analysis
hadron
‘ production datal
-
‘ INGRI_D / Beam |—>

External cross
section data

Flux model

T~

Oscillation
model

Interaction [ g ND280 fit 4
model
/

ND280 selection
+ data

ND280 detector

model

SK event selection
+ data

SK detector

B o cilation fit /

/

External data

(solar, reactor)

Oscillation Parameters

model

0

6



i ND280 upgrade (2021)

Hyper-Kamiokande

super FGD
HTP

6 ToF planes

—;——_‘ PiO detector is being replaced by
\ _ * SuperFGD
- higher granularity, 3D readout
/ * Horizontal TPCs (HTPCs)
- """ * Time of Flight (ToF) planes

— Increases active target mass for oscillation analysis
- improved angular acceptance

— able to reconstruct low energy short tracks

— Improved hadronic information
- better y - e" e identification

)\ Reduce systematic uncertainty to 4%

- 30 exclusion of CP conservation for 36% of the 6Cp phase space

(if mass hierarchy is known) 57



ND280 upgrade

Constraints provided to SK

Current ND280 constraint compared to predicted ND280 upgrade constraint

Parameter Current ND280 (%) | Upgrade ND280 (%)
SK flux normalisation 3.1 2.4
(0.6 <E, <0.7 GeV)

MAgE (GeV/c?) 2.6 1.8

v, 2p2h normalisation 9.5 5.9

2p2h shape on Carbon 15.6 9.4

MAggs (GeV/c?) 1.8 1.2

Final State Interaction (w absorption) 5 3.4

Note: preliminary estimation

J< Hyper-Kamiokande
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i Near Detectors Magnetised

280m from the v (v) source \

J\J DZ 8 r UAT Magnet Yoke
Same off-axis angle as SK A\

@ Active target mass - 2 x scintilltors (FGDs)
- vertex reconstruction |
@ 3 Time projection chambers (TPC)

-~ momentum reconstruction T——-‘*
. . e . eam
- charge identification Direction

- Particle identification (PID)
» Electromagnetic calorimeters (Ecal) — PID

» T’ detector and side muon range detector

; I""lyper-Kamiokande

Downstream
l ECAL

Solenoid Coil

Barrel ECAL

59



.
.........

<> Hyper-Kamiokande

yNear Detectors

280m from the v (v) source

INGRID

- On-axis, scintillator and iron
- monitors beam direction, intensity and stability

60



T2K Protons on target (POT)

Accumulated POT

35

25
20
15
10

Total Accumulated POT for Physics.
v-Mode Accumulated POT for Physics
V-Mode Accumulated POT for Physics
20 . v-Mode Beam Power
x 10 . v-Mode Beam Power
i R 20O RE BER 0 RGOS EER 0O REy Em  EBED
- 500
: O
;_ ______ .J | [——400
= . 1 . —300
- {3
- B 2
2 R 1200
i_.':IlﬁI 1 1 L L 21 1 1 1 1 1 I 1 /I_l—/ 1 1 1 1 L 1 I 1 1 1 I_
2010 " 2011 " 2012 " 2013 " 2014 ' 2015 ' 2016 ' 2017 20q8
Year

23 Jan. 2010 - 31 May 2018

POT total: 3.16 x 102!

Beam Power (kW)

v-mode 1.51 x 10?1 (47.83%)
v-mode 1.65 x 102! (52.17%)

T2/K



—4- Data

v CCQE
[Jv cc2p-2h
v cCRes In
v cccoh In
v CC Other
! v NC modes

- ¥V modes

N
=3
S
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0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
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1

Data / Sim.

PRELIMINARY P re 'flt
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V-mode

Post-fit

—4- Data
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[Jvcc2p2n
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v cC Coh In
v CC Other
i v NC modes
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1500
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Data / Sim.

0 500 1000 1500 2000 2500 3000 3500 _ 4000 4500 _ 5000
Reconstructed muon momentum (MeV/c)

SK FHC v,, Flux

1.3 o T S o o R |

Hyper-Kamiokande

Hy _ﬁ*ﬂ

& ‘j Prior to ND280 constraint

After ND280 constraint
o], L jEi £ 0 insi] L o gyl
107! 1 10
Neutrino Energy (GeV)

SK event selection errors (%)

Pre-fit JxeE&il

v-beam 1-Ring-u 15
v-beam 1-Ring-p 13
v-beam 1-Ring-e 17
v-beam 1-Ring-e 14

v-beam 1-Ring-e + 111" 22




%
Hyper-Kamiokande

Oscillation parameter fits
Joint fit between v-beam and v-beam data across 5 event samples at SK
Near detector constraints are applied i T2K Run 19 Preliminary
T2K Run 1-9 Preliminary ‘N 2'81; o S _Iggﬁi‘ggg{j?
i S~ N G 1 % 2 P
2 PR e 52
% 1;_ _; ”52 2.5?— —
g E 5 24 -
& -1E 3 : ]
F 3 . 2.3 B
i { t w/o reactor constraint -ﬁ S
= N B S ¥R I T T i
0SS0 50 s 0 wl reactor constrain . T o o
Sm(eB) r 12.8{(—1('):|""'*"<'|"|N"aj6'8'CL'—_r
(3 [PEST b S v OF et —— Noml0cl -
2F P e o0t~ 5, M 2 veried 90CL
7 £ E : : S 26 =
R ; Consistent with = E
< E maximal mixing 7 z
£ -1 - & 24 .
i ] € F ]
2 E 6, >45 preferred e E
e L R B ¥ R M TR TR
15 30 35 W : : sinzkﬂn) : i i “ 63




i acp S e n S i t iV i ty Ai:lyper-Kamiokande

Joint fit between v-beam and v-beam data across 5 event samples at SK
Near detector constraints are applied

2 sigma C.L. exclusion region Best fit values:
- — 12K Run 1.9 Preliminary
35__ —
E - NH: -1.89
30  — Normal = IH: -1.38
255 — Inverted .
=~ E [ - :
= IR luded at 20 level
S s ; excluded at 2o level for
i | both mass hierarchy
101 =
S HH S Normal hierarchy
of: |||||||uu.....,.... il T preferred for all parameter

5 fits to data o




The Beam

For a neutrino beam

+

™ - |"++"p
K' - u+v
M

K' - mi®+p*+v

H

KOS T +p +v

B v

M - € +Ve+vu

K - i°+e*+v
e
nt _ e*'+ve

KO_>1T'+U++\)U

+_) ++ +*
U e +v +v

Major neutrino-producing decay modes in the decay volume:

Muon Monitor Horn _ Beam monitors

Siarray |
+IC array [

“ intensity, position
profile

to Super-K

7

Near detector
(at 280m from target)

Graphite, 26 x Helium cooling

Beam Dump 110m length 900 mm long el S

“yper-Kamiokande
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4

SK particle identification

l:-rrr—rrn—pﬂ—l—rrrrrrrrrrn—p—rrrrrrrn—l—rrn—:l
- e-like <—+—> muon-like ]

w

14)]

o
T

w

o

o
TTTTTT

Number of events

250
200F
150F

100F

50F

II8 10

Partice ID parameter

------

Hyper.Kamiokande
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Beam Flux Tzliz\

Neutrino Mode Flux at SK Antineutrino Mode Flux at SK
T | | | T | T | | T T | T 6 | I | | ! I ! | I |
6l = N 10 S T
107F —Vu g
B —V ] B
u sl & T
10° v, . 10

e

o
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o

#

Flux (/em*/50MeV/10%'p.0.t)
o
N

107 I = S— ]
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o) | ! T
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(VALOR framework)

Taken from

? T2K Oscillation fit priors

* T2K 2015 best fit results (most probable, Bayesian fit including reactor)
T2K 2015: Phys. Rev. D 91, 072010 (2015)

T2/K

sin*(26_ )

Two options for prior
- reactor constraint

- uniform prior

* 2016 PDG
C. Patrignani et al (Particle Data Group). Chin. Phys. C, 2016, 40(10): 100001
Parameter(s) Prior Range
sin? fos uniform [0.3;0.7]
sin? 2613 reactors gaussian 0.0830 4= 0.0031
sin? 2613 T2K only uniform [0.03;0.2]
sin? 261- gaussian 0.851 £ 0.020
|AmZ2, | (NH) / |[Am%, | (IH) | uniform 2.3:2.7] x 1073 eV?%/c?
Am?3, gaussian | (7.53 £ 0.18) x 107° eV?/c*
dcp uniform [—m; +7]
Mass Hierarchy fixed NH or TH

- T2K 2015
- PDG
- T2K 2015
- PDG
- T2K 2015
- PDG



Systematic errors

Systematic errors on the event rate for each sample at SK
Final column is error on the ratio of FHC/RHC of 1-ring e sample (important for Bcp )

Systematics grouped by type/source

TR\

Error (94)
1-Ring 1-Ring ¢’/
Error source FHC | RHC || FHC | RHC | FHC 1 d.e. | FHC/RHC
SK Detector 2.40 | 2.01 2.83 | 3.80 | 13.15 1.47
SK FSI+SI+PN 2.21 | 1.98 3.00 | 231 | 11.43 1.57
Flux + Xsec constrained | 3.27 | 2.94 3.24 | 3.10 | 4.09 2.67
Ep 2.38 | 1.72 7.13 | 3.66 | 2.95 3.62
o(ve)/o(ve) 0.00 | 0.00 2.63 | 1.46 | 2.61 3.03
NU 1Ly uU.0u U.0u 1.0Y 2.60 U.50 1.00
NC Other 0.25 | 0.25 0.15 | 0.33 | 0.99 0.18
Osc 0.03 | 0.03 2.69 | 249 | 2.63 0.77
All Systematics 512 | 445 | 881 | 7.13 | 18.38 5.96
All with osc 5.12 | 4.45 9.19 | 7.57 | 18.51 6.03

Table 5:

Percentage error on event rate by error source and sample. Final column is the percentage error on the ratio

of FHC/RHC events in the one-ring e sample.



i T2K 6_, sensitivty

T2K Run 1-9 Preliminary

22AIn(L)

— Normal
--- Inverted

LT T T T T 1T III|IIII|IIII|IIII|IIII|IIII|II

I PDG 2018

||||||||‘||

Hyper_Kamioka“de

1D contours

- mass hierarchy is minimized

- normal and inverted hierarchy Ax2
distributions shifted to the same global
best-fit x2 value

- global best fit value taken to be the
minimum between normal and inverted
hierarchy.

PDG / reactor
constraint shown in
green/yellow
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T2K 6_, sensitivty

T2K Run 1-9 Preliminary

25|_| 1T LI T T | T 1T T T ‘ LI I | L ‘ TT I'I | T T Ll

B —Normal |

20— - Inverted .

3 u5F -
E - -
<] C 7
a0 —
SE2a —

[ P T = e S A B

(3).3 035 04 045 05 055 06 065 07

sin2(823)

1D contours
- mass hierarchy is minimized

N

wl/o reactor constraint

w/ reactor constrain

-2AIn(L)

<> Hyper-Kamiokande

T2K Run 1-9 Preliminary
25'_ T !‘ T 1T ‘ T 1T T | UL | UL | T T l | LI il
B —Normal ]
20 } ---Inverted {
151 .
10— -
5;"10 ___________ =
. i
N T N N
%.3 035 04 045 05 055 06 065 07

sin2(923)

- normal and inverted hierarchy Ax2 distributions shifted to the same global best-fit x2 value
- global best fit value taken to be the minimum between normal and inverted hierarchy.
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22AIn(L)

T2K Run 1-9 Preliminary
T T | T T T T | T T T T | T T T

T2K Am? sensitivty

n(L)

g
o

25 1
C — Normal ;7 ﬂ
20 :— ---Inverted /
- 1 wlo reactor constraint
15— _
5 1wl reactor constrain
10— _
E s
a?.mW/....m...fxlﬂa
(}.2 23 2.4 2.5 2.6 2.7 2.8

Am;, (NO), Amj, (I0) (eVZc)

1D contours

- mass hierarchy is minimized
- normal and inverted hierarchy Ax2 distributions shifted to the same global best-fit x2 value
- global best fit value taken to be the minimum between normal and inverted hierarchy.

25I|||

T2K Run 1-9 Preliminary
T T | T T T T ‘ T T T T | T T7T T

20

15

s
f

X il
C —Normal / P
r -~ Inverted 1
P e e e P B 9 ) I
2 2.3 24 2.5 2.6 27 2.8

Am3, (NO), Amj, (I0) (eV’c4)
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i T2K ll: SK upgrade

* SK repairs performed in 2018
- detector drained and cleaned
- reinforcement of water sealing
- improved tank piping
- PMTs replaced

- 0.01% next year
- increase to 0.1% eventually \Te

_. Better v | v separation

* Plan to add Gadolinium to the water

e, @Gd
e Y
-
o

L )8MeV
AT~20us

Vertices within 50cm

Captures on Gd

100%

80% [

60% |

40%

20%

0%

010/ ~
U. 170 'Gd

~90%

-

gives

efficiency for
n capture

-

| P I

0.0001% 0.001%

0.01%

Gd in Water

0.1%

1%

Jo “yper-Kamiokande
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Backup - Neutrinos
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“l 0728

Cosmological v

Solarv
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmosphericv

v from AGN
Cosmagenic
\%
10¢ 103 1 107 108 16° @™ 1= 104
peV  meV eV keV MeV GeV TeV PeV EeV

Neutrino energy

Hyper-Kamiokande
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Hyper-Kamiokande

Extra-Galactic

q

Galactic

Accelerator

Atmospheric
SuperNova

Cross-Section (mb)
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10%

107

10-31
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4

0 =

Electron Neutrino

0 ==

Muon Neutrino

J

Tau Neutrino

d

Neutrinol

o -+

MNeutrinod

Jo I:lyper-Kamiokande

Meutrino3
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Hyper_Kamiokande

i Neutrino Oscillations Parameters

I 1 I | I | | I I I I I I I
- Normal Hierarchy 90% CL .
- —— NOVA — - MINOS 2014 3
e | arxiv:1906.04907
> ] Nova June 2019
" ) |
o | |
T 2.5 a
AN
E | =
< L |
2.0 o Best fit B
| | | | \ | | |
0.4 0.5 0.6
sin“e,,
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