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i The Hyper-K Detector
Water Cherenkov detector
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Photosensors

. Hyper-K will begin
taking data in 2027
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i The Hyper-K Detector Je

......

> Hyper-Kamiokande

Inner detector (ID):
* 216 kton

Outer detector (OD):

* 1 m thick round the edge, 2 m at top/bottom
* veto region (incoming/outgoing particles)

* low energy background shield

* High reflectivity (>90%)
Tyvek facing OD

* Black sheet facing ID

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

lm FV > 180 kton




~ 1.5 ns timing resolution

Inner detector (ID)
20,000 *50 cm PMTs - 20% coverage

8cm PMTs B

Outer detector (OD)
~ few thousand * 8 cm PMTs

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

Inner detector (ID)
~ few thousand mPMTs

yper-Kamiokande



;| The Kamiokande Series

b \

Fiducial volume (FV): ,r

Kamiokande: FV = 0.7 kton

Hyper-Kamiokande: FV >= 180 kton Ll

Super-

KamlokaND =
x;;: &’
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4,‘3

T

50 kton

£

Super-Kamiokande: FV >= 22.5 kton 83 kton '™ |
Mg s B

Kamlokande _

Hyper-Kamlokande

Hyper-Kam_lokande
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258 kton




Hyper-Kamiokande

;| Hyper-Kamiokande Physics
Hyper—lfamnokande

* Neutrino Oscillations

- beam, atmospheric, solar neutrinos TW o
Super- b bodonat

Kamiokande %

e P A

* Proton decay and BSM searches

* Astrophysics
- solar neutrinos, supernova neutrinos ., .
e My 258 kton

- dark matter, gravitational-wave sources

- gamma-ray sources KamlokaNDE >
- 34 B |

* Nuclear physics A
- neutrino interactions - 2’ B B Jd 4

—
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Hyper-Kamiokande

Proton Decay




Proton decay

T > 2.4 x 10°* years
(SK, PRD 102,

HK also competitive for

h >X<3+} .

p - K'v

ke
20200 11 1)
Fi | £ |

< Hyper-Kamiokande

HK can improve the SK limit on this process
from 1034 to 10* years
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Hyper-Kamiokande

Neutrino Oscillations




i Neutrino Oscillations

yper-Kamiokande

: 3 1 0 0 0 =i ; s12 0
* Mass and flavour states do not align e ) 1 e o AR 7
N Vy = 0 o3  So3 0 1 0 S12 c12 O 2
Non-zgro masses N\ v il eels o _sygeicr Q) B 0o 0 1 v
— heutrino osc. governed by PMNS matrix Atmospheric and o
Reactor and accelerator
accelerator 013~ 8° reactor
023 ~45° 012~ 34°
H =722
1) Mass Ordering (NO or 10) [Afest| ~25xI0sEy DCCESMOTONOESTE o o Tssl0uEVE
1 — ()" (" e— m—
X (Am)g,
()" E— e —
3) CP violation ( 0., % 0, +1T)
H v
(Am?),, .
.y, e 013 precisely measured and not too small
. - opens the door for &, measurements
——— If 8% 0, +m — CP violation: P(v,-Ve) #P(v, - V)
= (m, )’ (m,)’m ‘— o
Normal Ordering (NO) Inverted Ordering (I0) Compare OSCIIIatlon Of \Y and v to prObe 6cp

Matter effects! (electrons)
Difference in ve and v. travelling through the earth ( similar effect as o )
23 >T1/4 Or B <T/4 _. allows for mass hierarchy determination

2) 02; octant:
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Hyper-Kamiokande

Solar Neutrinos
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;‘ Solar Neutrinos " Hyper-Kamiokande

~ 1.50 tension in AmZ; between solar & kamLAND (reactor) Day<--——t—-—>Night
X10° Isiri(e )c0 312958 Amz ~{7 5419 10%0V" sin(0,)=0.0242:00026 | i
18 |sin (@12) 0.311+0.014 ,A.m21 =(4.8514) 10%eV? :
17 | sin*(®,,)=0.308+0.013 Am3,=(7.50*319) 10°eV? !
16 | Contour lines of constant
— ?Ii " Solar day-night asym.
> 13 r
D, 12+ KamlL
o 11 V4. Electron neutrino
& 1(9) Comh W+ Muon/Tau neutrino
g g Ve flux differs between night and day
6 -~ matter effects
5 .
4 - day-night asymmetry
3
2 . .
| Day-night asymmetry higher than

expected from reactor constraint
- contributes to the Am?;; tension

Hyper-K can reject no DIS assym >50 confirmation with 10 years of Hyper-k
And can investigate this tension with increased stats 12




;l Solar Neutrinos

DS -| I I | I
- g © Borexino ("B) ]
0.7 = s + SuperK ]
C & = SNO | 3
E |8
0.6 s
5 Hyper-K s
0.5 y = Eh{ = +1.5 [M{;\\ﬂ:} |
: —_— | e
B ! =]
0.4 s 0 U T j;‘ _______ .
: """--..______Il—._-_-_-ql'_ :
0.3 _ ,; : =2
- Standard = NSI-up S eGes f;' """" + | 1
0.2 : i =& =T]
E Sterile NSI-dw i i =)
ﬂ_F_Illlllllllllllllll i | | j_| 1 |||i|_
0.1 05 7 2 3 5 10
E, [MeV]

Vacuum dominated
region

Matter dominated

region

< Hyper-Kamiokande

Low energy solar neutrino survival
probability

Hyper-K can constrain the ‘upturn’in
the vacuum-MSW transition region

Sensitivity depends on analysis energy
threshold

Electron kinetic energy equivalent
threshold 3.5-4.5 MeV

- Sensitivity of 3-50 for upturn
discovery after Hyper-k 10 years
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Hyper-Kamiokande

Supernova Neutrinos
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Expected time profile of a
supernova at 10kpc

* numbers in brackets total
interactions integrated over
the 10s burst

-

;l Supernova Neutrinos

5-|||||
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Events/0.22Mt/sec
—r
o
S

Neutronization peak
(sensitive to mass ordering)

Hyper-Kamiokande

v+e (3377)

1 | T T T, '
No Oscillation

v +p (50191)

v+e (3615)

v +p (57836)

& N.H. Oscillation

~ |.H. Oscillation

v, +p (74852)

vie (3580)

40 [NMO] —

330
L

Couch
Nakazato
Tamhorra
Tatani
Vartanyan

100 200 300 400
time [ms]

500

10 10
Time (sec)

1

10
Time (sec)

10
Time (sec)

<= Event rate predicted by different SN models
(normalised to total event rate, for unknown distance)

— Hyper-K can build discriminators to constrain SN models

Supernova Model Discrimination with Hyper-Kamiokande

K. Abe et al 2021 ApJ916 15

https://arxiv.org/abs/2101.05269
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https://arxiv.org/abs/2101.05269

= Hyper-Kamiokande

Long-baseline neutrino
oscillations
(beam)

16



5in"20,,= 1.0
5in*26,,= 0.1

Pv,— v,))

AmZ, =24x107ev: ]

—NH,8;5=0  —-IH §,=0
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SN O0A2S°

295K .
@ (arb, units)

0.5

HK at same
distance and
off-axis angle as SK

* New intermediate water Cherenkov detector (IWCD)

* Hyper-K far detector

295 km




“yper-Kamiokande

Intermediate water Cherenkov detector
(IWCD)

Constrains flux and neutrino interactions with same target as far detector

750 m
Distance ~ 1 km , Diameter ~8 m, height ~6 m e
Size optimised to contain 1 GeV muons, I
while minimizing beam pile up events Off-axis g
\\\ Jle (OAA) sms _-“ 2 5o
Neutrino R S
beam center . Ey‘u»ﬁﬁ
. . . Lt_ 1.0°
Vertical pit (50 m), detector moves up and down 1.

— samples flux at different angles
— sample flux at different energy profiles

Multi-PMTs: better timing and

spatial resolution than 1 large PMT Talk Today
- good reconstruction despite 18.30
small detector Deepak Tiwari

18



Hyper-Kamiokande long-baseline

‘ Hyper-Kamiokande

HK 10 years (2.70E22 POT 1:3 v:v) . _
—— _I T T T T | T L] T I | L] T T T I T T T Ll | T T T T T T T T I_ § :
e 16 ———— Statistics only - = 80
< I CLGRLLEETT Improved syst. (v/V, xsec. error 2.7%) ] ? 70 =
= 14 i T2K 2018 syst. (v/V, xsec. error 4.9%) = oo% E
o [ ] S 60
S 12F ] @ -
RIS = £ 0
3] u ] 5 =
e - . =5 40
5o [T
= o ] 30—
I Ot " 2 -
5 5l L 20F
] 4'_ /‘, ] = - — Statistics only
< o u e 11| = Y A L Lt Improved syst. (v,/V, xsec. error 2.7%) 7
8 2 ] 3] H /. S T2K 2018 syst. (V,/V, xsec. error 4.9%)
“ » . [4e] OIIIIIJJL{JJ\T“\L{IIIIIIJJJ‘\\IlIlIIIIIIIIIIIIIILLII_
0 | TS T S S TN N ST N P R TR R R —— H KO 1 1 2 3 4 5 6 7 8 9 10
-3 -2 -1 1 2 3 yper-K preliminary 2y
Hyper-K preliminary True & True normal ordering (known) HK Years (2.7E21 POT 1:3 vv)
True normal ordering (known) = sin’(0,;) = 0.0218 sin’(0,;) = 0.528 |Am3,| = 2.509E-3 eV7/c*
sin*(6,,) = 0.0218 sin’(0,,) = 0.528 |Am3,| = 2.509E-3 eV7/c*

Sensitivity to exclude ¢ = 0 given Percentage of true dce values for which sin(dcp)=0
different true values of Scp can be excluded, as a function of HK years.

The systematic uncertainty on the ve/ ve cross section will have the largest impact on 3c»
- Near/intermediate detectors will play a vital role in constraining these errors

50 achieved for ~60% fraction of 6cr values with 10years data taking 19



;l Atmospheric neutrinos + beam

Hyper-Kamiokande
Sensitivity to mass ordering Sensitivity to CP-violation
< AR SRS LA RARLS MRS AL RARSS Y . ISVHK 10 years (2.70E22 POT 1:3 v:V)
£ | e = L F———— Beam (Known MO)
% [ —m— am - Beam (Trus Norma sife,-05 . \é- 16:— ______________ Beam (UnknownMO) 7
o AE ik Atm + Boam (Trus Inverted) sirts, 0.4 '_‘:.;ﬁ%%‘ i -~ 14 ——— Atmospherics (UnknownMO)
kS - i :::mfﬂ:m:)::“:: TR i = F ———— Combined (Known MO)
T o i SRR % - BT ) Combined (UnknownMO) ==
™ - ,0,0‘0‘.0‘00.0\9.0 = K ,‘o, ,:,Q:o\,o‘, N n r
T SRS RESIS. S 10
o R AR S ] ]
\ Pt ray %I 3:_ ey _: g 8
_ g 3 Blue - NO 7 I
\ & B Red - 10 Z &
| = - o 4
\ 1 ] . .
: . different 65 | O S
\ gl s My s 1 s g gonsy Tl sy B e s e B oo B o 1 Hyper-Kpreliminz.iry~ True &
LL L 1 2 3 4 5 6 7 8 9 10 True normal ordering, improved syst. (v./V, xsec. error 2.7%) cp
’ A\ Running Time (Years) sin%(8,,)=0.0218 sin*(8,,)=0.528 |AmZ,|= 2.509 x 10 eV%c*
e & W Atmospheric neutrinos sensitive to matter effects as they traverse the Earth
' v .y . .
' A NP — Sensitive to mass ordering, also helps with 6,; octant
€. Bestsensitivity to mass ordering from combined fit: atmospheric data + beam data
'\l \l A N g
1 R AT o T
: o . . . ce .
Yy 4000 N If mass ordering unknown, atmospheric data improves beam sensitivity to dce
? ; St “ * Diagram:_Kajita T. (10.2183/pjab.86.303) 20


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

7 Hyper-Kamiokande

Construction
and Outlook

21



Hyper-Kamiokande

Construction began in 2021!

Zu"mi R CONSTRUCTION UNDER C CONSTRUCTION ER CONST uc'TlE ;

...........

“4“—ﬂ=Tﬁ/” BEIRSRR o

#xr  Hyper-Kamiokande Groundbreaking Ceremony s

Pm— | nstitute for Cosmic Ray Research, The Unlversrcy of Tokyo '

¥ UNDER CONSTRUCTION '// UNﬁR'COﬁST'RUCTION //' w%R go:'ﬂ: uc"TIE ;




yper-Kamiokande
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i Summary

The Hyper-Kamiokande is a next-generation neutrino experiment
* Builds on the expertise and knowledge gained from the successful Super-K programme
- Fiducial volume 8 times larger than SK
- Improved photosensors

yper-Kamiokande

<
\S!
%)
o
2\
=\
2l
iz:
\

\ JER CONSTRUCT)
- beam upgrade to 1.3 MW .‘f’. ‘
- New intermediate water Cherenkov detector .g.
and upgraded near detectors [=
(%2
.g Circular tunnel |
Wide range of physics \© e
* CP violation in the lepton sector .E Gp 8,
* Nucleon decays .gv
* Astrophysics -«
* Potential to discover new physics Construction underway

New collaborators welcome! Data taking in 2027 ”
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' Hyper-Kamiokande

HK schedule

NMK=HEtHLT BT

Hyper-Kamiokande

2027 2028

Tank constr. ~ PMT install.

=

7

-
[ —

‘First 2000.PMT
"TMarch 2021,




Am?;; [eV?]

x10°

18
17
16
15
14
13
12
11
10

“NWPrOIONO

;‘ Solar Neutrinos

~ 20 tension in Am?;; between solar & kamLAND (reactor)

................ S
Lsin (812) 031288%% Amzw (7.54:313

|sin (@12) -0.31120.014 Amm ~(4.85%}4;) 10%eV? i
|sin%(®,,)=0.308+0.013 Am2,=(7.50°41¢ !

~ Combined

) 10 BV sin 2(©,5)=0. 0242+0.0026

) 10%eV?
Contour lines of constant
day-night asym.

Solar

KamL/Z

yper-Kamiokande

Hyper-K can constrain the
Day-Night Asymmetry
(and improve Am?: tension)

-—h
o

Pf@llm | na ry — Photo-coverage 40%
-—- Photo-coverage 20%
*O 3% sys err for both cases;”"‘”“

"""" Separatlon between
" KamLAND a:l'\d sc?lar l:l>est ?/N
2468101214161820

Year

lll'llllllllllllll

Day-night asym sensitivity (sigma)

For large D-N asymmetry, expect >50
confirmation 10 years

27



Solar Neutrinos

Hyper-K can constrain the ‘upturn’ in the
vacuum-MSW transition region in the low
energy solar neutrino survival probability

Eur. Phys. ). A52 (2016) 87

018 T T L™ T T T T T T T T T T T T T T T T
i T I T ! EEET
B a © Borexino ('B) 7
7 E a + SuperK -
E L . SNO 1
E i3}
o Can be searched ; HK_
9 L
& L
e L
] B
o8 E
- | —— standard NSl-up | "7 ° """""
0.2 : o-T1
L —— Sterile NSI-dw i
F i L el T T | PR T I | ]
0 1 0.5 1 2 3 5 7 10 14
E, [MeV]

Expect 3-50 for upturn discovery after 10 years

yper-Kamiokande
= 8r
£ - Up-turn Discnvew SEnsitNit\r ! ; |
_%' 7 —{Phata-cwe rage Eﬂ% for. znzu ualue Dl"lhh}
%“ o] !'E|II’TIII"IBI"!' ,,,E.u.nThu'ﬂ!sht'al'ﬂE'-El"-'h'-"ﬁ'r |
= - -. I 3 ‘
§ F i z i z ; ,.:;,1;::--: : : ;
Pr-d 5 — {5{51::’:.\‘ EECEES 5 ............. .g .............. :, ............. | ......
- W0 : ' ' ' '
= J:r‘" Emmreshnm.ﬁ MeV.......
S A e
b . — '
2 : : : : : : : : : e
4| BLK: 2019 solar best 8, Am2 40% photo-coverage
- RED: 2020 solar best 8, Am? 20% photo coverag(
_I (I I L1 1 | 11 I L1 1 | L1 1 I L1 | 1 L1 1
%2 4 "6 8 10 12 14 16 18 20
¥ o PRI TR . T Ve e 177131 ?Ear-

28



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

Betelgeuse (200pc)
~ 117.5 million — 180 million events
* 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 Instabllity )

* Supernova flux is sensitive to mass ordering without too much model dependence
— neutronization burst

i S u p e r n Ova N e U tri n 0 S ‘\Hyper-Kamlokande

29



;l Supernova Neutrinos

Inverse beta decay dominates

‘ﬁ€+p - e++n\

* Different models predict different electron antineutrino rates
* Stat error is much smaller than the difference between models

22Mt/20msec

eveﬂtslo
[4)]
8

1000

500 |

| Nakazato et al. (2015),1D,20M

3000 |
| Bruenn et al. (2016),2D,20M
}Pan etal. (2016),2D,21M

2500

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

22000 |

005 0.1 015 02 025 03

Time (sec)

Predicted
inverse beta
decay rates

events / 0.22Mt

Hyper-Kamiokande

Expected number of events as a

function of supernova distance

TR 10 10° 10°
distance (kpc)

Supernova Model Discrimination with
Hyper-Kamiokande
K. Abe et al 2021 ApJ916 15
https://arxiv.org/abs/2101.05269 30


https://arxiv.org/abs/2101.05269

;l Supernova Neutrinos

40 = Couch

= MNakazato
Tamhorra

— Tatani

Vartanyan

100 200 300 400 500
time [ms]

The event rate is normalized to produce the same total
number of events for each model, reflecting the assumption
that the distance of the supernova is unknown.

Supernova Model Discrimination with Hyper-Kamiokande
K. Abe et al 2021 ApJ916 15 https://arxiv.org/abs/2101.05269

= Hyper-Kamiokande

Model discrimination example

Vartanyan
T 400! e
U 75
Qo 2
o | 2 =0
Q &I f
O E 35 b
= E:l_ -y PPV | [ — e |
-20 0 20

Delta Log-Likelihood

- Hyper-K can constrain
different models
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https://arxiv.org/abs/2101.05269

Hyper-Kamiokande

;l Supernova Relic Neutrinos

_ _ * Small flux, large backgrounds
Predicted flux for different models - No evidence of supernova relic neutrinos at SK yet

-‘%‘:2: AR, ' s By HK detector:

8050 sotar B * SRN can be observed in 10y with ~70+17 events and > 40
} : non-zero significance (photo-coverage 40%).

e ~40113 events and 30 with a 20% photo-coverage

SRN (T,=6MeV)

E I
S10°F SAN (T,,=4MeV)

> ' X
-5 3 .
E1O 3 "

2102p

]
1
1
!
von a T [—HK
310 | . :solar hep v 3 £400 ___ sk-Gd =
z 1 "\ : - ‘] 5350 —— JUNO ....... DaShEd |Iﬂe
al 1 Cagg 0 e S === N
- ] T —— HK(BH30%) | > || forcase .
dl 1 5 | ——SKGd(BH30%) | where 30%
t i 590 _snomHson | L7 torm black
” i 3 1505_. ........................................................... hole and em|t
w0’ 1 100 ' higher energy
» ) % T T ) Ly » | ) 50 R i e e R .
© 0 10 20 3 a0 0 60 70 80 N e aun N P D neutrinos
Neutrino Energy (MeV) 2020 2025 2030 2035 2040 2045
Year
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i Proton de cdy an d neutrinos */HyperKamlokande

Originally proposed by Sakharov to provide baryon
p > end > 1.9X10% years number violation to e_xplain the matter-antimatter
asymmetry of the universe.

(o}
o QO

f\/\}(\/\, Many GUT predict proton decay

KamiokaNDE (Kamioka Nucleon Decay Experiment) 1&Il

— Did not observe proton decay
- ruled out many GUTs at the time

p 2 vK" > 0.8 10" years _. observed Supernova 1987a

u u

d - — - s — K¥ . saw hints of neutrino oscillation
" u | .
w Ha ) —. solar neutrinos
u - = = A%
d " - atmospheric neutrinos

Atmospheric nu still biggest
background for kaon mode Super-K limit on proton decay > 10°** years
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Proton decay

Soudan Frejus

IMB Super-K

p—etn® ¢ 0 B
. minimal SU(5) minimal SUSY SU(5)
i;’r odton flipped SU(5)
SUSY SO(10)
non-SUSY SO(10) Geesp 00 SO(10)
p— et KO ¢ ey
p— pt K ¢ eeee——
n—oK° ¢uedjeeeneg .o AND DUNE: (40 kt)
p— K" 0 ¢
minimal SUSY SU(5) Hyper-K
p— KT non-minimal SUSY SU(5)
predictions
SUSY SO(10)
1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 1 1L 1 1111
32 33 34 35
10 10 10 10

/B (years)

yper-Kamiokande
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;| The Kamiokande Series

Hyper-K: Height h=71m, diameterd =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 -W
d =15.6m
V =3 kton -

FV = 0.68 kton

Hyper-Kamiokande

Hyper-Kamiokande

S

» .I"‘r"'é":':d.' :

258 kton



* Proton decay

The Kamiokande Series

* Solar, supernova and atmospheric neutrinos
* Accelerator beam neutrinos

=10

% i
§102° -
w10 |

2 woe |
= e
T10° [

107 |
10° |
10}
109
100f
104

10}

Q108 |

Cosmological v
Solar v
Supernova burst (1987A)
<\ » / Reactor anti-v
Background from old supernovae
Terrestrial anti-v
Atmosphericv
v from AGN
Cosmogenic
\Y%
.........................
10 107 1 10° 10° 10° 10" 10" 10
pev  meV eV keV MeV  GeV TeV PeV EeV

Neutrino energy

Super-

- *"'ﬁ‘r

'5? "-’;’F{‘dﬁ ~ :

' Hyper-Kamlokande

Hyper-Kamlokande

258 kton




p h oto-covera g c
single photon efficiency/PMT
dark noise
time resolution (one p.e)

photo-cathode area
effective light yield

dark noise

transit time spread

comments

Super-K
11,129 20” PMTs

40%

.

M. Smy Nufact 2022 < Hyper-Kamiokande

Hyper-K

+addition PDs) (()verseas

20%

~12% ~24%,
~5kHz (typical) 4kHz (average)
~3ns ~ ] 50

mPMT: 19 x 37 PMT5

870 cm?

20” ‘B&L’ PMT

2000 cm?2

~ | hit/MeV /5,000 mPM1s

~6 hits/MeV /20,000 PMT5s

19 x 200-300 Hz

~4kHz (typical)

1.3ns

2.1ns

* granularity
* directionality
e hetter time resolution

* performance confirmed
* high photon detection
efhciency
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i Adding Gadolinium to IWCD

Adding Gadolinium to the water allows for neutron capture
-~ Better v /v separation

Potential to load IWCD with Gadolinium: 0.1% Gd
— Neutron tagging

n
v @
€ & / \ Gd
— @ 3

e
@ %Mev

& Y
AT~20us
Vertices within 50cm

Captures on Gd

80% | n capture

60%

40% -

20%

0% \

100%[0.1% Gd _
| gives ~90% —~—

-+ efficiency for

0.0001% 0.001%

| 1
0.01% 0.1%
Gd in Water

1%

J< Hyper-Kamiokande
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i Neutrino beam “H

yper-Kamiokande

Near Detectors Beam Dump Decay Volume Target Station .
I Primary
- Dl_‘3 Horns protons .
— — i/——ii i(\i/\l: %e s _thJeaml Ine
T (| \-”.gb_b
—a
_ Target ‘
B ans 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 39



* Beam currently capable of
450-500kW stable running

* Beam line upgrade in 2021
- Nd280 upgrade will

happen at the same time

* target power: 1.3MW
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J-PARC neutrino beam flux and its error yoer-Kamiokande

v flux is predicted based on hadron production el

and in-situ proton beam measurements
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% Recently flux error was improved with NA61/

SHINE replica 2010 data : ~5% error
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% Further reduction of flux systematic errors, 1

several activities are underway T
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Hadron production is still largest error source
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G/ E, (10% cne GeV')

and T2K/HK flux
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i Neutrino interactions

Hyper-Kamiokande

"~

NC interactions
also important

e.g. NCmt®, NC1ly
- background

hadrons

TZK flux
— G0 Tolal
— CCOE
=== MEG
GG RES
G0 Mui-pé
—_ G0 DS

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

43



Free nucleon

a/E, (10* cne GeV')

Neutrino interactions
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Initial
nuclear state

TZK flux
— G0 Tolal
— CCOE
=== MEG
GG RES
G0 Mui-pé
—_ G0 DS

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
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Hyper-Kamiokande long-baseline

hadron
productlon data

Hyper- Kamiokande

INGRID
On-axis near detector

ﬂ INGRID / Beam WED \b28o
monitor data ' /

Interaction Near /
model Intermediate

: detectors
section data

External cross |

Selections
+ data

Detector model

HK event selection
+ data

l e HK/
Oscillation
\ :
/ Oscillation fit [
External ‘
constraints —
Oscillation Parameters

HK detector
model
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Hyper- Kamiokande

i ND280 upgrade (2021)

Pi0 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

J Reduce systematic uncertainty to 4%
— 30 exclusion of CP conservation for 36% of the d., phase space

(if mass hierarchy is known) 46

6 ToF planes



;‘ Hyper-Kamiokande long-baseline

v-mode beam

HK 10 years (2.7E22 POT 1:3 v:¥)
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