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London

Hyper-Kamiokande project IS approved!

KEK will upgrade \j““
and operate J-PARC = J"’
to produce 1.3 MW \ ~
neutrino beam

The University of Tokyo
will construct and
operate the Hyper-
Kamiokande Detector

™
T

Construction has begun

Operation will begin in
2027
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Water Cherenkov detectors in Kamioka

Hyper-Kamiokande

188kt fiducial mass

Super-Kamiokande
22.5kt fiducial mass

Kamiokande
3kt mass
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Water Cherenkov detectors in Kamioka

Cerenkov

Cherenkov ring from & Hyper-Kamiokande
charged particles 188kt fiducial mass

>99% ‘u / e nautring
separation

Momentum and g
direction reutrine shower ==
reconstruction o
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Hyper-Kamiokande experiment

- Factor 20 increase in statistics compared to T2K:
— Upgrade of the J-PARC neutrino beam to 1.3 MW
— New far detector with 188kt fiducial volume

* New intermediate detector and inherited upgraded near
detectors

* Improved photosensors with twice the quantum efficiency T. Tashiro, Fri July 31, 10:45
G. De Rosa, Fri July 31, 11:00

J-PARC

Accelerator Complex

Hyper-K .=.E=.
OD talk by S. Zsoldos: Talk by M. Hartz:
Fri July 31, 11:45 Wed July 29, 19:00 | Tl
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Neutrino oscillations

2
*  Measure flavour .
- p _ U* Un.e~iMiL/2E
composition of beam B = ai UBi€
as functionof L/ E :
- Compare neutrino beam and
antineutrino beam to test CP symmetry
neutrino i anti-neutrino
L=295km, sin220,3=0.1 ~ ' L=295km, sin2205=0.1
0.08} — Sop= 0°
? : j Py Scp= 90
1> o.oe: 7 N Sen= 180
Iei' 004Nl /o0, T 809: -90
&_ " —E :
0.02f
0: 1o 1 - 1 Al l i 1 1 1 1
0 1 2
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Neutrino oscillation formalism

(1 0 0 \ ( C13 0 81:36_55\ ( Cl2  S12 0\

U = 0 o3 So3 0 1 0 —S12 €12 0

\0 —S523 623) \—81:3f3ics 0 C13 ) \ 0 0 1/

G; = cos 0

. 2
s = sin 6 Masrs @ @

2.5x 10° eV? <

- Three mixing angles, 6,,, 8,; and 6,

- Two mass splittings, Am?,, and Am?,, N )
7.6 x 10° evz{ @ @
*  One CP-violating phase, §,p 5
0" Normal Inverted
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Neutrino oscillation formalism

(1

U=1 0

G; = cos B

s = sin 6

- Is 6,3 above or below 45° (octant)?
 What is the neutrino mass ordering?

* Do neutrinos violate CP symmetry?

0

C23

0\

593

\0 —So23 (a3 )

( C13

0

\ —513826
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( Ci12  S12 0\

—S12 12 0

0 si3e77 \

1 0

0 C13 )
Mass?

)

2.5x 10° eV? <

Ve

7.6 X 10° eV? {

7

0

\ 0 0 1)
() ™
=

m,
m, m,
Normal Inverted
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Hyper-Kamiokande electron-like event samples
Neutrino beam Antineutrino beam
° Use Super-K MC’ ) HK 10 years (2.7E22 POT 1:3 v:¥) g HK 10 yeas Q.TE22POT 13 v)
scaled to HK volume 2 =0. = ®" a0 o |
- C — &, =2 Ej 180
and exposure ° 200 eewn | S is0E
£ ¢ —u‘é 140F
. = r — B, =T = 120;
* Expect approx: = P 1 % on
100 B 80F-
— 2300 v, events - ] 60E-
50 - 40
_190017€events 0: rill IR R RS RS B 225_..|‘..|‘..|..‘|.H|...\
0 02 04 06 08 1 12 0 02 04 06 08 l 12
. vV Reconstructed Energy (GeV) V Reconstructed Energy (GeV)
—_ Assum|ng 150 HIKIIOIyFar‘s (27E‘22 POT 1|:3'V:rV)‘ — 150 HIKIIOIylcafs (27E‘22 POT 1,’3.‘“.?). _
. . 2 C —— B, =+T/2 Z C —= B, = +T/2
Sln(5CP) =0 i 100~ =5 =2 E 100~ == Ocp = M2
H = E +6(‘P:+ﬂ < : +5CF—+TI
- Difference between ' ¢ 1 ' I | | | E
neutrino and B il #“:g oF **t} “,,
antineutrino rates T | 18 -sof . E
glves 56P % —1003— — @ —100; f
a - 1A : ]
B S - ey S S ¥ S S R
vV Reconstructed Energy (GeV) v Reconstructed Energy (GeV)
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Hyper-Kamiokande electron-like event samples
Neutrino beam Antineutrino beam
* Use Super-K MC, , KM QIERROTISD , oK 10y QTR POT 13 v
scaled to HK volume 2 20~ B o
and exposure : 2000 e : L60F-
= i g 140F
- Expect approx: Z 1o- SR S
C ] 100;
100 - 80
— 2300 v, events - ] 605
50— E 405
_190017€events OE il IR EPI R R S ERI R 225_..|‘..|‘..|..‘|.H|...\
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
) vV Reconstructed Energy (GeV) V Reconstructed Energy (GeV)
— Assumlng . IZOO_EK. 10 years 2.7E22POT 1:3 viY) TG s ropo e IR FOT I V) T
Sln(5cp) =0 E - . ” E 1800 . uCC
1000 v, CC - - Vu
'-‘é B V B “‘E 16005— v
- Expect approx: Epes U Wemce | g oo H
2 600:— 2 1000;
— 9300 v, events ; s00k-
400_— 6002—
— 12300 v, events J00)- 400
L 200
Oo'r'o.lsl"'{""l.ls""2|""2.|5""_3 % o5 1 1s 2 25 3
v Reconstructed Energy (GeV) v Reconstructed Energy (GeV)

R
Mark Scott, ICHEP 2020 10



Imperial College
London

HK Oscillation Analysis

- Based on T2K analysis method

Neutrino flux

|
<
|

Flux [/(50 MeV- cm?- 1e21 POT)]

v cross section / E, (10°° c? / GeV)

Tune models with Fit models to far

near detectors

detector data

\

Interaction cross-section
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on (Vax?)

xclusi

,;%‘( ‘_‘,-‘". .
) =
. i 1

Z  Wrong octant ¢
I3

=+

Oscillation
parameter
sensitivities

Op values excluded (%)

2

20 ] 2
Hyper-K preliminary
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Systematic uncertainties
« High statistics experiment, limited by systematics

Hyper-K Flux for Neutrino Mode

1.4F
1.2F
1

10°E

sk

10

v cross section / E, (10° cm? / GeV)

L 08t
% 1 0.6
= 0.4f
S 0.2f
8 9 10 107" 1 10 107
E, [GeV] E, (GeV)
*  NAG61/SHINE thin-target - NEUT 5.4 and T2K 2018
hadron-production data uncertainty model as baseline

. . (Nature volume 580, pages339-344(2020))
* J-PARC neutrino beamline

. * Nucleon removal ener
uncertainties 9y

uncertainty included directly

« Use T2K near detector fit to provide initial constraint on model uncertainties
« Scale uncertainties to expected Hyper-K near detector performance

R
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Lifting the sin?0,, degeneracy

All analyses assume 10 years of HK data
— 1:3 ratio of neutrino beam to antineutrino beam

— Not including atmospheric neutrino sample

] HK 10 years (2.70E22 POT 1:3 v:V)
«  Wrong octant exclusion N 1 ) L O O 0L O 0L 0 L 0L O O 0 0 L ]

—— Statistics only
versus true valueof |4 N @20 ... Tmproved syst.
sin?6,,

--------- T2K 2018 syst.

2

o0

- Estimated systematic
uncertainty on muon
sample reduced from
4.6% to 1.9% with
improved near detectors

0
Sl

*
»
e*a‘
wl’

* Achieve 30 exclusion for: | | , ‘ | | |

1 L | | | L | 1 1 1 1 | | L 1 1 | | 1 | | L 1 1 | | | | L 1 1
. 8.4 042 044 046 048 0.5 0.52 054 0.56 0.58 0.6
— Sin 923 < 0.47 Hyper-K preliminary )
) True sin“(6,,)
— sin2@ > 0.55 True normal hierarchy (known)
23 sin%(8,5) = 0.0218 |Am2,| = 2.509E-3 B, = -1.601
...
Mark Scott, ICHEP 2020 13

Wrong octant exclusion ( AX




Imperial College Hyper-Kamiokande

Long-Baseline Physics

London 29t July 2020

CP violation sensitivity

HK 10 years (2.70E22 POT 1:3 vV)

« Ability to exclude

_ e 16  ———— Statistics only —
CP conservation < 1 4:_ -------------- Improved syst. (V,/V, xsec. err. 2.0%) e
Versus true Value S : """""""""""""" T2K 2018 Syst. (Ve/Ve XSEC. CIT. 3.2%) :
s 12F —]
Q

Of 5CP T ]
=2 10 -
= ]
o 8 8 —
o B ]
[l 6 K —

~~ 2
c 4 BANE
= o\

0 I L 1 L 1 | 1 | 1 1 I | L 1 1 L 1 I 1 L 1 L | L 1 L 1 |

-3 -2 -1 1 2 3
Hyper-K preliminary
True normal hierarchy (known)
sin’(8,;) = 0.0218 sin’(B,;) = 0.528 |Amj,| = 2.509E-3
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CP violation sensitivity

HK 10 years (2 70E22 POT 1:3 viV)

° -1 —— _I T T T T | T T T l T T T T | T T T T | T T T T T T T T ]
Ability to exclude 7oy * 161 Statistics only IE
CP conservation < 1 4:_ -------------- Improved syst. (V,/V, xsec. err. 2.0%) =
Versus true Value S [ rrrrrnrmmnnmmnaninnie T2K 2018 Syst. (Ve/Ve XSEC. CIT. 3.2%) :

g5 12F =

of §.p

Hyper-Kamiokande
Long-Baseline Physics

29t July 2020

g
w2
-
« Large electron-like £

samples provide

high statistics

Hyper-K preliminary
True normal hierarchy (known)
sin’(8,;) = 0.0218 sin’(B,;) = 0.528 |Amj,| = 2.509E-3
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CP violation sensitivity

HK 10 years (2 70E22 POT 1:3 viV)

B L —— _I T T T T | T T T | T T T | | T T T T I T T T T T T T T ]
Ability to exclude 7oy * 161 Statistics only IE
CP conservation < ELLLLLITELEY Improved syst. (V,/V, xsec. err. 2.0%) N
versus true value — 14:_ --------------------------- T2K 2018 syst. (V./V, xsec. err. 3.2%) =

2 12F ]
Of 5CP -% ]
2 10 -

« Large electron-like % E
samples provide o .
high statistics fo 0 =

o IO% 4 e e S N _:

* Limited by =

systematics Z

Hyper-K preliminary
True normal hierarchy (known)
sin’(8,;) = 0.0218 sin’(B,;) = 0.528 |Amj,| = 2.509E-3

R
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CP violation sensitivity

HK 10 years (2.70E22 POT 1:3 vV)

B L —— _I T T T T | | T T T | T T T | | T T T T I T T T T T T T T ]
Ablllty to EXCII:Jde e 16/ —————  Statistics only ]
CP conservation < ELLLLLITELEY Improved syst. (V,/V, xsec. err. 2.0%) N
versus true value — 14:_ --------------------------- T2K 2018 syst. (V./V, xsec. err. 3.2%) B

2 12F ]
of 6.p 2 .
2 10 -

« Large electron-like % E
samples provide o .
high statistics fo 0 =

. > 4 -

* Limited by = .

systematics Z .
0

« Can exclude Hyper-K preliminary

60% of true é cp True normal hierarchy (known)
values at 50 sin*(8,3) = 0.0218 sin*(8,;) = 0.528 |Am3,| = 2.509E-3

R
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CP violation sensitivity over time

10

° PercentageOftrue ;5\ 8()E--I-“I\£||IIIIIIIIIIIIIIIIIIIIII\I\IIIIIIIIIIII:
Ocp values where <, 5 E
CP Conservatlon PO% 605_ ..................................
can be excluded §
as a func“on Of %0 505_ G e et
runnlng year E 40:_ ................ ,. ....................................... e,

= = :

5 30;_ ......... Y A
g 20 f_ ' ........................ OO OO BSOSO
= -

S -

6 -
O

S S S S R T

Hyper-K preliminary HK Years (2.7E21 POT 1:3 vV)

True normal hierarchy (known)
sin’(8,;) = 0.0218 sin’(6,;) = 0.528 |Am3,| = 2.509E-3

R
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CP violation sensitivity over time

® ? [T T 1T | LI T T LI LI [ T T 17T L I T T 17T T T T_]
Percentage of true £ BOE g -
Ocp values where ¢ gof EO50 e — 5
CP conservation N .

Q 60__ ................I.'...‘.‘...‘.l.‘.l.l.‘.‘...l.l.‘“,,..xs.‘.........A...A...........A...... -‘-____.a'-_"
can be excluded 37 D |
as a functlon Of %0 50E y e _E
runr"ng year E 40:_ ............... . ‘.,0;: .................................................................................................................... =

Q - o . .

5 30:—~—------; ................................. . _:

° Can aChIeve 30_ 2 20:_ ::: .“‘. ............ “c.“‘ .................... Statistlcsonly ............................................ _:

CP V|O|at|0n I'eSU|t § 10: B o L emmeam Improved syst. (v./V, xsec. err. 2.0%) _7

A & H /. oo T2K 2018 syst. (V./V, xsec. err. 3.2%) -
over3|gn|f|cant o o e R L L L L L L]
reqions of & o KO . 1 2 3 4 5 6 7 8 9 10
J cp T e (k HK Years (2.7E21 POT 1:3 viV))
after 2 yearS rue normal hierarchy (known)
_ sin’(8,;) = 0.0218 sin’(6,;) = 0.528 |Am3,| = 2.509E-3
operation

R
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CPV and systematic uncertainties

© (v)/ ()

HK 10 years (2.70E22 POT 1:3 v:V)

—— _I I I I I I | | | | | | I | I I I I I I I I | | | I I I I ]
- ol 16— isti —
cross-section < - Statistics only _ n
_ <] [E  eeececcsecsaa Improved syst. (V./V, xsec. err. 1.0%) .
uncertainty - 14 T Improved syst. (V./V, xsec. err. 2.0%) =
dominates g pE ———- Improved syst. (v./V, xsec. err. 3.6%) .
5 1 z
% 10— 7
- Currenttheory 5 g =
. o —]
uncertalnty I Py S IR NS W ORI S W ]
~3.2% 2 o —
g 2 A N ]
* Must measure

this as well 0 o

as poss iblel Hyper-K preliminary True 6CP

True normal hierarchy (known)

sin’(8,3) = 0.0218 sin*(6,;) = 0.528 |Am3,| = 2.509E-3

Mark Scott, ICHEP 2020
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Adding atmospheric neutrinos

« Atmospheric neutrinos have longer baseline and higher energies — gives
sensitivity to neutrino mass ordering
10

Hyper-K Work in Progress

* Plot shows sensitivity to CP
violation versus true value of 6.,

- True NO

. 8 .—

* If MO unknown, beam analysis [
less sensitive for some values o
of 5Cp : Atm

« Joint atmospheric and beam + Beam
analysis increases sensitivity
above 50

KN
——

« Can exclude incorrect mass ; Beam only
ordering at 4 - 60 significance (... .. . . ... .. . N
(depending on value of sin%6,;) 0"

Mark Scott, ICHEP 2020
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Summary
« Updated Hyper-K long-baseline oscillation parameter sensitivities
- After 10 years data taking I o i s i s i
m =< F
HK WI” \é 8:_ —— Hyper-K improved syst. (v/V, xsec. err. 2.0%) =
— Exclude CP CONSEIVALION ™7 75 =
at 50 for 60% of &, ) =
parameter space é S < 3
- ReaCh 4 - 60- g 4; """""""""""""""""""" T 2KII """"""""""""""""""""""""""""""""""""""""""""""""""""""" ""E
exclusion of the wrong D E
mass ordering k_.;f L E
— Achieve 3o exclusion LT =
of wrong octant for 005...|..1|...|..|...|1..|...|...|.5
. 2020 2022 2024 2026 2028 2030 2032 2034 2036
sm2923 < 0.47 and Hyper-K preliminary %
sin2923 > (.55 True normal hierarchy (known) car

sin’(,;) = 0.0218 sin’(8,;) = 0.528 |Am3,| = 2.509E-3 &, = -T/2

« Seetalk by T. Yano, Thu 30 July, 10:30, for astrophysical neutrino sensitivities

R
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Supplementary slides

R
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Hyper-Kamiokande electron-like sample
breakdown

Antineutrino beam

HK 10 years (2.7E22 POT 1:3 v:V)
R B

Neutrino beam

HK 10 years (2.7E22 POT 1:3 viV)
——

HK 10 years (2.7E22 POT 1:3 viV)
—_—

" _
2 r B osc v. cc = 20 M oscv.cc | 1E B " Tl osc v, cC
L% 250~ Bl osc v, CC LE B osc v, CC 1 E 1401— B osc v, cC
L‘a E -NC f-s 25 -NC _: 45 120__ -NC
5 200 [Jv.cc 5 [Jv.cc 15 - [Jv.cc
e C []v.cc 'g 0|7 cC = ‘é’ 100 []v.cc
2 150 v/, cc = v,/v,cc 15 -
Z, L u ¥y Z L [T 17z 0 Dvu/"u cc
C 15F = - ]
100~ - E 0 E
- 10— - 40 .
50 u ] .
g St 4 f :
0 E C
0 02 04 06 08 1 12 % 02 04 06 08 1 12 % 04 06 08 1 1.2

v Reconstructed Energy (GeV)

v Reconstructed Energy (GeV)

v Reconstructed Energy (GeV)

« Asample of CC-11 events is included from the neutrino beam data

« The sample selects single-ring, electron-like events with the presence of a
Michel electron tagging a pion below Cherenkov threshold

* The energy of this sample is calculated assuming a A,,5, resonance

Mark Scott, ICHEP 2020
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Hyper-Kamiokande sample breakdown
Neutrino beam Antineutrino beam
. . ears (2. 3 vV HK 10 years (2.7E22 POT 1:3 v:V)
- Antineutrino beam: & T 12 T e,
E 250:_ =osc V: EE E 140:_ =osc V. gg
“ - - = L oAy Il ~Nc
— Larger “wrong- ® - Ve IV - S VS D co
i » < r [Jv.cc = oo [Jv.cc
sign” component § of B § of W,
— Larger neutral 100f 4 sF =
current component  _¢ E E
due to increased | : ZZ-_ =
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
eXpOSU re v Reconstructed Energy (GeV) vV Reconstructed Energy (GeV)
é1200:—'"""""""""'Dvucc éngg;”""""""”"'Dvucc
E; 1000} Y, B~ E; 16005_ 17 B cc
- Expect approx: 2 soof g 00 U
p pp . g - g 1200
< 6oof- 2 1000f-
— 9300 v, events . s00F-
K 40()_— 6002—
— 12300 v, events 200 400~
B 200
0_.r.|....|....|....|....|....‘ 0: P I R PRI R R B
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
vV Reconstructed Energy (GeV) v Reconstructed Energy (GeV)

R
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Oscillation analysis fit

« Simultaneous likelihood fit of electron-like and muon-like samples at HK
* Profile systematics and oscillation parameters

» Fit electron-like samples in 2D
(reconstructed energy vs lepton
angle relative to the beam)

180 HK 10 years (2.7E22 POT 1:3 vV)

160
140

* Muon-like samples fit in 1D as 120

function of reconstructed neutrino
energy (assuming CCQE kinematics)

Number of Events

100

80
60

Reconstructed O (degrees)

* Include flux and cross-section
uncertainties using T2K 2018 near
detector fit results

40

20

o
|
S

o 0.2 0.4 0.6 0.8 1 1.2
* Far detector uncertainties based on v Reconstructed Energy (GeV)

2018 Super-K systematics

Mark Scott, ICHEP 2020
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Scaled HK systematics

- Scale uncertainty on flux, cross-section and SK detector systematics by 1/+v/N,
where N = 8.7 is the relative increase in neutrino beam exposure from T2K to
Hyper-K

« Studies from the ND280 Upgrade group (see talk #392 by D. Sgalaberna) and
the HK Intermediate Water Cherenkov Detector were used to apply a further
constraint to the cross-section model uncertainties:

— Afactor of 3 reduction on all non-quasi-elastic uncertainties
— Afactor of 2.5 reduction on all quasi-elastic uncertainties

— Afactor 2 reduction on all anti-neutrino uncertainties

— Areduction in neutral current uncertainties to the ~10% level

 The electron neutrino / electron antineutrino cross-section ratio error was varied
from ~3.6% to 1% to assess its impact

* No parameter was allowed to have an uncertainty of less than 1%

R
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Uncertainty on event samples

« T2K 2018 uncertainties on the HK event samples

1-ring p-like 1-ring e-like
Error source || v-mode | 7-mode || v-mode 0 d.e. | 7-mode 0 d.e. | v-mode 1 d.e. | »-mode/7-mode 0 d.e.
Cross section || 4.77% | 4.02% | 5.61% 5.09% 5.05% 4.24%
Flux 4.28% | 4.12% | 4.38% 4.26% 4.46% 2.07%
Flux + xsec 3.27% | 2.95% | 4.33% 4.37% 4.99% 4.52%
Detector+FSI || 3.22% 2.76% 4.14% 4.39% 17.77% 2.06%
| All syst | 4.63% |4.10% | 5.97% | 6.25% | 18.49% | 4.95%

Table 6: Percentage error on event rate by error source and sample, for the T2K-2018 syst error model.

 Scaled HK uncertainties, with a 3.6% error on the electron neutrino/antineutrino
Cross-section

1-ring u-like 1-ring e-like
Error source v-mode ‘ v-mode | v-mode 0 d.e. ‘ v-mode 0 d.e. ‘ rv-mode 1 d.e. ‘ v-mode/v-mode 0 d.e.
Cross section || 0.92% | 0.77% 3.43% 2.62% 3.43% 3.72%
Flux 0.85% | 0.80% 0.87% 0.83% 0.89% 0.51%
Flux + xsec 0.82% 0.72% 3.44% 2.62% 3.51% 3.76%
Detector+FSI || 1.69% | 1.59% 1.54% 1.72% 5.22% 0.95%
| All syst | 1.88% [ 1.74% [ 3.75% 3.12% | 6.24% 3.88% |

Table 8: Percentage error on event rate by error source and sample, for the HK 3.6% error model.

Mark
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Event number variations with &.p
v-mode beam 1-ring p-like 9349.30 | 9335.51 9348.29 | 9365.49
v-mode beam 1-ring p-like 12375.02 | 12344.43 12375.21 | 12408.46
v-mode beam 1-ring e-like 4+ 0 decay e 2739.76 | 2285.17 1845.99 | 2300.57
v-mode beam 1-ring e-like 4+ 0 decay e 1623.97 | 1883.40 2117.98 | 1858.56
v-mode beam 1-ring e-like 4+ 1 decay e 257.63 223.18 179.45 213.91

Parameter(s) AsimovA-2020
Siﬂ2 923 0.528
sin? 03 0.0218-0.0007
sin® 012 0.307
|Am2, | (NH) / |Am?2, | (IH) | 2.509 x 1073 eV?/ct
Am?2, 7.53 x 1075 eV?/c?
dcp —1.601
Mass Hierarchy Normal

Mark Scott, ICHEP 2020
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CPV sensitivity over time at &,p = -11/2

- — L L L L
[} -
> _
@ 10—
o N
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sin’(8,;) = 0.0218 sin*(0,;) = 0.528 |Am3,| = 2.509E-3 d, = -T/2
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