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Introduction

Hyper-Kamiokande
* ~2027 onwards

Super-Kamiokande * 260 kton (188 kton FV)

* 1996 onwards
* 50 kton (22.5 kton FV)
* 2015 Nobel Prize

© 1983 - 1996 I!E» ,
e 3 kton

* 2002 Nobel Prize g4am
- Koshiba




Far detector

Geometry

* Inner Detector (ID)
» 64.8m diameter, 65.8m height
= 40k PMTs, 50 cm, will be installed
= 800 Multi-PMT modules will be
integrated as hybrid configuration
* Quter Detector (OD)
* 1m (barrel) or2m (top/bottom) thick
= 3-inch PMT + WLS plate

= Walls are covered with high
reflectivity Tyvek sheets

Energy Threshold ~ 5 MeV
Energy Resolution ~3%
Time resolution ~ 1 ns

Vertex Resolution ~10 cm




Far detector
Sensors

Inner
Detector

B&L PMT
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multiPMT

BEL PMT
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mPMT for increased grnlarity to

improve vertex and angular resolution

(especially for multi-ring events
and at edges of fiducial volume)

20" Box&Line PMT

PMT with doubled single
photoelectron detection
efficiency with respect to SK




Tokal to Kamioka

Configuration similar to T2K but with
Improved beam line and near detectors
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Beam line

1

Am?, =24 x 107 eV?

1

— NH,8_,=0
— NH, 8, =n/2

—-IH,8,=0
—-TH, 8, = /2

2. Minimize high-energy feed down at osc. max

- | Pseudo-monochromatic beam by Off-Axis:
1 —
> i OA=2°~25°):
1 osh sin20,,= 1.0 ( ) Off-Axis: E.= 0.43 E.
2 sin’20 ,=0.1 SAXIS: BvE
\3 13 1+1\|'n292dec
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4 1. Tune peak at oscillation max

Beam Power [K'W]

Goal is 1.3 MW
with
330 Tproton/pulse
1.16 s cycle time
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v | b
600 | | G— ;
r . (3) RF system upgrade
r (2) 2 harmanic RF cavities
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The ratio of
Integrated beam
power for v, and v,
mode should be 1:3




Near detectors
at 280 m from target

10 m

280 m Detectors
9%

INGRID

INGRID (on axis - E,~2.2 GeV )
e constraint v beam direction
* monitor v beam profile

ND280 (off axis — E,~0.6 GeV)
e constraint v flux
e constraint v cross section
— Uncertainty on the this part
of models reduced to 3% Iin SK

Near detectors are mandatory
to study v, - v, and v, - Ve
and corresponding v processes!




ND280 Upgrade

(Technical Design Report on T2K, arXiv:1901.03750)

UA1 magnet

SFGD -. Increase mass for
Vv interaction and granularity
for event reconstruction

Improved detection
efficiency for neutrons

Lower energy

HATPC - Increase | TOF - Improve veto threshold for protons

angular acceptance for external tracks




Intermediate detector
at ~1 km from target

IWCD
e same principle
as the far detector
e same solid angle
as the far detector

PVC —
vessel

No need of a
subtraction analysis!

T T T e e e T

4 .
750 m Scintillator  Readout Stainless steel
panel electronics  backplate

About the total systematic error in V. appearance channel.
Near detectors in T2K allows for error reduction from 13 to 5%,
HK aims to decrease them to 2% thanks for ND280 and IWCD.




Detector calibration

_LEDs

» Individual PMT response j mPMT

-

Relative gain «—
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e i o S " . NiCf source
» Absolute SPE gain, relative QE, SPE distti_b_ufrﬁ‘ﬁ;b—-ﬁ;::;_

» Charge nonlinearity «— e i r— diffuser
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» TQmap «— i g

» Angular response .* .’_,f-f;;__,_f-"“’///

B Al it e Control samples
Reflectance from PMT and black sheets=——.. =" —
T _— eLINAC
» Water parameters (Rayleigh scattering, Mie 4~ g O a

scattering, attenuation, Raman scattering) e e R —
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Geometry (PMTs and calibration sources) « o iiirveeee.. Photogrammetry

» Cherenkov physies o — e Tost beam (WCTE)



INFN Contribution

@.ﬁ-pm not mPMT for IWCD | o
300 mPMTs by INFN - e [
(project leader), 808 mPMTs | . : T R et oo
total. Derived from KM3NeT Electronics T B (A u e ight
DOMSs. Mainboard |_||‘H_r— feedthrough

Electronics

20' PMTs Front-end digitizer,
project leader, INFN design
chosen vs Japan and France.

Timing distribution
Computing
~25% computing power of
Hyper-K 2022-26 at CNAF,

collaborative tools, analysis
tools

High Angle TPCs

Just installed: two new TPCs

for the near detector upgrade
of T2K (will be part of the

\near detector of Hyper-l(y :

HV and LV

power supplies
Data processing and timing boards Z 0D front-end boards




Interaction processes
High energy

CC Quasi-elastic (accel-based Vv experiments all use broad band beams,
nucleon changes, so contain contribs from all of these reaction mechanisms)
but doesn't break up |

Ly oo

0.6 GeV A Schukraft, G. Zeller

CC Single pion

nucleon excites to
resonance state

v cross dection / E, (107 cm? / Gg

CC Deep Inelastic
nucleon breaks up

€ > € >
T2K, BNB  CNGS
>
NOvA

DUNE




Interaction processes

Low energy
IBD (90%) € 10°
- * Dominant process £ =
£ 8« Non-directional e* = |
2 £ + Gd loading in water :
9 g To better distinguish ve 3
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Interaction processes
Medium comparison

Cross—section [ nf ]
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Gadolinium loading

Effective detection cross sections

E s
./‘
5
,
./-
7
-/
/
/

with
n capture

Siene

10

Proton

0.1% loading increases neutron
capture cross section by 10° strongly
Improving sensitivity at low energy
and source pointing resolution

/ L H,0 +
< 0.1% Gd

Gadolinium Thermal capture -~ 0.3 barns ~49,000 bams

Gamma-rays Ccross section (S]

™

., Positron Capture time (t) ~220 usec ~30 psec

a Energy released 2.2 Mev ~8 MeV

Cherenkov Light Q 0 [5|r'lg|E ‘f} (]‘ Cﬂﬁm&]

Cherenkov Light




Event categories

Fully contained (FC) Partially contained (PC) Up-going pu (UPMU)

-

I
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I
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Event identification

.
i

Threshold
~3.5GeV

Example of S
v, event (v, CC) Gty -

Multi-Ring events covers
different processes likev. | /'
interaction, T° production | <+——®-
via A resonance, proton o
decay p - e*+11°,...




Timeline

June 2026
PMT Installation

December 2027

FY2020 FY2021

Prepar Tunnel

ation

const.

Cavern
excavation

PMT production

FY2022 FY2023 FY2024 FY2025 F"2026 FY2027 FY2028

PMT
Installa
tion

Tank

Const.

PMT covers, Electronics etc.

Water system

Power-upgrade of J-PARC and Neutrino Beam-line

| ) E— e e
Near Detector Facility, R&D, production

ND construction

Operation Start

Operation

Accelerator
upgradé¢




Possible developments

o Sensibility to || Clear separation

< dcp parameter hierarchies

Build a second tank identical to
the first one in Kamioka (295 km) v at 1100 km
| N S
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Build a third tank identical to the _ — Ev(GeY)
first one in Korea (1000-1300 km) Q;Q’ The two different baselines help in

solving the degeneracy between
NS .
QD oscillation parameters/matter effects




HyperKamiokande vs DUNE

Hype r-K Water Cherenkov
Detector

g 4 =

- ——— i,

-

R "?"'ﬂ'.. e -
v,
Vg

260 ktope== | %

Fil V=M X g

Multi-purpose experiments, similar goals, a different, complementary approach:

Baselines and energy ranges: narrow band beam vs wide band beam
Detector masses: fiducial 190 kton vs 20 (40) kton
Detection process: at 10 MeV mainly IBD (antinue) vs CC (nue)

Detector technology: water Cherenkov vs liquid Argon TPC




Physics motivation

/Various Physics in Hyper-Kamiokande “multi- purpose detector &

Il}urlh“ -y =“ 1?{. - Atmospheric neutrinc

B
o Who Nautrlnqu

n-H capture

Astro neutrinos, dark matter

Solar neutrinos
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T T »
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Short Reference

In case of just two neutrino families
Am? L)

AE,
Sensitivity is maximum if baseline is

P(va — vg) = sin? 26 Hillz(

E,(GeV)
1.27Am?2(eV?)

Solar ~ 1MeV/100km
Atmospheric ~ 1GeV/100km (10MeV/1km)

LDSC (kl’[’l) — 2ﬂ-

Experimental parameters:
» 2 mass? differences
* 3 mixing angle terms
« 1 CP violation phase

=m4  Am =0003eV° L=730km E,=2GeV 6=mw4 Am>0.003V
E, (GeEV) B : L(km)
In the real case (three neutrino families)
Ve Ue Ues Ues 3!
Yy = Uﬂl Uﬂz Uﬂg o]
Vr Un Ur Urs 3
Mixing is governed by PMNS matrix
C12€13 812€13 spgetoce
—812C23 — C12823813€°CP  Ciaco3 — 812823 813€7°CP §23C13

519893 — C12C23813€"CP —C12893 — S19C23513€0CP €23C13



Standard model

W

o,

va ) Tm, < 0.8eV(90%CL)

Dirac/Majorana

SOLARS+KAMLAND

fim:,fl?-‘“ +-0.2)107%V?

Addressed by a

LBLA-ATMOSPHERICS

Sm? = (2.51+-0.03) 10 eV’

REACTORS+LBL

0 13

Ocp O

BETA DECAY END POINT

O

V)

9, @

SOLARS+KAMLAND
sin (6,,) = 0.303+/-0.012

png Basgline experiment

e23

ctant unclear

LBLAATMOSPHERICS

@ Sif(0,3 ) =0.572+/-0.02

013 =8.54"+/-0.11

Mass hierarchy ()

Parameter Main method(s) Source(s) Status
B1a Oscillations solar, reactor known
o Oscillations atmospheric, accelerator known
B Oscillations reactor, accelerator known
dep Oscillations accelerator hints
a, 3 Rare processes double beta decay unknown
Am3, Oscillations reactor, solar known
|Am2, | Oscillations reactor, accelerator, atmospheric | known
Ordering (sgn Am32,) Oscillations reactor, accelerator, atmospheric hints
Mi23 Kinematics 3 decay, cosmology limits




Goals

Beam neutrinos

Atmospheric neutrinos

Ve and ve appearance — 8cp and 013
v, disappearance — 03 and |Am?;|

Ve and ve as a function of E and 0,enin
- Sign of Am?;, octant of 623 Ocp




“Argomenti di tesi sono lo studio del readout della TPC (Time
Projection Chamber) del rivelatore vicino, lo studio della separazione

di interazioni di neutrino muonico ed elettronico, lo studio della
produzione di pioni neutri in interazioni di corrente neutra di neutrino.”

T2K: 2010-2021

T2K-Il (with improved beam power and near detector): 2023...2027?

= B VRS T RS IS I AL TS R S ]
= v T2K Run 1-10 Preliminary = >-
- D PDG 8 Constraint = L] e
= = —
B —— T2K only %% Kl i L 4
:_ ------ T2K only 68% _: 5 1 __ T2K Run 1-16} Preliminary B
r 19K only Best Fit g 0 fTU|= o EhEsdes 68% credible interval
B - o (7' 5 W% credible interval —
E T2ZE+Reactor Preliminary 90 i - = == 0% credible interval ]
= T2K+Reactor Preliminary 68% = —1 : A MaCh3 best fit
C I'2K+Reactor Preliminary Best Fi i B 7
3 E =) -
E . B T —— et
e L Lo v 0 o b0 s v 0 by _?l Coitopey o Ped 9 &g I § | | | 1 1 -
10 50 60 70 04 045 05 055 06 065
s 2 Bayes Factor B(NO/IO) =33
z o y
sin“0, 5 sin“0,;  Bayes Factor B(0,,>0.5/0,,<0.5) =256
— 1 2 9
dcp = 0 and 1t excluded with 90% CL sin s < 0.5 sin® 65 > 0.5 | Sum
NH (Am2, > 0) 0.23 0.54 0.77

Slight preference of sin?(023) > 0.5 and M (Am3, <0) | 0.05 018 | 023

Am?,; > 0 indicated by bayesian factor Sum 0.28 072 | 100




Beam neutrinos

Appearance

assuming &cp=0 and sin?(2013)=0

Appearance v mode

Main backgrounds:
* “wrong flavor” ve instead of v,

e “wrong sign”v, instead of v,
* muon (and 5% kaon) decays

Appearance v mode

— Total

— Signal v, — v,
Signal v, — v,

—BG v +V,

—BG v, +7V,

—

> F => [
2 =% — Total 2
S ok — Signalv, —=v, | o *°F
0 - Signalv, -7, | 2 E
2] C ; w -
b C —BG v +V, | E 150
g 150:_ —BG v,+7, g C
M) + o L
I.E 100:_ |.;5 100 :—
s f o C
-g s0[— 'g 501~
=] C = L
=z C R h L P | Z C i — i
% 02 04 06 0.8 1 12 % 0.2 04 0.6
Reconstructed Energy E
signal BG
Total
v, v, v, —=v.|v,CC v, CC p_CC v, CC NC | BG Total
N
Events 1643 15 7 0 248 11 134 400 2058
v mode )
Eff.(%) 63.6 47.3 0.1 0.0 24.5 126 14 1.6
Events 206 1183 2 2 101 216 ) 196 517 1906
v mode )
Eff. (%) 45.0 70.8 0.03 0.02 13.5 308 16 1.6

0.8 1 12
Reconstructed Energy E

rec

"\

Dominant background from
Intrinsic ve(Ve) in beam

Important wrong sign
background in v, beam
due to larger ve flux
(proton beam is positive)
and v. cross-section




Beam neutrinos -

Disappearance

Main backgrounds:

wrong flavor” ve instead of vy,
e “wrong sign”v, instead of v,
* muon (and 5% kaon) decays

assuming dcr=0 and sin?(2013)=0

Disappearance v mode

lsappearance v mode

- TO0- == BOO)
© - > [
= eoof — Total = - — Total
L@ oo — Vi E s00— — Vi
E E ?u -E : ﬁu
S aoof = = L =
= r vE + vE = A00— vE + vE
D s o i
G g G -
" S o _
5 wE S L S
= 0: PR S TR T S W N SN T N = I:l_ R R T T ‘IH_::EIT-_T_T“F-T"?;':T_‘:PP—
4] 2 3 4 5 4] 1 2 3 F] 5
Reconstructed Energy E*° Reconstructed Energy E*°
v, CCQE v,CC non-QE 7,CCQE 7,CC non-QE v, +7. CC NC v, — v, total |mp0rtan t wrong Sign
Events 6043 2981 348 194 5 480 29 10080 U
» mode _ background in v, beam
Eff. (%) 910 20.7 95.6 53.5 0.5 88 1.1 due to larger v, flux
. Fvents @ 2354 6099 1961 7 603 4 13726 (proton beam is positive)
i modce .
Eff. (%) 880 20.1 95.4 54.8 0.4 8.8 0.7 and v. cross-section




Beam neutrinos
Expectations

Number of events/50 MeV

) MeV

Difference of events/

Assuming 1 tank for 10 years

assuming sin?(20.3)=0

Neutrino mode: appearance Antineutrino mode: appearance
e > =
£ ] r
0 < 250F —5=0°
250 2 F — =9
E = 200F — 5 =-90°
200F g E = -
F w 2 150 L & =180°
150 S F — . . —
F 5 100 Disappearance v mode Disappearance V mode
100 = I—E‘ = = =1 -~ T = F —
50;‘ ;‘%:b_‘—_ E Ells = . % L .. No oscillation = : . N.Dnsn\lahun
E : = :‘—_‘_‘j o r sin®B=05 8 ol Sin*8,=0.5
)= 1 1 | | | | [y - I I S I I | 5!’)__ 4000 — ‘B
0 0.2 0.4 0.6 0.8 1 12 0 0.2 04 0.6 08 1 1.2 @ i £ L
Reconstructed Energy b:“ (GeY) Reconstructed Energy E[ (GeV) § L e F
(}] H
. [} r H
e I I - e A I r 5 i iy
100 = 100 o o B 20l o om0 i
F = s — (3=090°) - (5=0°) o I 5 L :
F r {' " 2 sob — (3=00°) - (3=0°)| & i £ L
o i1 '} 1 L g E 111 (3=180") -(3=0")| E i = L :
r 1 TTfr ] E 1411141 = ; e ) < | I P S A e
r ISR TT-" 1 2 L TEEEE I T%L I q H‘G‘Z IG|AIIIGGIIIG|EH‘1H‘12 Tt z‘ % oz 96 08 1 12z 14 18 18 2
O & SEEREE! S o egziii TTetidddbd rec
C tittl, . SRR s r et e E: LR R Reconstructed Energy E'™ Reconstructed Energy E,
L 171 L 1 L v
b Tl 111 +T T E g 11111l 1
-s0f t 1 5 -Sof
C & r
A0E e e ] B
0 02 0.4 0.6 08 1 12 0 02 04 0.6 0.8 1 12

Reconstructed Energy I':,:“ (GeV) Reconstructed Energy I:,:“ (GeV)




Atmospheric neutrinos
What to look where

Through the matter effect in the Earth, we study on

* Mass hierarchy : resonance in multi-GeV ve or Ve
- crat *CPd :interference btw two Am? driven oscill.
* 023 octant : magnitude of the resonance

Oscillated v. flux relative to the non-oscillated flux for
upward-going neutrinos with zenith angle cos(6zenin) = —0.8

cost =08  NH, sin’t,,=0.4, sin®f,,=0.025, s=40"

cose =-0.8  NH, sin't =06, sin"t, =0.025, s=40

1 1
1T ' Tl:;ee::x term 0.8 ;— tb]

‘;'1, .,.\.‘- rasanancs 1an 06 :“Slﬂzﬁu=0.4 or o.ﬁ

& R >

= 02

ht'l.a 0 t A—

= .02 L

E" -0'4 [ i I T HlerarChY Is

] 10 NHorlIH

cose =08 IH, sin’f,,=0.6, sin’ ;=0.025, &

NH, sin®s, =0.6, sin®s =0.025, 3=220°

cost), =08

i 0
T IINMANNATITY -

| g TR
LI —

esonance in Ve

= AT | (not shown) in the

10° 1 10 10 1 10  case of IH.
Ev(GeV) Ev(GeV)

W(v JA (v, )-1




Atmospheric neutrinos
Ve / Ve SEparation — 1 Ring

For CC v,:

Ve +m1n — e~ + N'4+ pions (Total charge for the N’ and pion system is +1)
ve +p — e + N'+ pions (Total charge for the N’ and pion system is +2)
where the pion further decays into

rt — I,n:"' +v 4+

- et T Ve TV,

producing decay electrons.

For CCT.:
Ve +p — e + N'+ pions (Total charge for the N’ and pion system is 0)
Ve +n — e + N'+ pions (Total charge for the N’ and pion system is -1)

where 77 is more likely to be absorbed by water nuclei and hence no decay electrons are emitted.
Therefore, by considering the number of decay electrons, multi-GeV single-ring e-like sample is

further separated as follows:

Number of decay electrons > 0 — .-like
Number of decay electrons = 0 — v-like

Multi-GeV samples

Multi-GeV
Multi-ring 1-ring
@ PID cut
e like u like ulike elike

Multi-ring elike
(MME) likelihood

MME sample

@ v, and anti-v, N
separation W

likelihood , ike  Anti-v_-like

@ Multi-GeV l

/\ New

vlike  Anti-v -like




Atmospheric neutrinos
Ve / Ve Separation — Multi Ring

As Feynman vy distribution is larger for CCr, than for CC7., the outgoing electrons from CCu,
interaction with water nuclei tend to have smaller energy. This implies:

e CCr, has smaller momentum fraction for the most energetic ring than CCv,
e CCr, has more number of rings than CCr,
e CCu, has larger transverse momentum than CCrv,

e CCr,. has more decay electrons than CC7,

By using the above properties, a likelihood is newly made for the separation into v.-like and

vo-like samples. In the v, and v, separation, the following parameters are used.
Multi-GeV samples
1. number of decay electrons Multi-GeV
_r i-ri 1-rin
2. number of rings . o
@ PID cut
ey e like u like ulike elike
3. transverse momentum B i /\ |
Multi-ring elike l e
e i v-like  Anti-v -like
MME sample
@ v, and anti-v,
separation /\ New
likelihood , _ike  Anti-v_-like




Atmospheric neutrinos
Ve / Ve Selection efficiency

VetN—e +X sin?203=0.1
— U war‘d v 1'2_ PER =T T——
Ve +N _' e++x Ear"an cé : -Normal &1 o5, it Rk v iy

—— 53,6, invered inmrcy|
82 ol 4, Mol Biarare Fry

weeeee @3 il 5, il Rl ey
--- ke, P P Fry

Multi-GeV ve-like
= Inverted

1.15F

1 Rinqb Ve CC produce more positive TT* than Ve-bar
"1 »because of negative lepton (&)

Pmore muon decays

Multl Rlng » More energy transfer to hadronic system
pPmore pions and muon decays

vl
b}
o
2|3
9|=
»lower charged lepton energy == bt
ﬂIJ 3 -1 0.8 -0.6 0.4 -O.QGOI:HO.E 0.4 0.6 0.8 1
o 9 1.2 [ TR T———
Define likelihood to make enhanced samples § 5 o — Rs—
= e £ 24, eeoemal Biarare By
» Multi-GeV (I-ring) ve » Multi-GeV Multi-ring ve O Z [ v
H H - - . (7, ] 11"'} ------ LG, Fecetial P o ey
» Multi-GeV (l-ring) ve-bar » Multi-GeV Multi-ring ve-bar O T Multi-GeV Vo-like
ve CC anti-ve CC others Total 5”}5;
IR ve-like 62% 9% 29% 100% HFE
IR Ve-like 55% 37% 8% 100% sk
MR ve-like 56% 10% 34% 100% i
) I I I IS INPETY TP AT W Y
MR Ve-like 53% 27% 20% 100% 00880402 0 030408 08




Beam neutrinos Measure V. appearance from v, beam

CP violation phase ..and v. appearance from v, beam

e AmEEEEEE ]
F [ True b= w2 ///__
10— O True §.,= -z

If lucky exclude &c-=0 with 50 in a few years

0 exclusion (m)
T

In 10 years (and 1 tank), exclude dcp=0
with 50 for 58% of possible vales of dcp

sin(d-p)

.l
Hyper-K preliminary P 3 vy
True normal ordering (known) HK Years (2.7E21 POT 1:3 v.¥)

sin®(8,,) = 0.0218 sin’(0,,) =0.528 Al = 2.509E-3 eV

OO 60 ———————— - —
—~ o0t 1 3MW beam E 3 © _ [ 1.3MWbeam e Ttank e
2 o E 1year = 107s b @ 50F1year = 107s _ Basellne(staglng)
o> 80 R s B o F s Btank ;
o 70 "-- = 8)40:—“. 5~0=90° —:
‘5 60= U s 3 S cp= ;
S/ L o .
O 40t = = _F
— E 3 (@] 20— 1
*g 30: 3 s E ]
C 20 — Basellne(stagmg) 3 = 100 _ =
10% [ — Stank : — Lu 0: | | l l l ]
= | | | L L L | L L L | | | | | | pu | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T2 T4 s 8 10 o 2 4 6 8 10

Running time (year) Running time (year)




Atmospheric neutrinos Measure v. and ve as a function
Neutrino Mass Hierrarchy of energy and zenith angle

Cosine Zenith Angle

And opposite case with 10 instead of NO

- P(v, — v,) for NO 09 £ P(v, — 7,) for NO |Jos
05 . E 0.5- =
F 0.7 % : 0.7
Matter effect 06 5 |
°§ [ 1> 2 Large dependence of MH rejection
\ ", A Pos & from the true value of sin?(0.s)
0.5 1,5 E '_ 1 0.2 %" - ]
LB b e TN T e Y 3 .
— Energy [GeV] Energy [GeV] § 3_— —
2-10 GeV L .
\>‘” 2= —

=]

N‘G:nﬂ'l
w



Beam+Atmospheric neutrinos

Normal mass hierarchy
|dea T e
%‘ 2.552_ —— Hyper-K
% 2.5;— —— Hyper-K + reactor
< 24sF
24F >
2355
235 Assuming sin?(823)=0.5
2350 and Am?x3=2.4x10° eV?
24 045 048 046 0.48 05 053050056 058 06 0.62
sin’0,,
Beam Atmospheric
Sin?(623) and |[Am?,3| Precise measurements of Limited by not knowing the true
atmospheric parameters baseline for neutrino events
Neutrino mass hierarchy Limited by small MSW effect Large sensitivity thanks to the
because of short baseline large impact MSW effect

HyperKamiokande is unique since it can combine
beam and atmospheric neutrino measurements
In a simultaneous fit to improve parameter precision!




Beam+Atmospheric neutrinos
Expected sensitivities vs running time
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Beam+Atmospheric neutrinos
Constraints on CP violation phase

Ax?

Assuming 1 tank for 10 years
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NMO Race, NO (with crude approximations, 0,,=45%)
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The experimental quantity is the sign of Am?,;

NMO Race, 10 (with crude approximations, 8,,=459
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Neutrinos from SuperNova

(assuming a burst of
few tens of seconds)

IBD is not good due to poor directionality,
whereas detection and alert system uses
Vete for information on low energy tails,
Ve+O for information on high energy tails.

3 [energythreshold h
E 3.: rer 1reﬁ i _\'E_+I.‘l __
S gafwe O ~ Unprecedented ability
5 to detect SNR neutrino
10 | beyond the Milky way!
= !! 1
1 ek I |

| RNTIN T M O HO WI O
1i0 20 30 40 50 &0
visible energy (MeV)

True energy spectra of prompt events in the ID
for a supernova at 10 kpc. Solid (dashed) lines
correspond to normal (inverted) mass ordering

events/0.44Mega-ton

50-100k events
: 10 events
58 B
O S= O o
TE TG = 2
tooc 08 S =
8F

H H H W
| IIIIIII| | IIIIIII| Ll L LLll PO e i | 1
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distance(kpc)
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Testing SuperNova
Neutrino Models

=— Couch
—— Nakazato
—— Tambaorra
- Totani
Vartanyan
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o= £ouch Discrimination between models based on average

— Makazato

—— Tamborra energy and event rate as a function of time

— Totani
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Pre-SuperNova neutrinos

A significant fraction of the signal is above threshold for IBD.

Burning Stage Duration v, (&) fraction Average v energy

C 300 years 42.5% 0.71 MeV Large benefits
Ne 140 days 39.8% 0.99 MeV from Gd |Oad | ng
(8] 180 days 38.9% 1.13 MeV

Last burning stage
Si 2 days 36.3% 1.85 MeV

Warning time for a 3g pre-SN alert

Energy released by each pre-Supernova phase I

Ay Super-K 0.01% Gd
13 ® 15M,
Important role as alert of 11} ® M,

@® 15M, (alternative)

an imminent SN for multi-
messenger astronomy

NMO
=== IMO

Warning Hours
o
-
%

Distance [pc]




SuperNova relic neutrinos (SNR)

neutrino background
coming from past SN

(Undiscovered!) Diffuse
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Expected flux in 10 y
with 67% neutron
tagging efficiency

Events/2MeV/0.187Mton/10years

-1
10 g
102k - Almospheric v, ]
3f M
10 F
4F
10 F
SE
10 [
10'5:...‘|...5.5|‘..‘|‘...|....|....|‘...|‘.‘.'
0 10 20 30 40 50 60 70 80
> Neutrino Energy (MeV)
16-30 MeV

spallation bkg atmospheric bkg

ejageesicecs
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hadronic showers
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Energy (MeV)
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Solar neutrino
Upturn

Upturn transition between vacuum
and MSW-dominant oscillation

/_\ Upturn Discovery Sensitivity
I : : : : :
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Solar neutrino
Day-night asymmetry

Sensitivity (sigma)

Asymmetry due to MSW effect
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Proton decay

/P [years]

p - e*n®

‘poetnd

—a— HK 186 kton HD , 3¢
—s»— DUNE 40 kton, staged , 3o
SK+SKGd 27 kton , 3o

Year
Only realistic chance of achieving 7(p - e*n®) > 103" years

P [years]

p - VK*

. —a— HK 186 kton HD , 3o

g JUNO 20 kton , 3o

DUNE 40 kton, staged , 3¢
—. SKeSKGd 27 kton , 35




Expected sensitivities

Prospect is relative to two identical tanks:
operating for 10 years (1%) 4 years (2")

Neutrino beams

Physics Target

Sensitivity

Beam (1.3 MW x 10" sec)

dcp (0°,90°)

CPV coverage (30/50)

sin? f53 error (for 0.5)

7°-21°
8% /62%
+0.015

Atmospherics+Beam

MH determination (sin? f33=0.40)
Octant (ﬁin:g (a3=0.45)

= Hh.30
5.80

Proton Decay (90% C.L.)

P — et + 0

1.2 x 10 yrs

p— v+ Kt 2.8 x 10% yrs
Solar Day/Night (from 0/ from KamLAND) 120 /60

Upturn ~Da
Supernova Burst 104k-158k

Nearby galaxies

Relic

2~2(0) events
98 events/4.80




Collaboration

Collaboration About 400 people from all around the world but still growing
Publication Need 1 year of activity in the collaboration before signing papers
* At least 2 weeks of shifts in Kamioka per year
Shift/meeting * Take into account other 2 weeks in Japan per year
* There are around 8 meetings in Japan per year
INFN SK and T2K are different collaborations, but HK will be a single one

* Quality assurance of mPMTs and electronics
Laboratory * Other similar activities in conflict with French group
* Collateral R&D activities with Padova group

* There are Italian contributions to T2K
Analysis * Room for micromegas signal reconstruction
* Not large activities on HK so far

* SK analysis is divided in low energy and high energy with informal policies
Analysis policy * T2K analysis requires analysis note and a more formal review committee
* HK will likely follow T2K style but this point has not been discussed yet
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