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NEUTRINOS IN A NUTSHELL

» Neutrinos are neutral, left-handed, weakly interacting fermions

Leptons Vector bosons

Scalar boson

» Though originally thought to be massless in the Standard
Model, neutrinos are found to have non-zero mass by

: : : : ; neutrinos
experiments through the discovery ot “neutrino oscillation”

» Neutrino masses are very small compared to other
fermions — Majorana particles?

» lTestable by neutrino-less double beta experiments such

as nEX0O
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NEUTRINO OSCILLATION

» Neutrinos are produced in flavour eigenstates, but propagate in
mass eigenstates

Ve
Uﬂ Pontecorvo-Maki-Nakagawa-Sakata
> v, (PMNS) matrix
la asDsnsb Ci3 Q85T E 255 a6im O
} UPMNS= O 623 S23 O 1 O —S12 C12 O /
O _S23 623 —S13615CP O Cl3 O O 1

where s5;; = sin 6 and ¢;; = cos 0,
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NEUTRINO OSCILLATION

» Neutrinos are produced in flavour eigenstates, but propagate in
mass eigenstates

I/e
yﬂ Pontecorvo-Maki-Nakagawa-Sakata
o e PMNS) matrix
la ws0en 20 C13 Q8323 L ok i 0
UPMNS = O C23 S23 O 1 O —S12 Clz O /
4 .
0 =533 )| =53 0  cp3 OF $£ (e
where s5;; = sin 6 and ¢;; = cos 6, 2

> Oscillation probability in vacuum P(v, — vp) = Z e - Uﬁ] ,

where Am = m2 — m?

i 7, L is the baseline, and E is the neutrino energy
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NEUTRINO OSCILLATION

» Neutrinos are produced in flavour eigenstates, but propagate in
mass eigenstates

Ve
y//i Pontecorvo-Maki-Nakagawa-Sakata
> (v, (PMNS) matrix
| ) PPy paeeeQad el 22220 )
} UPMNS: O 623 S23 O 1 O _S12 Clz O )
0 =132 a3 _513315@ 0 C13 0 0= 1

where s;; = sin Hl-j and c;; = cos ‘91']'

. m]2L

> Oscillation probability in vacuum P(v,, — vp) = 2 U;}e_’TUﬁj
J

where Amﬁ = m?

: = mjz, L is the baseline, and E is the neutrino energy

Osc. Prob

v, survival probability

at 295 km baseline

‘ \ 2.5° Off-axis v flux

—— AM3,=2.5x10" eV?, sin®e,,=0.5
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NEUTRINO OSCILLATION

» Neutrinos are produced in flavour eigenstates, but propagate in
mass eigenstates

Ve
DM Pontecorvo-Maki-Nakagawa-Sakata
> (v, (PMNS) matrix
| ) PPy paeeeQad el 22220 )
} UPMNS: O 623 S23 O 1 O _S12 C12 O )
0 =132 a3 _Slgelécp 0 C13 0 0= 1

where s;; = sin Hl-j and c;; = cos ‘91']'

n2L

> Oscillation probability in vacuum P(v,, — vp) = 2 U;e_iél_EUﬁj :
J

where Amﬁ = m?

: = mjz, L is the baseline, and E is the neutrino energy

v, = v, and 0, —» 0, probabilities

at 295 km baseline

| ] 2.5° Off-axis v flux
— 5,,=0°, NH, v F
—— 8,,=270°, NH, v

- === 8,,=0°, NH, ¥

---- §,=270° NH, ¥

» Non-zero §.p indicates CP-violation in the
lepton sector

» Can contribute to the matter-antimatter
asymmetry



TRIUMF SCIENCE WEEK
AUGUST 1, 2023

Hyper-Kamiokande !

NEUTRINO OSCILLATION

» Neutrinos are produced in flavour eigenstates, but propagate in
mass eigenstates

Ve
Dﬂ Pontecorvo-Maki-Nakagawa-Sakata
> \ v, (PMNS) matrix
| ) PPy paeeeQad el 22220 )
} UPMNS: O 623 S23 O 1 O _S12 612 O )
0 =132 a3 _S13€l5cp 0 C13 0 0= 1

where s;; = sin ‘91']' and c;; = cos Qlj

> Oscillation probability in vacuum P(v, — vp) =

mJZL
o =15 [] .
2 Uaje Uﬁ] 4
J

where Am: = m? mjz, L is the baseline, and E is the neutrino energy

] R

Current knowledge of neutrino oscillation parameters

Amsst (76T LIS 1 0EsTel

sin?(053) = 0.534:8:8331 (Inverted order)

sin®(0a3) = 0.547:8:85r
Am§2 — (—2.519 & 0.033) x 1073 eV
Ams— (2lag L0138} 0see Ve
sin”(013) = (2.20 £ 0.07) x 10~2

(Normal order)

(Inverted order)
(Normal order)

» Unanswered questions
» Is there CP-violation in the lepton sector?

» T2K has seen a hint

» Is m, larger than m,; (neutrino mass
ordering)?

» Next-generation long-baseline experiments
will provide the answers
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Near Detectors

HYPER-KAMIOKANDE

Far Detector

<& CPARC Main Ring
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HYPER-K NEUTRINO BEAM

5in*28,,= 1.0
sin*20,,= 0.1
Am;;. =2.4x 107 ¢V’
; } 3 { } 4 | ; } ' {

— O = ()
— - [H, b —.‘U"

Beam Dump Decay Volume Target Station |
Primary
3 Horns protons

)
I (V.u_’ V,)

_ Beamline

—_— NH. 3) =10
o NH, b _‘t/’

J-PARC MR

2 '
P(v,—V,)

Muon Monitor -— MLIONS
neutrinos

Hit OA 0.0°

w2 QA 2.0°

(A.U.)

» v, or U, beam selected by magnetic horn polarity

» 2.5° off-axis beam with energy peaked at 0.6 GeV

» Peak aligned with oscillation maximum

» Quasi-elastic (QE) interactions dominate

295km
\'l

b

— .
A

» Staged J-PARC upgrade to 1.3 MW
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HYPER-K NEAR DETECTORS

» Off-axis detectors ND280
' ,, detect neutrinos at 2.5° off-axis

0l i

angle before oscillation occurs

N
L ..

SuperFGD

/ » Constrain unoscillated
neutrino fluxes @ interaction

Cross section

LT » Magnetic field to distinguish
__i;jv
il = + /- charge
oB B HiE
AL Ve AL » ND280 upgrade to improve
Y - ERE angular acceptance and
On-axis INGRID detector l}E neutron measurement
monitors neutrino beam N 2 cap abilities

profile and event rate
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HYPER-K FAR DETECTOR

Cherenkov light

\\

N\

—_—

Charged
particle
In water

Neutrino

Photosensors

Kamiokande

(1983-1996)
3 kiloton

Hyper-Kamiokande detector

Planned operation i 2027
258 kiloton

| uA\
.....‘,.E?.!!ﬂm'".i

"
.
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Super-Kamiokande

(1996 - present)
50 kiloton
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HYPER-K FAR DETECTOR

)

Entries (a.u.)

20,000 20” PMTs with
2X the quantum
efficiency of Super-K
PMTs, better charge
and timing resolution

50cm high-QFE box&linc PMT
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Hyper-Kamiokande detector
Planned operation in 2027

258 kiloton
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Atmospheric neutrino

HYPER_K DETECTOR . N b Hyper-Kamiokande detector

| Planned operation i 2027
T 258 kiloton
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» Hyper-K has a rich physics program
beyond long-baseline neutrinos
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» Detecting neutrinos from the Sun,
supernovae and the atmosphere

» Proton decay, dark matter search

-~
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INTERMEDIATE WATER CHERENKOV DETECTOR (IWCD)

5h0

: IWCD FHC
=2500 B

1Re true CC

-
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§) g T o

15 2 25
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» Multi-PMT (mPMT) modules to increase granularity

» Movable detector to measure neutrinos with different
energy spectra

» Constrain the “feed-down” effect from higher energy
non-QE events

» Constrain dominant systematic uncertainty in CP
measurement v,/U, cross section ratio to better than 4%
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HYPER-K SENSITIVITY - O¢p S o a1t 3 e la

P A HK 1) vears (2 7127 ? v
HK 10 vears (2.7E22 PO 1:3 v:¥) , ) L0 years (2.70.22 POT 133 v:v)

]11

Number of Events
e - ] - ,-l
Number of Events

T

» Hyper-K will collected thousands of v, and U, events over
10 years

T

T

T

1

» After 10 years of operation, 61% of true o,p values can be
excluded at 5 sigma

T T
‘rrri‘r"‘f‘:r"‘r':I"‘r-‘"‘rn"' T

S -

» If 60p = — 7/2, So exclusion after 2-3 years of data T e X s m & T TS

king! I=ting e-like = O gecay e v Reconstructed Energy (GeV) |-ring &-like + 0 decay e v Reconstructed Energy (GeV)
taking!

~

HK 10 years (2.70E22 POT 1:3v¥V)

~

Statistics only

Ay

Improved syst. (v./V_ xsec. error 2.7%)
T2K 2018 syst. (vJ/V, xsec. error 4.9%)

0 exclusion (

Statistics only |
Improved syst. (v./V, xsec. error 2.7%)
T2K 2018 syst. (v./V, xsec. error 4.9%)

(\O)

Sin(f)(_-l,) = () exclusion ( \ A}"—) )
sin(Op)

3 2 | , OO 1 5 6 7 8 9 10

Hyper-K p;é‘limimuy ) True 9,1 ‘ Hyper-K preliminary =
True normal ordering (known) Ycp True normal ordering (known) HK Years (2.7E21 POT 1:3 viv)

sin*(8,.) = 0.0218 sin’(8,,) = 0.528 |Am?,| =2 509E-3 sin’(6,,) = 0.0218 sin’(6,5) = 0.528 |Am2,| = 2.509E-3
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HYPER-K SENSITIVITY -6,

» Hyper-K will collected thousands of v, and v, events over

10 years

» After 10 years of operation, 61% of true o,p values can be

excluded at 5 sigma

HK 10 yvears (2.7E22 PO 1:53 v:¥)

Number of Events

» If O.p = — 7/2, S0 exclusion after 2-3 years of data It

taking!

» Reducing systematic
uncertainties is crucial for

the physics goals

» Much of our group’s
work at TRIUMF has
been aimed at reducing
detector and cross
section uncertainties

[-ring e-like + (0 decav e

~

Sin(f)(_-l,) = () exclusion ( \ A}"—) )

-3 2
Hyper-K preliminary
True normal ordering (known)
sin:(Hl,) =0.0218 sin:(‘Hﬂ') =0.528 IAm;‘;2 =2 509E-3

True 6(,

P

v Reconstructed Energy (GeV)

10 years running, 1:3 v : ¥ run plan
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Sin(0p)

Improved syst. (v./V, xsec. error 2.7%)
T2K 2018 syst. (v./V, xsec. error 4.9%)

i Koo g 2 5 6 7 8 9 10
YPEI=A Prefiiminaty HK Years (2.7E21 POT 1:3 v¥v)
True normal ordering (known)

sin*(0,;) = 0.0218 sin*(0,;) = 0.528 1Amj,l = 2.509E-3
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WATER CHERENKOV TEST EXPERIMENT (WCTE)

» IWCD prototype to be commissioned in spring 2024
» Test of mPMT and calibration techniques
» T9 test beam @ CERN

[~
-l
-

» 0.3-1.1GeV 7, p, e, uand tagged y beam
» Lots of interesting results to come with WCTE

» E.g. test of water Cherenkov event reconstruction using
particles of known momentum and vertex

-
‘‘‘‘‘‘

T
Lo b

» Understanding neutrino cross section on water through
e/ u scattering
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WATER CHERENKOV TEST EXPERIMENT (WCTE)

negative beam 280 MeV/c

1

Electro
Tag AC

Veto ACT Lead.GIass
Calorimeter
— “ - — l |

ACT2+ACT3 Amplitude (mV)

N
T

-,

Aerogel pulse height (mV)

19
TOF (ns)

Time of flight (nsec)

| =
f

$ "' |

y
|

o~ I > ’.‘ *
;"..A'M f‘ Y, v

Run 000671, p = +600 MeV/c

Hodoscope
channels

—

» Beam test at CERN in July 2023

Counts/bin

» Demonstrated capability of tagging charged particles of
varying momenta and types

» Tagged y beam also successtul

0.6 08 10

Lead Glass -(charge)
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MULTI-PMT DEVELOPMENT

- / Stainless steel ring
S )
PVC vessel [ |

Reflector

Stainless backplat..

Acrvlic Dom S PMT
Optical get—r==/

PMT support matri | PMT cup

PMT base

Mainboard - = = | — 7 Water-tight
I “—  feedthrough

» 19 3” PMTs in each mPMT module

» TRIUMF will build ~40 mPMTs for WCTE /IWCD using both ex-
situ and in-situ gelling method

» Mass production to begin in late August

Ex-situ gelling

» Detailed mPMT response
measured using dedicated
test stand

» Longterm immersion test
has been performed to
monitor inside humidity

) 0.0 0.1 0.15 0.2 ’)CC: 0.3 0.35 0.4 0.45 and pressure Change

X {m)
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MULTI-PMT DEVELOPMENT

PVC vessel

Reflector

PMT

PMT cup

PMT base

Mainboard - = ' —— Water-tight

L_“"'/ feedthrough

» Will use the experience of WCTE mass production to make the

final decision about the mPMT assembly strategy

» Choice between in-situ vs ex-situ gelling strategy for IWCD
will be made after WCTE mPMT production

Ex-situ gelling
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LED CALIBRATION SOURCES IN MPMT

WCTE/IWCD mPMT calibration LED

/"""\ ~Gaggione LLC15N7

3D printed pi
fohold =
diffuser

Viewing angle (deg.) Viewing angle (deg.)

Sub-nsec LED pulser measured timing

s WorifiaPboarcid, A&7 inm, estemall 10100V, Thiakw-spez: v dits ommat] » Calibration light sources will utilize the sub-nsec, low-cost LED driver designed @ UVic

Nph 3.3e407 +/- 3.1e+07, Rise Llime 0.79 ns

1-470nm

WarerMonitorieard-3, external (1000 } From 290 nm tO 470 nm

Average backoround (0.01)
— il n=37.714, o=0.48] ns
sos FWHM 11,00 ns)

se s (.35 e » Each WCTE /IWCD mPMT will contain 3 fast LEDs for timing and detector optical
calibration

» Each Hyper-K mPMT will contain 40 LEDs

» 20 narrow-angle LEDs for water parameter calibration including Raman scattering

» 20 wide-angle LEDs for PMT angular response calibration
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WATER MONITORING SYSTEM

Light transmission through
15 m of water @ Super-K

water
filter

filter U\gl a(Tp
exchange -

2021 2021 2021 2021 2021
13.31 05.20 07.09 08.28 10.17

10-20m long, 5cm diam.

g

g
EGADS Gd2 (S0O4)3 + x - H20 concentration [ppm]

g

half
mirror

Cherenkov Light Left (%) at 1S5S m

M ":'T—T—T_Y—'_T_'—V———'—'—F—'—-" S E—————
110ec 09Feb I0NApe 090un 08iwg 07/0ct O6Dec OdFeb 05Mgr OdJun 03wy 020ct OLDec so'k 30Mar 20May 280 265ep 25Mov 240en 25Mar 24May 230dl 2LSep
2018 2019 2020 91

pipe with

@ evso pipe with quartz window

LED quartz window
on tinear drive » Light propagation in water needs to be precisely calibrated

and monitored in water Cherenkov detectors
» Pulsed LED (230 - 700 nm) with <1 ns width
» Applications in drinking water monitoring

» Continuous measurement with high sensitivity

» First prototype has been built @ TRIUMF; alignment and
operation studies are ongoing
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HYPER-K TIMELINE

May 2021, Groundbreakmg Total of 3,772 PMTs (~20%) delivered by April 2022
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HYPER-K TIMELINE

Dome center Jﬁibhz."23, 2022

o R FY2020~EY2021 FY2022 FY2023 FY2024 FY2025 F /2026 FY2027 FY2028
& \ I IR L -
PMT
Rancua . Prepar Tunnel Cavern Tank Install
%""‘"" ation const. excavation Const. n:ioan 9

Cavity for water roduction

.— purification system __.
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S ————
1% approach tunnel __-‘
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s \/ertical shaft
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Main cavern

Access tunnel
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HYPER-K TIMELINE

First lightin 2027!

> Good progress i cavern excavation FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 \FY2027 FY2028

and accelerator upgrade -‘- ‘ I [ -
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SUMMARY AND OUTLOOK

» Hyper-Kamiokande will provide an definitive answer to some of the remaining questions about
neutrinos

» Scheduled to come online in 2027

» Discovery of CP-violation in the lepton sector for 60% of the possible phase space
» TRIUMF contributes to many critical components of Hyper-K

» Leading role in WCTE and IWCD

» multi-PMT development and production

» Novel detector calibration systems
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SENSITIVITY TO CP-VIOLATION AND MASS ORDERING

neutrino anti-neutrino
» CP-violation in the lepton i L=295km, sin26,3=0.1 T : L =295km, Sin226,3=0.1
‘ + i === Ocp=0° '
sector if Opp # 0, £ & i o~ = Y R

"""" Ocp= 90°
dcp= 180°
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» Orp can be probed by the
comparison of P(v, = v,)
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a=22G.n E=756x10"eV’
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HYPER-K Am322 AND 0,, SENSITIVITY

)
—— Statistics only

Improved syst.
s T2K 2018 syst.
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Truc normal ordering (known) True sn(9,;)
sin’(8,,) = 0.0218 |Am3,| =2.509E-3 eV’/¢* 8.p =-1.601

» Wrong octant can be excluded at 3¢, for true

et e » 1o resolution of Am322 as a function of true
sin“ 60,; < 0.47 and sin” 6,5 > 0.55

sin” 6,
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HYPER-K PHYSICS GOALS

» Atmospheric neutrinos improve sensitivity to mass ordering
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» >40 discovery potential for diffuse supernova neutrinos
» Supernova burst detectable up to 1 Mpc; 50k ~ 80k events from a SN at 10 kpc

» Measure SN neutrino time profile and energy spectrum — SN modeling

events/0.22Mega-ton

» Resolve solar neutrino and KamLAND tension to >4¢

» Further improve proton decay limits 02 10°

distance(kpc)

HK atmospheric + beam

o . Am221 tension
sensitivity to mass ordering
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g Atm: + Beam (True Normal) sirf6,,=0.4 Pan et al. (2016 20 21 M

—@— Atm + Beam (True Normal) sl:?a,fo.s
i Totani et al. (1998),1D,20M
—— At + Beam (True Normal) sirf6,,=0.6 ( © ' )10

>
©
9

o
=
i —
E

events/0.22Mt/20msec

o
e
(& ]
2
Q
o

)
N -
(&)
p -
(0]
p -
Q
T
O
c
(@]
—
=
o~
=
=
/

g At + Beam (True Invertec) sirf3, =0.4

——g@— Atm + Beam (True Invertec) sir? )y =05

—— Atm s Baam (Trua Invertac) slr?%zfo.s

8 TR 0.05 0.1 0.15 0.2 0.25 0.3
Running Time (Years)




TRIUMF SCIENCE WEEK

AUGUST 1, 2023 5 Hyper-Kamiokande Jel0

PHOTOGRAMMETRY GEOMETRY CALIBRATION

SK preliminary
T Cea PITT First assembled camera

reconstructed camera module @UW|nn|peg
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» Use photogrammetry to measure the position of PMTs and calibration
sources 1n-situ

» The first survey was done in SK using underwater ROV

» WCTE will utilize fixed cameras; IWCD and Hyper-K will utilize both
ROV and fix cameras

» Reduce fiducial volume error
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MACHINE LEARNING EVENT RECONSTRUCTION

» Machine learning techniques have been applied to event
reconstruction in IWCD and Hyper-K

» Encouraging improvements from traditional method

» Improve supernova direction finding

SN direction in Super-K e/y separation in IWCD

& i Neutron tagging

! : : e efficiency when rejecting 80% of y

NK1 model ~ . ResNet
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“Using Machine Learning to
Improyve Neutron
ldentification in Water
Cherenkoy Detectors”, Front.
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—— GCN, 2uc=0.667|
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https://doi.org/10.3389/fdata.2022.978857
https://doi.org/10.3389/fdata.2022.978857
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NUMBER OF
COLLABORATORS

——Total Japan —+Oversea

HYPER-K COLLABORATION

2015 2016 2017 2018 2019 2020 2021 2022 2023

» ~560 collaborators from 21 countries and 101 institutes

» 25% Japanese/75% non-Japanese

» Two Host institutes: University of Tokyo and KEK

» Hyper-Kamiokande has become a CERN Recognized Experiment: RE45



