Interdisciplinary ‘_
Developments in | Solarneutrinos -
. . | Atmospheric ) !
Neutrino Physics, , S |
2 7N~ |
S |

Marc/z 28t 2 022




/
9

)
%

)
%

)
%

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

neutrino oscillations

@,

¢

%

2

> beam and atm. V’s

> BSM (sterile, NSI,

solar v’s

b=
-n
®
~
:
=t
-
r
o)
-
-
®
7 p)
@
-
=
@

- proton decay

Fpoetnd

- =——e— HK 186 kton HD , 3¢

| —e— DUNE 40 kton, staged, 3

——o—— SK+SKGd 27 kton , 3¢

150

100

Counts /0.22 Mt/ 2 ms

()
o

o

10*

0 100 200

vity (sigma)

astrophysics R

<  solar & SN V’s

D

)
"

) Prellmmary — : Photo-coverage 40%

™ T o s o
== KamLAND and solar best D/N

......................................

Ph t ge 20%

dark matter

)
"

multi messenger

nuclear physics

¢

< v-N 1nteractions

geophysics

)
%

matter effects

)
%

electron density

Kamikande gt

ﬁ&“"

49 50 kton} ‘

&<

}‘\

300 400 500 Hyp CIr- K

Su ver-K "<

'5» F"P94§ o

/ }
i I i I I I ! ! I I 1
2020 2030 2040

Year

Courtesy S. ng King’s College




Hyper-Kamiokande Collaboration
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Hyper-K: New Detectors
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diameter 68m, height 71m = cavern
diameter 69m, height 73m + dome on top

tunnel construction almost done, cavern
excavation will start soon,

tank will be built 1n 2024 /2025, PM'1s will
be 1nstalled 1n 2025/2026, and data

collection starts 1n 2027

(Gd doping not in Hyper-K baseline design
IWCD: ~ 1kt scale intermediate Gd-doped

water Cherenkov detector with minimal
overburden

diameter ~8m, height ~6m
uses multi-PM'T" modules (19 37 PM'I5s)

Michael Smy, UC Irvine




Hyper-Kamiokande Schedule

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028

Access Cavern l Tank

PMT

excavatlon const. installa
tion

.A

PMT productlon

PMT cases, mirrors, electronics etc.

Operation
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Near detector facility, R&D, production ND construction

6 Neutrino 2020-2022 update




Hyper-Kamiokande Schedule

FY2020 FY2021 FY2022 FY2023 FY2024 FY2025 FY2026 FY2027 FY2028

Cavern Tank

excavatlon const. Installa
tion

.A

-
Access

PMT productlon

Operation

Lol - - ot Weh ']
2 P [ p— ' ad L ‘:77 ¥

Flrst dehvered 6 PMTs |
on 25/Dec/2020 e

Near detector facility, R&D, production ND construction

6 Neutrino 2020-2022 update




Photosensors: 20” PM 1s
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Inner Detector

Super-K Hyper-K

11,129 20” PMTs (+addition PDs) (Overseas))

photo-coverage 40%o 20%

single photon etfictency/PM'T = g2 =

dark noise ~5kHz (typical) 4kHz (average)

time resolution (one p.e) = =2 S

< PM'T production has started on time for 20”
‘Box & Line’ dynode PM'ls

< 300 PM'Is this month

< 20,000 by 2026 (according to the Japanese
budget profile)

2020/12 First six PMTs delivered to Kamioka

Courtesy F. Di Lodovico, King’s College




Photosensors: mPM 'ls vs 20” PM 1s
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mPMT: 19 x 3”7 PMI5s 20” ‘B&L’ PM'T

2000 cm?

photo-cathode area 870 cm?

eftective light yield ~ 1 hit/MeV /5,000 mPM'Ts ~6 hits/MeV /20,000 PM'T5s
dark noise 19 x 200-300 Hz ~4kHz (typical)

transit time spread 1.3ns 2.7ns

* granularity * performance confirmed
comments * directionality * high photon detection
* better time resolution efhiciency

< complementary
measurements of

Cherenkov light

< systematic error reductions

o)

Courtesy F. Di Lodovico, King’s College

{Courtesy S. King, King’s College




Photosensor Configuration
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<= 1D 20” ‘B&l PM'Is

< 1n-water electronics

(ID and OD)~
< D mPM5s

<= OD 3” PM'T with
wavelength shifter plate

< OD separated from ID

by black sheet and
reflective 1yvek

1D OD




Photosensor Gonfiguration
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< 1n-water electronics
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< D mPM'ls
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wavelength shifter plate
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Near Detectors
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< critical for beam oscillation measurements: understand
J-PARC beam, neutrino cross sections, detector
systematics

+ beam monitor (INGRID) £

< on and ofl axis

Downstream
@ ECAL

POD Barrel ECAL
ECAL

D

< measure beam direction, monitor intensity | ‘
= ND 280 =

ofl axis

/
X4

D

< magnetized tracker: charge separation of wrong-sign

background

< off axas

D

< water Cherenkov detector like Hyper-K

X4

< 4

D

cross sections as a function of neutrino energy
(determined from axis angle) 10

Michael Smy, UC Irvine




Near Detectors
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“T2K upgrade: ND280 2.0 e
replace POD with three I i
=~new detectors

Courtesy T2K (M. Batkiewicz-Kwasniak,
The H. Niewodniczanski Institute of Nuclear Physics
Polish Academy of Sciences, Cracow)

Replace POD by

new subdetectors

2 High Angle TPCs

1 SuperFGD

Drift volume —__

MicroMegas - <

SERAM |l
| Module Frame«"' | Si n
New read-out concept Novel detector concept & 150 ps time resolution g
resolution
NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)

JINST 15 P12003 (2020)

<= IWCD

< off axas

D

< water Cherenkov detector like Hyper-K

< cross sections as a function of neutrino energy
(determined from axis angle) 10 Michael Smy. UC Irvine
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Hyper-K Event Reconstruction
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neutrino interactions

NC interaction v+N—v+X

ES interaction vite—vi+te

CC interaction vp/etN—u/e+X
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5000} —
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PM'1 ttme: vertex
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-S5000 —
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“sharpness”: particle ID
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Courtesy T. Yano, ICRR
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Hyper-K Physics Signals
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Fiducial

= (c‘(\ MeV to TeV with nesere Mass (kton)

e? i
O"\ S a single detector Water

Argon 40
Lig. Scinti 20

< Low Energy O(1 MeV to 10 MeV):
< solar 8B and hep neutrinos: ~130/day (above 4.5 MeV recoil electron kin. energy)

< reactor neutrinos
< Medium Energy O(30 MeV):
< supernova neutrinos
< High Energy O(100 MeV to 1TeV):
< atmospheric neutrinos
< nucleon decay

> JPARC neutrino beam

< astrophysical neutrinos e

S

Courtesy F. Di Lodovico, King’s College




Accelerator Neutrinos

<= DUNE “philosophy”
< long baseline to be sensitive to matter effects

< high energy, wide-band beam to measure oscillation pattern for neutrinos and anti-
neutrinos

< fine-grained detector to be able to use all (CC) cross section channels

< near detector to characterize beam and measure “unoscillated" spectra

s
%

> Hyper-K “philosophy”
< shorter baseline to reduce correlation between CPV and matter effects

< low energy, narrow-band beam to focus on CCOQE

QS

< 1nexpensive water Cherenkov detector with limited tracking ability; can afford larger
fiducial mass and use 1t for atmospheric neutrino measurements of matter effects

< near detectors to characterize beam, and an additional intermediate detector to
measure “unoscillated spectra” (using the “Nu-prism” beam angle technique)

< neutrino oscillation measurements of both experimental programs are complementary
leading to a more robust understanding of the underlying physics and a smaller impact
of systematic effects (e.g. cross section uncértainties) Michaol Sy, UCTrvins




Accelerator Neutrinos: GPV Sensitivity
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measure GPV phase

ogood chance to discover leptonic GPV

< best bo coverage of 0 if mass ordering is

known

o

mass ordering ambiguity

> use atmospheric neutrinos to help remove
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Michael Smy, UC Irvine




Accelerator Neutrinos: Octant Sensitivity
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HK 10 years (2.70E22 POT 1:3 viv)
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—— Statistics only

Improved syst.
T2K 2018 SySt .......................................................
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Wrong octant exclusion ( Ay
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Hyper-K preliminary . 2
Eois True normal ordering (known) True sin"(8,;)
HOTHHAL OTACTINS - 6in%0,,) = 00218 1Am2,| = 2.509E-3 8, = -1.601

< 1mproved systematics: exclude wrong octant at >50 unless 0.47<s1n2695<0.59

< for known,

<= 12K 2018 systematics: exclude wrong octant at >30 unless 0.46<s1n2693<0.55

15
Michael Smy, UC Irvine




Atmospheric Neutrinos
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< baselines up to 12,000km s
measured by zenith angle

< strong matter effects on
neutrinos passing deep
inside the earth:

< normal ordering:
vp—>V, 1s enhanced

\A %2 Wrong Hierarchy Rejec

< 1mverted ordering:
Vvp—>V. 1s enhanced
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< beam + atmospheric data exclude wrong ordering by 4-6c depending

on sin2693

< synergy of beam and atmospheric analysis (event reconstruction, MG

generation systematic error evaludtion, etc.

Courtesy

F. Di Lodovico, King’s College




< Hyper-K will be the biggest nucleon

decay experiment

< sensitivity to many channels, not just the
iconic p—e*V and (SUSY) p->vK+

SuperK
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Neutrinos from Rare, Nearby
(=Galactic) Core-Collapse Supernovae

<= only six recorded CGC explosions in ~1800 years 1n M1lky
Way (9 SN remnants 1n milky way)

e conlvi =20 ~) CCSN/century
. and SN188b5a (M31) SN 1987a (LMC)

from: M. Vagins, WATCHMAN meetmg at Virginia Tech 1 2013

(O IH!HH'HH\HHHFFWHIHFFPHIHHM\HHHHHH!HH!HHHH‘F’HHHIHHIHH*P*WHHHHHHHW HHHHHHHHHHHHHHW\*F”’F’HHHHHH\H\‘}?“i’ﬁ'ﬂH!HHHH*\??HH!HH!HHHHHH

Historical Observers: Chinese Historical Observers: Clineso
Likeiinood of Identification: Protutie Uikelihood of identification . FPuossite

Distance Estimate: 3,000 bghl years
Type: Core colapes of massive star?

: NASA's CHANDRA X-RAY OBSERVATORY




Neutrinos from Core Collapse
Supernovae in Hyper-K
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direction accuracy

Y

< 50,000 to 80,000 events expected from a core I
: ©3.5 :_Wllsoné.mo.de.l,zéz()kt ............. ........................ ......................
collapse SN at the galactic center (8.5 kpc) R St B S A4
; 9 5 g~ With v osc. (Normal Hierarchy) 7 = _— oz
< 6-10 events expected for a core collapse SN 1n §2':;
g oo L e
M31 (750kpc) e = —
= compare to 11 neutrinos detected at N
Kamiokande and 8 at IMB at 50kpc SN NS NN U DU
5 10 15 25 30
h : o Distance to SN (kpc)
< astrophysics g g
Py observed events %é e =
<% 1 » h ” [oR= (_UGC) > (8P)
> explosion mechanism R< = =
10 % ! 5 Foe
8 EoE

< proto-neutron star formation
<= black hole formation
< neutrino physics

< multi-messenger

events/0.22Mega-ton

< early alert with direction

< useful for gravitational wave, gamma-ray and
X-ray telescopes 19

Courtesy T. Yano, ICRR distance(kpc)




Supernova Model Discrimination

O
2 < 4

precise measurement of time profile and
cnergy spectrum

.
Co®

chance to observe the explosion

mechanism (SASI/Rotation/
Convection)

< by observing neutrinos from nearby
galactic can understand dim

supernovae/BH formation

< Hyper-K can distinguish five recent SN

models (https://arxiv.org/abs/
2101.05269)

Luminosity [1053 erg/s]

O
Ce®

even with just 300 events (~60-100kpc)

Hyper-K, https://arxiv.org/abs/2101.05269
40 —— Couch

- Nakazato
- Tamborra

35 — Totani

~—— Vartanyan

100 200 300 400 500
time [ms]

Sekiguchi ApJ, 737.6.2 (2011)
100 ————————————

—

BH formation‘i
can 1d€ntlfy SN mOdel Wlth >97()/0 1120 1140 1160 1]1:?31;[;3)0 T1220 1240 1260
4 Courtesy T. Yano, ICRR
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Supernova Model

1scrimination
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https://arxiv.org/abs/2101.05269
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Distant Supernovae Neutrinos

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

é‘ 25 vx\\ Q\i\ N \\ SRN 4MeV 100%
< observation in Hyper-K : ZO§ \\ T
: g ;_\\Y\\ i& \ —— —— SRN 6MeV 70% + BH 30%
< diftuse, constant v flux of SN up to z~1 g R LN\ D LA
s NN M LKA
< see ~70%17 events with >4o significance in® [\ ) Nah N \\ §x\§\§\§\\§
AUMMMN i _H it
ten years (photo-coverage 40%) or ~40+13 R #% \§§§ v\ §§§§§§
events with >3o R \\\\\§ AN §\\§\§\
< move beyond discovery and study SN R Q\i&% s\\s
neutrinos across the universe! o*w§\w% N\ t\\x\\
0 5 10 15 20 25 30 35 40 ﬁ5 r”-‘?d
< physics of Supernovae: 250, S
< test star formation rate (factor of ~2 S [ T e e o
S D0 i ............. qtag eff' 300:/0, misg D 1(?% |

discrepancy between expected and opticallyé "t 0 ——————
© [ Neutron tag efficiency of 70%
Observ€d SN rate) 150 __(46%)isassumedf0rph0to— ......

- coverage 40% (20%).

N

< measure temperature of typical SN (from  ypof it LA Tk 11

positron energy spectrum)

< unusual supernova (optically dim and/or

70 MR S - g 6 I co s

BH formation) 91 B Tr

Courtesy T. Yano, ICRR

N T T S Y I | 1 1 IIIiIII
2 14 16 18 20 22

Year




neutrino fluxes
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Solar Neutrino Observation

Bl e h chain
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AT

<+ detect 8B and hep neutrinos (high energy)

< use directionality of recoiling electrons to
separate neutrino interactions from
radioactive backgrounds

< measure Hlux (interaction rate) and (recoil
electron) spectrum as well as time
variations (e.g. day/night asymmetry)

= study MSW, NSI, matter effects, CPT
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Solar Neutrino Observation
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Solar 8B Neutrino Day/Night Eftect
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Test MSW Spectral Shape
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transition from averaged vacuum oscillations to adiabatic conversion 1s
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Other Solar Neutrino Studies

8B-+hep (BP2004 SSM)

< measure rare hep neutrinos above 8B

............... only 8B

Data points w/ stat. err. (sqrt(N))

Number of events / 0.5 MeV

endpoint R s
o N PC40%
< 5o far, unobserved G hd: o
10 = """""" . """"""""""""""""""""""""""
< requires good energy resolution " solarneutring  \hNg
'Fecoilielection spectitim: <]
(photo-coverage) b tenyears NI
< see with 1.8-3 o significance in ten %SG~ —Sr % o

16 . 2 4
electron kin. energy in MeV

years SK: 8B interaction rate and sunspots vs time

60-55_'I'"I"'Ib".l"'l'"l"'I"'I"'I"'I"'I"'I"250 =
2 >3g hl gh Statistics ﬂux variation Y. Nakajima, Neutrin zfu;5fél;i;‘,i‘§ - o I_EJZVK:::::?::::W . -§
3 0 i P 3
< monitor solar “nuclear reactor” §o.4s’— I g s+++ ++ s §
with 130 events/day above 4.5 F ol o ™ E
i i :? .. . :
MeV o RO i
e ... <
Y T ,‘f' ta, -

< compare to 20 events/day for SQ:[5< S RTINS - AT % |

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Courtesy T. Yano, ICRR MC °B Flux = 5.25x10° /cm?/sec Date




Some Planned US Contributions
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< triggering (and reconstruction) of very low energy electrons
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< designed and build a system for Super-K that has high
efhiciency for electrons>2.5 MeV; see 2.2 MeV gammas
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< Hyper-K’s location 1s not very deep—~much, much i :
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Some Planned US Contrlbutlons

WI'L] a Super-K intelligent trigger with 2.5 MeV Energy Threshold

/

“sliding 230nsec window” search for events in (calibrated) hit times

\/
0’0

2
om | ns fig _L(ﬂ) 5t :
comcidence criterion ¢c= Z e 2\ ° /) of hit tme residuals

At=PM'T time-time of flight-time of emission with o=>5nsec

\/
0‘0

list of possible vertices 1s “guessed” from 4-hit combinations

fast vertex reconstruction to all hits in the 230nsec window

\/

/

full vertex fit to hits within 1.5psec of the trigger time

< count hits with -bnsec<Ati<I2nsec; require 10 or larger

Similar system for Hyper-K, investigate machine-learning techmqueq

larger cosmogenic radioactivity than Super-K

< 1n Super-K: O(103) events/day! o

—‘?500 I100IO
Michael Smy, UC Irvine from arXiv: 2112.00092
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Some Planned US Contributions
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Spallation Decay lagging in Super-K

0000 R O O VO VN VR0 VRO R TN V0N VO VO TN R N Ok 0N 0N VN V0N VO VO 0 0 O 0N V0N 0N TN TN TR0 N R 0N TN V0N VO VO VO O R 0N 0N 0N TN T T D D OO OO O TR

spallation correlation of neutron cloud

< most cosmogenic radioactivity 1s produced 1n R e |
. . o o o %10 —}— 3 neutrons .

hadronic showers 1nitiated by energetic muons ) 4 s

2 —— 6-9 neutrons

2 b 3 B iq.i;:ge 10+ neutrons

< 1vented three tagging methods: B
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Spallation Decay Tagging in Super-K

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Conclusions

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

< JUNO, Hyper-Kamiokande and DUNE will dominate neutrino

flavor physics in the near future

< Hyper-Kamiokande construction has started, data will come as

soon as 2027

< the Hyper-Kamiokande experimental program 1s
complementary to DUNE’s

< 1n addition to neutrino oscillation measurements, Hyper-K ofters
many other physics topics
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