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Why Korean Neutrino Observatory?

v’ Excellent physics cases (CPV, MO, proton decay,..)
using long baseline neutrino beam.

Different systematics from Hyper-K & DUNE

v’ J-PARC neutrino beam passes through Korea.

We need to build only a detector.

v’ Excellent astronomy/astrophysics cases:
Supernova burst/relic v, solar v, multi-messenger...



Ve appearance probability: address 3 key parameters
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Korean Neutrino Observatory
SR El  T2HKK PSR
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Neutrino Oscillations iIn Kamioka & Korea
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Off-axis Beam and Matter Density

Beam center
Sea

Matter profile along the T2K baseline

Kamioka

SK
JAPAN Fossa Magna J-PARC
KOREA : '
J-PARC
295 km 210 km 100 km
Matter term: Matter profile along

the Tokai-to-Korea baseline

ra = 2/2GrN.E,/Am?,

More matter effects
- better MO determination

* Longer baseline

: ) 7 T | R
) ngher neutrino energy 1200 km ~ 1000km 600km 400km 295km

* Higher matter density
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Energy vs. Baseline

2"d Oscillation maxima in Korean sites
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0.02

Super-K (2027) = Hyper-K (2037)

Biprobability plots at Kamioka (&,, =0.874802)

Biprobability plots at Kamioka (&®,, =0.874802)
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Statistical errors are reduced very much at HK

but no improvement in degeneracies.
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Mt. Bisul Site

Energy /MeV
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Biprobability plots at Mt. Bisul (®,, =1.941544)
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P(v,—V,)

This is the high energy option.

* Good separation between
hierarchies especially at
high-energy

* means very little
appearance at flux peak.
Instead most effect is in
“tail” regions.

are quite good
because of small OA angle.

* Inversion of Hierachy
enhancement for
events

Degeneracies break up ! :




Mt. Bisul Site
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Mt. Bisul Site
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Broad Physms Program
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Neutrino Sources & Fluxes

=10
= 10%°
%10
107
S10°

=
=10

10
10°®
107"
10°'°
10%°
10

‘I 0728

Sunny Seo, IBS

i KNO

- Cosmological v

] coverage

L Supernova burst (1987A)

i N

B Terrestrial anti-v

MeV ~ TeV

Solar v

- Reactor anti-v

Background from old supernovae

Atmosphericv

i v from AGN
I Cosmogenic
i v
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Neutrino energy
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The Hyper-Kamiokande detector

http://www.hyper-k.org
http://www.hyperk.org

superb capabilities
for a broad area
of science,
proven feasibility

fOptimized for cost and quick start
Total volume:  260kton per tank
Fiducial volume: 190kton per tank
(~*10 of Super-K per tank)
Start with one tank (funding request)
40% coverage with new sensor
X2 photon sensitivity
~40,000 50cm PMTs for inner det.
c ~6;-700-20em PMTs for outer det.

‘ ~15k 3 inch PMTs for OD (cheaper, less dark rate) H
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Enabling technology new photosensors
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® Better performance than SK-PMT (R3600)
® Photon detection efficiency x2
® Timing resolution x2
® Better pressure tolerance

® Intensive R&D for “multi-PMT” option
by an international collaboration

® Module of small PMTs in an enclosure




Multi-PMT

International Effort in Hyper-K

Collection of small size (3 inch) PMTs
in a single enclosure

Adapted from KM3NET’s original mPMT

Pro:

--better timing properties

--better directionality

--better pressure tolerance

--better vertex reconstruction near wall
—> fiducial volume increase

Con:
larger number of channels
— more expensive and power consumption



KNO Detector Options

J Twice bigger detector w/ less photo coverage?

J Gd loading ? (proton decay, SRN)

J PMT options:
20 inch PMT
MPMT
SIPMT etc..

- We need sensitivity studies/R&D/detector design.
— You have lots of opportunities in T2ZHKK/KNO !

Some R&D activities are on-going.



Why Leptonic CPV ?

Post. Prob. Density

Understanding

1. Which flavor symmetry model ? oattern of v mixing
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_ CPV in Leton Sector

N CP structure in quark sector is weII known
— Small CPV in quark sector ( < 107 %)
can not explain baryon asymmetry of the universe.

-~ -

l * However, leptogenesis may explain baryon asymmetry,
provided with large CPV in lepton sector.

R © There is hint of maximal CPV in lepton sector.
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Expected sensitivity: CP violation

Significance for sindcp=0 exclusion

10 - Normal mass hierarchy

® Exclusion of sindcp=0 x| JHK
® ~80(60) for 0=£90°(+45°)°
® >30(>50) significance for

~76%(58%) of Ocp space

® Ocp resolution:

-150  -100 -50

® 22° for 6CP=i90° 10 dcp [degree]
® 7° for dcp=0°0r 180° o HK
8 — (single tank)
8 b DUNE
Seamless program of = T A
Japan-based experiments ~ ® .+ T2Kl
for study of CP-violation ) _T?V
= NOVA
T2K-2T2K-ll?HK -+ /. . . . . . . . .
2022 2026 2030 2034 2038



T2HKK White Paper

November 21st 2016

. \\ /// ~ 4 months later

/7 \ NP from the inauguration
x

Updated version
* arXiv:1611.06118 ‘ is published.

(60 pages) PTEP 2018,6, 1-56

Physics Potentials with the Second Hyper-Kamiokande Detector

in Korea

(Hyper-Kamiokande Proto-Collaboration)

K. Abe,*"% Ke. Abe,?* H. Aihara,”®% A. Aimi,'® R. Akutsu,”® C. Andreopoulos,?43
I. Anghel,?! L.H.V. Anthony,?® M. Antonova,?® Y. Ashida,?® M. Barbi,** G.J. Barker
G. Barr,? P. Beltrame,'! V. Berardi,'® M. Bergevin,®? S. Berkman,? T. Berry,*

S. Bhadra,” F.d.M. Blaszczyk,! A. Blondel,!? S. Bolognesi,® S.B. Boyd.%¢ A. Bravar,!?




Ocp & MO Sensitivity Studies

** Simulation parameters **

* 2.7x10%? POT with v :'v=1: 3 operation ratio

- 10 years of operation with 1.3 MW beam

* 187 kton fiducial volume (compared to 22.5

kton for SK)
* Baseline to Korea is 1100 km
e Off-axis beam: 1.5°, 2.0°, 2.5°
* Oscillation parameters: m—)

|Am3,|=25%107" eV
sin’0,,=0.5
sin”20,,=0.085
Ami,=7.53%x10"> eV
sin’0,,=0.304
0,=0,m/2,7,37/2

€ Note: Relatively simple systematic uncertainty model is used.
More realistic systematic uncertainty implementation is needed.

Sunny Seo, IBS KNO Satellite Meeting @ NuFACT2019
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Ocp Sensitivities

True Normal Ordering, Ordering Known True Inverted Ordening, Ordering Known
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Fraction of d.p

Known Unknown
Ordering Known MO Ordering Uknown MO
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Y - N B JDx1 1 2 - N e JDx1 ]
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arXiv:1611.06118
PTEP 2018, 6, 1-56 Note: LBL sensitivity study was also independently

done using GLoBES in PRD 96,033003 (2017).
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Ocp Precision Sensitivities

- Very important for flavor symmetry model of neutrino mixing
S. Petcov in ICHEP 2018

c; (©)

True Normal Ordering

30""I""I""I""

True Inverted Ordering
30—

----- JDx1 .
— JDx2 < — JDx2
25 — JD+KD at 2.5° o 25 — JD+KD at 2.5°
-, —JD+KD at2.0° 7 -, —JD+KD at2.0° .
20 20 \ — JD+KD at 1.5°

IIII|II"I|IIII|IIII|IIII|IIII

% — JD+KD at 1.5°

~~
o
N—

15 15
- Y O\ 10
5
5 Normal l llnvlerteld -
o e e b b b b i 1 OOIIIIllIH2HH3HH4HH5HH6
0 1 2 3 4 5 6

8Cp (rad.)

At maximum CP violation: JD+KD 1.5°: 6(0.p) = 13~14 degree

IDx2 : 6(8.p) ~ 17 degree
IDx1 : 6(0cp) ~ 22 degree
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1.0

b.f.v. of sin? 0, (Escf)éf)an et al., Jan., 2018) 4 the prcgssépective precision

used.

F. Capozzi et al. 2018
(arXiv:1804.09678)

4.4%

_#

5(sin?012) = 0.7% (JUNO),

Prospective (useful/requested) precision:

3.7(10)-3.8(NO)%T—t4(sin? 613) = 3% (Daya Bay),

4.8(10)-5.2(N0)%
250(10)-37°(NO)

'||5(5) = 10° (THKK?)

¥ (sin26053) = 3% (T2HK, DUNE; T2K+4+NOvA(?)).

S. Petcov talk @ICHEP2018




Why v Mass Ordering (MO) ?

Neutrino Mass Squared

|Uai|2

2
Amy,

2
Arnsol

)4 VB .
H T™ arXiv:0710.0554
. cosd = . cos 0 =
sin’ 6,3 : sin6;, kindy4 1
31 __1 q ‘_1
Sin2 91 3 Arngol 1
I
. kinfyd |
SiIl2 012 sin64 1 A )
2 T — Mot
-1
) sin’ 6y3 !
| I > § 31 __1
|Sin011i SiIl2 913
NORMAL INVERTED

CPT: § & —¢ Invariant!

Fractional Flavor Content varying cos 6

1. Important input to CPV measurement

2. Important input to flavor models



Current Status of v MO

———= NO, 10 (w/o SK-atm) = excluded by GERDA, EX0-200,
—————— NO, IO (Wi(.h SK‘atm) g KamLAND-Zen, CUORE-O
15 _l I\\l TTr[ry lln T H T lu T [rrrr Tt 0.1—g latest KamLAND-Zen bound “'
Ak NUFIT 4.0 (2018) = 7 ec ,
- i i % 0.01— sensitivity goal of next-to-next generation expérirﬁents
- T2K+NOVA § "=
10— i -
v L ! - x
% :: ] »
i [ | 2 CERN Courier, July 2016 '
_— :: — 1 IIIlIIII I |||||l|[ 1 |l||l||| | lllIlIII
> " :: B 0.00001 0.0001 0.001 0.01 0.1 1
B i - Miin (6V)
- i: -
I P P I P T W2 ** Cosmological measurement
5-26 -25 -24 24 25 26 (indirect / independent)
Amg,, [10 eV'] Am,, favors normal ordering 3 times

more from sum of v mass

» Current best fit: normal ordering at 3.4 ¢ from global fit
Front. Astron. Space Sci., 09 October 2018 (T2K, NOvA) + (SK) + (DB, RENO, DC)




Significance (o)

Mass Ordering Sensitivities

Normal

True Normal Ordering

- — JDx2

i —— JD+KD at 2.5°
i —— JD+KD at 2.0°
e —— JD+KD at 1.5°

JD+KD 1.5°: 6~ 8 o for all 0
1~4.5 o forall o

JD x2

(< 3 o for most cases)

arXiv:1611.06118
PTEP 2018, 6, 1-56

12—

10

Inverted

True Inverted Ordering

—— JD+KD at 2.5°
i —— JD+KD at 2.0°
R —— JD+KD at 1.5°

JD+KD 1.5°;
JD x2

5.5~ 7 o for all o
1~5 o forall 0
(< 3 o for most cases)



Beam + Atm. Data

Mass ordering sensitivity

- 'Atm+Beam (JD+IkD)
"l Beam (JD+KD)
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\/Ax? Wrong Octant Rejection

Octant Sensitivity: Beam + Atm.

Important for

0,, octant sensitivity Lammd

"B Atm+Beam (JD+KD)
I Beam (JD+KD)
I Atm+Beam (JD x 2)
B Atm+Beam (JD x 1)
Atm (JD+KD)

IlllIIIIIIIIllllllllllllllllllllll
lllllllllllllllllll'lll'lllllllll

I | | | | | | | | l | |

0.4 0.45 0.5

| | |
0 0.55 0.6

Sunny Seo, IBS KNO Satellite Meeting @ NuFACT2019

MO & CPV measurements
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Atmospheric Parameter Sensitivity

Neutrino oscillation parameters

% = T2K 2014
e E e Hyper-K
3 g 28 3 - Hyper-K + reactor
R 90%CL
2.6
24 . =
2.2 L ) L ) | L 1 l L L | 1 1 l L L
04 045 05 0.55 0.6 0.65
sin”0

23
High precision oscillation parameter measurement:
0 1n2 ~ 0. —
1.3%  0O(sin“0,;) ~ 0.006 (for sin*0,,=0.45) S(AmZ,,) ~ 1.4x10-5eV?
3% §(sin20,,) ~ 0.015 (for sin20,,=0.50) ~0.6%
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Non-standard v Interaction Sensitivity

(0 0 o) [t e et )
1 . .
H = Yo Ul 0 ém2, 0 U+ V|||V =4] e e e €Epp €€ 0nT
\ 0 0 om¥ / \ €Eere Pem €, e Pur € )
arXiv:1611.06118 A=2V2GpN.E
PTEP 2018, 6, 1-56
T2HKK, OA 1.5, 3¢ T2HKK, OA 1.5, 3o T2HKK, OA 1.5, 3¢
2.5 e aABSLUNAARE RS RARAN RERAN RERRS LR RRARES 3 7
NH, Fixed ; > [NH " Fixed ] NA " Fixed
o [ Amizy Marg - - - ] 4 F Amizy Marg - - - 3 | Am_3q Marg - - -
- Am“,y; Marg ------ 1 3 £ Am©yy Marg ------ E - Am“,; Marg ------ -
(5l T2HK - ] : T2HK - 27 T2HK -

D. Marfatia@ICHEP2018: arXiv:1612.01443

N\

“T2HKK has the best sensitivity to CP phase (even) in the presence of NSI.”



Proton Decay Search

® Only way to directly probe Grand Unified Theory
® Two major modes predicted by many models

Mediated by gauge bosons SUSY mediated
+ ) 4
u) < . u—=" —v
X - ¢ =
Pyu d d— ¢
d g y K*
J -
p—e*Trl p—VK*
84'775 tan” [J’xm5
I_‘([)—>€+JZTO)~44) r(p—>\7K+)N 5 %
MYy MZxM;
q -

® Need broad searches including other possible modes




p—e*T1% search in Hyper-K

BG free by high-sensitive PMTs

For the case of
Toroton= 1.4%10%%years
(Super-K limit)

0 ~90 discovery@HK

e Only realistic proposal to
reach to 10%° years@30

n 10 3
g g Tpmt =] 7X|034years (SK 90/ CL I|m|t) ‘
AT g 0 < Py, < 100 MeV/c -
S 5 10 years “— é)/)t?/ ;
5 4
o 3 3
£ 2 3
- 1 _:
Z O |, 1 4 1 I L
600 800 1000
Invariant Proton Mass (MeV/cZ)

c 1036 —— HKWHOIILD 30  IIDyIIIIITITIIITIINE “x-
O ;_._ 108 o 0. 3 ENC WYY
m U) | g HK 372 kton HD staged , 3c \
O3 I —
[ 10® eI e
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Background: Atmospheric Neutrinos
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Improvement for Proton decay w/ Gd
Neutron multiplicity for

P->e*n?® MC

Atmospheric v BG
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If one proton decay event is observed at Super-K after 10 years
Current background level: 0.58 events/10 years
Background with neutron anti-tag: 0.098 events/10 years

Background probability will be decreased from 44% to 9%.
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Discovery Potential for p -> e*n®
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B This mode’s efficiency does not depend much on cathode coverage above 20%

B Background reduction though is improved by Gd loading



Discovery Potential for p -> vK*
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LD: 20% photo coverage
HD: 40% photo coverage

B Efficiency depends considerably on coverage
B Background reduction is improved by Gd loading
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Proton Decay Limits & Sensitivities
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Conclusion

J Excellent physics cases w/ different systematics.

* Neutrino mass ordering determination
* CPV, CP precision, CP coverage

* Non-standard v interaction

e Solar/SN/SRN etc...

d Physics sensitivities are better w/ the KNO detector.

(d World class discoveries are expected to be made.

CPV, MO, SN/SRN, proton decay (?) etc...

J Huge opportunities for you in KNO !



