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Why Korean Neutrino Observatory?

ü J-PARC	neutrino	beam	passes	through	Korea.

We	need	to	build	only	a	detector.

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

ü Excellent	astronomy/astrophysics	cases:	
Supernova	burst/relic	n,	solar	n,	multi-messenger…

Different	systematics	from	Hyper-K	&	DUNE
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ne appearance probability: address 3 key parameters 

Mass	ordering
θ23 and	octant

solar	term:	suppressed	by	Δ221 suppressed	by	sin4θ13
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If	Normal/Inverted	Ordering,	
(-/+)	sign	is	for	n
(+/-)	sign	is	for	n
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(_) (_)
CP

O(10-3)	@	1st osc.	Max
O(10-2)	@	2nd osc.	Max

2%	correction	to	the	1st term
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Korean Neutrino Observatory
T2HKK

1~3	deg.	off-axis
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Neutrino Oscillations in Kamioka & Korea
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g/cm3

g/cm3

Off-axis Beam and Matter Density

More	matter	effects	
à better	MO	determination
• Longer	baseline
• Higher	neutrino	energy
• Higher	matter	density

Matter	term:
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Energy vs. Baseline

Bisul

Bohyun

2nd Oscillation	maxima	in	Korean	sites
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Super-K	(2027)	à Hyper-K	(2037)	
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Solid	lines:	Normal	Hierarchy
Dotted	lines:	Inverted	Hierarchy	

Statistical	errors	are	reduced	very	much	at	HK
but	no	improvement	in	degeneracies.



Mt.	Bisul Site

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.

• Stats are	quite	good	
because	of	small	OA	angle.

• Inversion	of	Hierachy
enhancement	for	low-
energy	events

Energy /MeV 930 1130 1620

Degeneracies	break	up	! 9Sunny	Seo,	IBS



Mt. Bisul Site
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Mt. Bisul Site
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Tunnel	length:	2.8 km
Mt. Bisul

Overburden:	1,028	m



CPV & neutrino 
mass ordering (MO)

Lifetime : 1035 yrs

New step to 
geo-science 

Neutrino telescopeNeutrino oscillation

Broad Physics Program
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Neutrino Sources & Fluxes
KNO

coverage MeV	~	TeV



14~15k	3	inch	PMTs	for	OD	(cheaper,	less	dark	rate)





16

Multi-PMT

§ 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

à fiducial	volume	increase

§ Con:
larger	number	of	channels
àmore	expensive	and	power	consumption

International	Effort	in	Hyper-K



KNO Detector Options

q Twice	bigger	detector	w/	less	photo	coverage?

q Gd loading	?	(proton	decay,	SRN)

q PMT	options:	
20	inch	PMT
mPMT
SiPMT etc..

à We	need	sensitivity	studies/R&D/detector	design.
à You	have	lots	of	opportunities	in	T2HKK/KNO	!

Some	R&D	activities	are	on-going.
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1.	Which	flavor	symmetry	model	?

Why Leptonic CPV ?
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Understanding	
pattern	of	nmixing

Image	credit:	T.	Ohlsson @KTH

Ballet	et	al.	JHEP	1412
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• CP	structure	in	quark	sector	is	well	known.
à Small	CPV	in	quark	sector	(	<	10-7 %)	

can	not	explain	baryon	asymmetry	of	the	universe.

Why CPV in Lepton Sector?

• However,	leptogenesismay	explain	baryon	asymmetry,	
provided	with	large	CPV	in	lepton	sector.

• There	is	hint of	maximal	CPV	in	lepton	sector.
(~	2sigma	@T2K,	NOvA)
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T2HKK White Paper
November 21st 2016

~	4	months	later
from	the	inauguration

arXiv:1611.06118

(60	pages)

Updated	version	
is	published.

PTEP	2018,6, 1-56



• 2.7x1022 POT with ν :	ν =	1	:	3 operation	ratio
à 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
•Off-axis	beam:	 1.5o,	2.0o,	2.5o

•Oscillation	parameters:	

dCP & MO Sensitivity Studies
**	Simulation	parameters	**

uNote:	Relatively	simple	systematic	uncertainty	model	is	used.
More	realistic	systematic	uncertainty	implementation	is	needed.
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Known	
MO

Unknown	
MO
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arXiv:1611.06118
PTEP	2018,	6,	1-56

dCP Sensitivities
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Known
MO

Unknown
MO
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Fraction of dCP

arXiv:1611.06118
PTEP	2018,	6,	1-56 Note:	LBL	sensitivity	study	was	also	independently	

done	using	GLoBES in	PRD	96,033003	(2017).
Sunny	Seo,	IBS



dCP Precision Sensitivities

At	maximum	CP	violation:		JD+KD	1.5o:	s(dCP)	=	13~14	degree
JD	x	2									:	s(dCP)	~	17	degree
JD	x	1									:	s(dCP)	~	22	degree 25

àVery	important	for	flavor	symmetry	model	of	neutrino	mixing
S.	Petcov in	ICHEP	2018
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S.	Petcov talk	@ICHEP2018

4.4%

3.7(IO)-3.8(NO)%

4.8(IO)-5.2(NO)%

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

25O(IO)-37O(NO)



Why n Mass Ordering (MO) ?

1.	Important	input	to	CPV	measurement

2.	Important	input	to	flavor	models

arXiv:0710.0554
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CERN	Courier,	July	2016

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

**	Cosmological	measurement	
(indirect	/	independent)

favors	normal	ordering	3	times	
more	from	sum	of	nmass

Current Status of n MO

T2K+NOvA

D
c2
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Mass Ordering Sensitivities

JD+KD	1.5o:			6	~	8	s for	all	dCP
JD	x2										:			1	~	4.5		s for	all	dCP

(< 3 s for	most	cases)

JD+KD	1.5o:			5.5	~	7	s for	all	dCP
JD	x2										:			1	~	5		s for	all	dCP

(< 3 s for	most	cases)
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arXiv:1611.06118
PTEP	2018,	6,	1-56
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Beam + Atm. Data
Mass	ordering	sensitivity
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Octant Sensitivity: Beam + Atm.

31

q23 octant	sensitivity
Important	for	

MO	&	CPV	measurements
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Atmospheric Parameter Sensitivity

1.3%
3% ~0.6%
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Non-standard n Interaction Sensitivity

JDx2

JD+KD

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

D.	Marfatia@ICHEP2018: arXiv:1612.01443

arXiv:1611.06118
PTEP	2018,	6,	1-56
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Proton Decay Search
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w/	Gd
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LD:	20%	photo	coverage
HD:	40%	photo	coverage
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LD:	20%	photo	coverage
HD:	40%	photo	coverage



Proton Decay Limits & Sensitivities
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Conclusion

q Physics	sensitivities	are	better	w/	the	KNO	detector.

• Neutrino	mass	ordering	determination
• CPV,	CP	precision,	CP	coverage
• Non-standard	n interaction
• Solar/SN/SRN	etc…

q World	class	discoveries	are	expected	to	be	made.

q Excellent	physics	cases	w/	different	systematics.	

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

q Huge	opportunities	for	you	in	KNO	!	
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