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1	km	rock	overburden	
(2,700	m.w.e)	

50	kT	water	

The Super-Kamiokande Detector 
In	Gifu,	Japan	
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𝐃 × 𝐇 = 𝟑𝟗. 𝟑 𝐦 × 𝟒𝟏. 𝟒 𝐦

Inner	Detector	

Outer	Detector	

Cherenkov	radiaAon	

20	inch	PMTs	
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The Super-Kamiokande Collaboration 

~230	collaborators	
from	51	insPtutes	
in	11	countries	
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SK Data Taking Phases 

Gd-loaded	water	
6,511	days	live-Ame	 583.3	days	+	the	future…	

SK-VI	

Gd	concentraAon	at	SK-VI:	
0.011%	in	weight.	

2022	

2022/07/21	 M.Miura	@	Quy	Nhon,	2021	 4	



2022/07/21	 M.Miura	@	Quy	Nhon,	2021	 5	

New Results from SK 

•  Atmospheric	neutrino	oscillaAon	measurements	
•  SK-I	through	SK-V	+	Expanded	FV	
•  Three	Flavor	OscillaPon	with	T2K	Constraints	

•  Proton	decay:	pà	µ+K0	

•  Neutron	capture	on	Gd	in	SK-VI	



Atmospheric Neutrino Oscillation 

Normal	
Ordering	

Inverted	
Ordering	

Key	measurements:	

32

•  𝜈𝜇 disappearance	
•  Δ𝑚2

•  sin2𝜃23

•  𝜈𝑒 apearance	
•  CP	violaPon	𝛿
•  Mass-ordering	

 
Maeer	Effect	
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Atmospheric Neutrino Analysis at SK 
Total	exposure:	
484.2	kiloton-years	
30%	more	data	than	2020	analysis	
Using	all	of	pure	water	data	at	SK	

    
    

  
  

  
  
  

  
  
  
  
  

 
  

  

  

  
  

  

  

  

  

  

  

   
  

  

  

  

Preliminary	

Reconstructed,	
Classified,	and	
binned	
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SK-V 

•  The	last	SK	phase	with	pure	water	
•  Upgraded	water	system,	replaced	PMT,	cleaned	
detector…	Gekng	ready	for	Gd	loading!	

•  Consistent	data	quality	with	SK4	

Water	transparency	
measured	with	
cosmic	ray	muon	

 
SK-V	

Upgraded	water	system	
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60	m	

120	m	

90	m	

2019.2	~	2020.7,	461	days	



Expanded Fiducial Volume 
•  Expanded	fiducial	volume	

•  22.5	kton	→ 27.2	kton,	20%	increase	
•  No	significant	increase	of	external	background	
•  No	significant	bias	in	reconstrucPon	
•  SystemaPcs	re-esPmated	for	expanded	FV	  

ConvenPonal	FV	
22.5	kton	
2	m	from	ID	wall	

	
	

Expanded	FV	
27.2	kton	
1	m	from	ID	wall	

Inner	detector	(ID)	wall	
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Oscillation Measurements (SK only) 
SK	atmospheric	
neutrino	data	
favors:	

•  maximal	mixing	
•  NO	(Δ𝜒2 = 5.8)	

CP•  𝛿 ≈ − 𝜋
2

930	bins	 𝝌𝟐 𝜹𝐂𝐏 sin𝟐𝜽𝟐𝟑 𝚫𝐦𝟐
𝟐𝟑

SK	NO	 1000.42	 4.71	Prelim	in 	0.49	ary	 2.4 × 10−3 eV2

SK	IO	 1006.19	 4.71	 0.49	 2.4 × 10−3 eV2
sin

at	data	best-fit	

Preliminary	 at	data	best-fit	

at	data	best-fit	
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Preliminary	

*Results	on	MO	and	
𝛿𝐶𝑃 exceed	sensiPvity.	
	

2𝜃13 = 0.0220 ± 0.0007



Combining SK and External T2K Constraints 

•  To	combine,	reweight	SK	MC	to	T2K	published	data	 SensiPvity	

T2K 
 

Phys.Rev.D	103	(2021)	11,	112008	
Run	1-9	

Preliminary	

SK 

Preliminary	

•  SK	=	T2K	far	detector→ correlated	cross-secPon	
•  AddiPonal	sensiPvity	gained	from	combined	fit	

with	correlated	cross-secPon	uncertainty	
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•  SK	sensiPve	on	mass	ordering,	T2K	sensiPve	on	𝛿CP



Oscillation Measurements (SK+T2K) 

1020	bins	 𝝌𝟐 𝜹𝐂𝐏 sin𝟐𝜽𝟐𝟑 𝚫𝐦𝟐
𝟐𝟑

SK+T2K	NO	 1086.33	 4.54	Prelim	ina0.53	ry	 2.4 × 10−3 eV2

SK+T2K	IO	 1095.25	 4.71	 0.53	 2.4 × 10−3 eV2  
sin

SK	+	external	T2K	
constraints	favor:	

•  maximal	mixing	
•  NO	(Δ𝜒2 = 8.9)	

CP•  𝛿 ≈ − 𝜋
2

*Results	from	both	
experiments	exceed	
sensiPvity.	

2𝜃13 = 0.0220 ± 0.0007

Preliminary	
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Preliminary	



Proton decay search: pà µ+K0	

•  Favored	by	SUSY	GUTs.	
•  K0	is	a	mixing	state	of	K0S	and	K0L	
•  Results	of	SK-I~III	(178	kt*yrs)	have	been	published,		

	(Phys.Rev.D85	(2012)112001)	
•  SK-IV	data	(200	kt*yrs)	is	newly	analyzed	with	neutron	tagging.	
•  Target	K0	decays	

Ø  K0S	à	π0π0,	π+π-	(~70	ps)		
ü  All	final	parPcles	can	be	detected	in	SK		

	è	Reconstruct	K0,	proton	mass	&	momentum	
Ø  K0L	à	π0π0,	π+π-π0	,	π±lŦν (~50	ns)		

ü  	(Challenging!)		Have	mulPple	verPces.	
	è	Newly	developed	reconstrucPon	tool	for	mulP-vertex	events.	
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Proton decay search: pà µ+K0	

K0
L 

No 
candidates 
found. 

Blue: Signal MC 
Red;  Atm.ν MC 
Black: Data 

K0
S (π0π0) 
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Proton decay search: pà µ+K0	

Results (SK-IV) 

Proton lifetime (90 % CL, SK-I~IV combined):  > 3.6 x 1033 years  
  (Previous paper: >1.6 x 1033 years) 

Published soon ! 



Evolution of Super-K: SK-Gd	
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Gadolinium	captures	neutron	and	emit	~	8	MeV	γ	

𝜈↓𝑒  +𝑝→𝑒↑+ +𝑛		

DetecPon	efficiency	of	8MeV	γ	~	100%		
Add	Gadolinium	(Gd)	to	the	SK	water.	

Aug. 2020~  
0.01% 
SK-VI 

The latest news: 
We finished dissolving 
on July 5th ! 

SK-VII started ! 

Neutrino	/	anP-neutrino	discriminaPon	
•  Discovery	of	supernova(SN)	diffuse	ν		

search	and	poinPng	accuracy		
improvement	for	SN	burst		

•  Improve	DiscriminaPon	power	of		
𝜈	and	 𝜈  in	T2K	and	atmospheric	neutrino		and	 𝜈  in	T2K	and	atmospheric	neutrino	
analyses	

•  Nucleon	decay	background	rejecPon	



SK-VI Neutron Capture Signal on Gd 
•  Compared	to	H,	neutron	captures	on	Gd	are:	

•  Neural	network	to	select	
neutron	candidates	

•  Cuts	to	remove	remaining	
Michel	electrons	

more	energePc	 shorter	lived	 more	isotropic	
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SK-VI Neutron Measurement 
•  Stable	neutron	rate	since	Gd	loading.	
•  Higher	neutron	mulPplicity	at	higher	energy	
events,	as	expected.	

Neutron	
mulPplicity	

•  Measured	neutron	mulPplicity	is	
lower	than	present	MC	predicPon.	

•  Neutron	producPon	needs	model	
development	and	improvement.	
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Gd	loading	

Preliminary	



Summary	

•  Atmospheric	neutrino	oscillaPon:	
Ø  Analyze	all	pure	water	phase	(SK-I	~	V).	
Ø  Expand	fiducial	volume.	
Ø  		

•  Proton	decay	search	pà	µ+K0:	
Ø  SK-IV	data	is	newly	analyzed	(372	kton*yrs	from	SK-I	~	IV).	
Ø  No	signals	observed	beyond	atmospheric	ν	BG.	
Ø  Set	proton	lifePme	limits	as	>	3.6	x	1033	years	

•  SK-Gd	
Ø  SK-VI	(Gd	~0.01	%)	analysis	is	on	going.	
Ø  SK-VII	(Gd	~0.03%)	just	started	from	this	July	!	
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	favoring	NO,	𝛿𝐶𝑃 2
≈ − 𝜋,	and	maximal	sin2𝜃23


