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2Conceptual design of the HK detector

Takuya Tashiro (ICRR) 26th July 2021 EPS-HEP2021

Hyper-Kamiokande	(HK)	is	the	new	genera(on	underground	
water	Cherenkov	detector	in	Kamioka,	Japan.

‣	A	cylindrical	tank	with	the	diameter		
	of	68	m	and	the	depth	of	71	m.		
‣	Ultra-pure	water	of	258	kton	is		
	stored.	The	fiducial	mass	is	188	kton.	
‣	Clean	signal	of	neutrinos	can	be		
	detected	as	it	is	built	deep		
	underground.	
‣	PMTs	are	installed	to	detect	the	light		
	caused	by	the	Cherenkov	radiaMon.		
‣	20”	PMTs	for	Inner-Detector	
‣	mulM-PMTs	for	Inner-Detector	
‣	3”	PMTs	for	Outer-Detector		

‣	The	construc(on	started	in	2020.		
	The	opera(on	will	start	in	2027.	
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Construction and preparation is ongoing! 



4Event reconstruction in HK
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‣	Charged	parMcles	passing	through	the	water	are	idenMfied		
	using	the	Cherenkov	radiaMon	detected	by	the	PMTs		
	aUached	to	the	wall	of	the	detector.	

‣	Cherenkov	radiaMon	is	reconstructed	as	a	ring.		
	The	ring	paUern	reflects	the	momentum,	posi(on,		
	direc(on,	and	the	type	of	the	parMcle.	
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5Physics goals of HK
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HK	aims	at	revealing	important	physics	features.	

Neutrino oscillation Nucleon decayNeutrino astronomy
OscillaMon	properMes	
will	be	measured	
based	on	accelerator	
and	atmospheric	
neutrinos.

Proton	decay	or	neutron	
decay	processes	that	
violate	baryon	number	
will	be	searched	to	
explore	the	GUT	scale.

Solar,	supernova,	and	
supernova	relic	
neutrinos	will	be	
explored	for	
astronomical	research.



6Neutrino oscillation
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‣	The	phenomenon	of	neutrino	oscillaMon	can	be	described		
	by	6	parameters.		
‣	3	mixing	angles:	θ12,	θ23,	θ13	
‣	1	CP	phase:	δCP	
‣	2	mass	squared	differences:		
		Δm221	=	m22	-	m21	and	Δm232	=	m23	-	m22	

‣	The	value	of	δCP	and	sign	of	mass	squared	differences	are		
	not	yet	determined.		
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FIG. 10. The ND280 detector complex (center) including the INGRID (left) and ND280 (right) detectors.

the neutrino flux and interaction cross-sections, as described in [51]. Using the ND280 measure-

ments, the systematic uncertainties (estimated assuming specific models) on neutrino interaction

processes constrained by ND280 have been reduced to ⇠3% on the Super-K (SK) predicted event

rates, as shown in Table IV.

TABLE IV. Current systematic uncertainty contributions to the T2K oscillation measurements taken from

[91] and [92]

Source of uncertainty ⌫µ CC ⌫e CC ⌫̄µ CC ⌫̄e CC

Flux and common cross sections

(w/o ND280 constraint) 10.8% 10.9% 11.9% 12.4%

(w/ ND280 constraint) 2.8% 2.9% 3.3% 3.2%

Unconstrained cross sections 0.8% 3.0% 0.8% 3.3%

SK 3.9% 2.4% 3.3% 3.1%

FSI + SI(+ PN) 1.5% 2.5% 2.1% 2.5%

Total

(w/o ND280 constraint) 11.9% 12.2% 13.0% 13.4%

(w/ ND280 constraint) 5.1% 5.4% 5.2% 6.2%

Current limitations and future analysis improvements

As shown in Table IV, the uncertainty in the estimated neutrino flux numbers at Super-K are

5–6%. Without the near detector constraints, the uncertainties would be more than double this,

but with the flux and cross-section uncertainties contributing roughly half the total uncertainty,

7Accelerator neutrinos
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Near detector

Ongoing experiment: T2K
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Near detector

Accelerator neutrinos
‣	The	most	strong	constraint	on	the	lepton	CP	violaMon	was		
	achieved	by	T2K.		

‣	Almost	half	of	the	possible	δCP	values	is		
	disfavored	at	the	3σ	confidence	level.
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9Upgrade plan for HK long-baseline
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Ongoing experiment: T2K

Near detector



New intermediate water-
Cherenkov detector (IWCD)
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HK long-baseline

Near detector

 HK will be used as  
 the far detector

 Near detector will be upgraded.

Near Detectors for the 
Hyper-K Experiment

Mark Hartz 

TRIUMF & Kavli IPMU

1

TAUP 2019, Toyama, September 12

• ~0.5MW（達成）から
0.75MW（T2Kの設計値）へ  

• 2021年度完成に向けて加速予定 

• MR電源交換によりrep rateを
0.4Hzから0.77 Hzへ 

• #proton/pulseも増強 

• ~2026年までにrep rate ~ 
0.86Hz(1.3MW)を計画. 

• 1MW相当の実証試験成功  

• HK物理感度のbaseline

J-PARC加速器施設の高強度化

KEKの研究実施計画（KEK-PIP）では、ハイパーカミオカンデのための
J-PARC高強度化が最優先課題に位置づけられている.  7

Beam power will be  
upgraded to 1. 3 MW



11Atmospheric neutrinos

Takuya Tashiro (ICRR) 26th July 2021 EPS-HEP2021

‣	Atmospheric	neutrinos	are	generated	by	interacMons			
	between	primary	cosmic	ray	and	atmospheric	nucleus.		

‣	Wide	range	of	energies	and	pathlength	can	be	used	to		
	measure	oscillaMon	parameters.
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Takuya Tashiro (ICRR) 26th July 2021 EPS-HEP2021

‣	Atmospheric	neutrinos	are	generated	by	interacMons			
	between	primary	cosmic	ray	and	atmospheric	nucleus.		

‣	Wide	range	of	energies	and	pathlength	can	be	used	to		
	measure	oscillaMon	parameters.

Neutrino oscillation was first discovered by  
Super-Kamiokande using atmospheric neutrinos. 



13Atmospheric neutrinos

Takuya Tashiro (ICRR) 26th July 2021 EPS-HEP2021

‣	One	of	the	most	important	topics	in	the	atmospheric		
	neutrinos	study	is	the	mass	hierarchy.		
‣	Neutrinos	mass	ordering	is	sMll	unknown.		
‣	Normal	hierarchy:	m2	<	m3.	
‣	Inverted	hierarchy:	m2	>	m3.	

‣	Comparison	between	neutrino	and	anM-neutrino		
	oscillaMon	can	be	used	to	determine	the	hierarchy.

‣	Neutrinos	penetraMng	the	earth	
	are	affected	by	the	maUer	effect.	

‣	Normal	hierarchy:			
																				is	enhanced.	
‣	Inverted	hierarchy:		
																				is	enhanced.

νμ → νe

ν̄μ → ν̄e



14Expected sensitivity on neutrino oscillation

Takuya Tashiro (ICRR) 26th July 2021 EPS-HEP2021

‣	The	atmospheric	and	accelerator	measurements	will	be		
	combined	to	determine	the	oscillaMon	parameters.	

‣	Both	the	mass	hierarchy	and	CP	violaMon	are		
	expected	to	be	determined	within	<	10	years	of	operaMon.

0 1 2 3 4 5 6 7 8 9 10
)ν:νHK Years (2.7E21 POT 1:3 

0

2

4

6

8

10

2 χ
Δ

) =
 0

 e
xc

lu
sio

n 
CPδ

sin
( Statistics only

 xsec. error 2.7%)eν/eνImproved syst. (
 xsec. error 4.9%)eν/eνT2K 2018 syst. (

/2  π = -CPδ| = 2.509E-3  32
2mΔ) = 0.528  |23θ(2) = 0.0218  sin13θ(2sin

True normal hierarchy (known)
Hyper-K preliminary

exclusion_cpv_mpi2.pdf



15Nucleon decay searches
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‣	The	nucleon	decay	phenomena,	which	violates	the	baryon		
	number	conservaMon,	is	one	of	the	main	physics	goals	in	HK.	

‣	The	search	by	HK	is	expected	to	reach	the	proton	lifeMme					
	predicted	by	various	theories.	

‣	HK	has	sensiMvity	to	various	decay	modes.	

p → e+π0 diagram p → K+ν̄ diagram



16Nucleon decay searches
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‣	In	the	nucleon	decay	searches	in	HK,	event	selecMon		
	based	on	the	rings	kinemaMcs	is	applied.	
‣	Ager	the	selecMon,	the	invariant	mass	and	total	momentum		
	are	calculated	using	all	the	reconstructed	rings	and	then	the		
	number	of	events	in	signal	windows	is	calculated.

p → e+π0 MC Atmospheric neutrinos MC

Signal windows



17Expected sensitivity on nucleon decay searches

Takuya Tashiro (ICRR) 26th July 2021 EPS-HEP2021

‣The	sensi(vity	can	reach	up	to	5x1034(1x1034)	years	of	
life(me	in	 	mode	within	5	years	of	opera(on.	e+π0(ν̄K+)

‣	In	the	nucleon	decay	searches	in	HK,	event	selecMon		
	based	on	the	rings	kinemaMcs	are	applied.	
‣	Ager	the	selecMon,	the	invariant	mass	and	total	momentum		
	are	calculated	using	all	the	reconstructed	rings	and	then	the		
	number	of	events	in	signal	boxes	is	calculated.
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‣	Solar	neutrinos	are	the	neutrinos	
	originated	from	nuclear	reacMons	
	in	the	Sun.		

‣	The	measurement	of	solar		
	neutrinos	include	several	
	important	topics.

νν
Night Day

Day/Night (D/N) asymmetry

‣ 	The	terrestrial	maUer	effect		
	can	result	in	D/N	asymmetry.	

‣ 	This	can	affect	 	measurement.Δm2
21

Upturn of the spectrum

‣ 	Upturn	is	the	variaMon	of	the		
	νe	survival	probability	between	the		
	vacuum	and	MSW	dominated			
	energy	region.		
‣ 	This	is	not	observed	yet	and	can	be		
	a	hint	for	BSM	physics.
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‣	Solar	neutrinos	are	the	neutrinos	
	originated	from	nuclear	reacMons	
	in	the	Sun.		

‣	The	measurement	of	solar		
	neutrinos	include	several	
	important	topics.

νν
Night Day

Day/Night (D/N) asymmetry

‣ 	The	terrestrial	maUer	effect		
	can	result	in	D/N	asymmetry.	

‣ 	This	can	affect	 	measurement.Δm2
21

Upturn of the spectrum

Can be searched by HK

Eur. Phys. J. A 52 (2016) 87

Solar neutrinos
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Expected sensitivity on solar neutrinos
‣	The	sensiMvity	on	the	search	for		
	D/N	asymmetry	is	computed		
	based	on	the	detector		
	configuraMon	of	20%	and	40%		
	photo-coverage.		
‣	In	both	cases,	the	asymmetry		
	is	expected	to	be	observed	with	
	>	5σ	ager	10	years	of	operaMon.	

‣	In	the	upturn	analysis,	it	is		
	expected	that	the	sensi(vity		
	exceeds	5(3)σ	ager	10	operaMon		
	years	with	the	threshold	of		
	3.5(4.5)	MeV.	
	

Preliminary
Upturn discovery sensitivity

2019 solar best θ, Δm2

2020 solar best θ, Δm2

Threshold: 3.5MeV

Threshold: 4.5MeV

D/N asymmetry sensitivity
Preliminary

Rejecting no D/N hypothesis

Separation between KamLAND 
and solar best D/N 

40% Photo-Coverage
20% Photo-Coverage
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Supernova and Supernova relic neutrinos
‣	Supernova	(SN)	neutrinos	are	emiUed	by	core-collapse	SN.		

‣	Large	amounts	of	neutrinos	is	expected	to	be	detected	by		
	HK	if	a	SN	happens	in	our	galaxy(distance	of	10	kpc).	
‣11	events	were	observed	by	Kamiokande(2.14	kton)	in		
	SN1987a	(distance	of	50	kpc)	

‣	Supernova	relic	neutrinos	(SRN)	are	the	diffused	neutrinos		
	emiUed	from	past	SNe.			
‣	The	existence	of	SRN	is	widely		
	accepted,	but	it	has	not	been	
	observed	yet.	
‣	The	spectra	of	SRN	is	predicted	by		
	various	models.		
‣	The	measurement	of	SRN	can	be		
	new	tool	to	explore	the	history	of		
	the	universe.		
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Sensitivity on SN and SNR neutrinos
‣	The	event	rate	of	SR	neutrinos	is		
	computed	as	a	funcMon	of	the		
	distance	between	the	earth	and	SN.	
‣	O(10k)	events	if	a	SN	happens	in	the	
galacMc	center.	
‣	O(10)	events	if	a	SN	happens	in	M31	
(Andromeda	galaxy,	~750	kpc	away).

‣	The	number	of	detected	SRN		
		events	is	predicted	for	various	
		neutron-tagging	configuraMon.	
‣	In	the	case	of	70%	efficiency,	
	~70	events	will	be	observed		
	within	10	years	of	operaMon.	
	This	corresponds	to		
	4σ	sensi(vity.
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Summary
‣	HK,	new	water-Cherenkov	detector	with	188	kton	fiducial		
	mass,	is	being	constructed	and	the	operaMon	will	start	
	in	2027.		
‣	Various	important	physics	features	including	neutrino		
	oscillaMon,	nucleon	decay,	and	neutrino	astronomy	will	be		
	explored.		
‣	HK	is	expected	to	have	sensiMvity	to	conclude	various		
	physics	quesMons	within	~10	years	of	operaMon.	
‣	δCP	and	mass	hierarchy	in	neutrino	oscillaMon.	
‣	O(1034)	years	of	proton	lifeMme	
‣	D/N	asymmetry	and	upturn	in	solar	neutrinos.	
‣	Existence	of	SRN	neutrinos.	

‣	HK	has	an	ability	to	observe	the	SN	neutrinos	if	the	SN	burst		
	occurs	in	our	galaxy.	
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Back up
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25New 50cm PMT

第 2章 Hyper-Kamiokande 18

図 2.10 Box&Line PMT の外形 (左) と電子増幅機構 (右)、Box 型の初段ダイノードで電子
を収集し、２段目以降は Line型の多段ダイノードで増幅する。

2.3.5 ハイブリッド型光センサー

SK PMT や Box&Line PMT に用いられてきた光電管の技術と半導体素子による電子増幅の
技術を組み合わせた新たな光検出器としてハイブリッド型光センサー (HPD)が浜松ホトニクスに
よって開発されている。従来の PMTと異なり、ダイノードではなく半導体であるアバランシェダ
イオード (AD)を用いて電子を増幅する。図 2.11に示すように、光電面で光子を電子に変換する
ところは同じ原理であるが、電子は高電圧によって加速され ADに打ち込まれる。すると、AD内
で電子の入射エネルギーに応じた数の電子正孔対が生成され、これを打ち込みゲインと呼ぶ。AD

は ADの電気容量の制限により直径 20mmと非常に小型であることや、電子増幅に大きな打ち込
みゲインが必要なことから、光電面-AD 間に 8kV の高電圧が印加されている。これは、従来の
PMTに印加する 2kVよりもかなり大きな値である。しかし、この 8kVの高電圧によって、電子
を直径 20mmの ADに収集することが可能であり、典型的に約 1600の打ち込みゲインを得ること
が出来る。ADに打ち込まれた電子は AD内の電子にエネルギーを与えて半導体の伝導バンドまで
励起させる。励起された電子は AD に印加された 200∼300Vの AD バイアスによって加速され、
また他の電子を励起させる。このように AD内で電子雪崩を起こすことで電子が増幅し、AD内で
約 50∼100のアバランシェゲインを得る。このように、増幅された電子を信号として取り出すので
あるが、HPDのゲイン (∼ 105)は他の PMTのゲイン (∼ 107)と比較すると小さいため、プリア
ンプによってさらに増幅させる必要がある。HPDは HVやゲインの問題から他の PMTと比べて
使用が難しいと考えられるが、その欠点を補うメリットが数多く存在する。まず、ADを使用する
ことで電子を 1段で増幅出来るため、圧倒的な 1光電子識別能力を得ることが出来る。同様の理由
で、時間分解能も他の PMTより勝っている。また、8kVの高電圧で電子を収集することから、地

‣	In	HK,	Box&Line	PMTs	will	be	employed	as	the	50cm	ID	PMTs.	

‣	The	dynode	structure	is	modified	and	larger	quantum	and		
	correcMon	efficiency	is	realized.		
	The	detecMon	efficiency	is	~twice	as	large	as	the	SK	PMTs.	

‣	The	Mming	and	energy	resoluMon	are	also	improved	and	they	
	are	about	2	Mmes	beUer	than	SK	PMTs.
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26Sensitivity to CP violation 

3− 2− 1− 0 1 2 3

CPδTrue 
0

2

4

6

8

10

12

2 χ
Δ

) =
 0

 e
xc

lu
sio

n 
CPδ

sin
(

σ3

σ5

Statistics only
 xsec. error 2.7%)eν/eνImproved syst. (
 xsec. error 4.9%)eν/eνT2K 2018 syst. (

)ν:νHK 5 years (1.35E22 POT 1:3 

| = 2.509E-3  32
2mΔ) = 0.528  |23θ(2) = 0.0218  sin13θ(2sin

True normal hierarchy (known)
Hyper-K preliminary

exclusion_oneyear_5yr_cpv_.pdf

3− 2− 1− 0 1 2 3

CPδTrue 
0

2

4

6

8

10

12

142 χ
Δ

) =
 0

 e
xc

lu
sio

n 
CPδ

sin
( σ3

σ5

Statistics only
 xsec. error 2.7%)eν/eνImproved syst. (
 xsec. error 4.9%)eν/eνT2K 2018 syst. (

)ν:νHK 7.5 years (2.02E22 POT 1:3 

| = 2.509E-3  32
2mΔ) = 0.528  |23θ(2) = 0.0218  sin13θ(2sin

True normal hierarchy (known)
Hyper-K preliminary

exclusion_oneyear_7.5yr_cpv_.pdf

3− 2− 1− 0 1 2 3

CPδTrue 
0

2

4

6

8

10

12

14

162 χ
Δ

) =
 0

 e
xc

lu
sio

n 
CPδ

sin
( σ3

σ5

Statistics only
 xsec. error 2.7%)eν/eνImproved syst. (
 xsec. error 4.9%)eν/eνT2K 2018 syst. (

)ν:νHK 10 years (2.70E22 POT 1:3 

| = 2.509E-3  32
2mΔ) = 0.528  |23θ(2) = 0.0218  sin13θ(2sin

True normal hierarchy (known)
Hyper-K preliminary

exclusion_oneyear_10yr_cpv_.pdf



Takuya Tashiro (ICRR) 26th July 2021 EPS-HEP2021

27Sensitivity to sin2θ23 

0.4 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6
)23θ(2True sin

0

1

2

3

4

5

6

7

8

92 χ
Δ

W
ro

ng
 o

ct
an

t e
xc

lu
sio

n 

σ3

σ5

Statistics only
Improved syst.
T2K 2018 syst.

)ν:νHK 5 years (1.35E22 POT 1:3 

 = -1.601  CPδ| = 2.509E-3  32
2mΔ) = 0.0218  |13θ(2sin

True normal hierarchy (known)
Hyper-K preliminary

exclusion_oneyear_5yr_mixing23_octant.pdf

0.4 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6
)23θ(2True sin

0

2

4

6

8

102 χ
Δ

W
ro

ng
 o

ct
an

t e
xc

lu
sio

n 

σ3

σ5

Statistics only
Improved syst.
T2K 2018 syst.

)ν:νHK 10 years (2.70E22 POT 1:3 

 = -1.601  CPδ| = 2.509E-3  32
2mΔ) = 0.0218  |13θ(2sin

True normal hierarchy (known)
Hyper-K preliminary

exclusion_oneyear_10yr_mixing23_octant.pdf

0.4 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6
)23θ(2True sin

0
2
4
6
8

10
12
14
16
18
20
22
24

2 χ
Δ

) =
 0

.5
  e

xc
lu

sio
n 

23θ(2
sin

σ3
σ5

Statistics only
Improved syst.
T2K 2018 syst.

)ν:νHK 5 years (1.35E22 POT 1:3 

 = -1.601  CPδ| = 2.509E-3  32
2mΔ) = 0.0218  |13θ(2sin

True normal hierarchy (known)
Hyper-K preliminary

exclusion_oneyear_5yr_mixing23_maximal.pdf

0.4 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6
)23θ(2True sin

0

5

10

15

20

25

30

2 χ
Δ

) =
 0

.5
  e

xc
lu

sio
n 

23θ(2
sin

σ3
σ5

Statistics only
Improved syst.
T2K 2018 syst.

)ν:νHK 10 years (2.70E22 POT 1:3 

 = -1.601  CPδ| = 2.509E-3  32
2mΔ) = 0.0218  |13θ(2sin

True normal hierarchy (known)
Hyper-K preliminary

exclusion_oneyear_10yr_mixing23_maximal_wlimits.pdf


