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Remaining	  Issues	  for	  Large	  Neutrino	  
Experiments	  in	  future	

•  Neutrino	  Oscilla/on	  (Atmospheric	  ν	  and	  Accelerator	  ν	  beam	  
(J-‐PARC))	  
–  θ23	  by	  SK	  in	  1998;	  θ12	  by	  SNO+SK	  in	  2001;	  θ13	  by	  T2K(SK)	  in	  2011.	  
è	  	  CP	  phase,	  Mass	  Hierarchy,	  Octant	  of	  θ23	  

•  Astrophysical	  Neutrinos	  
–  Solar	  neutrinos	  
è	  Upturn	  (Sterile?),	  Day/Night	  (Earth’s	  Ma[er	  Effect)	  	  
–  Neutrinos	  from	  Supernovae	  
è	  Detailed	  explosion	  mechanism	  (ν	  Burst);	  Past	  history	  of	  the	  
Universe	  (Relic	  SN	  ν)	  

•  Proton	  Decay	  
–  2012	  (τ[e+π0]	  >	  1.3	  x	  1034	  years	  by	  SK)	  	  
è	  In	  the	  region	  of	  1035	  years	  (test	  of	  GUTs)	  

•  Dark	  MaAer	  (Neutrinos	  from	  GC,	  Sun	  and	  Earth)	  
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Hyper-‐Kamiokande	  Detector	  
Reference:	  LOI	  by	  Hyper-‐K	  WG,	  arXiv:	  1109.3262	  [hep-‐ex]	

•  Total	  vol. 	   	  	  	  	  ∼1 	   	  Megaton	  
–  Outer	  vol. 	   	  0.2	  	   	  Mton	  
–  Inner	  vol.	   	   	  0.74 	  Mton	  

•  Fiducial	  vol. 	   	  0.56 	  Mton	  	  
–  (0.056	  Mton	  x	  10	  comp.)	  
	  	  	  	  X	  25	  of	  Super-‐Kamiokande	  

Photo-‐sensors	  	  
•  99,000	  of	  50	  cm	  

diameter	  light	  sensors	  
for	  the	  Inner	  Detector	  
(20%	  photo-‐coverage	  
ó	  40%	  (SK))	  
[May	  need	  higher	  
sensor	  density	  
compartment]	  

•  25,000	  of	  20	  cm	  φ	  
light	  sensors	  for	  the	  
Outer	  Detector	  
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CPV	  measurement	  w/	  J-‐PARC	  ν 
Extension	  of	  T2K	  with	  Hyper-‐K	

•  Distance:	  295	  km	  (short)	  	  
è  less	  ma[er	  effect:	  good	  for	  

CP	  measurement	  
•  2.5	  deg.	  Off-‐Axis	  Beam	  	  

è	  low	  energy	  (∼0.6	  GeV)	  and	  
narrow	  band	  beam	  

Same	  as	  T2K	  ó	  LBNE,	  LBNO	

Hyper-‐Kamiokande	  
(Kamioka,	  Observatory,	  
ICRR,	  Univ.	  of	  Tokyo)	  

Look	  for	  νµ	  à	  νe	  appearance	  
AssumpOon:	  Total	  7.5	  MW	  year	  of	  running	  
•  ν	  mode:	  0.75	  MW	  x	  3	  yrs	  and	  ν	  mode:	  0.75	  MW	  x	  7	  years	  

Aler	  reconstrucmon	  and	  selecmons	

Reconstructed	  
Neutrino	  Energy	
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CPV	  measurement	  w/	  J-‐PARC	  ν 
Extension	  of	  T2K	  with	  Hyper-‐K	

For	  total	  7.5	  MWyr	  of	  running	  
•  ∼3,500	  νe	  signal	  (total	  	  ∼1600	  BG);	  ∼2,000	  νe	  signal	  (Total	  ∼2000	  BG)	  
•  Major	  BG:	   	  Beam	  νe/νe	  and	  NCπ0;	  

	   	   	  	   	  Wrong	  sign	  appearance	  of	  νe	  in	  νµ	  beam	  	  	  

•  5%	  systemamcs	  on	  signal,	  νµ	  BG,	  νe	  BG	  
è	

•  δCP	  resolumon	  	  <	  10o	  (@	  δCP=0)	  
•  Fracmonal	  δ	  range	  (CP	  can	  be	  discovered):	  	  

²  74%	  with	  more	  than	  3σ	  (known	  MH)	  
²  55%	  with	  more	  than	  3σ	  (MH	  not-‐known)	  

Difference	  of	  the	  reconstructed	  
neutrino	  energy	  distribumon	  for	  
δCP	  	  =	  1/2π, π,-‐1/2π	  from	  δCP	  =	  0	  
case	

ν	 ν	

(	  	  	  	  )	 (	  	  	  	  )	

Reactor	  
θ13:	  1σ	
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Atmospheric	  neutrinos	

•  Mass	  hierarchy	  
–  Ue3	  ma[er	  enhancement	  

•  Δm13
2=2.4x10-‐3	  eV2	  è	  ∼10GeV	  

–  Resonance	  condimon	  (±V∼Δm2)	  
•  NMH	  è	  ν undergoes	  resonance,	  but	  not	  ν	  
•  IMH	  è	  ν undergoes	  resonance,	  but	  not	  ν	  

•  Octant	  of	  θ23	  
–  Many	  places:	  different	  ways	  to	  show	  up	  for	  

different	  samples	  
•  CP-‐phase	  

–  Interference	  term	  (Higher	  resonance	  eff	  is	  be[er)	  
è	  Atmospheric	  neutrinos	  have	  a	  clear	  signature	  of	  
those	  effects	

νe	  appearance	  in	  3	  flavor	  oscilla/on	

Solar	  term	

Interference	  term;	  δCP	
Ue3	  term;	  maAer	  enhancement	

Negligible	  Ue3	  term	

_	

•  ~	  :	  mixing	  angle	  in	  ma[er	  
•  P2	  =	  |Aeµ|2:	  	  νµ	  à	  νe	  in	  ma[er	  
•  R2	  =	  Re(A*

eeAeµ),	  	  	  	  I2	  	  =	  Im(A*
eeAeµ)	  
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Atmospheric	  neutrinos	

•  Mass	  hierarchy	  
–  Ue3	  ma[er	  enhancement	  

•  Δm13
2=2.4x10-‐3	  eV2	  è	  ∼10GeV	  

–  Resonance	  condimon	  (±V∼Δm2)	  
•  νóNMH,	  but	  νóIMH	  

•  Octant	  of	  θ23	  
–  Many	  places:	  different	  ways	  to	  show	  up	  for	  

different	  samples	  
•  CP-‐phase	  

–  Interference	  term	  
è	  Atmospheric	  neutrinos	  have	  a	  clear	  signature	  
of	  those	  effects	

νe	  appearance	  in	  3	  flavor	  oscilla/on	

Solar	  term	

Interference	  term;	  δCP	
Ue3	  term;	  maAer	  enhancement	

Negligible	  Ue3	  term	

_	

•  ~	  :	  mixing	  angle	  in	  ma[er	  
•  P2	  =	  |Aeµ|2:	  	  νµ	  à	  νe	  in	  ma[er	  
•  R2	  =	  Re(A*

eeAeµ),	  	  	  	  I2	  	  =	  Im(A*
eeAeµ)	  
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Atmospheric	  neutrinos	

Normal	  Mass	  Hierarchy	   Inverted	  Mass	  Hierarchy	  

Δχ2	  hierarchy	  (wrong	  hierarchy	  rejec/on)	  
Mass	  hierarchy	  
determina/on	  
•  sin22θ13=0.10	  fixed	  
•  Thickness	  of	  band:	  range	  of	  

CP	  
•  Sensimvity	  depends	  on	  θ23	  
•  Mass	  Hierarchy	  will	  be	  

determined	  @>3σ	  for	  sin2θ23	  
>	  0.42	  (0.43)
[normal(inverted)]	  

θ23	  Octant	  	  
determina/on	  	  
•  sin22θ13=0.10	  fixed	  
•  Octant	  can	  be	  determined	  @	  

>3σ	  if	  sin2θ23	  <	  0.47	  (0.45)	  and	  
sin2θ23	  >	  0.53	  (0.56)	  for	  normal	  
(inverted)	  mass	  hierarchy	  	  	  

10	  years	 10	  years	

10	  years	10	  years	

True	  NMH	  
MH	  unknown	

True	  IMH	  
MH	  unknown	
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•  Supernovae	  in	  nearby	  galaxies	

Supernova	  neutrinos	

9	

Cumulamve	  supernova	  rate	 Hyper-‐K	  detecmon	  probability	

∼ 0.1	

•  >50%	  efficiency	  is	  esmmated	  for	  required	  signal	  mulmplicity	  of	  3	  for	  
SN	  at	  2	  Mpc	  distance.	  

•  1	  SN	  about	  every	  10	  years	  is	  expected	  within	  2	  Mpc.	  

No	  osc.	
N.	  H.	
I.	  H.	

E	  >	  10	  MeV	  
Time	  window	  =	  10sec.	  >	  0.5	
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Nucleon	  decay	
•  10	  mmes	  be[er	  sensimvity	  than	  Super-‐K.	  

–  Only	  realismc	  plan	  to	  go	  beyond	  1035	  years	  
for	  pàe+π0	核子崩壊の探索

現在の制限(SK)の
~10 倍の感度

•p→e+π0:
•1.3×1035yrs (90%CL)
•5.7×1034yrs (3σ)

•p→νK+:
•2.5×1034yrs (90%CL)
•1.0×1034yrs (3σ)

(10 years)

31

>1035年の感度(p→e+π0)

をもつ唯一の現実的計画

10	  years	  of	  Hyper-‐K	  operamon	

e++π0	  
•  1.3×1035	  years	  (90%	  C.L.)	  
•  5.7×1034	  years	  (3σ	  discovery)	  
ν+K+	  (SUSY	  favored)	  
•  3.2×1034	  years	  (90%	  C.L.)	  
•  1.2×1034	  years	  (3σ	  discovery)	
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A	  candidate	  site	  and	  
Cavern	  stability	  analysis	

•  Candidate	  site	  
–  8	  km	  south	  from	  Super-‐K	  
–  648	  m	  of	  rock	  overburden	  (1,750	  m.w.e)	  
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Tank	  and	  photo-‐sensor	  support	

Housing	  

Mounmng	  Photo-‐sensor	  Photo-‐sensor	  
support	  

Polyethylene	  sheet	  

Lining	  &	  drain	  system	  

•  Baseline	  design	  of	  the	  water	  
containment	  system	  and	  photo-‐
sensor	  support	  are	  ready	  

•  Build	  a	  prototype	  detector	  (1kt)	  
–  Funding	  request	  approved	
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Photo-‐sensor	
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!  High!performance!and!low!cost!
!  However,!factors!to!consider!for!viability!in!Hyper=K!are:!

"  !Dark!noise!from!AD!+!Amp.,!HV!around!8kV,!low!gain,!!
!!!!!!!!!!!!!!!thermal!dependence!of!AD!gain,!No!prior!experience!using!!!

!

$� $�$�

Metal dynode�

1-2kV ~8kV 

Avalanche Diode (AD)�

x ~ 5 �

× ~400 × ~200 Avalanche!gain�Bombardment!gain�

     ΔV 
 ~ -300V 

Bombardment!gain�

Amp�

×!Amp!gain�

Typical!values!in!8=inch!HPD!prototype�

High!voltage!around!8kV!is!required!
!!!!!!!to!collect!electrons!in!the!small!region!of!AD!(5=20mm)!!
!!!!!!!to!increase!gain!at!electron=bombardment!�

PMT!(20”)� HPD!(8”)�
HV� 1=2kV� ~8kV�
Gain� ~107� ~104!=!105�
C.E.� ~80%� ~97%�

Same!photo!cathode!(Q.E.)�

Hybrid�

×!dynode!
!gain�

Multi p.e.分解能

6

ped.

5p.e.

4p.e.
3p.e.2p.e.

1p.e.

電荷量(pC) 分解能が光電子数の統計
に従っている

低エネルギー(1p.e.~4p.e.)

において線形性がある

1 ４３２ p.e.

分解能
0.26

0.14

0.10

0.18

0.22

1 ２ ３ ４p.e.

30
25
20
15
10

13年4月8日月曜日

TTS...Transit Time Spread

7

ベースラインから波高の
２５％に到達するまでの
時間(Transit Time)を測定

1p.e. TTS
σ=0.86ns

（SKの20” PMTの1p.e. TTS ~2.2ns）
優れた時間分解能

を持つ

オシロスコープで波形を取得して解析

25%

精度の良いvertex再構成のために高い時間分解能が必要

光源と同期し
たトリガー

8”HPD

光源から光子が放出されてから信号として出力されるまでの時間ゆらぎ

Transit Time

TTSが小さい⇒時間分解能◎

-4 -2 0 2 4 ns

13年4月8日月曜日

•  Candidates	  for	  ID	  sensor	  
–  50	  cm	  Hybrid	  Photo	  Detector	  (HPD)	  
–  (New	  20”	  PMT	  as	  backup)	  

•  20	  cm	  HPD	  prototype	  under	  evaluamon	  
–  Showing	  good	  basic	  performance.	  
–  Proof	  test	  in	  a	  water	  tank	  (EGADS	  200	  ton)	  from	  this	  summer.	  

•  50	  cm	  HPD	  prototype	  is	  expected	  in	  a	  few	  month	

39

Photo-sensor
• Candidates for ID sensor

• 20” Hybrid Photo Detector (HPD)

• (New 20” PMT as backup)

• Proof test of 8” HPD in a water tank from this winter 

• 20” HPD prototype is expected in ~a half year

Pre3calibra=on!and!performance!evalua=on!!
!  !Calibrate!gain!before!test!in!water!
!  !Detailed!evalua=on!of!performance!and!!
!check!long3term!stability!

!  !Study!of!reflector!and!light!collector,!etc.!
!
Proof!test!in!water!by!EGADS!tank!!
!  !Measure!Cherenkov!light!

! ! !!with!wide!dynamic!p.e.!range!
!  !Compare!with!20”!PMT!
!  !Start!since!this!summer!

17/May/2012� Hyper3K!photo3sensor!and!DAQ!(Nishimura)� ��

→!83inch!HPD!is!measured!at!first.!

EGADS!20”PMT!case�

EGADS!200!ton!tank�
@Kamioka

Preparation @ Kamioka

12年10月1日月曜日

8”	  HPD	
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Schedule	

-4	 -3	 -2	 -1	 1	 2	 3	 4	 5	 6	 7	 8	 9	

　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	

　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	

　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	

　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	 　	

Construcmon	  start	

Tunnels	
Cavity	  excavamon	

Concrete,	  liner	
HPD	  support,	  HPD	  installamon	

Photo-‐sensor	  R&D	

Prep.	  for	  glass	  valve	  
HPD	  producmon	

Water	  filling	

Operamon	
HK	  construcmon	  takes	  ∼7	  years	
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Internamonal	  Hyper-‐K	  Meemngs	
•  Hyper-‐K	  is	  open	  to	  the	  internamonal	  community.	  
•  Three	  Hyper-‐K	  Open	  meemngs	  @	  Kavli	  IPMU,	  Kashiwa,	  JAPAN	  

–  Aug.	  2012	  (1st),	  Jan.2013	  (2nd),	  Jun.	  2013	  (3rd)	  

	  
	  
	  
	  
	  
–  ~100	  parmcipants	  (~50%	  from	  abroad)	  

•  Internamonal	  Working	  Group	  was	  formed.	  	  
•  Next	  meemng:	  Jan.	  27-‐28,	  2014	  @	  Kavli	  IPMU,	  Kashiwa,	  JAPAN	  

–  Open	  to	  anyone	  interested	  in	  Hyper-‐K	  Project	  

Group	  photo	  
@	  3rd	  meemng	
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Summary	
•  Hyper-‐K	  has	  great	  potenmal	  for	  wide	  range	  of	  physics	  

–  Discovery	  potenmal	  of	  CPV	  (δCP)	  for	  74%	  of	  the	  region	  with	  3σ.	  
–  Determine	  Mass	  hierarchy	  and	  θ23	  octant	  with	  3σ	

–  Proton	  decay:	  Sensimvity	  for	  	  e+p0	  mode	  in	  O(1035	  yrs)	  	  
–  Supernovae	  

•  Bursts:	  200	  k	  for	  	  a	  SN	  at	  10kpc	  
•  Sensimvity	  to	  2	  Mpc	  with	  Nν ≥	  3	  
•  Relic	  SN	  ν:	  	  

–  Solar	  neutrinos	  
•  200	  ν	  /day:	  	  Upturn	  (Sterile?),	  D/N	  (Earth’s	  ma[er	  effect)	  

–  Others	  and	  unexpected	  
•  Preparamon	  works	  are	  in	  progress	  

–  HK	  caverns	  are	  proved	  to	  be	  constructed	  at	  the	  candidate	  site.	  
–  20	  cm	  HPD	  prototypes	  show	  good	  performance.	  
–  50	  cm	  HPD	  prototypes	  will	  arrive	  in	  a	  few	  month.	  2013/08/14	 Y.	  Suzuki	  @Windows	  on	  the	  Universe	  in	  Quy	  Nhon,	  Vietnam	 16	


