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Overview 

•  Introduction & Motivation 
 

•  What is T2HKK ? 
 

•  T2HKK sensitivity: CP phase, ν Mass Ordering 
 

•  HKK as a Neutrino Telescope 
 

•  Candidate Sites in Korea 
 

•  Summary 
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2 Generations of Kamiokande 

Scien&fic	
  Achievements	
  
•  1987:	
  Supernova	
  1987a	
  
•  1998:	
  Discovery	
  of	
  neutrino	
  oscilla/on	
  using	
  atmospheric	
  ν
•  2001:	
  Establishment	
  of	
  solar	
  ν	
  oscilla/ons	
  together	
  with	
  SNO	
  
•  2011:	
  Discovery	
  of	
  electron	
  neutrino	
  appearance	
  by	
  T2K,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  World	
  best	
  limit	
  on	
  proton	
  life/me	
  >	
  1034	
  years	
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3	
  flavors	
  of	
  ν	
  in	
  SM 	
  3	
  mass	
  eigen-­‐state	
  of	
  ν

PMNS	
  matrix	
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in	
  1962	
  

Genera/on,	
  	
  
detec/on	
  

When	
  
traveling	
  

•  Pontecorvo	
  
•  Maki	
  
•  Makagawa	
  
•  Sakaga	
  

νe	
  
 

νµ
 

ντ
 ,	
   ,	
  

ν1	
  
 

ν3	
  
 

ν2	
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PMNS	
  matrix	
  

Atmos.	
  (νµ,	
  νµ deficit)	
  
Long	
  baseline	
  (νµ	
  deficit)	
  

Reactor	
  (νe	
  deficit)	
  
Long	
  baseline	
  (νµàνe)	
  

Solar	
  (νe	
  deficit)	
  
Reactor	
  (νedeficit)	
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Neutrino Oscillation 

	
  34o	
  	
  (2001)	
  
SNO,	
  Super-­‐K	
  

Solar Neutrino 

Oscillation  

Atmos. Neutrino 
Oscillation  

Reactor Neutrino 
Oscillation  

θ12	
  	
  	
  

θ23	
  	
  	
  

θ13	
  	
  	
   	
  9o	
  	
  (2012)	
  
Daya	
  Bay,	
  RENO	
  

~45o	
  	
  (1998)	
  
Super-­‐K;	
  K2K	
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Reactor	
  

θ13	
  ≈	
  9o	
  
	
  

2012	
  

Accelerator	
  

Atmosphere	
  

RENO-­‐50	
  

PINGU	
   ORCA	
  

MO	
  &	
  δCP	
  

MO	
  

MO	
  

 θ13 and Future Experiments 

MO	
  =	
  Mass	
  Ordering	
  

MO	
  &	
  δCP	
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Hyper-Kamiokande 
Inaugura&on:	
  Jan.	
  2015	
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Hyper-K Proto-Collaboration 

Japan	
  
UK	
  

USA	
  

Canada	
  

Italy	
  



Hyper-K Design 
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Motivation of 
the 2nd Detector in Korea

Instead	
  of	
  Hyper-­‐K	
  (0.25	
  +	
  0.25	
  Mt)	
  alone	
  w/	
  2.5o	
  OAB,	
  	
  
	
  	
  	
  	
  	
  	
  HK(0.25	
  Mt)	
  w/	
  2.5o	
  +	
  Korean	
  Detector	
  (0.25	
  Mt)	
  w/	
  1~3o	
  OAB	
  

will	
  improve	
  δCP	
  and	
  mass	
  ordering	
  measurements.	
  

Because	
  oscilla/on	
  parameter	
  degeneracy	
  is	
  resolved.	
  	
  
(Different	
  baseline	
  and	
  mafer	
  effects	
  etc…)	
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Past Three T2KK Workshops 
2005 
KIAS 

2007 
U. Tokyo 

2006 
SNU 



“Why	
  don’t	
  you	
  bring	
  one	
  of	
  the	
  2	
  tanks	
  to	
  Korea	
  ?”	
  	
  
@EPP2010	
  

E.	
  Wifen	
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The first 3 minutes of T2HKK 
March 20th 2016, Fermilab 

Michael	
  Wilking	
   Akira	
  Konaka	
  

Mark	
  Hartz	
   Sunny	
  Seo	
  

Korea	
  is	
  a	
  good	
  candidate	
  site	
  
for	
  a	
  future	
  neutrino	
  physics	
  
using	
  ν	
  beam	
  from	
  J-­‐PARC.	
  

Are	
  you	
  guys	
  really	
  interested	
  	
  
in	
  doing	
  this	
  (=	
  T2HKK)	
  ?	
  

Yes	
  !	
  

Yes	
  !	
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T2HKK Inauguration 
July 10th 2016, London 

	
  Mee&ng	
  aZer	
  the	
  first	
  T2HKK	
  proposal	
  talk	
  in	
  QMUL	
  



T2HKK White Paper 
November 21st 2016 

~	
  4	
  months	
  later	
  
from	
  the	
  inaugura/on	
  

arXiv:1611.06118	
  
(60	
  pages)	
  



Brief History of T2HKK (I) 

q  2005/2006/2007:	
  a	
  large	
  Cherenkov	
  detector	
  in	
  Korea	
  using	
  
	
  	
  	
  	
  	
  	
  J-­‐PARC	
  neutrino	
  beam	
  (T2KK)	
  by	
  T.	
  Kajita.	
  	
  
à	
  3	
  joint	
  workshops	
  supported	
  by	
  KOSEF	
  and	
  JSPS.	
  

q  2015:	
  staged	
  construc/on	
  of	
  two	
  HK	
  detectors	
  at	
  Kamioka	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2	
  X	
  260	
  kton	
  

q  May	
  31,	
  2016:	
  offline	
  mee/ng	
  to	
  begin	
  discussions	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (Canada/Japan/Korea/USA)	
  

q  June	
  2016:	
  a	
  working	
  group	
  effort	
  for	
  sensi/vity	
  study	
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q  March	
  20,	
  2016:	
  re-­‐birth	
  of	
  T2KK	
  à	
  T2HKK	
  	
  



Brief History of T2HKK (II) 

q  Sept.	
  2,	
  2016:	
  1st	
  Korean	
  T2HKK	
  workshop	
  at	
  SNU	
  

q  Oct.	
  20,	
  2016:	
  KPS	
  pioneer	
  symposium	
  on	
  T2HKK	
  

q  Nov.19,	
  2016:	
  T2HKK	
  white	
  paper	
  release	
  to	
  arXiv	
  

q  Nov.	
  21-­‐22	
  2016:	
  1st	
  Interna/onal	
  T2HKK	
  workshop	
  at	
  SNU	
  

q  July	
  10,	
  2016:	
  official	
  kick-­‐off	
  mee/ng	
  in	
  London	
  
	
  	
  	
  	
  	
  	
  à	
  T2HKK	
  proposal	
  accepted	
  in	
  Hyper-­‐K	
  (Seon-­‐Hee	
  Seo)	
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q  T2HKK	
  working	
  group	
  in	
  Hyper-­‐K	
  (convener:	
  Seon-­‐Hee	
  Seo)	
  
	
  	
  	
  	
  	
  	
  Regular	
  working	
  group	
  mee/ng	
  for	
  sensi/vity	
  studies	
  	
  
	
  	
  	
  	
  	
  	
  and	
  construc/on	
  plan	
  including	
  white	
  paper	
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T2HKK 

km	
   km	
   km	
   km	
  km	
  km	
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Off-axis Beam 
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A. Rubbia, T2KK07 

Pion	
  mass	
  

Pion	
  energy	
   Pion	
  	
  
momentum	
  



Neutrino Oscillations in Kamioka  & Korea 



1st Oscillation Maximum in Kamioka 



1st and 2nd Oscillation Maxima in Korea 
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T2HKK Physics Reach 

q  Physics	
  programs:	
  the	
  same	
  as	
  the	
  Hyper-­‐K	
  
q  Physics	
  sensi&vi&es:	
  becer	
  in	
  the	
  following	
  topics	
  

§  CP	
  viola&on	
  phase	
  measurement	
  
§  Neutrino	
  mass	
  ordering	
  determina&on	
  
§  Non-­‐standard	
  neutrino	
  interac/on	
  

Beam	
  	
  
Neutrinos	
  
(T2HKK)	
  

HKK	
  can	
  serve	
  as	
  a	
  neutrino	
  telescope	
  for	
  ~30	
  years.	
  

	
  neutrinos	
  
from	
  nature	
  

(HKK)	
  

§  Solar	
  neutrinos	
  physics	
  
§  Supernova	
  burst/relic	
  neutrinos	
  
§  Neutrino	
  geophysics	
  
§  Low	
  energy	
  dark	
  mafer	
  search	
  
§  etc…	
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CP	
  viola&on	
  in	
  leptonic	
  sector	
  

•  Mafer	
  an/-­‐mafer	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  asymmetry	
  

•  flavor	
  symmetry	
  models	
  
	
  	
  	
  	
  	
  	
  	
  	
  of	
  neutrino	
  mixing	
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CPV Sensitivities 

v T2HKK	
  sensi/vity	
  is	
  befer	
  than	
  HK	
  sensi/vity	
  in	
  this	
  plot.	
  

v DUNE	
  is	
  the	
  future	
  flagship	
  neutrino	
  experiment	
  in	
  USA.	
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Neutrino	
  mass	
  ordering	
  

•  GUT	
  à	
  NO	
  	
  
•  Origin	
  of	
  the	
  universe	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  IO	
  	
  
•  Connec/on	
  to	
  Dirac	
  or	
  
	
  	
  	
  	
  	
  	
  Majorana	
  nature	
  of	
  ν	
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NO:	
  Normal	
  Ordering	
  
	
  
IO:	
  Inverted	
  Ordering	
  



νe 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	
  ν
(+/-­‐)	
  sign	
  is	
  for	
  ν
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(_)	
   (_)	
  
CP	
  

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

2%	
  correc/on	
  to	
  the	
  1st	
  term	
  



Mass	
  ordering	
  

(_)	
   (_)	
  

νe appearance probability (mass ordering) 

rA	
  =	
  6%	
  @0.6GeV	
  
	
  	
  	
  	
  	
  	
  	
  9%	
  @0.9GeV	
  
	
  	
  	
  	
  	
  	
  	
  12%	
  @1.2GeV	
  

1)	
  The	
  amplitude	
  of	
  the	
  oscilla/on	
  is	
  enhanced	
  or	
  suppressed	
  	
  via	
  the	
  	
  (1	
  -­‐/+	
  rA)2	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  in	
  the	
  denominator,	
  which	
  is	
  	
  ±	
  24%	
  effect	
  at	
  1.2	
  GeV.	
  
	
  

2)	
  the	
  energy	
  posi/on	
  of	
  the	
  oscilla/on	
  extrimum,	
  this	
  especially	
  apparent	
  in	
  the	
  	
  	
  
	
  	
  	
  	
  1st	
  oscilla/on	
  minimum,	
  i.e.	
  	
  L/E	
  ≈	
  4π	
  /	
  (	
  Δ31	
  *	
  (1	
  -­‐/+	
  rA)),	
  mafer	
  term	
  changes	
  	
  
	
  	
  	
  the	
  energy	
  posi/on	
  of	
  the	
  first	
  oscilla/on	
  minimum	
  by	
  ±	
  10%.	
  

If	
  Normal/Inverted	
  Ordering,	
  	
  
(-­‐/+)	
  sign	
  is	
  for	
  ν
(+/-­‐)	
  sign	
  is	
  for	
  ν
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g/cm3	
  

g/cm3	
  

Off-axis Beam and Matter Density 

Mafer	
  term:	
  

More	
  mafer	
  effects	
  	
  
à	
  befer	
  MO	
  determina/on	
  

•  Longer	
  baseline	
  
•  Higher	
  mafer	
  density	
  
•  Higher	
  neutrino	
  energy	
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•  2.7x1022	
  POT	
  with	
  ν	
  :	
  ν	
  =	
  1	
  :	
  3	
  opera/on	
  ra/o	
  

	
  	
  	
  à	
  10	
  years	
  of	
  opera/on	
  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	
  

•  Oscilla/on	
  parameters:	
  	
  

37	
  

δCP & MO Sensitivity Studies 
Simula&on	
  parameters	
  

u Note:	
  Rela/vely	
  simple	
  systema/c	
  uncertainty	
  model	
  is	
  used.	
  
	
  	
  	
  	
  	
  More	
  realis/c	
  systema/c	
  uncertainty	
  implementa/on	
  is	
  needed.	
  



Mass Ordering Sensitivities 

HK+KD	
  1.5o:	
  	
  	
  6	
  ~	
  8	
  σ	
  for	
  all	
  δCP
HK	
  x2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  1	
  ~	
  4.5	
  	
  σ	
  for	
  all	
  δCP	
  
                     (< 3 σ for	
  most	
  cases)

HK+KD	
  1.5o:	
  	
  	
  5.5	
  ~	
  7	
  σ	
  for	
  all	
  δCP
HK	
  x2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  	
  	
  1	
  ~	
  5	
  	
  σ	
  for	
  all	
  δCP	
  
                      (< 3 σ for	
  most	
  cases)
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Si
gn
ifi
ca
nc
e	
  
(σ
)	
  

Si
gn
ifi
ca
nc
e	
  
(σ
)	
  



νe appearance probability: CP violation 
(_)	
   (_)	
  

CP	
  

L/E	
  =	
  (π/2)χ(4/Δ31)	
  for	
  1st	
  max.	
  and	
  (3π/2)χ(4/Δ31)	
  for	
  2nd	
  max.:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  L/E	
  	
  	
  	
  à	
  	
  	
  x3	
  more	
  CP	
  effect	
  @	
  2nd	
  max	
  
Degeneracies	
  
	
  

	
  	
  -­‐	
  sin2θ23	
  à	
  More	
  precise	
  study	
  to	
  be	
  done	
  by	
  T2K/HK	
  
	
  	
  -­‐	
  mafer	
  term,	
  (1-­‐/+rA),	
  causes	
  “discrete”	
  degeneracy	
  with	
  CP	
  when	
  MO	
  is	
  unknown	
  
	
  	
  -­‐	
  degeneracy	
  in	
  phase	
  with	
  Δ31	
  limits	
  CP	
  phase	
  resolu/on:	
  2nd	
  max.	
  @T2HKK	
  	
  	
  
	
  	
  	
  	
  needed	
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HK	
  x	
  1	
  (295	
  km)	
   KD	
  (1100	
  km)	
  

x3	
  more	
  	
  
CP	
  effect	
  	
  

x3	
  more	
  	
  
CP	
  effect	
  	
  

νe	
  candidates	
  

neutrinos	
  

an&-­‐neutrinos	
  



δCP Sensitivities 

Known	
  	
  
MO	
  

Unknown	
  	
  
MO	
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δCP Precision Sensitivities 

At	
  maximum	
  CP	
  viola/on:	
  	
  HK+KD	
  1.5o:	
  σ(δCP)	
  =	
  13~14	
  degree	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  HK	
  x2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  σ(δCP)	
  ~	
  17	
  degree	
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à	
  Important	
  for	
  flavor	
  symmetry	
  model	
  of	
  neutrino	
  mixing	
  



Fraction of δCP 

How	
  much	
  frac/on	
  of	
  	
  δCP  can we cover ?  
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Seon-­‐Hee	
  Seo,	
  SNU	
   44	
  

Additional benefits 

1.	
  Longer	
  baseline:	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  2nd	
  osc.	
  max,	
  
	
  	
  	
  	
  	
  	
  	
  	
  mafer	
  effect	
  

δCP,	
  mass	
  ordering	
  

sources	
  

Super-­‐K	
  site	
  
(1	
  km)	
  

(650	
  m)	
  

2.	
  Deeper	
  site:	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  lower	
  muon	
  flux,	
  
	
  	
  	
  	
  	
  	
  	
  	
  lower	
  spalla/on	
  BKG	
  
	
  

3.	
  Geographical	
  separa&on:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  signal	
  coincidence,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  degeneracy	
  break-­‐up	
  



Additional benefits 

q  Non-­‐standard	
  new	
  physics	
  

q  Solar	
  neutrino	
  physics	
  

q  Super-­‐Nova	
  Relic	
  neutrino	
  detec/on	
  

(1)	
  Quantum	
  decoherence,	
  	
  
(2)	
  /ny	
  viola/on	
  of	
  Lorentz	
  symmetry	
  without/with	
  CPT	
  invariance,	
  	
  
(3)	
  nonstandard	
  neutrino	
  interac/ons	
  with	
  mafer	
  

Phys.	
  Rev.	
  D	
  77,	
  073007	
  (2008)	
  

à	
  In	
  most	
  cases,	
  these	
  are	
  improved	
  with	
  T2HKK	
  configura&on	
  	
  

(1)	
  Day/night	
  asymmetry	
  due	
  to	
  MSW	
  mafer	
  effect	
  in	
  Earth	
  
(2)	
  HEP	
  solar	
  neutrinos	
  
(3)	
  energy	
  spectrum	
  upturn	
  

Sensi&vity	
  improves	
  

(1)	
  SRN	
  detec/on	
  capability	
  below	
  20	
  MeV	
  improves	
  
(2)	
  Detec/on	
  efficiency	
  is	
  more	
  than	
  twice	
  in	
  [16,	
  18]	
  MeV	
  than	
  HK	
  site.	
  

45	
  

q  Neutrino	
  geophysics;	
  Low	
  energy	
  DM	
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Neutrino Sources & Fluxes 
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1	
  million	
  neutrinos/day	
  per	
  banana	
  
from	
  the	
  decay	
  of	
  naturally	
  occurring	
  radioac/ve	
  potassium	
  atoms	
  they	
  have.	
  

Even	
  bananas…	
  

Seon-­‐Hee	
  Seo,	
  SNU	
  

à	
  0.1	
  microsivert	
  (µSv)	
   Cf)	
  	
  chest	
  X-­‐ray	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  0.1	
  mSv	
  
	
  	
  	
  	
  	
  	
  	
  Chernobyl	
  exposure:	
  350	
  mSv	
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SN	
  1987A	
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à	
  Supernova	
  explosion	
  mechanism	
  could	
  be	
  revealed.	
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SN	
  explosion	
  mechanism	
   SN	
  direc/onal	
  info.	
  
by	
  ν+e	
  scafering	
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Supernova Relic Neutrinos (SRN) 
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SRN: Physics Motivation 

Supernova	
  rate	
  problem:	
  ~1.8	
  (+1.6-­‐0.6)	
   SRN	
  spectrum	
  may	
  solve	
  	
  
the	
  supernova	
  rate	
  problem.	
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With	
  Gadolinium	
  loading	
  op&on	
  

Supernova Relic Neutrinos in HK 

•  Neutron	
  tagging	
  capability	
  reduces	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  background	
  dras/cally.	
  

•  To	
  detect	
  diffuse	
  neutrinos	
  from	
  SN	
  
•  98	
  +/-­‐	
  20	
  events	
  (4.8	
  σ)	
  are	
  expected	
  in	
  10	
  years.	
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Indirect Dark Matter Search 
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Proton Decay Search 
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Site	
   OAB	
   Baseline	
  [km]	
   Height	
  [m]	
  

Mt.	
  Bisul	
   ~1.3o	
   1088	
  km	
   1084	
  m	
  

Mt.	
  Hwangmae	
   ~1.8o	
   1140	
  km	
   1113	
  m	
  

Mt.	
  Sambong	
   ~1.9o	
   1180	
  km	
   1186	
  m	
  

Mt.	
  Bohyun	
   ~2.2o	
   1040	
  km	
   1126	
  m	
  

Mt.	
  Minjuii	
   ~2.2o	
   1140	
  km	
   1242	
  m	
  

Mt.	
  Unjang	
   ~2.2o	
   1190	
  km	
   1125	
  m	
  

Site candidates for a 2nd osc. maximum detector in Korea 
 

--  Baselines with 1,000~1,200 km 
--  2.0~2.5o or 1.5~2.0o  off axis beam directions 
--  >1,000 m high mountains with hard granite rocks 

Some candidate sites in Korea 
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Some Candidate Sites 
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Mt. Bisul at Dalsung (1,084m high) 

§  Excellent accessibility: Dalsung district in the city of Daegu       
← near Technopolis area, KTX from Seoul, access road, 
electricity, water 



Mt. Bisul (II) 



Mt. Bisul (III) 
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~1,088	
  km	
  baseline,	
  ~	
  1.3o	
  OAB,	
  1,084	
  m	
  height	
  	
  



Mt. Bisul (IV) 
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Mt. Bohyun at Pohang (1,1126 m high) 
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~1,040	
  km	
  baseline,	
  ~	
  2.2o	
  OAB,	
  1,126	
  m	
  height	
  	
  



1st T2HKK Workshop @SNU 
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q 1st	
  T2HKK	
  workshop	
  (Nov.	
  21-­‐22)	
  at	
  SNU	
  was	
  successfully	
  finished.	
  	
  



1st T2HKK Workshop @SNU 
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1st T2HKK Workshop Drinks 
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Hyper-K Construction Timeline 
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J-PARC Beam Power 



Summary   
ü  The	
  last	
  and	
  smallest	
  neutrino	
  mixing	
  angle,	
  θ13,	
  is	
  
	
  	
  	
  	
  	
  	
  discovered	
  by	
  Daya	
  Bay	
  and	
  RENO	
  in	
  2012.	
  	
  
	
  	
  	
  à	
  open	
  up	
  window	
  for	
  CP	
  phase	
  &	
  ν	
  mass	
  ordering	
  exp.	
  

ü  T2HKK	
  is	
  a	
  befer	
  configura/on	
  than	
  2	
  detectors	
  in	
  Japan.	
  

ü  Neutrino	
  beams	
  from	
  Japan	
  is	
  coming	
  to	
  Korea	
  at	
  this	
  
	
  	
  	
  	
  	
  	
  moment.	
  à	
  It’s	
  befer	
  to	
  build	
  it	
  in	
  Korea	
  ASAP.	
  

ü  Hyper-­‐K	
  is	
  a	
  mul&-­‐purpose	
  detector	
  from	
  par/cle	
  physics	
  
	
  	
  	
  	
  	
  	
  to	
  neutrino	
  astronomy.	
  It	
  can	
  take	
  data	
  for	
  ~30	
  years.	
  

ü  World	
  class	
  discoveries	
  are	
  expected.	
  

ü  We	
  need	
  you	
  to	
  work	
  on	
  T2HKK	
  !!	
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Thank	
  you	
  very	
  much	
  for	
  your	
  afen/on	
  !	
  



First hint of δCP combining 
Reactor and Accelerator data 

Best overlap is for  
Normal hierarchy & δCP = - π/2 
 
Is Nature very kind to us? 
Are we very lucky? 
Is CP violated maximally? 

Strong motivation for  
anti-neutrino run and precise 
measurement of θ13 

(T2K:  PRL 112, 061802, 2014) 75 

θ13 from Reactor and Accelerator Experiments
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T2HK (Japan) Physics Potentials 
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•  Why	
  our	
  universe	
  consists	
  of	
  almost	
  mafer	
  ?	
  
	
  	
  	
  	
  	
  -­‐-­‐	
  Where	
  is	
  an/-­‐mafer	
  ?	
  
	
  	
  	
  	
  	
  -­‐-­‐	
  Why	
  not	
  mafer	
  &	
  an/-­‐mafer	
  annihilated	
  completely	
  ?	
  

CP Violation 

•  At	
  big	
  bang,	
  there	
  were	
  large	
  amount	
  of	
  mafer	
  &	
  an/-­‐mafer	
  
	
  	
  	
  	
  -­‐-­‐	
  most	
  of	
  them	
  annihilated	
  
	
  	
  	
  	
  -­‐-­‐	
  but	
  /ny	
  excess	
  of	
  mafer	
  due	
  to	
  small	
  asymmetry	
  
	
  	
  	
  	
  -­‐-­‐	
  Andrej	
  Sacharow	
  in	
  1967	
  listed	
  condi/ons	
  for	
  such	
  asymmetry	
  
	
  	
  	
  	
  	
  	
  	
  	
  and	
  CP	
  viola/on	
  is	
  one	
  of	
  them.	
  

A	
  possible	
  explana/on:	
  


