
Sunny	
  (Seon-­‐Hee)	
  Seo	
  
Seoul	
  Na/onal	
  	
  Univ.	
  

Future	
  Long	
  Baseline	
  ν	
  Experiments 



Neutrino Oscillation & PMNS Matrix 

2012 Measurement of the smallest mixing angle θ13 
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1998:	
  θ23	
  =	
  ~45o	
  
Super-­‐K,	
  K2K	
  

2012:	
  θ13	
  ≈	
  9o	
  
Daya	
  Bay,	
  RENO	
  

2001:	
  θ12	
  ≈	
  34o	
  
SNO,	
  Super-­‐K	
  

•  Pontecorvo	
  
•  Maki	
  
•  Nakagawa	
  
•  Sakaga	
  

1962	
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Reactor	
  

θ13	
  ≈	
  9o	
  
	
  

2012	
  

Accelerator	
  

Atmosphere	
  

RENO-­‐50	
  

PINGU	
   ORCA	
  

MO	
  &	
  δCP	
  

MO	
  

MO	
  

	
  θ13 and Future ν Experiments 

MO	
  =	
  Mass	
  Ordering	
  

MO	
  &	
  δCP	
  

Sunny	
  Seo,	
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3 Generations of Kamiokande 

(?)	
  Sunny	
  Seo,	
  SNU	
   4	
  



CP phase & neutrino 
mass ordering (MO) 

Lifetime : 1035 yr  

New step to 
geo-science  

Neutrino telescope Neutrino oscillation 

Hyper-K Physics Program 
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Hyper-Kamiokande (Hyper-K) 
InauguraFon:	
  Jan.	
  2015	
  

Sunny	
  Seo,	
  SNU	
   Invisibles	
  Workshop	
  @	
  Zurich	
  2017.06.15	
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km	
   km	
   km	
   km	
  km	
  km	
  

2nd Hyper-K Detector in Korea 



Neutrino Oscillations in Kamioka  & Korea 

8	
  

/HK	
  

1o	
  

3o	
  
2.5o	
  

(L	
  =	
  295	
  km)	
  
/HK	
  (Japan)	
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Pion	
  mass	
  

Pion	
  energy	
   Pion	
  	
  
momentum	
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νe appearance probability: address 3 key parameters  

ν	
  mass	
  ordering	
  
θ23	
  octant	
  

solar	
  term:	
  suppressed	
  by	
  Δ221	
   suppressed	
  by	
  sin4θ13	
  

10	
  

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

Sunny	
  Seo,	
  SNU	
  

(_)	
   (_)	
  
CP	
  

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

2%	
  correc/on	
  to	
  the	
  1st	
  term	
  

Invisibles	
  Workshop	
  @	
  Zurich	
  2017.06.15	
  



1st Oscillation Maximum in Kamioka 



1st and 2nd Oscillation Maxima in Korea 
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Benefits of T2HKK 

Invisibles	
  Workshop	
  @	
  Zurich	
  2017.06.15	
  

The	
  following	
  physics	
  sensi/vi/es	
  are	
  improved	
  	
  
by	
  loca/ng	
  the	
  2nd	
  detector	
  to	
  Korea	
  

Ø  Neutrino	
  mass	
  ordering	
  determina/on	
  
	
  

Ø  Leptonic	
  CP	
  viola/on	
  phase	
  measurement	
  
1st&2nd	
  oscillaFon	
  	
  

maxima	
  

Deeper	
  site:	
  
650	
  vs.	
  1000	
  m	
  

Longer	
  baseline	
  
Higher	
  ν	
  energy	
  
Higher	
  maTer	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  density	
  

Ø  Non-­‐standard	
  neutrino	
  interac/on	
  

	
  

Ø  Solar/SN/SRN/ν	
  geo	
  physics	
  sensi/vi/es	
  



Unique benefits of a Korean Detector 

Stat.	
  	
  
error	
  

New	
  detector	
  at	
  Kamioka	
  
improves	
  staFsFcs	
  

Detector	
  in	
  Korea	
  measures	
  parameters	
  in	
  a	
  very	
  different	
  way	
  

Blue:	
  Energy	
  of	
  peak	
  QE	
  rate	
  
Red:	
  median	
  of	
  high-­‐energy	
  tail	
  
Green:	
  	
  	
  “	
  	
  	
  	
  	
  	
  	
  “	
  	
  	
  low-­‐energy	
  	
  	
  “	
  

Biprobabli/y	
   plots	
   olen	
   used	
   to	
  
compare	
   experiments.	
   (e.g.	
   T2K	
   vs	
  
NO𝜈A).	
   	
   Extend	
   these	
   to	
   mul/ple	
  
energies,	
  to	
  gain	
  understanding	
  of	
  2nd	
  
maxima	
  measurement.	
  

Larger	
   ellipses	
   mean	
   less	
   sensi/vity	
   to	
  
systema/c	
  errors.	
  
Shape	
  differences	
  unpick	
  degeneracies	
  with	
  
other	
  parameters.	
  (e.g.	
   ​𝜃↓23 )	
  

T2K-­‐1	
   Hyper-­‐K	
   Korea	
  (Bohyun)	
  

550	
  	
  
670	
  	
  
830
MeV	
  	
  

520	
  	
  
620	
  	
  
770	
  
MeV	
  	
  

Solid	
  lines:	
  Normal	
  Hierarchy	
  
Doped	
  lines:	
  Inverted	
  Hierarchy	
  	
  



T2HKK Inauguration 
July 10th 2016, London 

	
  MeeFng	
  aZer	
  the	
  first	
  T2HKK	
  proposal	
  talk	
  in	
  London	
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T2HKK White Paper 
November 21st 2016 

~	
  4	
  months	
  later	
  
from	
  the	
  inaugura/on	
  

arXiv:1611.06118	
  

(60	
  pages)	
  



1st T2HKK Workshop @SNU 

17	
  

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

Sunny	
  Seo,	
  SNU	
   Invisibles	
  Workshop	
  @	
  Zurich	
  2017.06.15	
  



1st T2HKK Workshop @SNU 
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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:	
  	
  

19	
  

δCP & MO Sensitivity Studies 
SimulaFon	
  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)

Sunny	
  Seo,	
  SNU	
   Invisibles	
  Workshop	
  @	
  Zurich	
  2017.06.15	
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Si
gn
ifi
ca
nc
e	
  
(σ
)	
  

Si
gn
ifi
ca
nc
e	
  
(σ
)	
  

Normal	
   Inverted	
  arXiv:1611.06118	
  



CP Sensitivities 

Known	
  	
  
MO	
  

Unknown	
  	
  
MO	
  

arXiv:1611.06118	
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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	
  

Sunny	
  Seo,	
  SNU	
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à	
  Important	
  for	
  flavor	
  symmetry	
  model	
  of	
  neutrino	
  mixing	
  

Invisibles	
  Workshop	
  @	
  Zurich	
  2017.06.15	
  

arXiv:1611.06118	
  



Fraction of δCP 

How	
  much	
  frac/on	
  of	
  	
  δCP  can we cover ?  

Sunny	
  Seo,	
  SNU	
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Beam + Atm. Data 
Mass	
  ordering	
  sensi/vity	
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Work	
  in
	
  progr

ess	
  

JD	
  +	
  KD	
  

JD	
  x	
  2	
  

sin2θ23	
  =	
  0.5	
  

0.6	
  

0.4	
  



Beam + Atm. Data 
CP	
  sensi/vity	
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Work	
  in
	
  progr

ess	
  



Beam + Atm. Data 
δCP	
  precision	
  sensi/vity	
  

Work	
  in
	
  progr

ess	
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JD	
  x	
  2	
  

JD	
  +	
  KD	
  

JD	
  +	
  KD	
  

JD	
  x	
  2	
  

δCP	
  =	
  0	
  

δCP	
  =	
  π/2	
  

sin2θ23	
  =	
  0.5	
  
0.6	
  

0.4	
  



Beam + Atm. Data 
Octant	
  sensi/vity	
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Work	
  in
	
  progr

ess	
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Low E benefits 

Super-­‐K	
  site	
  
(1	
  km)	
  

(650	
  m)	
  

1.	
  Deeper	
  site:	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  lower	
  muon	
  flux,	
  
	
  	
  	
  	
  	
  	
  	
  	
  lower	
  spalla/on	
  BKG	
  
	
  

2.	
  Geographical	
  separaFon:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  signal	
  coincidence,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  degeneracy	
  break-­‐up	
  



Low Energy Physics 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	
  maper	
  

Phys.	
  Rev.	
  D	
  77,	
  073007	
  (2008)	
  

à	
  In	
  most	
  cases,	
  these	
  are	
  improved	
  with	
  T2HKK	
  configuraFon	
  	
  

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

SensiFvity	
  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.	
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q  Neutrino	
  geophysics	
  



30	
  

SRN	
  

Solar	
  ν Korean	
  site	
  

Korean	
  site	
  

Japan	
  site	
  

Japan	
  site	
  



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 

Sunny	
  Seo,	
  SNU	
   Invisibles	
  Workshop	
  @	
  Zurich	
  2017.06.15	
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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 

Sunny	
  Seo,	
  SNU	
   Invisibles	
  Workshop	
  @	
  Zurich	
  2017.06.15	
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Tunnel	
  length:	
  2.8	
  km	
  

Mt. Bisul 

Overburden:	
  1,028	
  m	
  

Tunnels at Mt. Bisul & Bohyun 
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Tunnel	
  length:	
  3.9	
  km	
  
Mt. Bohyun 

Overburden:	
  1,038	
  m	
  



Hyper-K Schedule 
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J-PARC Beam Power Plan 
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Sunny	
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LBNF/DUNE	
  

I	
  took	
  slides	
  from	
  Ed	
  Blucher’s	
  talk	
  	
  
at	
  Fermilab	
  user’s	
  mee/ng	
  on	
  June	
  8th,	
  2017	
  	
  



Outline	
  

Sunny	
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In	
  2032	
  



Outline	
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10	
  years	
  7	
  years	
  



Outline	
  



HK:	
  x2	
  JD	
  
Beam	
  ν

HK:	
  JD	
  +	
  KD	
  
Beam	
  ν

HK:	
  JD	
  +	
  KD	
  
Beam+	
  atm.	
  ν

DUNE	
  
Beam	
  ν

Baseline	
   295	
  km	
  +	
  
295	
  km	
  

295	
  km	
  +	
  
~	
  1100	
  km	
  

295	
  km	
  +	
  
~	
  1100	
  km	
   1300	
  km	
  

Detector	
  
Fiducial	
  Vol.	
  

2	
  x	
  190	
  kton	
  
water	
  

2	
  x	
  190	
  kton	
  
water	
  

2	
  x	
  190	
  kton	
  
water	
  

40	
  kton	
  
LAr	
  

POT	
  
(run	
  /me,	
  ν:ν	
  )	
  

2.7	
  x	
  1022	
  
(10	
  yrs,	
  1:3)	
  

2.7	
  x	
  1022	
  
(10	
  yrs,	
  1:3)	
  

2.7	
  x	
  1022	
  
(10	
  yrs,	
  1:3)	
  

556/	
  kt.MW.yr	
  
(10	
  yrs,	
  1:1)	
  

δCP	
  =	
  π/2,	
  3π/2	
  
(known	
  N.O.)	
   ~	
  8	
  σ >	
  8	
  σ >	
  8	
  σ <	
  8	
  σ	
  &	
  >	
  7	
  σ

 δCP	
  precision	
  
@	
  δCP	
  =0,	
  π

17o	
   13~14o	
   ~11o	
   ~9o	
  

δCP	
  coverage	
  
(known	
  N.O.)	
   ~53	
  %	
  at	
  5	
  σ	
  	
   ~58	
  %	
  at	
  5	
  σ	
  	
   75	
  %	
  at	
  3	
  σ 65	
  %	
  at	
  3	
  σ

M.O.	
  
(true:	
  N.O.)	
  

>	
  1	
  σ	
  
for	
  all	
  δCP

>	
  6	
  σ	
  
for	
  all	
  δCP

>	
  7.5	
  σ	
  
for	
  all	
  δCP

>	
  8	
  σ	
  
for	
  all	
  δCP

Neutrino Physics in 2035 



Summary 

q  T2HKK:	
  2nd	
  Hyper-­‐K	
  detector	
  in	
  Korea	
  (1st	
  and	
  2nd	
  osc.	
  Max.)	
  
	
  

will	
  improve	
  MO	
  &	
  CP	
  sensi/vi/es	
  in	
  Hyper-­‐K.	
  	
  
δCP	
  precision	
  and	
  non-­‐standard	
  ν	
  interac/on	
  are	
  also	
  improved.	
  	
  
Solar/SN	
  burst	
  &	
  relic	
  ν	
  sensi/vi/es	
  will	
  be	
  improved	
  as	
  well.	
  

q  Hyper-­‐K	
  and	
  DUNE	
  use	
  different	
  technology	
  to	
  study	
  very	
  	
  
	
  	
  	
  challenging	
  but	
  fundamental	
  ν	
  physics	
  .	
  à	
  both	
  are	
  needed.	
  

q  Adding	
  atm.	
  data	
  will	
  improve	
  sensi/vi/es	
  a	
  liple	
  more	
  in	
  HK.	
  	
  

q  By	
  2035	
  Hyper-­‐K	
  and	
  DUNE	
  will	
  determine	
  ν	
  MO	
  at	
  high	
  CL	
  
&	
  give	
  precision	
  measurements	
  of	
  δCP	
  (discover	
  ν	
  CPV	
  ?).	
  

q  Both	
  Hyper-­‐K	
  and	
  DUNE	
  will	
  start	
  taking	
  data	
  in	
  2026.	
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Non-­‐standard	
  ν	
  Interac/on	
  
arXiv:1612.01443	
  



Non-­‐standard	
  ν	
  Interac/on	
  

arXiv:1612.01443	
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Non-­‐standard	
  ν	
  Interac/on	
  

Conclusion:	
  

arXiv:1611.06141	
   arXiv:1612.01443	
  

à 	
  	
  	
  	
  	
  	
  	
  	
  There	
  is	
  an	
  update	
  on	
  this	
  study	
  
	
  	
  	
  	
  from	
  Yasuda-­‐san’s	
  group	
  (M.	
  Ghosh)	
  tomorrow.	
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Estimated Muon Fluxes 
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SN	
  explosion	
  mechanism	
   SN	
  direc/onal	
  info.	
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