
Neutrino	
  Oscilla/on	
  study	
  with	
  	
  
Hyper-­‐Kamioande	
  	


1	




Outline	


•  Introduc/on	
  of	
  Next	
  Genera/on	
  Project:	
  
Hyper-­‐Kamiokande	
  

•  Physics	
  poten/als	
  (limited	
  topics)	
  
– Neutrino	
  oscilla/on	
  with	
  atmospheric	
  neutrinos	
  
– Long-­‐baseline	
  experiment	
  with	
  ν	
  beam	
  
– Nucleon	
  decay	
  (not	
  neutrino	
  oscilla/on)	
  

•  Summary	
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Kamiokande	
  
(1983-­‐1996)	


3kton	

50kton	


Super-­‐Kamiokande	
  
(1996-­‐	
  now)	


•  Above	
  30	
  years	
  con/nuous	
  experiments	
  with	
  Water	
  Cherenkov	
  
detectors	
  in	
  Kamioka.	
  Many	
  experiences,	
  established	
  method.	
  

•  New	
  steps	
  from	
  Super-­‐Kamokande	
  
•  Bigger	
  (with	
  improvement)	
  	
  à	
  Hyper-­‐Kamkokande	
  
•  Gadlinimum	
  in	
  water	
  à	
  SK-­‐Gd	
  project	
  

Evolu/on	
  of	
  Water	
  Cherenkov	
  Detectors	
  in	
  Kamioka	


520	
  kton	


SK-­‐Gd	
  

Hyper-­‐Kamiokande	
  

1990	
 2000	
 2010	
 2020	
 2030	
Now	


(/me	
  is	
  not	
  fixed)	
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The Hyper-Kamiokande Collaboration

Proto-collaboration formed in January 2015.

⇠300 members and growing, from 70 institutes and 12 countries.

T. Feusels (UBC, TRIUMF) Hyper-K 04/11/2016 3 / 30

Hyper-­‐Kamiokande	
  proto-­‐collabora/on	


• Proto-collaboration formed. 
• International steering group 
• International conveners 
• International chair for international 
board of representative (IBR) 
•International Advisory Committee 
(HKAC) 

Inaugural Symposium of the HK proto-
collaboration@Kashiwa, Jan-2015 

KEK-IPNS and 
UTokyo-ICRR  
signed a MoU for 
cooperation  
on the Hyper-
Kamiokande project. 

12 countries, ~250 members and growing 
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•  Proto-­‐collabora/on	
  was	
  formed	
  January	
  2015	
  
•  12	
  countries,	
  ~300	
  members	
  	




Hyper-­‐Kamiokande	
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Broad	
  Scien/fic	
  
targets:	


•  Huge	
  water	
  C	
  detectors	
  
(H60m×φ74mx2	
  water	
  vol.,	
  
0.38Mton	
  fid.vol.)	
  

•  Two	
  tanks	
  in	
  staging	
  approach:	
  
•  Second	
  will	
  be	
  on	
  stages	
  

from	
  six	
  year	
  aaer	
  first	
  
one.	
  

•  40%	
  Photo-­‐coverage	
  with	
  
newly	
  developed	
  High	
  QE	
  
PMTs.	
  	
  

•  Comprehensive	
  study	
  of	
  neutrino	
  oscilla/on	
  
•  CP	
  viola/on	
  
•  Mass	
  hierarchy	
  
•  Precise	
  measurement	
  of	
  parameters	
  (θ23,	
  Δm2

32,..)	
  
•  Non-­‐standard	
  ν	
  oscilla/on.	
  

•  Astrophysics	
  (Supernova,	
  solar)	
  
•  Study	
  Grand	
  Unified	
  Theories	
  (nucleon	
  decays)	
  	
  
•  Geophysics	
  (Neutrino	
  Tomography)	




Loca/on,	
  tank	
  design	
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Detector location
• The candidate site locates under Mt. Nijugo-yama

• ~8km south from Super-K
• Identical baseline (295km) and off-axis angle (2.5deg) to T2K

• Overburden ~650m (~1755 m.w.e.)
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FIG. 20. The candidate site map. Broad area map (left) and detailed map (right).

B. Detector site (2 pages)2

1. Detector location3

The Hyper-K detector candidate site, located 8 km south of Super-K, is in the Tochibora mine4

of the Kamioka Mining and Smelting Company, near Kamioka town in Gifu Prefecture, Japan,5

as shown in Fig. 20. The J-PARC neutrino beamline is designed so that the existing Super-67

Kamiokande detector and the Hyper-K candidate site in Tochibora mine have the same o↵-axis8

angle. The experiment site is accessible via a drive-in, ⇠2.5 km long, (nominally) horizontal mine9

tunnel. The detector will lie under the peak of Nijuugo-yama, with an overburden of 650 meters10

of rock or 1,750 meters-water-equivalent (m.w.e.), at geographic coordinates Lat. 36�21’20.105”N,11

Long. 137�18’49.137”E (world geographical coordinate system), and an altitude of 514 m above12

sea level (a.s.l.). The candidate site is surrounded by several faults as shown in Fig. 21 and the13

caverns and their support structure are placed to avoid a conflict with the known faults. The site1415

has a neighboring mountain, Maru-yama, just 2.3 km away, whose collapsed peak enables us to16

dispose of more than one million m3 of waste rock from the detector cavern excavation.1
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FIG. 21. Location of faults and existing tunnels around the candidate site. The existing tunnels are located

at 423, 483, and 553 m a.s.l.

2. Geological condition at the site vicinity2

Rock quality is investigated in the existing tunnels and in sampled borehole cores near the3

candidate site. Figure 22 summarizes the geological surveys. The rock wall in the existing tunnels45

and sampled borehole cores are dominated by Hornblende Biotite Gneiss and Migmatite in the6

state of sound, intact rock mass. This is desirable for constructing such unprecedented large7

underground cavities. A rock mass classification sytem developed by Central Research Institute of8

Electric Power Industry (CRIEPI) [118], which is widely used for dams and underground cavities9

construction for the electric power plants in Japan, is utilized to classify rock quality. The CRIEPI10

system categorizes rock quality in six groups as A, B, CH, CM, CL, and D (in order of good11

quality), among which the A, B, and CH classes are suitable for cavern construction. Fraction of12

rock quality at the measured sites is summarized in Table V. The geological surveys are performed1314

at three di↵erent altitudes (423 m, 483 m and 553 m a.s.l.) and better fraction of B and CH classes15

is observed at higher altitude. The measured fraction of rock quality is used for an assumption of16

rock quality distribution in cavern stability analyses.17

The initial stress of the rock is also measured at three points, two of which are located at the1

Mt. Nijugo-yama (cross sections)1,153m a.s.l.
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Kamiokande detector and the Hyper-K candidate site in Tochibora mine have the same o↵-axis8

angle. The experiment site is accessible via a drive-in, ⇠2.5 km long, (nominally) horizontal mine9

tunnel. The detector will lie under the peak of Nijuugo-yama, with an overburden of 650 meters10
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Long. 137�18’49.137”E (world geographical coordinate system), and an altitude of 514 m above12

sea level (a.s.l.). The candidate site is surrounded by several faults as shown in Fig. 21 and the13

caverns and their support structure are placed to avoid a conflict with the known faults. The site1415

has a neighboring mountain, Maru-yama, just 2.3 km away, whose collapsed peak enables us to16

dispose of more than one million m3 of waste rock from the detector cavern excavation.1
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2. Geological condition at the site vicinity2

Rock quality is investigated in the existing tunnels and in sampled borehole cores near the3

candidate site. Figure 22 summarizes the geological surveys. The rock wall in the existing tunnels45

and sampled borehole cores are dominated by Hornblende Biotite Gneiss and Migmatite in the6

state of sound, intact rock mass. This is desirable for constructing such unprecedented large7

underground cavities. A rock mass classification sytem developed by Central Research Institute of8

Electric Power Industry (CRIEPI) [118], which is widely used for dams and underground cavities9

construction for the electric power plants in Japan, is utilized to classify rock quality. The CRIEPI10

system categorizes rock quality in six groups as A, B, CH, CM, CL, and D (in order of good11

quality), among which the A, B, and CH classes are suitable for cavern construction. Fraction of12

rock quality at the measured sites is summarized in Table V. The geological surveys are performed1314

at three di↵erent altitudes (423 m, 483 m and 553 m a.s.l.) and better fraction of B and CH classes15

is observed at higher altitude. The measured fraction of rock quality is used for an assumption of16

rock quality distribution in cavern stability analyses.17

The initial stress of the rock is also measured at three points, two of which are located at the1

Mt. Nijugo-yama (cross sections)1,153m a.s.l.
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•  60m×70m	
  cylindrical	
  shape	
  water	
  tanks.	
  
•  Concentric	
  cylinders	
  

•  Inner	
  Detector	
  (ID)	
  :	
  ~40,000	
  50cm	
  PMTs	
  /Tank	
  
•  Outer	
  detector(OD):	
  ~6,700	
  20cm	
  PMTs	
  /Tank	
  

•  The	
  candidate	
  site	
  is	
  Loca/on	
  survey	
  is	
  on-­‐going,	
  a	
  
candidate	
  is	
  Mt.	
  	
  ‘Niju-­‐Go	
  Yama’,	
  ~8km	
  south	
  from	
  
Super-­‐K.	
  ~650m	
  overburden.	
  

74m	
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m
	


1m	

1m	
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FIG. 38. Boundary between the cavern excavation work and the water tank construction work.

Hyper-K, we assume the following conditions:

• Physical properties of the bedrock surrounding the tank are the same as those used for the

Super-Kamiokande designing. For example, elastic modulus of the bedrock is 51 (20) GPa

for non-damaged (damaged) region, respectively.

• Physical properties of the backfill concrete are taken from Standard Specification for Concrete

Structure[122].

• The surrounding bedrock will not be displaced during/after tank construction.

• The backwater is controlled so that there is no water pressure on the lining structure from

the bedrock side. To satisfy this critical condition, location of the entire detector cavern(s)

is to be chosen at the -370 mL above the main water drainage level of the candidate mine

site (-430 mL).

2.1. Liner sheet characteristics As a lining material for the gigantic Hyper-K, firm adhesion

to the backfill concrete wall and enough elongation to follow possible deficits and cracks of the

2m	


OD	
ID	


Conceptual	
  Design	
  report	
  submijed	
  to	
  KEK	
  Preprint2016-­‐21,	
  ICRR-­‐Report-­‐701-­‐2016-­‐1	
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FIG. 29. PS-anchors pattern at 45 degree (top-left) and 105 degree (top-right) slices with assumption of

CH-CM mixed distribution. Colored lines indicate PS-anchors with di↵erent setting of initial force applied

to PS-anchors. Bottom figures show developed figures of PS-anchors pattern for dome (bottom-left) and

barrel (bottom-right) sections. Initial force and length of PS-anchors are indicated by colored circles.

is estimated to be approximately 243 km in this assumption. The di↵erence in the total length

between two cases can be considered as an uncertainty on the PS-anchors estimation.

While the geological surveys that have been completed already show the feasibility of the re-

quired cavern construction, further detailed surveys in the vicinity of the candidate site must be

conducted for the final determination of the allocation/layout of caverns and PS-anchors pattern

before starting cavern excavation. It should be stressed that structural stability of the detector

cavern with the proposed shape can be achieved by using existing cavern construction technologies.

A detailed plan for the additional geological surveys, which need to be done before actual

construction begins, has been established. The surveys are divided into three steps: Step-1 begins

with drilling boreholes to sample the rock cores at the existing tunnels at 653 m a.s.l., Step-2

Cavern	
  excava/on	
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Geological condition

• Detailed geological surveys at the candidates site vicinity

• Rock core sampling, initial stress of bedrock, etc

• Confirmed the bedrock condition suitable for a large 
cavern construction

• Examine the cavern stability based on the geological 
survey results 6
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FIG. 22. Location of rock quality measurements in existing tunnels and bore-hole cores at 423m, 483m,

and 553 m a.s.l. The red rectangulars show the surveyed regions in the measurements. Possible layout of

the two caverns is also shown by dashed circles.

bottom of the detector cavern (483 m a.s.l.) and one at top (553 m a.s.l.). The two measurements

at 483 m a.s.l. are strongly a↵ected by existing faults and thus the one at 553m a.s.l. is used for

a cavern stability analysis described later. The measured rock stress at 553 m a.s.l. is shown in

Fig 23. Based on the in-situ measurements of the rock quality and the rock stress, it is confirmed

that the Hyper-K caverns can be constructed with the existing excavation techniques (described

in latter section).

NO

90.0～95.0 m

NO

95.0～100.0 m

NO

100.0～105.0 m
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Measured initial rock stress in two dimensional planes (MPa)�
Horizontal (x-y plane)� Vertical (y-z plane)� Vertical (x-z plane)�

FIG. 23. Results of initial rock stress measurement at 553m a.s.l.

24,190°�

65,810°�

FIG. 24. Cavern shape and dimension. The dimensions in the figure are in meter. The shape of the dome

section (top portion of the cavern) is defined with two di↵erent curvatures divided in 24.190 degree and

65.810 degree sections denoted in top-right of the figure.

2. Cavern stability and support

The excavated rock wall is supported by rock-bolts, pre-stressed (PS) anchors and shotcrete. A

cavern structural stability analysis has been carried out based on the geological condition obtained

from the geological surveys. Since the vertical distribution of rock quality has not been examined

yet, the vertical profile of rock quality is assumed to have the uniform distribution of the CH-class,

which is the major component in the rock quality measurement. The initial rock stress for this

analysis is based on the measured stress at 553 m a.s.l. as shown in Fig. 23 and the rock stress

Rock cores

Initial rock stress

Geological condition

• Detailed geological surveys at the candidates site vicinity

• Rock core sampling, initial stress of bedrock, etc

• Confirmed the bedrock condition suitable for a large 
cavern construction

• Examine the cavern stability based on the geological 
survey results 6
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the two caverns is also shown by dashed circles.

bottom of the detector cavern (483 m a.s.l.) and one at top (553 m a.s.l.). The two measurements

at 483 m a.s.l. are strongly a↵ected by existing faults and thus the one at 553m a.s.l. is used for

a cavern stability analysis described later. The measured rock stress at 553 m a.s.l. is shown in

Fig 23. Based on the in-situ measurements of the rock quality and the rock stress, it is confirmed

that the Hyper-K caverns can be constructed with the existing excavation techniques (described

in latter section).
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FIG. 23. Results of initial rock stress measurement at 553m a.s.l.
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FIG. 24. Cavern shape and dimension. The dimensions in the figure are in meter. The shape of the dome

section (top portion of the cavern) is defined with two di↵erent curvatures divided in 24.190 degree and

65.810 degree sections denoted in top-right of the figure.

2. Cavern stability and support

The excavated rock wall is supported by rock-bolts, pre-stressed (PS) anchors and shotcrete. A

cavern structural stability analysis has been carried out based on the geological condition obtained

from the geological surveys. Since the vertical distribution of rock quality has not been examined

yet, the vertical profile of rock quality is assumed to have the uniform distribution of the CH-class,

which is the major component in the rock quality measurement. The initial rock stress for this

analysis is based on the measured stress at 553 m a.s.l. as shown in Fig. 23 and the rock stress

Rock cores

Initial rock stress

•  Detailed	
  geophysical	
  survey	
  at	
  the	
  site	
  
candidate	
  is	
  done.	
  	
  

•  Confirmed	
  bedrock	
  condi/on	
  is	
  
suitable	
  for	
  a	
  large	
  cavern	
  
construc/on.	
  

•  Cavern	
  stability	
  analysis	
  with	
  
simula/on	
  is	
  carried	
  out	
  with	
  the	
  
survey	
  informa/on.	
  

•  Hyper-­‐K	
  cavern	
  can	
  be	
  constructed	
  
with	
  exis/ng	
  technology.	
  

•  Other	
  items	
  are	
  also	
  inves/gated	
  &	
  
discussed.	
  
•  Access	
  tunnel,	
  	
  excava/on	
  

strategy,	
  ..	
  

Rock	
  samples	




Photo	
  Sensor	
  R&D	
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94 II.2 HYPER-KAMIOKANDE DETECTOR

Super-K PMT within the 46 cm area, the HQE B&L PMT reaches 95% in the same area and still

keeps a high e�ciency of 87% even in the full 50 cm area. This high CE was achieved by optimizing

the glass curvature and the focusing electrode, as well as the use of a box-and-line dynode. In the

Super-K Venetian blind dynode, the photoelectron sometimes misses the first dynode while the

wide first box dynode of the box-and-line accepts almost all the photoelectrons. This also helps

improving the single photoelectron (PE) charge resolution, which then improves the hit selection

e�ciency at a single PE level. By a measurement at the single PE level, we confirmed the CE

improvement by a factor of 1.4 compared with the Super-K PMT, and 1.9 in the total e�ciency

including HQE. Figure 59 shows that the CE response is quite uniform over the whole PMT surface

in spite of the asymmetric dynode structure.

A relative CE loss in case of a 100mG residual Earth magnetic field is at most 2% in the worst

direction, or negligible when the PMT is aligned to avoid this direction on the tank wall. The

reduction of geomagnetism up to 100mG can be achieved by active shielding by coils.
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FIG. 59. Relative single photoelectron detection e�ciency as a function of the position in the photocathode,

where a position angle is zero at the PMT center and ±90� at the edges. The dashed line is the scan along

the symmetric line of the box-and-line dynode whereas the solid line is along the perpendicular direction of

the symmetric line. The detection e�ciency represents QE, CE and cut e�ciency of the single photoelectron

at 0.25 PE. A HQE B&L PMT with a 31% QE sample shows a high detection e�ciency by a factor of two

compared with normal QE Super-K PMTs (QE = 22%, based on an average of four samples).

F Photosensors 95

2.1.3. Performance of Single Photoelectron Detection

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10%–90%) and

13.0 ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in

the Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the

transit time peak in Figure 60 and 4.1 ns at FWHM, which is about half of the Super-K PMTs.

This would be an important factor to improve the reconstruction performance of events in Hyper-K.

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to

2200 V. Figure 61 shows the charge distribution, where the 35% resolution in � of the single PE is

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by

the ratio of the height of the single PE peak to that of the valley between peaks.
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FIG. 60. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 61. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion) [117],

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in

Figure 62. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can

be calculated by correcting the non-linear response. The linearity range depends on the dynode

current, and can be optimized with changing the resistor values in the bleeder circuit. This result

demonstrates su�cient detection capabilities in the wide MeV–GeV region as in Super-K, as long

as it is corrected according to the response curve.
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Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion) [117],

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in

Figure 62. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can

be calculated by correcting the non-linear response. The linearity range depends on the dynode

current, and can be optimized with changing the resistor values in the bleeder circuit. This result

demonstrates su�cient detection capabilities in the wide MeV–GeV region as in Super-K, as long

as it is corrected according to the response curve.
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The HQE B&L PMT bulb has been improved for a test and its specification allows the bulb

to survive under 60meter water, which is better than Super-K PMT specified for 40 meter deep

water (Section II.2 F 2 2.2 2.2.2). However, we expect it is very hard to ensure no glass failure of so

many photosensors at all, even with a pre-selection (using a quick pressure test, etc.) before the

installation into Hyper-K. Therefore, a protective cover is needed to avoid any cascade implosion

of the photosensors, making up for the di�cult control of the glass quality in the production.

The cover needs to be re-designed to further reduce the impact of pressure pulse, because a

60 meter water depth boosts the peak pressure caused by the implosion by a factor of 1.6 from

Super-K, corresponding to 2–3 MPa. The new design of the ID photosensor cover and its validation

are explained in this section.

2.2.1. Design and Confirmation Test

The weakest point of the Super-K PMT around the largest reverse curvature (Neck in Figure 67)

was improved for the HQE B&L PMT. Based on a stress analysis, the first bulb shape, R12860-A,

was designed to reduce a stress concentration around the neck. Further improvement was achieved

as R12860-B by optimizing the curvature because there was a crack observed on the photocathode

surface of R12860-A (in Figure 67) by a high pressure water test.

�����

�������������


�����

������
�

������	�

FIG. 67. Comparison of the glass bulb curvature between R3600 and R12860 PMTs.

To validate the degree of improvement, a dedicated test of the PMT in water under high pressure

•  current%baseline:%%high)QE$Box&Line$PMT$Hamamatsu%R12860%
•  R&D%since%2011%%

%
•  also%new%bulb%shape%with%higher%%%
%%%%%%pressure%tolerance%%(%>%100%m)%
•  now$ready%for%mass%producJon%

•  ≈%80k%%50%cm%PMTs%at%inner%detector%%

exterior$view$of$Hamamatsu’s$$
new$building,$No.$10,$$at$the$$
Toyooka$Factory$

#638%talk!Y.$Nishimura%“New#50#cm#Photo4Detectors#for#HK”#
The$key$of$HK:$very$large$mass$and$excellent$photosensi6vity$$

Super)K%PMT% 50%cm%HQE%%
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Box%%
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•  current%baseline:%%high)QE$Box&Line$PMT$Hamamatsu%R12860%
•  R&D%since%2011%%

%
•  also%new%bulb%shape%with%higher%%%
%%%%%%pressure%tolerance%%(%>%100%m)%
•  now$ready%for%mass%producJon%

•  ≈%80k%%50%cm%PMTs%at%inner%detector%%
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The$key$of$HK:$very$large$mass$and$excellent$photosensi6vity$$
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Dynode%

•  A	
  50cm	
  PMT	
  with	
  improved	
  photo-­‐cathode	
  &	
  dynode	
  is	
  developed	
  with	
  
HAMAMATSUPhotonics	
  K.K.	
  
à	
  Bejer	
  /ming	
  resolu/on	
  ,	
  photoelectron	
  resolu/on,	
  high	
  QE.	
  

•  Improved	
  design	
  for	
  higher	
  pressure,	
  and	
  tested	
  by	
  hydrosta/c	
  pressure	
  	
  
test.	
  	
  

•  Other	
  interna/onal	
  ac/vi/es:	
  mPMT,	
  OD,	
  ..	
  	
  

Improved	
  Bulb	
  
for	
  higher	
  pressure	


FWFM	
  =	
  4.1ns	

FWFM	
  =	
  7.3	
  ns	


σ	
  =	
  35%	

σ	
  =50%	


x2	
  	
  
Detec/on	
  	
  
Efficiency	




An/	
  chain-­‐implosion	
  of	
  PMTs	
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Prototype cover design 

��

t = 11mm @ center 
     15mm @ flange  
SK acrylic cover 
 

t = 9mm @ center 
     13mm @ flange  t = 3mm 

Acrylic front :  6 kg 
Stainless back :  23 kg 
 

cf. 
PMT :  8 kg 
PMT buoyancy :  -60 kg 

•  PMT	
  implosion	
  in	
  deep	
  water	
  generates	
  
shockwave	
  by	
  the	
  rush	
  of	
  the	
  water	
  to	
  the	
  
space.	
  
à Chain	
  implosion	
  of	
  PMTs	
  

•  It	
  is	
  one	
  of	
  a	
  key	
  issue	
  of	
  big	
  water	
  (liquid)	
  
Cherenkov	
  detector.	
  

•  Super-­‐K	
  employs	
  a	
  cover:	
  
•  Milder	
  water	
  flow	
  &	
  prevent	
  shockwave	
  

genera/on	
  
•  Hyper-­‐K	
  needs	
  such	
  system	
  for	
  deeper	
  water.	
  

•  Prototype	
  is	
  designed	
  and	
  tested:	
  
•  Hydrosta/c	
  test	
  	
  
à1.1MPa	
  (100m	
  depth	
  equiv.)	
  
•  Prevent	
  of	
  chain	
  reac/on.	
  
àOK	
  at	
  80m	
  (next	
  page)	
  

Basic design concept 

!  Common to the Super-K PMT cover’s  

��

Milder	
  water	
  flow	
  into	
  cover	
  
to	
  prevent	
  shockwave	
  



十見百聞か じめ内カプセルが取 り付 けられている。10秒 の間にも

地球が回転 していることを示す証拠であろう。

カプセルは空気中を落下するため,ま っす ぐに落下させ

ることが難 しく,こ のためガイド機構が装備されている。

ガイ ドは2本 のレール とカプセルに取 り付 けられた4組6

対 の磁気ガイ ドを用いている。

無重力時間10秒 を実現す る有効長490mを 秒 速98m

(時速 換算で360km/h,新 幹 線 「のぞみ」号 よ り速 い)

の高速で落下 しているカプセルを確実に停止させる制動シ
ステムは,空 気制動部,メ カニカル制動部,非 常制動部か

ら構成 される。カプセルは空気中を降下するとき,落 下筒

内の空気が圧縮され内圧が上昇するため,カ プセルは減速

する。 その ままではカプセルは逆に圧力によ り跳ね返 され

ることになるので,制 動中に適度の空気を抜 くことのでき

るエアダンピングオリフィスを坑底 に設け滑らかな減速を

行っている。減速度 はカプセルの重量な どで変化するた

め,パ ラメータに応 じたオ リフィス開度を事前 に調節す
る。 これが空気制動部のあらましである。

次にカプセル速度がゼロ近 くになる地点の20mは,14

基の メカニカル制動装置が設置されている。その装置 は直

線状のディスクブレーキ と考 えるとよい。カプセルが この

装置を通過するとき,油 圧ブレーキパ ッドがカプセルの制

動 フィンを拘束する。今まで試験ではこのメカニカル制動

世界最長の落下施設の地上部分

部で停止 しているが,制 動部 システム としては何 らかの理

由で停止できなかった場合 も考慮 して円筒状構造物にクッ
ション材 を充填 した非常制動部 を用意している。

カプセル は直径1.8m,長 さ7,85m,重 さ5.5ト ンの

構造物であり,ペ イロー ドモジュール,バ スモジュール,
スラスタモジュールの3つ のモジュールによって構成され

る。

●着地直前 とどろ く衝 撃波 音

実験者が落下専用ラックに装置を取 り付けると,イ ンテ

グレーション室 においてそのラックは内カプセルに収納さ

れ,次 に外カプセルであるペイロー ドモジュール内につる

されることになる。なお実験者が利用できるペイロー ド重

量 は最大500kgで あ り,そ のエンベロープは最大で0.87
m×0.87m×0.918m,こ れ を4分 割 しても利用できるよ

うになっている。
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Proof	
  test	
  of	
  the	
  cover	
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How the test looks like 

���

Pressure	
  @70cm	
  ahead	
  [Mpa]	
Put	
  3x3	
  Array	
  of	
  PMTs	
  
in	
  60m/80m	
  depth.	


•  March	
  2016,	
  we	
  did	
  chain	
  reac/on	
  
test	
  in	
  deep	
  water	
  at	
  Hokkaido,	
  JPN.	
  

•  We	
  proved	
  proto-­‐type.	
  
•  No	
  damage	
  of	
  PMT	
  cover.	
  
•  No	
  damage	
  of	
  neighboring	
  PMTs.	
  

•  Shockwave	
  is	
  very	
  weak.	
  
•  Several	
  types	
  are	
  under	
  R&D.	


Bare	
  PMTs	


PMT	
  w/	
  cover.	
  
Ar/ficially	
  crashed	
  at	
  deep	
  water	
  remotely.	


Results 

���

•  Large shockwave arose 
•  All neighboring PMTs 
broke in a chain 

•  Cover not crushed 
•  Pressure pulse outside 
very weak 

•  Neighboring bare PMTs 
all survived from both the 60m/80m tests 

Results 

���

•  Large shockwave arose 
•  All neighboring PMTs 
broke in a chain 

•  Cover not crushed 
•  Pressure pulse outside 
very weak 

•  Neighboring bare PMTs 
all survived from both the 60m/80m tests 



Physics	
  poten/al	
  
(limited	
  topics)	
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νµ/νe	
  ~	
  2	
  	
  
@Eν<a	
  few	
  GeV	


L~13000km	


L~15km	


Symmetric	
  for	
  Eν	
  >	
  a	
  few	
  GeV	
  

νe	
 νµ	


L~100km	


where S!!d" ’ "!2
d is the ‘‘area’’ of the virtual detector,

and !r ’
!!!!!!!!!!!!!!!!!
!2
x # !2

y

q
. The integrations of terms proportional

to !x or !y in Eq. (1) vanish, and nonvanishing terms start

from the integrations of second order terms, #!2;0"$ !2
x #

#!1;1"$ !x!y ##!0;2"$ !2
y, resulting in the terms proportional

to !4
d. For a sufficiently small !d, !$!!d" is expressed as

 !$!!d" ’ !!0;0" #!!2"!4
d

S!!d"
$ !!0;0" #!!2

0"!2
d; (4)

where !!2
0" % !!2"!2

d=S!!d" ’ !!2"=". When we have the
neutrino fluxes calculated with two virtual detectors with
small enough radii !d and !d=2 for the same target, we
expect !$!!d" &!$!!d=2" ’ !!2

0" ' (!2
d & !!d=2"2), then

!$!0", the true flux value at the target detector, is given as

 !$!0" $ !!0;0" ’ !$!!d" & 4
3 ' (!$!!d" &!$!!d=2"):

(5)

As is seen in Fig. 1, the difference of the !$!10*" and
!$!5*" is almost constant for cos!z > 0, so it should be
sufficient to examine the assumption and procedure for
vertical down going directions. In the left panel of Fig. 2,
we plotted the total neutrino flux for the vertical down
going directions ( cos!z > 0:9) calculated with different
size of virtual detectors, !d $ 10*, 5*, and 2.5* for
Kamioka, Sudbury, and Gran Sasso with the HKKM04
calculation. In the right panel of Fig. 2, we depicted the
difference to the estimated true value with Eq. (5) in the
ratio. We may say the convergence of the calculated fluxes
to the ‘‘true value’’ agrees with the expectation of Eq. (4),
and we apply the Eq. (5) with !d $ 10* and 5* to the
atmospheric neutrino flux calculated in the 3-dimensional
scheme. Note, the error due to the finite size of virtual
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Flux	
  ~	
  E-­‐2.71	
  at	
  high	
  energy	
  region.	
  
	
  <10%	
  uncertainty	
  @1GeV	
  region	
  	
  

•  Wide	
  energy	
  range,	
  wide	
  range	
  of	
  flight	
  length.	
  
•  Passing	
  through	
  dense	
  majer	
  inside	
  the	
  Earth.	
  
•  Mixture	
  of	
  νµ,	
  νe,	
  and	
  their	
  an/-­‐neutrinos.	
  
•  Up/Down	
  symmetric	
  (>	
  a	
  few	
  GeV)	
  
•  DC-­‐like	
  con/nuous	
  beam,	
  FREE!	
  
à	
  Good	
  opportunity	
  to	
  test	
  ν	
  oscilla/on	
  physics.	


Atmospheric	
  neutrinos	

Japan	




Mass Hierarchy 
•  Resonance feature depends on neutrino type and mass hierarchy 
•  Possible to determine MH if we can separate νe from anti-νe  
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  (	
  φ	
  (osc.)	
  /	
  φ	
  (no-­‐osc.)	
  )	
  	
  

•  “Solar	
  term”	
  à	
  	
  
sin2θ23	
  octant	
  

•  Interference	
  term	
  
à	
  CP	
  viola/on	
  
phase	
  

•  Resonance	
  term	
  à	
  
mass	
  hierarchy	
  

                 − r ⋅sin2 θ13 ⋅cos2 θ13 ⋅sin2θ23(cosδCP ⋅R2 − sinδCP ⋅ I2 )

                 + 2sin2 θ13(r ⋅sin2θ23 −1)

“Solar	
  Term”	
 Interference	


Resonance	


P2:	
  Osc.	
  prob.	
  driven	
  by	
  12	
  
sector	
  
r:	
  νµ/νe	
  flux	
  ra/o	
  
R2,	
  I2:	
  	
  osc.	
  prob	
  driven	
  by	
  
12sector	


In
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ed
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νµàνe	
 an/-­‐νµàan/-­‐νe	


J.Raaf,	
  NNN2013	
Energy	
  (GeV)	


Resonance	
  on	
  ν	
  or	
  
an/-­‐ν	
  depending	
  on	
  
mass	
  hierarchy.	




Current	
  Mass	
  hierarchy	
  constraint	
  from	
  atmospheric	
  neutrinos.	
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•  SK+T2K$(θ13$fixed):$Δχ2$=$χ2NH5χ2IH$=$55.2$$
$$$$$$$$$$$$$$$$$$$$$$$$$$$(53.8$exp.$for$SK$best,$53.1$for$combined$best)$
•  Under$IH$hypothesis,$the$probability$to$obtain$Δχ2$of$55.2$or$less$is$

0.024$(sin2θ23=0.6)$and$0.001$(sin2θ23=0.4).$NH:$0.43$(sin2θ23=0.6)$

SK+T2K$νµ,$νe$parameter$determina=on�

Fit$(585$dof)� χ2� sin2θ13� δCP� sin2θ23� |Δm2
32|eV2�

SK+T2K$(IH)$ 644.82� 0.0219$(fix)� 4.538� 0.55� 2.5x1053�

SK+T2K$(NH)� 639.61� 0.0219$(fix)� 4.887� 0.55� 2.4x1053�

preliminary$
Not a joint analysis, fit external data using publicly available T2K info.�

13$

|Δm2
32|$

|Δm2
13|�

δCP�sin2θ23�

eV2�

Shown	
  by	
  Prof.	
  Moriyama	
  for	
  Super-­‐Kamiokande	
  collabora3on,	
  NEUTRINO	
  2016	


Normal	
  Mass	
  hierarch	
  is	
  favored	
  currently.	




Atmospheric	
  neutrino	
  analysis	
  in	
  HK	
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Atmospheric ν

• ~>3σ sensitivity to the mass hierarch with atm ν only

• >3σ octant determination for |θ23-45°|>4°
14

9

T2K 90% Allowed

Hyper-K Sensi�vity 10 Years, Staging Scenario 

True NH

True IH

Hyper-K 2.6 Mton year, Staged

 Expect beRer than ~3s sensi�vity to the mass hierarchy using atmospheric 

neutrinos alone 

 3s Octant determina�on possible if |q
23

 – 45°| > 4°  

Hyper-K 2.6 Mton year, Staged

True NH

True IH

Atmospheric ν

• ~>3σ sensitivity to the mass hierarch with atm ν only

• >3σ octant determination for |θ23-45°|>4°
14

9

T2K 90% Allowed

Hyper-K Sensi�vity 10 Years, Staging Scenario 

True NH

True IH

Hyper-K 2.6 Mton year, Staged

 Expect beRer than ~3s sensi�vity to the mass hierarchy using atmospheric 

neutrinos alone 

 3s Octant determina�on possible if |q
23

 – 45°| > 4°  

Hyper-K 2.6 Mton year, Staged

True NH

True IH

•  Expect	
  ~3σ	
  sensi/vity	
  with	
  10yr	
  running	
  for	
  mass	
  hierarchy.	
  
•  Octant	
  of	
  θ23	
  can	
  be	
  solved	
  for	
  |θ23-­‐45°|>8°.	


HK	
  10yr	
  expecta/on	

Basically	
  similar	
  analyses	
  in	
  SK	
  is	
  assume.	




Beam + Atm ν

• Complementary information from beam and atm ν
• Sensitivity enhanced by combining two sources!

15

23θ 2sin
0.4 0.45 0.5 0.55 0.6

 W
ro

ng
 H

ie
ra

rc
hy

 R
ej

ec
tio

n
 2 χ ∆ 

0

1

2

3

4

5

6

7

8

σ3 σ3 

 Uncertaintycpδ

23θ 2sin
0.4 0.45 0.5 0.55 0.6

 W
ro

ng
 O

ct
an

t R
ej

ec
tio

n
2 χ ∆

0

1

2

3

4

5

6

7

8

σ3 

σ2 

 Uncertaintycpδ

10yr

5yr

1yr

10yr

5yr

1yr

Beam + Atm ν

• Complementary information from beam and atm ν
• Sensitivity enhanced by combining two sources!
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•  Enhanced	
  sensi/vity	
  by	
  beam	
  ν	
  measurement.	
  
•  Bejer	
  octant	
  separa/on	
  by	
  Beam	
  ν	
  results.	


Atmospheric	
  ν	
  +	
  beam	
  ν	




Other	
  science	
  with	
  atm.ν	
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B Atmospheric neutrinos 199

on the atmospheric neutrino spectrum visible at Hyper-K. In addition to sterile neutrinos, other

sub-dominant contributions to the standard oscillation picture, such as e↵ects of Lorentz-invariance

violating (LV) processes are expected to influence the oscillations of atmospheric neutrinos. Positive

observation of LV would provide access to physics at the Planck scale, an energy regime far beyond

the reach of current accelerator technology. Though Hyper-K will have an atmospheric neutrino

sample of unprecedented size, its increased sensitivity to sterile and LV oscillations relative to

existing measurements is hampered by current understanding of atmospheric neutrino flux and

interaction uncertainties.

2|
4µ

|U
-210 -110

)2
 (e

V
412

m
Δ

-110

1

10

99% C.L.

2|
4µ

|U
3−10 2−10 1−10 1

2 | 4τ
|U
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0.2

0.4
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0.8

1

FIG. 131. Hyper-K’s expected 90% C.L. upper limits on |Uµ4|2 (left) and on |Uµ4|2 vs |U⌧4|2 (right) for

a 5.6 Mton·year exposure (red) in comparison with recent limits from Super-K (black) [32]. Limits at 90%

C.L. from a joint analysis of MiniBooNE and SciBooNE data [186] and light blue filled areas show the

allowed regions from a joint fit to global ⌫e appearance and disappearance data from [187].

Extensions of the standard (PMNS) oscillation framework to include sterile states expand the

mixing matrix with additional rows and columns that include terms describing mixing between the

active and sterile neutrinos, such as Ue4, Uµ4, and U⌧4. Interestingly, for mass di↵erences �m2

s >

0.1eV2, as suggested by short-baseline measurements, atmospheric neutrinos are not sensitive to

the exact value of the splitting and further, they are essentially insensitive to the exact number of

sterile neutrinos. Nonetheless, non-zero mixing of the active and sterile neutrinos is expected to

produce spectral distortions of the atmospheric neutrino flux or suppress it. Sterile neutrinos lack

NC interactions, which makes them subject to an additional e↵ective potential, Vs = ±(GF /
p

2)Nn

when traveling through matter. Here, Nn is the local neutron density and GF the Fermi constant.

B Atmospheric neutrinos 201

induce e↵ects that depend on LE, where E is the neutrino energy. While atmospheric neutrinos

are e↵ective probes of such exotic oscillations due to their the large variety of pathlengths and

energies, this same feature prohibits perturbative solutions to SME Hamiltonian and instead the

problem must be fully diagonalized.

Event modest amounts of LV can have large e↵ects on atmospheric neutrino oscillations, but

generally they are expected to appear primarily in the multi-GeV (both e-like and µ-like), PC,

and Upµ samples. Both the real and imaginary components of each of the LV coe�cients found in

the Hamiltonian above are then fit for in the analysis, with each coe�cient considered individually

while all others are held at zero. Limits from a 5.6 Mton·year exposure of Hyper-K within this

framework appear in conjunction with limits from Super-K in Table XXXVI. For each of the

considered coe�cients the expected Hyper-K limit is roughly three or four times more stringent.

Additional sensitivity may be gained by incorporating more detailed shape information into the

Hyper-K analysis through finer binning.

 Normalizationτν CC σ 
0.8 1 1.2 1.4
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Δ
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95%
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68%

FIG. 132. Expected constraint on the CC ⌫⌧ cross section normalization for a 5.6 Mton·year exposure of

Hyper-K’s to atmospheric neutrinos.

In addition to the studies presented above, Hyper-K’s atmospheric neutrino sample is expected

to enable measurements of several other physical phenomena, including the CC ⌫⌧ cross section,

non-standard neutrino interactions, the primary atmospheric neutrino flux, and others. The study

of ⌫⌧ interactions is a topic of particular importance, since oscillation-induced ⌫⌧ events within

the detector are often reconstructed as multi-GeV e-like interactions in the upward-going direction

making them a significant background to Hyper-K’s mass hierarchy sensitivity. In addition, since
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FIG. 172. Constraints on the proton to nucleon ratio of the Earth’s outer core for a 10 Mton year exposure of

Hyper-K to atmospheric neutrinos. Colored bands indicate the e↵ect of present uncertainties in the neutrino

mixing parameters.

on upward-going events between 1 and 10 GeV. Assuming the outer and inner core chemical

compositions are the same, figure 172 shows the expected constraint on the Z/A parameter. After

a 10 Mton year exposure Hyper-K can exclude lead and water (pyrolite) outer core hypotheses by

approximately ⇠ 3�(1�). While geophysics models will ultimately require even greater precision

in such measurements, Hyper-K has the potential to make the spectroscopic measurements of the

Earth’s core. It is worth noting that other proposed experiments with the ability to make similar

geochemical measurements, such as the next generation of neutrino telescopes, rely primarily on

the muon disappearance channel. Hyper-Kamiokande’s, on the other hand, is unique in that its

sensitivity is derived from the electron appearance channel.

•  Sterile	
  neutrino	
  
•  4th	
  genera/on	
  of	
  

neutrino?	
  
•  Cross	
  sec/on	
  of	
  ντ	



•  Majer	
  informa/on	
  
inside	
  Earth’s	
  core	
  
via	
  majer	
  effect	




Beam	
  ν	
  based	
  Long-­‐baseline	
  experiment	
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•  U/lize	
  JPARC	
  neutrino	
  beam	
  from	
  JPARC.	
  (Currently	
  T2K	
  
experiment	
  u/lize	
  the	
  beam).	
  

•  Same	
  baseline	
  (295km),	
  same	
  Off-­‐Axis	
  angle	
  (2.5deg.)	
  
•  Beam	
  upgrade	
  to	
  1.3MW.	
  
•  Staged	
  upgrade	
  of	
  JPARC	
  ν	
  beam	
  is	
  planned	
  and	
  upgrade	
  to	
  

750kW	
  is	
  approved.	
  
•  Upgrades	
  of	
  Near	
  Detectors/intermediate	
  detectors.	


Experimental%Setup:%

1.%JTPARC%Accelerator%and%Experimental%Facility%

Mar.%5,%2013� 
�

•  30GeV%Proton%synchrotron%

•  6%bunch%(before%Autumn%2010)%%

•  8%bunch%(2010%Autumn%T)%

Fast%Extrac=on%%

!%pulsed%neutrino%beam�

•  581ns%%interval%

•  ~%0.3%Hz%repe==on%rate%

•  Construc=on%finished%2008%JFY%

Experimental,Setup:,
J1PARC,Accelerator,and,Experimental,Facility,

Feb.14,2013� ��

•  30GeV,Proton,synchrotron,
•  6,bunch,(before,Autumn,2010),,
•  8,bunch,(2010,Autumn,1),

Fast,ExtracKon,!,neutrino,pulse,beam�

•  581ns,,interval,
•  ~,0.3,Hz,repeKKon,rate,
•  ConstrucKon,finished,2008,JFY,

P
ro
to
n
s%
o
n
%T
a
rg
e
t�

p
ro
to
n
s%
p
e
r%
p
u
ls
e
�

•  Accelerator%facility,%beam%

monitors,%neutrino%

detectors%are%stably%running%

•  Today’s%reults%based%on%
before%last%summer%

(3.01x1020%P.O.T.)�



Expected	
  signal	
  (10yr	
  running)	
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FIG. 111. Reconstructed neutrino energy distribution of the ⌫e candidate events. Left: neutrino beam

mode, right: anti-neutrino beam mode. Normal mass hierarchy with sin2 2✓13 = 0.1 and �CP = 0� is

assumed. Compositions of appearance signal, ⌫µ ! ⌫e and ⌫µ ! ⌫e, and background events originating

from (⌫µ + ⌫µ) and (⌫e + ⌫e) are shown separately.

TABLE XXIX. The expected number of ⌫e/⌫e candidate events and e�ciencies with respect to FCFV events.

Normal mass hierarchy with sin2 2✓13 = 0.1 and �CP = 0 are assumed. Background is categorized by the

flavor before oscillation.

signal BG
Total

⌫µ ! ⌫e ⌫µ ! ⌫e ⌫µ CC ⌫µ CC ⌫e CC ⌫e CC NC BG Total

⌫ mode
Events 2300 21 10 0 347 15 188 560 2880

E↵.(%) 63.6 47.3 0.1 0.0 24.5 12.6 1.4 1.6 —

⌫̄ mode
Events 289 1656 3 3 142 302 274 724 2669

E↵. (%) 45.0 70.8 0.03 0.02 13.5 30.8 1.6 1.6 —
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FIG. 112. Reconstructed neutrino energy distribution of the ⌫µ/⌫µ candidate events after oscillation. Left:

neutrino beam mode, right: anti-neutrino beam mode.
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FIG. 114. Reconstructed neutrino energy distributions of ⌫µ candidates. Dotted black lines are for no

oscillation case, while solid red lines represent prediction with oscillation. Left: for neutrino beam mode.

Right: for anti-neutrino beam mode.

In order to reduce the number of the systematic parameters, several reconstructed energy bins that

have similar covariance values are merged for fi.

We estimate the systematic uncertainties assuming the T2K neutrino beamline and near detec-

tors, taking into account improvements expected with future T2K data and analysis improvements.

A robust estimate of the uncertainties is possible based on the T2K experience. There are three

main categories of systematic uncertainties. We assume improvement from the current T2K un-

certainties for each category as follows.

i) Flux and cross section uncertainties constrained by the fit to near detector data:

Data from near detectors will be used in conjunction with models for the neutrino beam,

neutrino interactions, and the detector performance to improve our predictions of the flux

at SK and some cross-section parameters. The understanding of the neutrino beam, inter-

action, and detector is expected to improve in the future, which will result in reduction of

uncertainties in this category. On the other hand, the near detector analysis is expected

to include more samples to reduce the uncertainty for category ii), which will result in

migration of some errors into this category. This category of uncertainties is assumed to

stay at the same level as currently estimated by T2K.

ii) Cross section uncertainties not constrained by the fit to near detector data: This

category of error stems from the cross-section parameters which are independent between

the near and far detectors because of their di↵erent elemental composition and the cross-

section parameters for which the near detector is insensitive. The current ND280 constraints

are based on measurements on the plastic scintillator. The ongoing analysis of water target

Beam	
  running	
  /me	
  for	
  νµ/an/-­‐νµ	
  1:3	




Sensi/vity	
  for	
  CPV,	
  Δm2
32/θ23	
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FIG. 118. The expected 90% CL allowed regions in the sin2 2✓13-�CP plane. The results for the true values

of �CP = (�90�, 0, 90�, 180�) are shown. Left: normal hierarchy case. Right: inverted hierarchy case. Red

(blue) lines show the result with Hyper-K only (with sin2 2✓13 constraint from reactor experiments).
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FIG. 119. Expected significance to exclude sin �CP = 0. Left: normal hierarchy case. Right: inverted

hierarchy case.

As the nominal value we use sin2 ✓
23

= 0.5, but the sensitivity to CP violation depends on the

value of ✓
23

. Figure 122 shows the fraction of �CP for which sin �CP = 0 is excluded with more

than 3 � and 5 � of significance as a function of the true value of sin2 ✓
23

with the 90% CL sin2 ✓
23

range measured by T2K collaboration [22].

Table XXXII shows a comparison of several configurations for CP violation sensitivities.

7. Precise measurements of �m2
32 and sin2 ✓23

A joint fit of the ⌫µ and ⌫e samples enables us to also precisely measure sin2 ✓
23

and �m2

32

.

Figure 123 shows the 90% CL allowed regions for the true value of sin2 ✓
23

= 0.5 together with

the 90% CL contour by T2K ⌫µ disappearance measurement [22]. The expected precision of �m2

32
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θ23 and Δm232
δ(Δm232)~1.4×10-5eV2

δ(sin2θ23)~0.015 (for sin2θ23=0.5)

→ Mass hierarchy sensitivity 
in combination with reactor

~0.006 (for sin2θ23=0.45)
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→Octant determination,
    input to models

90%CL

11

sin2θ23=0.5

sin2θ23=0.45 90%CL

Exclusion	
  of	
  δcp=0	
  	
  
	
  >57%	
  (76%)	
  of	
  δcp	
  	
  with	
  5σ	
  (3σ)	
  

δ(Δm2
32)	
  =	
  1.4×10-­‐5	
  eV2	



δ(sin2θ23)	
  =	
  0.015	
  (for	
  sin2θ23=	
  0.5)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  0.006	
  (for	
  sin2θ23=	
  0.45)	
  



Nucleon	
  decay	
  searches	

A	
  simple	
  ques/on:	
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Grand	
  Unified	
  Theories	
  (GUTs)	
  give	
  a	
  natural	
  explana/on,	
  and,	
  	
  
consequently	
  predict	
  nucleon	
  instability	
  due	
  to	
  change	
  of	
  quark	
  to	
  
lepton	
  =	
  Nucleon	
  Decay	

	
  	
  

Why	
  (usual)	
  majers	
  are	
  electrically	
  neutral?	
  

Why	
  electric	
  charge	
  of	
  quarks	
  and	
  electron	
  are	
  in	
  integral	
  
ra/o?	
  (|Qd|,	
  |Qu|,	
  |Qe|	
  =	
  1:2:3)	
  

=	


p$!$e+π0$$
•  favored%by%non%supersymmetric%GUTs%

used#τp=#1.7#"#1034#(SK#limit),#10#years#exposure###

•  final%state%fully%reconstructed%%
%%%%%%in%Water%Cherenkov%detectors%

•  back9to9back%e+,%π0%(459%MeV)%%%
•  e+,%π0%%(%!%γ%γ%)%are%detected%

free%proton%enhanced%

bound%proton%enhanced%

M$($e+$π0$)$$$
•  nearly%model%independent%reacJon%

atmospheric%%
ν%background%%

p$!$ν$K+#−%

•  τ(K+)%≈%12ns%%!%possible%to%observe%prompt%6%MeV� from%16O%de9excitaJon%%%

$$reconstruct%K+%from%its%decay%products%%
%%%%K+%!%ν%μ+%%(64%),%%K+%!%π+π0%(21%)############

•  feature%of%super9symmetric%GUTs%%

•  at%decay%p(K+)=%340%MeV,%%
%%%%%K+%ch9light%threshold:%749%MeV%%!%%

π+π0%search%

#used#τp=#6.6#"#1033#(SK#limit),#10#years#exposure###

•  rather%interesJng%but%difficult%to%reconstruct%

Michel%e−%%
from%μ%decay%%

•  29body%decays%!%monochromaJc%parJcles:%p(μ+)=%236%MeV,%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%p(π+)=%p(π0%)=%205%MeV%%%%

μ+%from%K+%!%ν%μ+%%prompt%6%MeV� %
proton%decay%MC%%%%%

atmospheric%%
ν%background%%

GUTs	
  predict	
  many	
  decay	
  modes	
  including	
  |ΔB|=1	
  and	
  2	
  
	
  (Di-­‐nucleon	
  decay	
  processes,	
  NNàl+X)	
  	




Expected	
  signals	
  in	
  Hyper-­‐Kamiokande	
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Clear	
  signal	
  &	
  background	
  free,	
  due	
  to	
  high	
  QE	
  PMTs	
  and	
  high	
  photo-­‐coverage:	
  
	
  	
  	
  Efficient	
  neutron	
  tagging	
  reduces	
  B.G.	
  by	
  atm.ν. (γ	
  from	
  n	
  capture	
  on	
  free-­‐proton)	


	
  	
  	
  Efficient	
  tagging	
  of	
  prompt γ from	
  de-­‐excita/on	
  of	
  residual	
  nuclei.	
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FIG. 138. Reconstructed invariant mass distribution of events passing all steps of the p ! e+⇡0 event

selection except the invariant mass cut. The hatched histograms show the atmospheric neutrino background

and the solid crosses denote the sum of the background and proton decay signal. Here the proton lifetime

is assumed to be, 1.7 ⇥ 1034 years, just beyond current Super-K limits. The plots on the left and right show

the expectation for the 1TankHD and 3TankLD designs, respectively, after a 10 year run. For the former an

additional tank is assumed to come online six years after the start of the experiment. In each configuration

the free (bound) proton enhanced bin appears in the upper (lower) panel of each figure.

1. Sensitivity to p ! e+ + ⇡0 Decay

Proton decay into a positron and neutral pion is a favored mode of many GUT models. Exper-

imentally this decay has a very clean event topology, with no invisible particles in the final state.

As a result it is possible fully reconstruct the proton’s mass from its decay decay products and

as a two body process the total momentum of the recoiling system should be small. The event

selection focuses on identifying fully contained events within the Hyper-K fiducial volume with two

or three electron-like Cherenkov rings. Though the decay of the pion is expected to produce two

visible gamma rays, for forward-boosted decays the two photons may be close enough in space to

be reconstructed as a single ring. Atmospheric neutrino events with a muon below threshold are

removed by requiring there are no decay electrons in the event. For those events with three rings,

the two rings whose invariant mass is closest to the ⇡0 mass are labelled the ⇡0 candidate. An

additional cut on the mass of those candidates, 85 < m⇡ < 185MeV/c2, is applied. The signal
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FIG. 143. Reconstructed muon momentum distributions for muons found in the prompt � search for

p ! ⌫̄K+. The hatched histograms show the atmospheric neutrino background and the solid crosses denote

the sum of the background and proton decay signal. Here the proton lifetime is assumed to be, 6.6 ⇥ 1033

years, just beyond current Super-K limits. The plots on the left and right show the expectation for the

1TankHD and 3TankLD designs, respectively, after a 10 year run. In the latter a second tank is assumed to

come online six years after the start of the experiment.

sensitivities with a 5.6 Megaton·year exposure in the 3TankLD configuration. The current lifetime

limits are also shown in the table for reference. Note that in all cases the sensitivity exceeds

existing limits by an order of magnitude. However, several analysis improvements are anticipated

for the 1TankHD design, which will result in better sensitivity for an equivalent exposure. Neutron

tagging, for instance, can be used to reduce atmospheric neutrino backgrounds. Under these

conditions Table XLII shows the 3� discovery potential of Hyper-K for a selected number of decay

modes after a 2.6 Mton·year exposure.

The decay modes in Table XLI all conserve baryon number minus lepton number, (B � L).

However, (B + L) conserving mode, n ! e�K+, was also given attention and searched for by

Super-Kamiokande. In n ! e�K+, the K+ stops in the water and decays into µ+ + ⌫. The

final state particles observed in n ! e�K+, K+ ! µ+⌫ are e� and µ+. Both e� and µ+ have

monochromatic momenta as a result of originating from two-body decays. Furthermore, the timing

of µ+ events are delayed with respect to the e� events because of the K+ lifetime. In SK-II, the

estimated e�ciencies and the background rate are 8.4% and 1.1 events/Megaton·year, respectively.

(free	
  proton	
  	
  
enhanced)	


100MeV/c<Ptot<250MeV/c	


pàe+	
  π0	
 pàνK+	


K+à	
  ν +	
  µ+	
  (236MeV/c)	


prompt	
  γ’s	
  from	
  
residual	
  nuclei	
  is	
  
tagged.	


Assume	
  SK	
  limit,	
  HK	
  10yr	
  exposure	
  	


Ptot<100MeV/c	
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20 I.1 INTRODUCTION

DUNE (40 kt)

Hyper-K
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minimal SU(5) minimal SUSY SU(5)
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SUSY SO(10)
non-SUSY SO(10) G224D

minimal SUSY SU(5)

SUSY SO(10)

6D SO(10)

non-minimal SUSY SU(5)
predictions

predictions

FIG. 3. A comparison of historical experimental limits on the rate of nucleon decay for several key modes to

indicative ranges of theoretical prediction. Included in the figure are projected limits for Hyper-Kamiokande

and DUNE based on 10 years of exposure.

those involving kaons.

The message the reader should conclude from this figure is that 10 years of Hyper-K exposure

is sensitive to lifetimes that are commonly predicted by modern grand unified theories. The key

decay channel p ! e+⇡0 has been emphasized, because it is dominant in a number of models, and

represents a nearly model independent reaction mediated by the exchange of a new heavy gauge

boson with a mass at the GUT scale. The other key channels involve kaons, wherein a final state

containing second generation quarks are generic predictions of GUTs that include supersymmetry.

Example Feynman diagrams are shown in Fig. 4.

Generally, nucleon decay may occur through multiple channels and ideally, experiments would

reveal information about the underlying GUT by measuring branching ratios. It is a strength of

Hyper-K that it is sensitive to a wide range of nucleon decay channels, however the few shown here

are su�cient to discuss the details of the search for nucleon decay by Hyper-Kamiokande later in

this document.

Practically, because of the stringent limits from more than 300 kt·y of Super-K running, the next

generation experiments will have to concentrate on the discovery of nucleon decay, perhaps by one

or a small number of events. The predictions are uncertain to two or three orders of magnitude,

•  Many	
  GUTs	
  predic/ons	
  are	
  covered	
  by	
  Hyper-­‐K.	
  
•  Mul/	
  mode	
  can	
  be	
  tested,	
  sensi/vity	
  is	
  ~one	
  order	
  of	
  magnitude	
  

or	
  more	
  higher	
  than	
  current	
  limits.	


3σ	
  
discovery	
  
(1034yr)	


Lower	
  
limit	
  
(1034yr)	


pàeπ0	
 8.0	
 1.6	

pàνK+	
 2.5	
 0.66	

pàµπ0	
 8.7	
 0.77	

pàeη	
 4.0	
 1.0	

pàµη	
 4.3	
 0.47	

nàe+π-­‐	
 1.7	
 0.53	

nàµ+π-­‐	
 1.1	
 0.35	


HK	
  10yr	
  expecta/on	
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Yoshihisa OBAYASHI@NuFact2016Oscillation study with Hyper-Kamiokande

Possible construction schedule

▸ Assuming HK proposal approved before the end of 2017 

▸ Access tunnels/cavity excavation and PMT production 
dominate the timeline

6

(shown	
  by	
  Obayashi,	
  Aug.	
  24th	
  this	
  workshop)	


Assuming	
  HK	
  project	
  is	
  approved	
  before	
  the	
  end	
  of	
  JFY	
  2017.	


•  Detailed	
  conceptual	
  Design	
  Report	
  is	
  reviewed	
  by	
  Hyper-­‐K	
  Advisory	
  
commijee,	
  	
  submijed	
  to	
  KEK	
  preprint	
  &	
  ICRR	
  report.	
  

•  Hyper-­‐K	
  project	
  proposal	
  was	
  submijed	
  to	
  Science	
  Council	
  of	
  Japan.	
  



Summary	

•  Hyper-­‐Kamiokande	
  
– Next	
  genera/on	
  Water	
  C	
  detector.	
  
– Wide	
  science	
  with	
  ~×10	
  large	
  volume	
  and	
  
improved	
  PMTs.	
  
•  Determina/on	
  of	
  neutrino	
  mass	
  hierarchy	
  with	
  >	
  3σ	
  
with	
  10yr	
  data.	
  
•  B.G.	
  free	
  search	
  for	
  nucleon	
  decays.	
  

– Launched	
  from	
  2026,	
  if	
  approved	
  by	
  the	
  fiscal	
  
year	
  2017.	
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=	
  Secondary	
  products	
  of	
  primary	
  cosmic	
  rays	
  in	
  the	
  atmosphere	


troposphere	


stratsphere	


νe	


Primary	
  Cosmic	
  ray	
  
(proton,	
  He,..)	


π,K,…	


µ	

νµ	


e	

νµ	


Density	
  
(kg/m3)	


Al
/t
ud

e（
km

)	
  

p	
  +	
  A	
  à	
  π’s,	
  ….	
   π ± → µ± +νµ (νµ )

          → e± +νe(νe )+νµ (νµ )

•  First	
  observa/on	
  in	
  1965	
  in	
  two	
  deep	
  
underground	
  experiments.	
  

•  Several	
  Flux	
  calcula/ons	
  on	
  the	
  market:	
  
•  Primary	
  CR	
  fluxes,	
  p+A	
  cross	
  sec/ons,	
  	
  
•  π’s	
  produc/on,	
  Geo-­‐magne/c	
  field,	
  ..	
  

•  Calculated	
  fluxes	
  are	
  well	
  tested	
  (calibrated)	
  by	
  
Cosmic	
  Ray	
  muons.	
  

corresponding to the neutrinos of 0.3–4 GeV.
For the wider energy region of primary cosmic rays, we

may examine the hadronic interaction model using the ob-
served muons at different altitudes and at sites with different
cutoff rigidities. Note that at ground level the muon fluxes
are available for a wider momentum range with good statis-
tics. We are preparing a paper !53" for such a study with the
muon fluxes observed by BESS !54–56", and so limit our-
selves here to comment that the muon flux observed by
BESS is reproduced with DPMJET-III with an accuracy of
#5 % for the muons in the ‘‘important’’ momentum range
from one to a few tens of GeV/c for most cases. At ground
level, the primary cosmic rays with energies from 20 to a few
100 GeV are responsible for the muons in this momentum
range, corresponding to neutrinos of 1–10 GeV. This study
was partly reported in Ref. !11".
We do not use the original package of the hadronic inter-

action code in the calculation of atmospheric neutrino fluxes.
We first carry out a computer experiment of the interaction of
all kinds of primary or secondary cosmic rays with air-
nuclei, using the original hadronic interaction code. Then,
the ‘‘data’’ are used to construct an inclusive interaction
code, which reproduces the multiplicities and energy spectra
of secondary particles of the original code. The inclusive
interaction code violates the conservation laws for energy-
momentum and other quantum numbers in a single interac-
tion, but they are restored statistically. Note that for the sec-
ondary particles whose lifetime is shorter than 10!9 sec we
record their decay products as the data. The experiment scans
the energy region from 0.2 to 106 GeV in kinetic energy, and
is repeated typically 1 000 000 times for each kind of projec-
tile and each injection energy.
For the energy distribution of secondary particles in the

interaction, we fit the original distribution of x, defined as
x$Ek

sec/Ek
pro j , with the combination of B-spline functions

for each kind of projectile particle, each injection energy, and
each kind of secondary. Then the inclusive code uses the
B-spline-fit to reproduce the energy distribution of the sec-
ondary particle with a good accuracy. For the scattering
angles, we calculate the average transverse momentum

(%p!&) for each kind of projectile, each injection energy,
each kind of secondary, and each secondary energy. In the
inclusive code, we sample the scattering angle (') with the
distribution function (exp(a•cos ')•d cos ', where a is deter-
mined so that %p!& is the same as the original interaction
model. The p!-distribution approaches (exp(!a!•p!

2 )
•p!dp! and a!")/(2%p !&)2 for p#1 GeV/c. Note, the in-
clusive code constructed for DPMJET-III reproduces not
only %p!& but also, approximately, the original
p!-distribution for p!$1 GeV/c. There is a longer tail in
the original p! distribution for larger p! . However, since the
number of secondary particles that have p!%1 GeV/c is
limited, they are not important in this study.
The constructed inclusive codes are typically #100 times

faster than the original package. The fast computation is very
important in the three-dimensional calculation of the flux of
atmospheric neutrinos, as well as the study of secondary cos-
mic rays. Note, however, the inclusive interaction code is
only valid for the calculation of a time averaged quantity,
such as the fluxes of atmospheric neutrinos and muons. The
situation is similar to the superposition model for the nuclear
cosmic rays.

IV. CALCULATION SCHEME

Except for the geomagnetic field model, the simulation
scheme is similar to the previous three-dimensional calcula-
tion !21" in which we assumed a dipole geomagnetic field. In
this calculation, we use the IGRF geomagnetic field model
!57" with the tenth-order expansion of spherical functions for
the year 2000. As the geomagnetic field changes very slowly,
the neutrino flux calculated for the year 2004 would not
show a noticeable difference. We use the US-standard 1976
!58" atmospheric model, as in the previous study. Note that
for a study of the seasonal variations of atmospheric neutrino
fluxes we need to use a more sophisticated and detailed at-
mospheric model !59".
We assume the surface of the Earth is a sphere with radius

of Re"6378.180 km. We also assume three more spheres:
the injection, simulation, and escape spheres. The radius of
the injection sphere is taken as Rin j"Re&100 km, the simu-
lation sphere as Rsim"Re&3000 km, and the escape sphere
as Resc"10'Re . The sizes of the injection sphere (Rin j)
and escape sphere (Resc) are the same as in the previous
study !21".
The cosmic rays are sampled on the injection sphere uni-

formly toward inward directions, following the given pri-
mary cosmic ray spectra. Before they are fed to the simula-
tion code for propagation in air, they are tested to determine
whether they can pass the rigidity cutoff, i.e., the geomag-
netic barrier. For a sampled cosmic ray, the ‘‘history’’ is ex-
amined by solving the equation of motion in the negative
time direction. When the cosmic ray reaches the escape
sphere without touching the injection sphere again in the
inverse direction of time, the cosmic ray can pass through the
magnetic barrier following the trajectory in the normal direc-
tion of time. In the one-dimensional calculation we normally
prepare a cutoff table for each neutrino detector site before-
hand, but it is practically impossible to construct such a table

FIG. 2. *Color online+ The quantity !Flux/Depth" averaged
over all the muon observation by BESS 2001 !52" at balloon alti-
tudes. The lines are the same quantities calculated by DPMJET-III
*solid line+, Fritiof 1.6 *dashed line+, Fritiof 7.02 *dotted line+, and
FLUKA 97 *dash-dot+.
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Super-­‐K-­‐Gd	
  project	

=Water	
  Cherenkov	
  detector	
  with	
  Gd	
  dissolved	
  water	
  as	
  neutron	
  absorber	
  	
  

•  High	
  efficient	
  neutron	
  tagging	
  using	
  
0.2%	
  Gd2(SO4)3	
  dissolved	
  water.	
  

•  Delayed	
  coincidence	
  of	
  γ-­‐ray	
  signal	
  from	
  
thermal	
  neutron	
  capture	
  on	
  Gd.	
  

n	
Physics	
  targets:	
  
•  Supernova	
  relic	
  neutrino	
  (SRN)	
  
•  Reduce	
  proton	
  decay	
  background	
  
•  Neutrino/an/-­‐neutrino	
  

discrimina/on	
  (Long-­‐baseline	
  and	
  atm	
  
nu's)	
  

and	
  more..	
  

thermalize	
  &	
  captured	


γ	
  rays	
  (Etot~8MeV)	

ν	


• Five	
  year	
  evalua/on	
  experiment	
  (EGADS)	
  tests	
  water	
  quality,	
  
materials,	
  basic	
  techniques,	
  and	
  so	
  on.	
  
• On	
  June	
  27,	
  2015,	
  the	
  Super-­‐Kamiokande	
  collabora/on	
  approved	
  
the	
  Super-­‐K-­‐Gd	
  project.	
  

T2K	
  beam	
  	
  
(NEUT	
  5.1.4.2)	
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Progresses	
  toward	
  SK-­‐Gd	
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New water system is under construction

23

Current main 
water system 

New Gd water 
purification system

SK

2016 Apr.    8mx7mx50m 

will be  in FY2016 

Ordered dissolving system and 60t/h circulation system
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New water system is under construction

23

Current main 
water system 

New Gd water 
purification system

SK

2016 Apr.    8mx7mx50m 

will be  in FY2016 

Ordered dissolving system and 60t/h circulation system

•  Seal	
  water	
  leak(s)	
  in	
  SK	
  
•  We	
  know	
  (small	
  but)	
  water	
  leak	
  somewhere	
  in	
  SK	
  outer	
  wall.	
  
•  Sealing	
  method	
  is	
  almost	
  sejled.	
  Sealing	
  melding	
  lines	
  of	
  the	
  

tank	
  with	
  a	
  good	
  sealing	
  material	
  (low	
  B.G.,	
  mechanically	
  
strong).	
  	


Schedule	
  and	
  plan	
  of	
  refurbishment	
  of	
  SK	
  is	
  under	
  discussion.	
  
Expected	
  from	
  2018.	
  (closely	
  related	
  to	
  T2K	
  beam	
  upgrade).	
  

•  New	
  Water	
  System	
  is	
  in	
  construc/on.	


Water	
  system	


•  etc..	




Aaer	
  ~5yr	
  Technical	
  Evalua/on	
  experiment	
  
(EGADS)	
  ,	
  we	
  proved	
  that	
  basic	
  techinique	
  is	
  	


•  On	
  June	
  27,	
  2015,	
  the	
  Super-­‐Kamiokande	
  collabora/on	
  approved	
  the	
  Super-­‐K-­‐Gd	
  project.	
  
•  Actual	
  schedule	
  including	
  refurbishment	
  of	
  the	
  tank,	
  	
  Gd	
  loading	
  /me	
  will	
  be	
  determined	
  
soon	
  taking	
  into	
  account	
  the	
  T2K	
  schedule.	


☑Gd	
  water	
  transparency	
  must	
  be	
  similar	
  to	
  SK	
  water	
  
☑Effect	
  of	
  Gd	
  to	
  detector	
  materials	
  	
  	
  
☑Effect	
  of	
  Gd	
  water	
  quality	
  to	
  physics	
  analysis	
  
☑How	
  to	
  stop	
  leak	
  of	
  SK	
  detector	
  
	
  	
  	
  	
  (But	
  s/ll	
  exploring	
  improved	
  methods)	
  
□Reduc/on	
  of	
  radioac/ve	
  backgrounds	
  in	
  Gd	
  powder	
  
	
  	
  	
  	
  (only	
  affects	
  Lowe	
  analysis)	
  
☑：done,	
  □：under	
  study	
  

“Mini”	
  Super-­‐K	
  :	
  same	
  materials	
  used	
  

Measured	
  Water	
  quality	
  à	
  MC	
  study	
  for	
  Physics	
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Official	
  statement	
  from	
  Super-­‐K	
  collabora/on	
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N
o.
	
  o
f	
  h

it	
  
PM

T	
  
	
  /	
  
3n

se
c	


PMT	
  signal	
  /me	
  (ns)	
  

Data	


MC	
  

Calibra/on	
  of	
  the	
  detector	

Real	
  data	


MC	
  	
  
simula/on	


Detailed	
  Calibra/on	
  works	
  has	
  been	
  done	
  
intensively	
  with	
  in-­‐situ	
  &	
  ex-­‐situ	
  sources:	
  
(pulse	
  laser,	
  CRµ,	
  electron	
  LINAC,	
  ..)	
  
•  Timing	
  response	
  of	
  PMTs	
  
•  Gain	
  of	
  PMTs	
  	
  
•  Water	
  transparency	
  measurement	
  
•  Detector	
  Uniformity	
  	
  …	
  

Full	
  Monte	
  Carlo	
  (MC)	
  simula/on	
  has	
  
been	
  developed	
  based	
  on	
  
measurements	
  of	
  fundamental	
  
parameters	
  &	
  available	
  models.	


Well	
  test	
  the	
  event	
  	
  reconstruc/on	
  
performance	
  
•  Vertex,	
  direc/on	
  
•  Par/cle	
  iden/fica/on	
  
•  Energy	
  reconstruc/on,	
  …	
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Stability	

Key	
  issue	
  is	
  a	
  water	
  quality.	


Convec'on(suppression(in(SK�
•  Very(precisely(temperature6controlled(
(±0.01oC)(water(is(supplied(to(the(boAom.(

��

3.5MeV64.5MeV(
Event(distribu'on�Return(to(

Water(system(

Purified(
Water(supply(

r2�

Temperature(grada'on(in(Z�

The(difference(is(only(0.2(oC(�

SK-­‐IV	
SK-­‐III	


Momentum�

��

•  RMS/Mean:-
0.36%�

•  RMS/Mean:-
0.39%�

±1%�

±1%�

Cosmic-ray-µ�

Decay;electron�

m
om

en
tu
m
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an

ge
-(M

eV
/c
/c
m
)�

m
om

en
tu
m
-(M

eV
/c
)�

T2K'plenary�

• Keep	
  water	
  quality	
  by	
  con/nuous	
  purifica/on	
  of	
  
the	
  water.	
  
• Carefully	
  control	
  the	
  flow	
  inside	
  Super-­‐K	
  
• Water	
  transparency	
  is	
  con/nuously	
  monitored	
  and	
  
taken	
  into	
  account	
  in	
  event	
  reconstruc/on.	
  
• 1%	
  level	
  stability	
  of	
  energy	
  es/ma/on.	
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Test	
  of	
  Majer	
  effect	


Normal	
  Hierarchy	


Inverted	
  Hierarchy	


•  Atmospheric	
  neutrino	
  data	
  in	
  SK	
  
prefer	
  the	
  majer	
  effect	
  
hypothesis	
  or	
  not?	
  

•  Introduce	
  a	
  phenomenological	
  
scaling	
  factor	
  α	
  to	
  electron	
  
poten/al:	
  

H =UMU † +α ⋅Ve

•  Best	
  fit	
  is	
  at	
  α	
  =	
  0.9	
  for	
  NH.	
  
•  Δχ2	
  =	
  3.5	
  (vacuum),	
  0.5(α=1.0)	
  
•  Based	
  on	
  Toy	
  MC,	
  vacuum	
  	
  

case	
  (α=0)	
  excluded	
  at	
  82%	
  confidence.	
  
Weakly	
  prefer	
  existence	
  of	
  majer	
  effect.	
  

and	
  carried	
  out	
  3-­‐flavor	
  ν	
  oscilla/on	
  
analysis.	
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FIG. 4 (color online). For comparison, the νμ → νμ (left) and νμ → νe (right) oscillation probabilities, plotted in path length vs neutrino
energy for standard three-flavor oscillations.
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FIG. 5 (color online). The νμ → νμ (left) and νμ → νe (right) oscillation probabilities, plotted in path length vs neutrino energy for the
aT parameter in the (top to bottom) eμ, μτ, and eτ sectors. The aT coefficients scale terms proportional to L, so the distortions get
stronger as cos θz approaches −1.
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Tests	
  of	
  Lorentz	
  Invariance	
  	
  	
  

•  In	
  addi/on	
  to	
  Standard	
  L/E	
  dependence,	
  L	
  
or	
  L・E	
  dependences	
  are	
  introduced.	
  

•  Spacially	
  isotropic	
  case	
  is	
  tested	
  (sensi/ve	
  
to	
  sidereal	
  effects	
  as	
  well...)	
  

P(νµ→νµ )	
  	
  	
  

Re(aT)	
 Im(aT)	


eµ	
 eτ	
 µτ	
 eµ	
 eτ	
 µτ	


2×10-­‐23	
 4×10-­‐23	
 8×10-­‐24	
 2×10-­‐23	
 2×10-­‐23	
 4×10-­‐24	


Re(cTT)	
 Im(cTT)	


eµ	
 eτ	
 µτ	
 eµ	
 eτ	
 µτ	


4×10-­‐26	
 2×10-­‐24	
 2×10-­‐26	
 4×10-­‐26	
 2×10-­‐24	
 2×10-­‐26	


Results	
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dom), corresponding to goodness-of-fit p-values around
2.5%. The best-fit momentum and zenith distributions
for the aT and cTT fits are shown, compared with the
data, in Appendix C. A summary of the fit results, in-
cluding upper limits at the 95% confidence level, best-fit
values, and levels of agreement with no Lorentz violation
can be seen in Tab. II. The two-dimensional contours
at the 95% confidence level on aT and cTT are shown in
Figs. 3(a)-3(b) respectively. The limits on the real and
imaginary parts of the parameter are slightly di↵erent in
the e⌧ and µ⌧ sectors because these fits found best fit
points with di↵erent values for the real and imaginary
components.

IV. CONCLUSIONS

The large range of energies and path lengths in the
atmospheric neutrino sample make it sensitive to a va-
riety of spectral distortions introduced by violations of
Lorentz invariance as parameterized by the Standard
Model Extension. However, the long distances and high
energies make the perturbative approach used in other
experiments inappropriate, so we present the first anal-
ysis of Lorentz violation in neutrino oscillations where
the full, non-perturbative Hamiltonian is used, combined
with three-flavor neutrino oscillations. No evidence of LV
is seen, so we set limits on the isotropic parameters aT

and cTT in the eµ, µ⌧ , and e⌧ sectors. These are the
first limits on the isotropic parameters in the µ⌧ sector,
and we improve the existing limits [12] on aT by 3 orders
of magnitude and on cTT by seven orders of magnitude
thanks to the wide range of energies and path lengths of
the neutrinos in the atmospheric neutrino samples. Fu-
ture studies of SK atmospheric neutrino data could also
set limits on the directional parameters by searching for

sidereal variations in the atmospheric neutrino data.
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Appendix A: Neutrino oscillations with Lorentz
violation

This appendix shows the full calculation of the neu-
trino oscillation probabilities with both three-neutrino
mixing and Lorentz Violation, without assuming that the
baseline is short or that the LV Hamiltonian is small.
Neither of these approximations is valid for SK because
of its wide range of path lengths and energies.
The oscillation probabilities for Lorentz violation plus

three-flavor oscillations including matter e↵ects are cal-
culated by diagonalizing the Hamiltonian which includes
all these pieces, following the method from [62]. Com-
bining the parts described individually in Section II,

H = U

0

B@
0 0 0

0 �m2
21

2E 0

0 0 �m2
31

2E

1

CAU †±
p
2GF

0
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Ne 0 0

0 0 0
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1
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1

CA�E
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0 cTT
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cTT
eµ

�⇤
0 cTT

µ⌧�
cTT
e⌧

�⇤ �
cTT
µ⌧

�⇤
0

1

CA , (A1)

where U is the PMNS mixing matrix, E is the neutrino
energy, GF is Fermi’s constant, and Ne is the average
electron density along the neutrino’s path. For antineu-
trinos, the complex conjugates of all terms are taken
(though in practice this only a↵ects �cp in U and the
a and c parameters) and the signs of the ⌫e matter e↵ect
and a matrices are negative.

The next step is to diagonalize this 3⇥3 matrix to cal-
culate the new eigenvalues and mixing matrix. Since the
Hamiltonian is Hermitian the eigenvalues are guaranteed
to be real. They can be calculated below as the roots of

a cubic equation,

Ei = �2
p
Q cos

✓
✓i
3

◆
� a

3
, (A2)

with i = 0, 1, 2 and where the components Q and ✓i,

Q =
a2 � 3b

9
(A3)

✓0 =cos�1
⇣
RQ� 3

2

⌘
(A4)

✓1 =✓0 + 2⇡ (A5)

✓2 =✓0 � 2⇡, (A6)

•  Non-­‐standard	
  terms	
  from	
  Lorentz	
  invariance	
  viola/ng	
  (LIV)	
  effect	
  is	
  tested.	
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FIG. 4 (color online). For comparison, the νμ → νμ (left) and νμ → νe (right) oscillation probabilities, plotted in path length vs neutrino
energy for standard three-flavor oscillations.
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FIG. 5 (color online). The νμ → νμ (left) and νμ → νe (right) oscillation probabilities, plotted in path length vs neutrino energy for the
aT parameter in the (top to bottom) eμ, μτ, and eτ sectors. The aT coefficients scale terms proportional to L, so the distortions get
stronger as cos θz approaches −1.
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Sterile	
  Neutrino	
  Oscilla/ons	
  in	
  
Atmospheric	
  Neutrinos	
  

•  (Standard	
  neutrinos	
  +	
  sterile	
  neutrinos)	
  is	
  
tested	
  for	
  large	
  Δm2

41	
  	
  region	
  
(>0.01eV2)	
  .	
  

•  Two	
  cases	
  are	
  inves/gated	
  
•  Ue4	
  is	
  assumed	
  to	
  be	
  0.	
  
•  No	
  majer	
  effect	
  from	
  NC	
  poten/al	
  

on	
  sterile	
  neutrinos.	
  	
  

•  Turning	
  off	
  sterile	
  majer	
  effects	
  
while	
  preserving	
  standard	
  three-­‐
flavor	
  oscilla/ons	
  provides	
  a	
  pure	
  
measurement	
  of	
  	
  |	
  Uµ4	
  |2	
  	
  	
  

•  As	
  with	
  similar	
  experiments,	
  no	
  
strong	
  sterile-­‐driven	
  νµ	
  
disappearance	
  	
  

•  |	
  Uµ4	
  |2	
  <	
  0.041	
  at	
  90%	
  C.L.	
  	
  

PMNS	
   Sterile	
  

2|
4µ

|U
-310 -210 -110

)2
 (e

V
412

m
Δ

-110

1

10

210

90% C.L.

MiniBooNE	
  +	
  	
  
SciBooNE	
  
PRD86,	
  
	
  052009	
  (2012)	
  	
  

CCFR	
  
PRL.	
  52,	
  	
  
1384	
  (1984)	
  	
  

MINOS	
  
Preliminary	
  

36	


PHYS.	
  REV.D	
  91,	
  052019	
  (2015)	
  	




37	




38	


Atmospheric neutrino�

•  Matter effects enhance P(νμ 
 νe)  at 2-10GeV
•  Normal hierarchy � neutrino
•  Inverted hierarchy � anti-neutrino 

•  Resolve mass hierarchy in ~3 years (sin2θ23=0.5) $
by combination of atmospheric + beam ν�

���

J. Raaf, NNN2013�

from HK-LoI (5.6Mt�yr)�



23θ 2sin
0.2 0.4 0.6 0.8

2
 | 

 M
eV

132
 m

Δ| 
0.0015

0.002

0.0025

0.003

0.0035

0.004

23θ 2sin
0.2 0.4 0.6 0.8

2
 | 

M
eV

322
 m

Δ| 

0.0015

0.002

0.0025

0.003

0.0035

0.004

Allowed	
  region	
  on	
  (sin2θ23,	
  Δm2
32	
  or	
  Δm2

13)	
  	
  

•  Consistent	
  with	
  long-­‐baseline	
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  parameter	
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•  Three	
  frequency	
  driven	
  by	
  Δm2
ij,	
  amplitudes	
  by	
  mixing	
  angles.	
  

•  Appearance	
  (αàβ)	
  is	
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  window	
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  observe	
  δcp.	
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