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Hyper-Kamiokande Project 

Design baseline Super-Kamiokande Hyper-Kamiokande 
Caverns 1 cylindrical cavern, 

No compartments 
2egg shape caverns, 
10 compartments 

Num. of ID/OD PMTs 11,129 / 1,885 ~99,000 / ~25,000 
Photocoverage 40% ~20% (to be optimized) 

Total / Fiducial Volume 50 kt / 22.5 kt 0.99 Mt / 0.56 Mt 

Hyper-Kamiokande is a next generation large water 
Cherenkov detector.	

×25! 
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2	Super-Kamiokande (50kt) Hyper-Kamiokande (1Mt) 



Astrophysical Neutrino at HK 
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HK 

NASA, Chandra & Hubble 
2007 

NASA, Hubble 2009 

and DM annihilation, GRB ν… 

Solar neutrino Supernova ν 

SN relic ν 

•  Burning processes, 
modeling of the Sun 

•  Property of neutrino 
•  SN explosion 
mechanism 

•  SN monitor 
•  Nucleosynthe
sis 

•  SN mechanism 
•  Star formation 
history 

•  Extraordinary 
SNe 

kpc ~ Mpc	

Mpc ~	

~5μpc	

wikimedia 



Solar neutrino  
p + p → 2H + e+ + νe (99.75%) 
p + e- + p → 2H + νe (0.25%) 

2H + p → 3He + γ 

3He + 3He → 4He + 2p 
3He + 4He → 7Be + γ 

3He + p → 4He + e+ + νe 

7Be + e- → 7Li + νe 

7Be + p → 8B + γ 

8Be* → 2 4He 

7Li + p → 2 4He 

85%	

2×10-5%	

14%	

99.85%	

0.15%	

pp-chain & ν Energy specturm 
• The Sun is burning 
with nuclear fusion 
reactions, called pp-
chain and CNO-cycle, 
emitting neutrinos. 

• Only neutrinos can 
bing out the 
information of 
“today’s” status of 
solar center. 

• With Hyper-K, a large 
statistics is expected : 

• 200 νev./day, Eν>6.5MeV  
•  (15 ν ev./day in SK-I ~ SK-IV) 

8B → 8Be* + e+ + νe 

Visible with 
Hyper-K	
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Solar neutrino observation  

•  Sensitivity of direction and energy. 
•  Real-time measurement 

•  Day-night flux asymmetry 
•  Neutrino flux variation 

ν + e- → ν + e- 

•  In water detector, we observe the 
neutrinos with the Cherenkov 
light of the scattered electron. 

HK Detector Simulation “WCSim” 
e-, 20MeV	

Yearly ν variation & Sun spots (SK) 
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Solar neutrino oscillation
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sin2 �12 = 0.312+0.033
�0.025

sin2 �12 = 0.311+0.014
�0.014

sin2 �12 = 0.308+0.013
�0.013

✓Same ~2σ tension with 
KamLAND in Δm221

sin2θ13=0.0242±0.0026

KamLAND
Solar+KamLAND

Solar

preliminary

The unit of Δm221 
is 10-5 eV2

�m2
21 = 7.54+0.19

�0.18

�m2
21 = 4.85+1.4

�0.59

�m2
21 = 7.50+0.19

�0.18

Solar ν oscillation measurement 

Y. Koshio, Neutrino2014 
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All	  solar	  
sin2(θ12)	  =	  0.311	  

Δm21
2	  =	  4.85x10-‐5	  eV2	  

Solar+KamLAND	  
sin2(θ12)	  =	  0.308	  

Δm21
2	  =	  7.50x10-‐5	  eV2	  

D/N	  best	  
sin2(θ12)	  =	  0.311	  

Δm21
2	  =	  4.17x10-‐5	  eV2	  

θZ	  

Solar Day/Night asymmetry 

SK	  I-‐IV	  
Combined	  

StaBsBcal	  Error	  Only	  

preliminary 
P.Weatherly WIN2015 
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Day-Night asymmetry in SK
sin2θ12=0.314, sin2θ13=0.025

1σ KamLAND1σ Solar

SK-I,II,III,IV combined 1σ range

expected

PRL 112, 091805 (2014)

•  Non-0 D/N asymmetry of solar 
ν caused by terrestrial matter 
effect is indicated by SK. 
[PRL 1212, 091805(2014)] 

•  The D/N asymmetry leads 
smaller Δm221 value in solar 
neutrino analysis, comparing to 
reactor neutrino analysis. 
→ How about with Hyper-K? 



Solar D/N asymmetry at HK 
original figure:  

P.Weatherly WIN2015 
•  With Hyper-K statistics, 
we can measure the D/N 
asymmetry with ±~0.5% 
precision. (stat. only.) 

•  ~0.5% of sys. error is 
applied on SK 
analysis. 

•  To separate solar best 
Δm221 and KamLAND 
best above 2.5σ. 

•  1σ = ~1×10-5eV2 
 

→ CPT violation test, 
difference between 

   Pνe -> νe and Pνe -> νe. 
 

→ Better measurement of 
Δm221 for CPV test in 
HK long-baseline part. 

±1σ	  region	  with	  Hyper-‐K	  10years	  
*assumuing	  solar	  best	  Δm2,	  staBsBc	  
(signal	  and	  background)	  error	  only	

All	  solar	  exp.	  +	  SK	  D/N	

KamLAND	  ν	  

preliminary 

-‐5	

D-N 
2(D+N) 

D/N asymmetry 
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To see the spectrum up-turn

P(
ν e

 �
 ν

e)

sin2(θ)
0.35
0.28
0.28
0.28
0.22

Δm2 (eV2)
6.3 x 10-5

4.8 x 10-5 
7.2 x 10-5

10.0 x 10-5

7.2 x 10-5

νe survival probability recoil electron spectrum 

sys. error

reduce sys. error
reduce stat. error

Lower threshold

~10% upturn 
should be seen
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To see hep neutrinoSolar Neutrino : Hep

small branch

Takeuchi-san’s slide

not detected yet

SK-I energy resolution 
 (40% photo-coverage)

no oscillation 
stat. error only

- Challenge:
large background from  
the tail of 8B solar neutrino

good energy resolution is required

J.N. Bahcall and A.M. Serenelli, Astro. Phys. J. 621, 85 (2005)

difficult to extract the hep signal 
with SK-II energy resolution
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•  Energy"resolu+on"at"higher"energy"
(~20"MeV)"is"important."

•  It"can"be"seen"with"40%"P.C."cannot"
with"14%"P.C..""

•  ~300"events/"5Mt�years"(>17MeV)"
���

Other solar ν topics 
Takeuchi 

Koshio 

Hep process neutrino 
•  Undiscovered solar neutrino, 
with small branching ratio. 

•  With Hyper-K 10 years, there is  
chance to discover. 

   → To test the solar models. 

Energy spectrum up-turn 
•  To confirm the solar neutrino 
oscillation, or to see new 
physics beyond the SM. 

   → Non-standard interaction, 
sterile neutrinos … 

• Optimizing detector, reducing 
systematic, statistic error and 
careful calibration will be 
needed. 
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Supernova Neutrino 
Core collapse supernova emits all 
kinds of neutrinos. 
•  11 neutrino events by 
Kamiokande from SN1987A at 
50kpc (LMC).  

•  170 ~ 260k events are expected 
in HK from SN at 10kpc (galactic 
center). 

Physics Motivation 
•  Core collapse SN physics 

–  Explosion mechanism 
–  Proto-neutron star formation 
–  Black hole formation 

•  Neutrino Physics 
•  Multi-messenger analysis 

–  With gravitational wave, 
gamma-ray, X-ray, telescope… 

NASA, Chandra & Hubble 
2007 
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Features 
•  Detection of neutronization ν 
•  Measurement of supernova burst 
time 

•  Better directional measurement for 
SN monitor 

•  Energy spectrum measurement 
•  Extraordinary SN (BH, dim SN) 

Handreds of events 
for neutronizaiton	



•  Two	  kind	  of	  short	  Bme	  variance	  is	  proposed	  from	  3D	  MC	  
simulaBon.	  
•  ConvecBon	  (SASI)	  :	  ±	  100	  events/ms	  @	  10kpc	  
•  RotaBon	  :	  ±	  40	  events/ms	  @	  10kpc	  
ConvecBon	  leads	  an	  explosion	  to	  3D	  simulaBon	  model.	  
-‐>	  DetecBon/frequency	  analysis	  of	  these	  variance	  is	  important	  
input	  to	  supernova	  theories.	  

11	

ＳＡＳＩ 
(Standing Accretion Shock Instability) 

Advective-acoustic cycle 
From Foglizzo’s slides 

Scheck+ 2008 
Pressure Wave 

Vorticity Wave 

Standing Accretion Shock Instability(SASI) 
 

Takiwaki	  

29 

Takiwaki+ in prep 

Period of spiral mode is extracted by ν-signal 

SIDE 

TO
P 

Neutrino signals from rotating model 

Short time variation of SN ν 



Supernova Relic Neutrino 
1 Billion 
years 
from 
Bigbang 

15 Billion 
years 
from 
Bigbang 

•  Supernova Relic Neutrino (SRN) 
is diffused neutrinos coming from 
all past supernovae. 

•  Not discovered but promising 
source of extra-galactic neutrino. 
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Physics	  of	  SRN	  
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Stellar	  birth	  rate(=collapse	  rate)	  
and	  Bright	  collapse	  rate	

Horiuchi	  et.al	  (2011)	  with	  data	  from	  Dahlen	  et.al	  (2012)	

Lunardini	  (2009)	

Event!rates!

Hyper>K(Astrophysics,(May(18th(2015( Shunsaku(Horiuchi((Virginia(Tech)( 27(

Adapted!from!Horiuchi!et!al!(2009)!

Event(spectra(with(uncertain\es:(

Lunardini!PRL!(2009);!also!Lien!et!al,!PRD!(2010),!
!Keehn!&!Lunardini!PRD!(2010)�

Diffuse(neutrino(fluxes:(

Event(rate(at(0.5(kton(H2O(detector:(

Neutron(stars(!(

Black(holes(

Spectrum& 18&MeV&
threshold&[/yr]&

4(MeV( 9.2(+/>(2.5(

4(MeV+BH( 39.9((max)(

SN1987A( 10.3(+/>(3.1(

Event	  spectra	  with	  uncertainBes	

Adopted	  from	  Horiuchi	  et	  al.	  (2009)	

Horiuchi	  

 
•  Star formation rate 
•  Energy spectrum of supernova 
burst neutrinos 

•  Extraordinary SN (black hole, 
neutron star formation, dim 
supernova) 
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LMA SRN model 
assumed. 

years 
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SRN measurement with HK 
SRN with Hyper-K 
•  ~200 SRN events are expected 
between 20 MeV and 30 MeV, 
with Hyper-Kamiokande 10 
years. 

•  4.5~6 sigma detection of SRN 
is expected. 

nσ 
0.56 Mton 

SRN with Hyper-K+Gd 
•  By adding Gadolinium and 
applying neutrino tagging, we 
can lower the analysis 
threshold down to 12-14 MeV. 
•  νe + p -> e+ + n 
•  Gd + n -> Gd +γs (~8 MeV) 

•  With Gd, the measurement of 
Tν and model separation will 
be possible. 

HMA 
LMA 
HBD 6MeV 
Chemical 
Evolution 
Population 
Synthesis 
CGI 



Summary 
•  Hyper-K project is a next generation large water 
Cherenkov detector. 
–  Several studies are being performed. e.g. 
photosensor R&D, detector simulation, design and 
physics optimization… 

•  Astrophysical neutrino measurements is one of 
the features of Hyper-Kamiokande. 
–  Solar neutrino 

•  Hep neutrino, seasonal variation, up-turn etc… 
–  Supernova neutrino 

•  Energy and time spectrum measurement, SN 
alarming etc.. 

–  Supernova Relic Neutrino 
•  Supernova and SFR models, extraordinaly SN 15	



Solar	  neutrino	  fluxes	  of	  models.	  
J.N.	  Bahcall	  and	  A.M.	  Serenelli,	  Astro.	  Phys.	  J.	  621,	  85	  (2005)	  	
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Table 2: Predicted solar neutrino fluxes from seven solar models. The table presents the

predicted fluxes, in units of 1010(pp), 109( 7Be), 108(pep, 13N,15 O), 106( 8B,17 F), and 103(hep)
cm−2s−1 for the same solar models whose characteristics are summarized in Table 1.
Model pp pep hep 7Be 8B 13N 15O 17F

BP04(Yale) 5.94 1.40 7.88 4.86 5.79 5.71 5.03 5.91
BP04(Garching) 5.94 1.41 7.88 4.84 5.74 5.70 4.98 5.87

BS04 5.94 1.40 7.86 4.88 5.87 5.62 4.90 6.01
BS05(14N) 5.99 1.42 7.91 4.89 5.83 3.11 2.38 5.97

BS05(OP) 5.99 1.42 7.93 4.84 5.69 3.07 2.33 5.84
BS05(AGS,OP) 6.06 1.45 8.25 4.34 4.51 2.01 1.45 3.25

BS05(AGS,OPAL) 6.05 1.45 8.23 4.38 4.59 2.03 1.47 3.31



Solar	  neutrino	  upturn	  
Maltoni	  	  et	  al.	  hkp://arxiv.org/pdf/1507.05287.pdf	
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10 Michele Maltoni, Alexei Yu. Smirnov: Solar neutrinos and neutrino physics
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Fig. 5. Impact of new physics on solar neutrino survival prob-
ability. We fix sin2 ✓13 = 0.022. We plot standard oscillations
(sin2 ✓12 = 0.31, �m2

21 = 7.5 ⇥ 10�5 eV2), one extra sterile
neutrino (sin2 ✓12 = 0.31, �m2

21 = 7.5 ⇥ 10�5 eV2, sin2 2↵ =
0.005, �m2

01 = 1.2 ⇥ 10�5 eV2) and non-standard interac-
tions with up-type (sin2 ✓12 = 0.30, �m2

21 = 7.25⇥ 10�5 eV2,
"uD = �0.22, "uN = �0.30) and down-type (sin2 ✓12 = 0.32,
�m2

21 = 7.35 ⇥ 10�5 eV2, "dD = �0.12, "dN = �0.16) quarks.
See text for details. We use abbreviations “Brx” for Borexino
and “KL” for KamLAND.

�m2

01

defined above the new resonance modifies the sur-
vival probability leading to the dip at the intermediate
energies, E ⇠ 3 MeV, thus suppressing the upturn (see
Fig. 5). This alleviates the tension between solar and Kam-
LAND data.

4.1.3 �m2

as � �m2

21

In this limit (see Refs. [62, 63] for latest discussions) all
the �m2

ij

other than �m2

21

can be assumed to be infinite,
and in certain propagation basis the neutrino evolution is

described by the sum of H(2)

lma in Eq. (41) and

H
(2)

np =
p
2G

F

n
n

4

✓
�⇠

D

⇠
N

e�i�12

⇠
N

ei�12 ⇠
D

◆
, (43)

where ⇠
D

, ⇠
N

are combinations of the mixing matrix ele-
ments U

↵i

(explicit expressions can be found in App. C of
Ref. [63]).

The new physics term (43) proportional to V
n

, is in-
duced by the decoupling of heavy neutrino states. In gen-
eral, the matter term (43) and the usual one with V

e

do
not commute with each other as well as with the vacuum
term. The phase �

12

appearing in H
(2)

np originates from
the phases of the general (3 + n) mixing matrix, and it
cannot be eliminated by a redefinition of the fields. This
phase does not produce CP-violation asymmetry but af-
fects neutrino propagation in matter.

The relevant conversion probabilities can be written as

P
ee

= C̃
e

� ⌘2
e

P (2)

osc

,

P
ae

= C̃
a

� ⌘
e

⇣
⇠
D

P (2)

osc

+ ⇠
N

P
(2)

int

⌘
,

(44)

where P
(2)

osc

⌘ |S(2)

21

|2 and P
(2)

int

⌘ Re
�
S
(2)

11

S
(2)?

21

�
and the

matrix S(2) is the solution of the evolution equation with
the e↵ective Hamiltonian H(2). The coe�cients C̃

e

, C̃
a

,
and ⌘

e

are functions of U
↵i

[63]. The formulas (44) are
valid for any number of sterile neutrinos. Sterile neutrinos
a↵ect the oscillation probabilities in two di↵erent ways:
(1) the mixing of ⌫

e

with the “heavy” states leads to
a suppression of the energy-dependent part of the con-
version probabilities, in analogy with ✓
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e↵ects in the
standard case;
(2) the mixing of the sterile states with ⌫

1,2

leads to
overall disappearance of active neutrinos, so that P

ee

+
P
µe

+ P
⌧e

6= 1.
Phenomenologically, the most relevant e↵ect is the sec-
ond one, since the precise NC measurement performed by
SNO confirms that the total flux of active neutrinos from
the Sun is compatible with the expectations of the Stan-
dard Solar Model. Hence the fraction of sterile neutrinos
which can be produced in solar neutrino oscillations is
limited by the precision of the solar flux predictions, in
particular of the Boron flux. An updated fit of the solar
and KamLAND data in the context of (3+1) oscillations,
with the simplifying assumption U

e3

= U
e4

= 0, yields
|U

s1

|2 + |U
s2

|2 < 0.1 at the 95% CL.
Concerning the first e↵ect, the mixing of ⌫

e

with “heavy”
eigenstates has similar implications as in the standard
case except that now there are “more” heavy states. This
allows to put a bound on ⌘

e

which is very similar to
the one on |U

e3

|2 in 3⌫ one, but instead of being inter-
preted as a bound on |U

e3

|2 it becomes a bound on the
sum

P
i�3

|U
ei

|2. For example, for (3+1) models a bound

|U
e3

|2 + |U
e4

|2 < 0.077 at 95% CL can be derived from
the analysis of solar and KamLAND data, as shown in
Ref. [63]. Additional bounds have been obtained by Borex-
ino [64].

4.2 Non-standard interactions

In the presence of physics Beyond the Standard Model,
new interactions may arise between neutrinos and matter.
They can lead to e↵ective four-fermion operators of the
form

L
NSI

= �2
p
2G

F

"fP
↵�

(⌫̄
↵

�µ⌫
�

)(f̄�
µ

Pf) , (45)

where f denotes a charged fermion, P 2 {L,R} are the
left and right projection operators and "fP

↵�

parametrize
the strength of the non-standard interactions.

The non-standard interactions (NSI) were introduced
to obtain oscillations [8] or MSW conversion [13, 14] with-
out neutrino masses. NSI could provide an alternative so-
lution of the solar neutrino problem. They can modify the
LMA MSW solution, and inversely, be restricted by solar
neutrinos [65–69].

NSI a↵ect neutrino propagation: the matter term, V ,
in the evolution equation (1) includes an extra contribu-
tion from NSI

V
↵�

= V
e

�
↵e

�
�e

+
p
2G

F

X

f

n
f

"f
↵�

, (46)


