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SOLAR NEUTRINOS
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Latest solar neutrino result
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What’s for solar ν in HK?

Can we see clear flux differences between day-night?

- SK will see before HK starts?

Can it make distinguish between Solar best and 
KamLand best?

Can we see spectrum up-turn?

- It seems to be difficult, since it is hard to make the energy threshold 
enough low if the coverage is 20% and QE is same...
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The Hyper-Kamiokande Project:  
Sensitivity for low-energy 

neutrinos 
1. Abstract: 

  Hyper-Kamiokande (Hyper-K, HK) is a next generation underground water 
Cherenkov detector. In this presentation, I would like to report sensitivity studies 
on low-energy neutrinos, especially solar neutrinos and supernova neutrinos. 
Hyper-K could be used for variability analyses of the Sun. In spite of smaller photo 
coverage and less overburden, better statistical measurements of solar neutrinos 
than Super-Kamiokande (SK) could be done in HK detector. Hyper-K also has a 
good sensitivity for the supernova burst neutrinos. If a core collapse supernova 
explosion occurs at 10 kpc distance, the HK detector would detect approximately 
170,000 - 260,000 neutrinos within about 10 seconds. For the supernova relic 
neutrinos, Hyper-K could observe a few hundreds events in 10 years in 20-30 MeV 
energy region without neutron tagging. 
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2. Low-energy event reconstruction: 

3. Spallation events in HK: 

6. Related information: 

  LoI: Hyper-K  WG,  “The  Hyper-Kamiokande Experiment – Detector Design and 
Physics Potential –”,  arXiv:1109.3262 [hep-ex] 

 Poster ID 42-3:  M.  Miura,  “Sensitivity  for proton decay  searches” 
 Poster ID 68-2:  Y. Nishimura, “Performance  measurement  of photodetector” 
 Poster ID 165-3:  H. Sekiya,  “Design  of  a  huge  water  purification  system based on 

the Super-Kamiokande system” 
 Poster ID 209-2:    K.  Huang,  “Sensitivity of neutrino CP violation research” 
 Oral talk in Session 11 (Jun.6): M.  Yokoyama,  “Future  water  Cherenkov  detectors” 

4. Solar neutrinos in HK: 

5. Supernova neutrinos in HK: 

In this study, the current analysis tools and the detector Monte Carlo simulation (MC) for the low-
energy analysis [1] in SK are used. The dark rate of the PMTs and water transparency assumed 
similar as current SK detector.  

The following plots show the expected vertex, angular, and energy resolutions for uniform electron 
events in HK. The vertex resolution is defined as the distance between generated and reconstructed 
vertex positions in which 68% of the MC events are included. If we require 3m vertex resolution, the 
minimum analysis electron kinetic energies will be 2.5 MeV, 4.0 MeV, and 5.5 MeV for the 40%, 20%,  
and 10% photo-coverage, respectively. The angular resolution is defined as the opening angle  
between generated and reconstructed directions in which 68% of the events are included. The 
energy resolution is defined as the sigma of the reconstructed energy divided by the mean of the 
reconstructed energy. 

In summary, the current analysis tools will work well above ~4.0 MeV (kinetic) in HK. 

HK detector  
Fid. Vol. 0.56 Mton 
20 % photo coverage 
1780 m.w.e. overburden 

SK detector 
22.5 kton 
40 %  
2750 m.w.e. 

Vertex Angular Energy 

The major background sources for the low-energy neutrinos in HK will be the radioactive 
spallation products created by cosmic-ray muons. In the current design, the cosmic-ray muon rate is 
expected to be increased by a factor of about 10 in equal volumes.  However, the average energy of 
the cosmic-ray muons (indicated in parenthesis) at the shallower HK site (~300 GeV ) is expected to 
be lower than that at the deeper SK site (~560 GeV ). Considering that the spallation production 
cross section is proportional to the 0.7-th power of the cosmic-ray muons' energy, the density of 
spallation products will be increased by a factor of  6 to 7 in the HK site. 

We found the remaining spallation products will be increased by another factor of 3 at most with 
the current analysis tools, if HK has the same resolutions with SK-I. This is due to decreasing 
efficiency for separating spallation products from signal events  with increasing the cosmic-ray 
muon rate. So, the density of the remaining spallation products will be increased by a factor of 20 
at most in HK, if HK has the same resolutions with SK-I. However, this could (and most likely will) be 
reduced by ongoing improvements of the analysis tools.  

The energy region of solar neutrinos and spallation products are overlapped completely. 
In Super-K, however, angular information is used to extract the solar neutrino signal 
events (Fig.1). We have estimated the possible effect of the background level in the signal 
extraction after considering angular information. In this study, we used (kinetic) 8.5-9.0 
MeV SK-I data as a reference. The extracted solar neutrino signal events and total 
(=signal+background) events in this energy region over the entire run period (0.09 
Megaton years) were 1350 events and 7700 events, respectively. So, the Signal-to-Total 
(S/T) ratio is 18%. We made artificial data samples with reduced S/T ratios, then applied 
the signal extraction (Fig.2). As a result, we found the expected statistical error is reduced 
by a factor of 2.0 in HK, if HK has the same resolutions with SK-I (Fig.3).  

If a supernova explosion occurs halfway across our galaxy, the HK detector would detect 
approximately 170,000 ~ 260,000 neutrinos as a ~10 second long burst. This very large statistical 
sample should at last reveal the detailed mechanism of supernova explosions. The sharp rise time 
of the burst in HK can also be used to make a measurement of the absolute mass of neutrinos. 
Expected sensitivity would be around 0.5 ~1.3 eV/c2. HK could detect supernova burst neutrinos 
from outside our Galaxy (Fig.1); about 7,000-10,000 s from the Large Magellanic Cloud and 30-
50s even from the Andromeda galaxy (M31). 

Supernova relic neutrinos (SRN) [2] could be searched in HK with a high sensitivity. Because of 
the spallation products below ~20 MeV and atmospheric neutrino events above ~30 MeV, the 
detection of SRN signals is limited in 20-30 MeV. The expected number of SRN events in this 
energy region is ~310 / 10yrs (Fig.2) assuming the flux prediction of Ando et al. and an event 

selection efficiency of 90%. The number of background events from atmospheric neutrinos is 
estimated to be 2200 / 10yrs. So, it is possible to detect SRN signals with high statistical 
significance. 

With 0.1% by mass of gadolinium (Gd) dissolved in the water, neutrons are captured on Gd 
with about 90% efficiency. Therefore, HK with Gd would detect as many as 830 SRNs / 10yrs 
(Fig.3) in 10-30 MeV energy region. However, below about 15 MeV, careful study of the 
spallation products would be needed. In any case, this large SRN sample will enable us to 
explore the evolution of the universe. 

Expected cosmic-ray muon rates in HK site. Text and color 
represents expected muon flux in units of 10-6/sec/cm2. 
The yellow boxes indicate the current candidate site. See, 
LoI for details. 

Typical spallation likelihood distributions with increased 
cosmic-ray muon rates (simulation). Horizontal and 
vertical axes are likelihood (larger is spallation-like) and 
area-normalized number of events. The green lines 
indicate typical cut points with ~20% signal loss. 

Signal 
Spallation 

SK  μ  rate SK μ  x4 

SK μ  x6 SK μ  x10 

80% 
  9% 

77% 
12% 

77% 
14% 

80% 
18% 

Electron kinetic energy:  
                  4.5-19.5MeV 

SK-I  1496 days 

   : Data 
   : Background 
   : Best Fit  

sun 

SK 

Sun 
Signal 

Background 
(= ~Spallation  
in high-E) 0

1

2

3

4

5

6

SKx1 x5 x7 x10 x20 x30

Stat. err. at sig=100

Stat. err. reduction factor
(Stat. err. in SK / factor)

Number of fitted signal events 

St
at

. e
rr

or
 /

 si
gn

al
 

Background level 

SK-I BG level   + 
SK-I BG x5        x 
SK-I BG x7        x 
SK-I BG x10       
SK-I BG x20       
SK-I BG x30     O 

Fig.1: Typical angular distribution 
& signal fitting in SK-I [1]. 

[1]  “Solar  neutrino  measurements  in  Super-Kamiokande-I”,  PRD 73, 112001 (2006) 
[2]  “Supernova  relic  neutrino  search  at  Super-Kamiokande”,  PRD 85, 052007 (2012) 

Fig.2: Estimation of stat. errors in 
signal extraction with reduced S/T 
samples. 

Fig.3: Expected stat. error 
reduction in HK comparing to SK 
in the same observation time, if 
HK has the same resolutions. 

HK 

HK could be used for variability analyses of the Sun. For example, the 8B solar neutrino 
flux highly depends on the Sun's present core temperature. Unlike multiple scattered 
photons or slow-moving helioseismic waves, free streaming solar neutrinos are the only 
available messengers with which to precisely investigate ongoing conditions in the core 
region of the Sun. HK could measure ~200 solar s per day above (kinetic) 6.5 MeV 
threshold. Therefore, short time variability of the temperature in the solar core could be 
monitored by the solar neutrinos in HK.   

A precise  study of the solar neutrino oscillation could be also done in HK. For example, 
in solar neutrino oscillations, a few % difference in the solar neutrino event rates during 
the daytime and the nighttime is expected from the MSW effect in the Earth. In HK, a 
precise measurement of the day/night asymmetry will be performed using higher statistics 
(<1% for 5 years, only stat., with SK-I BG x20) than those available in SK.  

Open Meeting for the Hyper-K project, August 22-23 @Kavli IPMU (Kashiwa, Japan) 

Fig.1: Cumulative supernova rate 
calculated by Ando et al. (grey), and 
detection prob. in HK above 10 MeV 
(lines). See, LoI for details. 

Solid: No Osc. 
Dash: Norm. H 
Dot:   Inv. H 

Fig.2: Expected spectrum of SRN 
signals at HK with 10 years of live 
time without tagging neutrons. 
See, LoI for details. 

Fig.3: Expected spectrum of SRN 
signals at HK with 10 years of live 
time with the Gd option. See, LoI 
for details. 
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The remaining 
spallation products 
will be increased by 
a factor of 20 with 
the same algorithm 
in SK and the same 
dead time (20%)

Spallation background



Remaining B.G. in SK
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SK-I & II Final data samples 

!   Event rate of SK-II is 
still higher than SK-I. 

!   Dominant BG source 
in low-e region is 
external events from 
outside fiducial 
volume. 

!   Could the energy 
and vertex resolution 
explain the 
difference? 

 
High-e region could be explained by 
  energy resolution 
  vertex resolution at spallation cut 
  different 2nd reduction 

Y.Takeuchi at SK meeting, 2005

6.5MeV (kin.)



Assumption
Same condition as SK-II.

- Event rate : 328 events/day/22.5kton/(6.5-19.5MeV)

- 6.5MeV (kin.) energy threshold

HK 10 years sensitivity with the Solar best parameters.

Spallation background is 20 times larger than SK and 
also same level as SK.

100,000 toy-MCs are generated. 
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Signal for day/night : ~5.1 x 105

Back ground : ~2.7 x 108

Statistic error of fitted flux :
- 20 times higher B.G. : ~1.3%
- same level as SK : ~0.4%



Day/Night asymmetry in 
100,000 toy-MCs

Day/Night Asymmetry
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Day/Night Asymmetry
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Summary
The mega-ton scale WC detector has physics potential for solar neutrino 
oscillation, especially sensitive to Δm221, however, a spallation background 
should be reduced at the same level as SK for a meaningful result, and it 
seems not to be easy with the current condition and analysis algorithm...

Next to study

- In case of several conditions of number of PMTs, QE and depth.

- How to reduce spallation background by software : the spallation cut 
used for the SNR analysis (in which longitudinal vertex correlation was 
also used) could help some factors?

- Systematic error : it can be estimated by precise monitoring of the 
detector asymmetry by spallation sample.



SUPERNOVA BURST 
NEUTRINOS



Supernova burst neutrinos

In case of a galactic 
SuperNova, very large 
statistics, precise 
directionality and time 
profile are available.

Detection of burst 
neutrinos from 
SuperNova in nearby 
galaxies is also possible.
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FIG. 54. Expected number of supernova burst events for each interaction as a function of the distance to a

supernova. The band of each line shows the possible variation due to the assumption of neutrino oscillations.
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FIG. 55. Angular distributions of a simulation of a 10 kpc supernova. The plots show a visible energy range

of 5-10 MeV (left-top), 10-20 MeV (right-top), 20-30 MeV (left-bottom), and 30-40 MeV (right-bottom).

The black dotted line and the red solid histogram (above the black dotted line) are fitted contributions of

inverse beta and ⌫e-scattering events. Concerning the neutrino oscillation scenario, the no oscillation case

is shown here.

expected number of events



Supernova burst neutrinos
@ 10 kpc angular distributions

6.5MeV (kin.) energy threshold / 0.74Mton volume
No/NH/IH neutrino oscillation are assumed

spallation B.G. is ignorable.
(~20 events/0.74Mton/18sec.)

Inverse beta
(νe+p →e++n) 162,000~228,000
electron scattering
(ν+e-→ν+e-) 6,000~7,000
νe16O charged 
current 300~14,000
νe16O charged 
current 2,000~13,000

total 170,000~260,000
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FIG. 54. Expected number of supernova burst events for each interaction as a function of the distance to a

supernova. The band of each line shows the possible variation due to the assumption of neutrino oscillations.
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FIG. 55. Angular distributions of a simulation of a 10 kpc supernova. The plots show a visible energy range

of 5-10 MeV (left-top), 10-20 MeV (right-top), 20-30 MeV (left-bottom), and 30-40 MeV (right-bottom).

The black dotted line and the red solid histogram (above the black dotted line) are fitted contributions of

inverse beta and ⌫e-scattering events. Concerning the neutrino oscillation scenario, the no oscillation case

is shown here.



Supernova burst neutrinos
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show event rates for ⌫e-scattering and inverse beta events, respectively. Solid, dotted, and dashed curved

indicate the neutrino oscillation scenarios of no oscillation, N.H., and I.H., respectively.

absolute neutrino mass does not depend on whether the neutrino is a Dirac or Majorana particle.

A sharp timing peak at the moment of neutronization is expected in ⌫e-scattering events as

shown in Fig. 57. The expected number of ⌫e-scattering events at the neutronization burst is ⇠20,

⇠56, and ⇠130 for N.H., I.H., and no oscillation, respectively, for a supernova at 10 kpc. Although

the number of inverse beta events is ⇠345 (N.H.), ⇠700 (I.H.), and ⇠190(no oscillation) in the

10 ms bin of the neutronization burst, the number of events in the direction of the supernova is

typically 1/10 of the total events. So, the ratio of signal events (⌫e-scattering) to other events

(inverse beta) is expected to be about 20/33 (N.H.), 52/70 (I.H.) and 130/19 (no oscillation).

Thus, the ⌫e scattering events can be identified with high statistical significance thanks to the

directionality of ⌫e-scattering.

Neutrino oscillations could be studied using supernova neutrino events. There are many papers

which discuss the possibility of extracting signatures of neutrino oscillations free from uncertainties

of supernova models [81, 90–98]. One big advantage of supernova neutrinos over other neutrino

sources (solar, atmospheric, accelerator neutrinos) is that they inevitably pass through very high

density matter on their way to the detector. This gives a sizable e↵ect in the time variation of

the energy spectrum even for small sin2 ✓
13

[81, 91, 99]. As an example, figures from the paper

by Fogli et al. [81] are shown in Fig. 58. The propagation of the supernova shock wave causes

time variations in the matter density profile through which the neutrinos must travel. Because of

spallation B.G. is ignorable
(~0.01 events/0.74Mton/10 msec)

time profile @ 10 kpc
E Astrophysics 85
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FIG. 56. Inverse beta event rate (left) and mean energy of ⌫̄e (right) predicted by supernova simulations

[83–87] for the first 0.3 seconds after the onset of a 10 kpc distant burst.

of neutrinos. Note that inverse beta events directly provide a very precise measurement of the

temperature of ⌫̄e. Hyper-K will be able to evaluate the temperature di↵erence between ⌫̄e and

⌫e + ⌫X . This would be a valuable input to model builders.

Figure 56 shows inverse beta event rates and mean ⌫̄e energy distributions predicted by various

models [83–87] for the first 0.3 sec after the onset of a burst. The statistical error of Hyper-K is

much smaller than the di↵erence between the models, and so Hyper-K should give crucial data

for comparing model predictions. The left plot in Fig. 56 shows that about 300-1000 events are

expected in the first 20 millisecond bin. This means that the onset time can be determined with

an accuracy of about 0.03 ms. This is precise enough to allow examination of the infall of the core

in conjunction with the signals of neutronization (see below) as well as possible data from future

gravitational wave detectors.

We can also use the sharp rise of the burst to make a measurement of the absolute mass of

neutrinos. Because of the finite mass of neutrinos, their arrival times will depend on their energies.

This relation is expressed as

�t = 5.15 msec
✓

D

10 kpc

◆✓
m

1 eV

◆
2

✓
E⌫

10 MeV

◆�2

(7)

where �t is the time delay with respect to that assuming zero neutrino mass, D is the distance to

the supernova, m is the absolute mass of a neutrino, and E⌫ is the neutrino energy. Totani [88]

discussed Super-Kamiokande’s sensitivity to neutrino mass using the energy dependence of the

rise time; scaling these results to the much larger statistics provided by Hyper-K, we expect a

sensitivity of 0.5⇠1.3 eV for the absolute neutrino mass [89]. Note that this measurement of the

determine starting time 
with 1 msec accuracy



Supernova burst neutrinos
in nearby  galaxies

88 III PHYSICS POTENTIAL

0 2 4 6 8 10
Distance D [Mpc]

0

0.2

0.4

0.6

0.8

1

R
S

N  
 (

<
 D

) 
 [

y
r-1

]

Galaxy

Limit

M
 3

1

N
G

C
 2

5
3

M
 8

1
, 

M
 8

2
, 

N
G

C
 4

9
4

5

N
G

C
 2

9
0

3IC
 3

4
2

, 
 N

G
C

 2
4

0
3

N
G

C
 5

1
9

4

N
G

C
 4

5
9

4

N
G

C
 6

9
4

6

M
af

fe
i 

G
ro

u
p

M
 8

3

N
G

C
 4

2
5

8
M

 1
0

1
Catalog

Continuum
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1 2 3 4 5 6 7 8 9 10
Distance (Mpc)

D
e
te

c
ti

o
n

 P
ro

b
a
b

il
it

y

P
(N

 !
1
)

P(N !2)

P
(N

 !
3
)

FIG. 59. (Left) Cumulative calculated supernova rate versus distance for supernovae in nearby galaxies

(reproduced from [100]). (Right) Detection probability of supernova neutrinos versus distance at Hyper-K

assuming a 0.56 Megaton fiducial volume and 10 MeV threshold for this analysis. Black, green, and blue

curves show the detection e�ciency resulting in requiring at least or equal to one, two, and three events per

burst, respectively. Solid, dotted, and dashed curves are for neutrino oscillation scenarios of no oscillation,

N.H., and I.H., respectively.

observations indicate that the true nearby supernova rates are probably about 3 times higher than

this conservative calculation. Figure 59(right) shows detection probability versus distance for the

Hyper-K detector. In this estimate, energy of neutrino events is required to be more than 10 MeV

and the vertex position of the events should be within the fiducial volume (0.56 Megatons). If we

require the number of events to be more than or equal to one(two), the detection probability is

52⇠69%(17⇠33%) for a supernova at 4 Mpc. If we can use a tight timing coincidence with other

types of supernova sensors (e.g. gravitational wave detectors), we should be able to identify even

single supernova neutrinos. Assuming the observed supernova rate in nearby galaxies, we expect

to collect about 10-20 supernova neutrino events from them during 20 years of operating Hyper-K.

2. Supernova relic neutrinos

There are about 1020 stars in the universe (⇠1010 galaxies in the universe, and each galaxy

has about 1010 stars). Because about 0.3% of the stars have masses larger than 8 times the solar

mass, it is estimated that 1017 supernova explosions have occurred over the entire history of the

universe. This means that on average one supernova explosion has been occurring every second

~0.3 SN/year is expected to 
4Mpc.

If the analysis energy threshold 
for HK is set to 18MeV for 
reduce B.G., which comes from 
SK-2 experiences, the detection 
probability is 19~37% (N≧1)

The expected accidental B.G. 
becomes 1.23e-03 events/18sec. 
The probability of an 
accidental event is 0.12% (N≧1)

S.Ando, J.F.Beacom, H.Yuksel, 
Phys. Rev. Lett. 93 (2004) 171101
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FIG. 59. (Left) Cumulative calculated supernova rate versus distance for supernovae in nearby galaxies

(reproduced from [100]). (Right) Detection probability of supernova neutrinos versus distance at Hyper-K

assuming a 0.56 Megaton fiducial volume and 10 MeV threshold for this analysis. Black, green, and blue

curves show the detection e�ciency resulting in requiring at least or equal to one, two, and three events per

burst, respectively. Solid, dotted, and dashed curves are for neutrino oscillation scenarios of no oscillation,

N.H., and I.H., respectively.
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Hyper-K detector. In this estimate, energy of neutrino events is required to be more than 10 MeV

and the vertex position of the events should be within the fiducial volume (0.56 Megatons). If we

require the number of events to be more than or equal to one(two), the detection probability is

52⇠69%(17⇠33%) for a supernova at 4 Mpc. If we can use a tight timing coincidence with other

types of supernova sensors (e.g. gravitational wave detectors), we should be able to identify even

single supernova neutrinos. Assuming the observed supernova rate in nearby galaxies, we expect

to collect about 10-20 supernova neutrino events from them during 20 years of operating Hyper-K.
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Summary

Galactic supernova detection in HK is promising for various 
studies about the detailed mechanism of SuperNova explosion.

A detection of supernova burst neutrino events from nearby 
galaxies (~4Mpc) is expected. The more photo-coverage and/or 
Gd doped is preferable to lowering threshold (less than 
18MeV) for better sensitivity.

Next to study :

- The detection probability and background estimation in 
several cases, (depth, number of PMTs, QE, Gd doped etc.)


