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Review of the SN1987A in LMC
at 50 kpc, ν’s seen ~2.5 hours before first light

Kam-II  (11 evts.) 
IMB-3  (8 evts.) 
Baksan (5 evts.) 

24 events total 

Water Cherenkov
Kamiokande-II IMB-3

Strong directionality for νe event

Liquid Scintillator Baksan
Good νe event identification

Most of them seems to νe event
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Water-Cherenkov detector
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Kamiokande (1983-1995)

e 

Speed of light in water

c/n ~ c/1.33

kamioka mine (2700mwe)
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‘Event’ in Kamiokande
454 K. S. HIRATA et al. 38
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THRES P E 0 2(1 0)

FIG. 9. The time sequence of events in a 45-sec interval cen-
tered on 7:35:35UT 23 February 1987. The vertical height of
each line represents the relative energy of the event. Solid lines
represent low-energy electron events in units of the number of
hit PMT, Nh„(left-hand scale). Dashed lines represent muon
events in units of the number of photoelectrons (right-hand
scale). Events p1-p4 are muon events which precede the elec-
tron burst at time zero. The upper right figure is the 0—2-sec
time interval on an expanded scale.

FIG. 7. (a) Three-dimensional reproduction of event 9 listed
in Tables I and II. (b) Exploded view of event 9.
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THRES P E 0 2(1 0)

FIG. 8. Exploded view of event 12.

with Nh;, &20 in any of those 17-min periods. The Pois-
son distribution for events with Nh;, &20 per 30 sec for
the entire 10-h period 2:27 UT to 12:27 UT is shown in
Fig. 12, and indicates that an excess of 10 events above
the mean of 5.4 events in a 30-sec interval would be
recognized. This result holds proportionally if the unit of
time is chosen to be 10 sec rather than 30 sec.
Finally, a sample of triggers was chosen primarily to

monitor the trigger rate, for which the trigger threshold
was lowered to Nh;, =14, corresponding to 5.6 MeV at
which energy the efficiency was roughly 35%. During
the 12.44-sec interval of the observed neutrino burst

(Table II}, the observed number of triggers (after sub-
tracting the supernova burst) was 138+12, compared
with the expected value of 127 obtained from the average
background trigger rate of 10.2 Hz for several subruns
around the supernova time. During the 10-sec interval
between 2:52:36 UT and 2:52:46 UT, there were 99+10
triggers when 102 were expected from nearby time inter-
vals.
We conclude that there is no evidence in the data of

Kamiokande-II for any excess of neutrino-induced
events —either in a burst of a few seconds or over a
longer time interval —relative to the usual count rate, ex-
cepting only the neutrino burst at 7:35:35UT.

IV. ANALYSIS AND INTERPRETATION
OF THK BURST DATA

The total energy and angle relative to the LMC of the
12 electrons observed in the burst are given in two
columns of Table II. For each event the energy and the
1o. error on the energy were calculated as described in
Sec. II B. The approximately Gaussian errors on
0(e, LMC} in Table II were obtained from the Monte
Carlo events used to estimate the event energies and un-
certainties.
A scatter plot of E, vs cosO(e, LMC) is shown in Fig.

13(a), and projections on each axis in Figs. 13(b) and
13(c). The angular distribution in Fig. 13(c) is consistent
with an isotropic distribution of the electrons relative to
LMC. This is in turn consistent with the energy depen-
dence of the neutrino cross sections' shown in Fig. 14(a),
where it is seen that the dominant cross section is
u(v, pf„,~e n) with the isotropic angular distribution
given in Fig. 14(b). Accordingly, the energy of the in-
cident v, is given by E(v, )=E(e )+(m„—mz)
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with Nh;, &20 in any of those 17-min periods. The Pois-
son distribution for events with Nh;, &20 per 30 sec for
the entire 10-h period 2:27 UT to 12:27 UT is shown in
Fig. 12, and indicates that an excess of 10 events above
the mean of 5.4 events in a 30-sec interval would be
recognized. This result holds proportionally if the unit of
time is chosen to be 10 sec rather than 30 sec.
Finally, a sample of triggers was chosen primarily to

monitor the trigger rate, for which the trigger threshold
was lowered to Nh;, =14, corresponding to 5.6 MeV at
which energy the efficiency was roughly 35%. During
the 12.44-sec interval of the observed neutrino burst

(Table II}, the observed number of triggers (after sub-
tracting the supernova burst) was 138+12, compared
with the expected value of 127 obtained from the average
background trigger rate of 10.2 Hz for several subruns
around the supernova time. During the 10-sec interval
between 2:52:36 UT and 2:52:46 UT, there were 99+10
triggers when 102 were expected from nearby time inter-
vals.
We conclude that there is no evidence in the data of

Kamiokande-II for any excess of neutrino-induced
events —either in a burst of a few seconds or over a
longer time interval —relative to the usual count rate, ex-
cepting only the neutrino burst at 7:35:35UT.

IV. ANALYSIS AND INTERPRETATION
OF THK BURST DATA

The total energy and angle relative to the LMC of the
12 electrons observed in the burst are given in two
columns of Table II. For each event the energy and the
1o. error on the energy were calculated as described in
Sec. II B. The approximately Gaussian errors on
0(e, LMC} in Table II were obtained from the Monte
Carlo events used to estimate the event energies and un-
certainties.
A scatter plot of E, vs cosO(e, LMC) is shown in Fig.

13(a), and projections on each axis in Figs. 13(b) and
13(c). The angular distribution in Fig. 13(c) is consistent
with an isotropic distribution of the electrons relative to
LMC. This is in turn consistent with the energy depen-
dence of the neutrino cross sections' shown in Fig. 14(a),
where it is seen that the dominant cross section is
u(v, pf„,~e n) with the isotropic angular distribution
given in Fig. 14(b). Accordingly, the energy of the in-
cident v, is given by E(v, )=E(e )+(m„—mz)

Energy, position, direction of each event are 
reconstructed using PMT-hit timing and pattern
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SN1987A in Kamiokande

•Date : 23 Feb. 1987 
•Time : 07:35:35 (UT) 
•11 events in 13 sec.

Energy is determined by 
the number of hit PMTs 
for which the residual 

time (T-Tof) is ± 15nsec

Realtime detectorTime profile vs Energy

Trigger if 20 hits within 
100 nsec ~ 7.5 MeV 

(@50% eff.)
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Review of the SN1987A in LMC
SN neutrino temperature and energy

Kam-II  (11 evts.) 
IMB-3  (8 evts.) 
Baksan (5 evts.) 

24 events total 

Most of them seems to νe event Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Twenty Years After SN 1987A, 23-25 February 2007, Hilton Waikola, Hawaii

Interpreting SN 1987A NeutrinosInterpreting SN 1987A Neutrinos
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NeubigNeubig & & RaffeltRaffelt,,

PRD 54 (1996) 1194PRD 54 (1996) 1194
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νν
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TemperatureTemperature
__

TheoryTheory

Raffelt

Jegerlehner, Neubig, Raffelt 
PRD 54 (1996) 1194
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Angular distribution to SN1987a
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Review of the SN1987A in LMC
Angular distribution

Kamiokande IMB

Hard to say anything...

νe event ?
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Distance!scales!and!physics!outcomes!
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Targets of Supernova neutrino



Neutrino interaction 
for supernova neutrino 

detection

νe,νe

p, n, e+n, p, e-

e-, e+

W

Charged Current
ν ν

n, p, e-

Z

Neutral Current

n, p, e-
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Neutrino interaction for SNν
Inverse beta decay

νe + p → e+ + n

✓ Dominates for detectors with lots of free proton 
• Detect positron signal in water, scintillator, etc. 

✓ νe sensitive 
✓ Obtain the neutrino energy from the positron energy 

• Ee ~ Eν - (mn - mp), Eν > 1.86MeV 
✓ Well known cross section 
✓ Poor directionality 
✓ Neutron tagging using delayed coincidence 

• n + p → d + γ, n + Gd → Gd + γ

(Charged Current interaction)
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✓ Dominates for detectors with lots of free proton 
• Detect positron signal in water, scintillator, etc. 

✓ νe sensitive 
✓ Obtain the neutrino energy from the positron energy 

• Ee ~ Eν - (mn - mp), Eν > 1.86MeV 
✓ Well known cross section 
✓ Poor directionality 
✓ Neutron tagging using delayed coincidence 

• n + p → d + γ, n + Gd → Gd + γ
12

Neutrino interaction for SNν
Inverse beta decay

νe + p → e+ + n

Strumia, Vissani 
Phys. Lett. B564 (2003) 42

νe+p

Total cross section for water 
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✓ Dominates for detectors with lots of free proton 
• Detect positron signal in water, scintillator, etc. 

✓ νe sensitive 
✓ Obtain the neutrino energy from the positron energy 

• Ee ~ Eν - (mn - mp), Eν > 1.86MeV 
✓ Well known cross section 
✓ Poor directionality 
✓ Neutron tagging using delayed coincidence 

• n + p → d + γ, n + Gd → Gd + γ
13

Neutrino interaction for SNν
Inverse beta decay

νe + p → e+ + n

Possible to enhance this signal if Gd loaded

νe!

e+!

p 
n 

γ#

γ#p 

Gd 
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νe+p

Total cross section for water 

νe+e

νe+e νx+e

14

Neutrino interaction for SNν
Elastic scattering

νe,x + e- → νe,x + e-

✓ All neutrinos are sensitive 
✓ The cross section for νe is larger 
than others because of CC effect. 
✓ Well known cross section. 

• few % of inverse beta decay 
✓ Good directionality 
✓ Measurable for only recoil 
electron energy, not neutrino energy

(Both Charged Current and 
Neutral Current interaction)
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Neutrino interaction for SNν
Elastic scattering

νe,x + e- → νe,x + e-

✓ All neutrinos are sensitive 
✓ The cross section for νe is larger 
than others because of CC effect. 
✓ Well known cross section. 

• few % of inverse beta decay 
✓ Good directionality 
✓ Measurable for only recoil 
electron energy, not neutrino energy

(Both Charged Current and 
Neutral Current interaction)

Water Cherenkov

�� � 25�/
�

N

νe,x e-   

Eν=10MeV

Angular distribution 
 between incident neutrino 

and  recoil electron



SN search at 
Super-Kamiokande
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on the solar parameter space.
Figure 33 shows the allowed region in (θ12, θ13) space

obtained from the global solar analysis and our Kam-
LAND analysis. As shown in the figure, in the global
solar contour, the larger value of θ13 prefers the larger
value of θ12, while in the KamLAND contour the larger
value of θ13 prefers the smaller value of θ12. The
global solar analysis finds that the best fit values at
sin2 θ12 = 0.31±0.03 (tan2 θ12 = 0.44±0.06) and∆m2

21 =
6.0+2.2

−2.5 × 10−5eV2. Combined with the KamLAND re-
sult, the best-fit oscillation parameters are found to be
sin2 θ12 = 0.31+0.03

−0.02 (tan2 θ12 = 0.44+0.06
−0.04) and ∆m2

21 =

7.7± 0.3× 10−5eV2. The best fit value of sin2 θ13 is 0.01,
and an upper bound is obtained, sin2 θ13 < 0.060 at the
95% C.L., for the global solar analysis. Combining with
the KamLAND contour, the best fit value of sin2 θ13 is
0.025+0.018

−0.016 and the 95% C.L. upper limit of the sin2 θ13
is found to be 0.059.

∆
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FIG. 32: Allowed region in solar parameter space (θ12,∆m2)
obtained by the three-flavor analysis. The thick lines and
the star mark show the allowed regions and the best fit point
of the global solar analysis. The thin lines and the square
mark show the allowed regions and the best fit point of our
KamLAND analysis. The filled areas and the filled circle
mark show the allowed regions and the best fit point of the
combined analysis. For all regions, the innermost area (red),
the middle area (green) and the outermost area (blue) show
68.3, 95, 99.7 % C.L. respectively.

The flux value of 8B neutrinos can be extracted using
the oscillation parameters obtained from the fitting of
the global solar and KamLAND result. As in Equation
4.1, β is a free parameter to minimize the χ2 and there
is no constraint from the SSM prediction in χ2

SK+SNO.
Table VII summarizes the scaled 8B flux values by us-
ing βm at the best fit point obtained by the global solar
analysis and the global solar + KamLAND analyses in
both two and three flavor analyses. The size of the error
corresponds to the maximum and minimum flux values

si
n

2 (Θ
13

)

0

sin
2
(Θ12)

0.1 0.2 0.3 0.4 0.5

0.1

0.2

FIG. 33: Allowed region in (θ12, θ13) space obtained by the
three-flavor analysis. The definitions of marks and lines are
same as in Figure 32.

8B flux (×106cm−2s−1)
Global solar (2 flavor) 5.3 ±0.2
Global solar + KamLAND (2 flavor) 5.1 ±0.1
Global solar (3 flavor) 5.3 ±0.2
Global solar + KamLAND (3 flavor) 5.3 +0.1

−0.2

TABLE VII: 8B neutrino flux obtained from the oscillation
parameter fitting.

among the 1σ oscillation parameter region. As shown in
the table, the 8B flux agrees well with the latest SSM
prediction [32], and the size of the uncertainty is 2 ∼ 3%
which is consistent with the SNO result [20].

V. CONCLUSION

Super-Kamiokande has measured the solar 8B flux to
be (2.32± 0.04(stat.)± 0.05(sys.))× 106 cm−2sec−1 dur-
ing its third phase; the systematic uncertainty is smaller
than for SK-I. Combining all solar experiments in a
two flavor fit, the best fit is found to favor the LMA
region at sin2 θ12 = 0.30+0.02

−0.01 (tan2 θ12 = 0.42+0.04
−0.02)

and ∆m2
21 = 6.2+1.1

−1.9 × 10−5eV2. Combined with the
KamLAND result, the best-fit oscillation parameters are
found to be sin2 θ12 = 0.31±0.01 (tan2 θ12 = 0.44±0.03)
and ∆m2

21 = 7.6± 0.2× 10−5eV2, in excellent agreement
with previous solar neutrino oscillation measurements.
In a three-flavor analysis combining all solar neutrino ex-
periments and the KamLAND result, the best fit value
of sin2 θ13 is found to be 0.025+0.018

−0.016 and an upper bound
is obtained as sin2 θ13 < 0.059 at 95% C. L..

ニュートリノ振動
２０００年代

SK
SNO (CC)
SNO (NC)

0 0.25 0.5 0.75 1

νe νx

1000t �� 

SNO

Super-Kamiokande

νe,x + e- → νe,x + e-
電子弾性散乱 (ES)

入射ニュートリノの方向を保存
高統計、高精度の測定
電子ニュートリノ反応断面積は
他のニュートリノの～７倍

νe + d → e- + p + p

太陽内部で
発生時

ニュートリノの種類を区別できる

荷電カレント (CC)

νx + d → νx + n + p
中性カレント (NC)

νe,x + e- → νe,x + e-
電子弾性散乱 (ES)

ニュートリノ振動パラメータ

Phys. Rev. D 83, 052010 (2011)

Solar + KamLAND
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Kamioka underground detectors
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Super-Kamiokande

39.3m 

41.4m 

50kt water Cherenkov detector 
22.5kt fiducial volume 
 
         20�PMT  photocathode  
          (inner)       coverage  
SK-1  11,146        40% 
SK-2    5,182        19% 
SK-3  11,129        40% 

Placed inside the Kamioka mine 
1000m underground 

1000m 

SK 

Cherenkov light 

charged 
particle 

neutrino 

32kton fiducial volume for SN 
20’ PMT   photocathode 

(inner)      coverage 
SK-1     11,146         40% 
SK-2       5,182         19% 
SK-3     11,129         40% 
SK-4   same as SK-3 
          with new electronics

νe,x e-   

✓ Underground in Kamioka 
mine, (almost BG free) 
✓ 3.5MeV energy 
threshold for recoil electron 
✓ Dominant process is 
inverse beta decay 
✓ Good directionality for νe 
elastic scattering

charged 
particle θ

50kton Water Cherenkov detector



2017年1月19日 東北大学 19

Super-Kamiokande
For supernova neutrinos 

(~MeV)

ID

OD

vertex 55cm hit timing
direction 23deg. hit pattern
energy 14% # of hits.

Detector performance

~ 6 hits/MeV 
well calibrated by LINAC / 
DT within 0.5% precision

Ee = 8.6 MeV (kin.) 
cosθsun = 0.95

Resolution@10MeV   Information

How to reconstruct?



Movie
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Super-Kamiokande

Expected number of event

Livermore simulation 
Totani, Sato, Dalhed, Wilson, ApJ. 496 (1998) 216

7.3k~10.2k ev (inverse beta decay) 
320~380 ev (νe elastic scattering) 
12~610 ev (νe CC)  
95~580 ev (νe CC) 

at 10kpc, 4.5MeV energy threshold

18

on the solar parameter space.
Figure 33 shows the allowed region in (θ12, θ13) space

obtained from the global solar analysis and our Kam-
LAND analysis. As shown in the figure, in the global
solar contour, the larger value of θ13 prefers the larger
value of θ12, while in the KamLAND contour the larger
value of θ13 prefers the smaller value of θ12. The
global solar analysis finds that the best fit values at
sin2 θ12 = 0.31±0.03 (tan2 θ12 = 0.44±0.06) and∆m2

21 =
6.0+2.2

−2.5 × 10−5eV2. Combined with the KamLAND re-
sult, the best-fit oscillation parameters are found to be
sin2 θ12 = 0.31+0.03

−0.02 (tan2 θ12 = 0.44+0.06
−0.04) and ∆m2

21 =

7.7± 0.3× 10−5eV2. The best fit value of sin2 θ13 is 0.01,
and an upper bound is obtained, sin2 θ13 < 0.060 at the
95% C.L., for the global solar analysis. Combining with
the KamLAND contour, the best fit value of sin2 θ13 is
0.025+0.018

−0.016 and the 95% C.L. upper limit of the sin2 θ13
is found to be 0.059.
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FIG. 32: Allowed region in solar parameter space (θ12,∆m2)
obtained by the three-flavor analysis. The thick lines and
the star mark show the allowed regions and the best fit point
of the global solar analysis. The thin lines and the square
mark show the allowed regions and the best fit point of our
KamLAND analysis. The filled areas and the filled circle
mark show the allowed regions and the best fit point of the
combined analysis. For all regions, the innermost area (red),
the middle area (green) and the outermost area (blue) show
68.3, 95, 99.7 % C.L. respectively.

The flux value of 8B neutrinos can be extracted using
the oscillation parameters obtained from the fitting of
the global solar and KamLAND result. As in Equation
4.1, β is a free parameter to minimize the χ2 and there
is no constraint from the SSM prediction in χ2

SK+SNO.
Table VII summarizes the scaled 8B flux values by us-
ing βm at the best fit point obtained by the global solar
analysis and the global solar + KamLAND analyses in
both two and three flavor analyses. The size of the error
corresponds to the maximum and minimum flux values
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FIG. 33: Allowed region in (θ12, θ13) space obtained by the
three-flavor analysis. The definitions of marks and lines are
same as in Figure 32.

8B flux (×106cm−2s−1)
Global solar (2 flavor) 5.3 ±0.2
Global solar + KamLAND (2 flavor) 5.1 ±0.1
Global solar (3 flavor) 5.3 ±0.2
Global solar + KamLAND (3 flavor) 5.3 +0.1

−0.2

TABLE VII: 8B neutrino flux obtained from the oscillation
parameter fitting.

among the 1σ oscillation parameter region. As shown in
the table, the 8B flux agrees well with the latest SSM
prediction [32], and the size of the uncertainty is 2 ∼ 3%
which is consistent with the SNO result [20].

V. CONCLUSION

Super-Kamiokande has measured the solar 8B flux to
be (2.32± 0.04(stat.)± 0.05(sys.))× 106 cm−2sec−1 dur-
ing its third phase; the systematic uncertainty is smaller
than for SK-I. Combining all solar experiments in a
two flavor fit, the best fit is found to favor the LMA
region at sin2 θ12 = 0.30+0.02

−0.01 (tan2 θ12 = 0.42+0.04
−0.02)

and ∆m2
21 = 6.2+1.1

−1.9 × 10−5eV2. Combined with the
KamLAND result, the best-fit oscillation parameters are
found to be sin2 θ12 = 0.31±0.01 (tan2 θ12 = 0.44±0.03)
and ∆m2

21 = 7.6± 0.2× 10−5eV2, in excellent agreement
with previous solar neutrino oscillation measurements.
In a three-flavor analysis combining all solar neutrino ex-
periments and the KamLAND result, the best fit value
of sin2 θ13 is found to be 0.025+0.018

−0.016 and an upper bound
is obtained as sin2 θ13 < 0.059 at 95% C. L..
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on the solar parameter space.
Figure 33 shows the allowed region in (θ12, θ13) space

obtained from the global solar analysis and our Kam-
LAND analysis. As shown in the figure, in the global
solar contour, the larger value of θ13 prefers the larger
value of θ12, while in the KamLAND contour the larger
value of θ13 prefers the smaller value of θ12. The
global solar analysis finds that the best fit values at
sin2 θ12 = 0.31±0.03 (tan2 θ12 = 0.44±0.06) and∆m2

21 =
6.0+2.2

−2.5 × 10−5eV2. Combined with the KamLAND re-
sult, the best-fit oscillation parameters are found to be
sin2 θ12 = 0.31+0.03

−0.02 (tan2 θ12 = 0.44+0.06
−0.04) and ∆m2

21 =

7.7± 0.3× 10−5eV2. The best fit value of sin2 θ13 is 0.01,
and an upper bound is obtained, sin2 θ13 < 0.060 at the
95% C.L., for the global solar analysis. Combining with
the KamLAND contour, the best fit value of sin2 θ13 is
0.025+0.018

−0.016 and the 95% C.L. upper limit of the sin2 θ13
is found to be 0.059.
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FIG. 32: Allowed region in solar parameter space (θ12,∆m2)
obtained by the three-flavor analysis. The thick lines and
the star mark show the allowed regions and the best fit point
of the global solar analysis. The thin lines and the square
mark show the allowed regions and the best fit point of our
KamLAND analysis. The filled areas and the filled circle
mark show the allowed regions and the best fit point of the
combined analysis. For all regions, the innermost area (red),
the middle area (green) and the outermost area (blue) show
68.3, 95, 99.7 % C.L. respectively.

The flux value of 8B neutrinos can be extracted using
the oscillation parameters obtained from the fitting of
the global solar and KamLAND result. As in Equation
4.1, β is a free parameter to minimize the χ2 and there
is no constraint from the SSM prediction in χ2

SK+SNO.
Table VII summarizes the scaled 8B flux values by us-
ing βm at the best fit point obtained by the global solar
analysis and the global solar + KamLAND analyses in
both two and three flavor analyses. The size of the error
corresponds to the maximum and minimum flux values
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FIG. 33: Allowed region in (θ12, θ13) space obtained by the
three-flavor analysis. The definitions of marks and lines are
same as in Figure 32.

8B flux (×106cm−2s−1)
Global solar (2 flavor) 5.3 ±0.2
Global solar + KamLAND (2 flavor) 5.1 ±0.1
Global solar (3 flavor) 5.3 ±0.2
Global solar + KamLAND (3 flavor) 5.3 +0.1

−0.2

TABLE VII: 8B neutrino flux obtained from the oscillation
parameter fitting.

among the 1σ oscillation parameter region. As shown in
the table, the 8B flux agrees well with the latest SSM
prediction [32], and the size of the uncertainty is 2 ∼ 3%
which is consistent with the SNO result [20].

V. CONCLUSION

Super-Kamiokande has measured the solar 8B flux to
be (2.32± 0.04(stat.)± 0.05(sys.))× 106 cm−2sec−1 dur-
ing its third phase; the systematic uncertainty is smaller
than for SK-I. Combining all solar experiments in a
two flavor fit, the best fit is found to favor the LMA
region at sin2 θ12 = 0.30+0.02

−0.01 (tan2 θ12 = 0.42+0.04
−0.02)

and ∆m2
21 = 6.2+1.1

−1.9 × 10−5eV2. Combined with the
KamLAND result, the best-fit oscillation parameters are
found to be sin2 θ12 = 0.31±0.01 (tan2 θ12 = 0.44±0.03)
and ∆m2

21 = 7.6± 0.2× 10−5eV2, in excellent agreement
with previous solar neutrino oscillation measurements.
In a three-flavor analysis combining all solar neutrino ex-
periments and the KamLAND result, the best fit value
of sin2 θ13 is found to be 0.025+0.018

−0.016 and an upper bound
is obtained as sin2 θ13 < 0.059 at 95% C. L..
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on the solar parameter space.
Figure 33 shows the allowed region in (θ12, θ13) space

obtained from the global solar analysis and our Kam-
LAND analysis. As shown in the figure, in the global
solar contour, the larger value of θ13 prefers the larger
value of θ12, while in the KamLAND contour the larger
value of θ13 prefers the smaller value of θ12. The
global solar analysis finds that the best fit values at
sin2 θ12 = 0.31±0.03 (tan2 θ12 = 0.44±0.06) and∆m2

21 =
6.0+2.2

−2.5 × 10−5eV2. Combined with the KamLAND re-
sult, the best-fit oscillation parameters are found to be
sin2 θ12 = 0.31+0.03

−0.02 (tan2 θ12 = 0.44+0.06
−0.04) and ∆m2

21 =

7.7± 0.3× 10−5eV2. The best fit value of sin2 θ13 is 0.01,
and an upper bound is obtained, sin2 θ13 < 0.060 at the
95% C.L., for the global solar analysis. Combining with
the KamLAND contour, the best fit value of sin2 θ13 is
0.025+0.018

−0.016 and the 95% C.L. upper limit of the sin2 θ13
is found to be 0.059.
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FIG. 32: Allowed region in solar parameter space (θ12,∆m2)
obtained by the three-flavor analysis. The thick lines and
the star mark show the allowed regions and the best fit point
of the global solar analysis. The thin lines and the square
mark show the allowed regions and the best fit point of our
KamLAND analysis. The filled areas and the filled circle
mark show the allowed regions and the best fit point of the
combined analysis. For all regions, the innermost area (red),
the middle area (green) and the outermost area (blue) show
68.3, 95, 99.7 % C.L. respectively.

The flux value of 8B neutrinos can be extracted using
the oscillation parameters obtained from the fitting of
the global solar and KamLAND result. As in Equation
4.1, β is a free parameter to minimize the χ2 and there
is no constraint from the SSM prediction in χ2

SK+SNO.
Table VII summarizes the scaled 8B flux values by us-
ing βm at the best fit point obtained by the global solar
analysis and the global solar + KamLAND analyses in
both two and three flavor analyses. The size of the error
corresponds to the maximum and minimum flux values
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FIG. 33: Allowed region in (θ12, θ13) space obtained by the
three-flavor analysis. The definitions of marks and lines are
same as in Figure 32.

8B flux (×106cm−2s−1)
Global solar (2 flavor) 5.3 ±0.2
Global solar + KamLAND (2 flavor) 5.1 ±0.1
Global solar (3 flavor) 5.3 ±0.2
Global solar + KamLAND (3 flavor) 5.3 +0.1

−0.2

TABLE VII: 8B neutrino flux obtained from the oscillation
parameter fitting.

among the 1σ oscillation parameter region. As shown in
the table, the 8B flux agrees well with the latest SSM
prediction [32], and the size of the uncertainty is 2 ∼ 3%
which is consistent with the SNO result [20].

V. CONCLUSION

Super-Kamiokande has measured the solar 8B flux to
be (2.32± 0.04(stat.)± 0.05(sys.))× 106 cm−2sec−1 dur-
ing its third phase; the systematic uncertainty is smaller
than for SK-I. Combining all solar experiments in a
two flavor fit, the best fit is found to favor the LMA
region at sin2 θ12 = 0.30+0.02

−0.01 (tan2 θ12 = 0.42+0.04
−0.02)

and ∆m2
21 = 6.2+1.1

−1.9 × 10−5eV2. Combined with the
KamLAND result, the best-fit oscillation parameters are
found to be sin2 θ12 = 0.31±0.01 (tan2 θ12 = 0.44±0.03)
and ∆m2

21 = 7.6± 0.2× 10−5eV2, in excellent agreement
with previous solar neutrino oscillation measurements.
In a three-flavor analysis combining all solar neutrino ex-
periments and the KamLAND result, the best fit value
of sin2 θ13 is found to be 0.025+0.018

−0.016 and an upper bound
is obtained as sin2 θ13 < 0.059 at 95% C. L..
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Time variation of νe+p at 10kpc
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whereMthr is threshold ofmultiplicity, and!T is the timewindow
for each case. Unlike the equation (9), Ri and Ti are single event
rate and live time of each data-taking period (maximum24 hr), be-
cause the event rate of especially low energy events, whose energy
is less than about 6 MeV, depends on the detector running condi-
tions; for example, shortly after some types of calibration work,
the event rate of such low-energy events is very high. This rate
also depends on the hardware trigger threshold, whose value was
gradually lowered during the data-taking period (Hosaka et al.
2006). We can use a Poisson-based estimate for the background,
because after the Rmean cut, most of the background clusters are
due to chance coincidences of low-energy events such as solar
neutrino events, flasher events, and spallation events in the data
samples. Since there were no candidates with stricter criteria,!3
events per 1 ms, !3 events per 10 ms, or!3 events per 100 ms,
also in agreement with the expected background as shown in
Table 2, we conclude that no signal from a real neutronization
burst was observed during this period.

3. DISCUSSION AND CONCLUSIONS

We have searched the SK-I and SK-II data for neutrino burst
signals from supernova explosions.We conclude that no real sig-
nals of supernova bursts occurred during the data-taking periods
between late May 1996 and early October 2005, which corre-
sponds to a total live time of 2589.2 days.39 Super-K also per-
formed an all-sky search for transient astrophysical neutrinos in
the GeVYTeVenergy region and did not find anything (Abe et al.
2006), so we can rule out the detection of high-energy neutrinos
from any supernovae as well.

We can evaluate the performance of Super-K as a supernova
watcher based on these results. We simulated neutrino events in
the tank to estimate detection probability of a supernova as a func-
tion of distance from the Earth. The incident neutrinos are assumed
to be emitted by a supernova of the model used by the Livermore
group (Wilson 1985). The detection probability of a supernova at a
certain distance is determined as a probability in which one simu-
lated neutrino burst satisfies each criterion given in previous sec-
tions after basic data reduction.

As shown in Figure 6, full detection probability is maintained
out to around 100 kpc. Therefore, the upper limit at 90%C.L. for
the supernova explosion rate out to 100 kpc (which covers our
Galaxy, the LMC, and the SMC) is determined to be 0.32 per year
by combining the results from SK-I and SK-II. While the prob-

ability for the burst search with lower energy thresholds declines
rapidly to almost 0.0 at 780 kpc, the distance to the Andromeda
galaxy, the probability of the distant supernova search is still 0.07
at this distance, which demonstrates the benefit of conducting a
long time window search in addition to the usual burst search.
We have also performed, for the first time, a systematic search

for neutrinos fromneutronization bursts. These could occur in iso-
lation in the case of early black hole formation following a core
collapse. However there was no such signal observed in the data
set with a total live time of 2381.3 days.
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REFERENCES

Abe, K., et al. 2006, ApJ, 652, 198
Ahrens, J., et al. 2002, Astropart. Phys., 16, 345
Alekseev, E. N., & Alexeyeva, L. N. 2002, J. Exp. Theor. Phys, 95, 10
Alekseev, E. N., et al. 1987, J. Exp. Theor. Phys. Lett. 45, 589
Ambrosio, M., et al. 2004, Eur. Phys. J. C, 37, 265
Ando, S., Beacom, J. F., & Yuksel, H. 2005, Phys. Rev. Lett., 95 , 171101
Bionta, R. M., et al. ( IMB collaboration). 1987, Phys. Rev. Lett., 58, 1494
Dadykin, V. L., et al. 1987, J. Exp. Theor. Phys. Lett. 45, 593
Dye, S. T, et al. 1989, Phys. Rev. Lett., 62, 2069
Fulgione, W., et al. (LVD Collaboration). 2003, Proc. 28th International Cosmic
Ray Conference (Trukuba) (Tokyo: IUPAP), 1333

Hirata, K. S, et al. 1987, Phys. Rev. Lett., 58, 1490
Hosaka, J, et al. 2006, Phys. Rev. D, 73, 112001
Jegerlehner, B., Neubig, F., & Raffelt, G. G. et al., 1996, Phys. Rev. D, 54, 1194
Langanke, K., Vogel, P., & Kolbe, E. 1996, Phys. Rev. Lett., 76, 2629
Nakahata, M, et al. 1999, Nucl. Instrum. Methods A, 421, 113

Raffelt, G. G. Nucl. 2002, Phys. B Suppl., 110, 254
Stanek, K. Z., & Garnavich, P. M. 1998, ApJ, 503, L131
Sumiyoshi, K., Yamada, S., Suzuki, H., & Chiba, S. 2006, Phys. Rev. Lett., 97,
91101

Sumiyoshi, K, et al. 2005, ApJ, 629, 922
Suzuki, Y. 1993, in Proc. International Symposium on Neutrino Astrophysics:
Frontiers of Neutrino Astrophysics, ed. Y. Suzuki & K. Nakamura (Tokyo:
Universal Academy Press), 61

Takahashi, K., Watanabe, M., Sato, K., & Totani, T. 2001, Phys. Rev. D, 64,
93004

Thompson, T. A., Burrows, A., & Pinto, P. A. 2003, ApJ, 592, 434
Totani, T. Sato, K., Dalhed, H. E., & Wilson, J. R. 1998, Phys. Rev. Lett., 80,
2039

Wilson, J. R. 1985, in Numerical Astrophysics, ed. J. M. Centrella, J. M. LeBlanc,
& R. L. Bowers (Boston: Jones & Bartlett), 422

39 Even during periods of calibration, we found no clear Galactic supernova
neutrino bursts in the SK detector.

Fig. 6.—Probability of detecting supernovae assuming a specific supernova
model at SK. Full (100%) detection probability is retained out to around 100 kpc.

IKEDA ET AL.524

SK collaboration, ApJ, 669 (2007) 669

Detection probability as a function of distance

~350 kpc at 50% efficiency



2017年1月19日 東北大学

νe+p 

νe+p 

νe+p νe+p 

ν+e ν+e 

ν+e 
ν+e 

26

Super-Kamiokande
Simulation of angular distribution

✓ ν-e elastic scattering has 
good directionality. 
✓ Direction of supernova can 
be determined with an 
accuracy of ~5 degree. 
✓ Spectrum of νe events can 
be statistically extracted 
using the direction to 
supernova. 
✓ If Gd loaded, it will be 
more accurate since νe signal 
can be separated. (later)



2017年1月19日 東北大学 27

Diffuse Supernova Neutrino Background 
(Supernova Relic Neutrino)

Neutrinos emitted from past supernovae

1.

2.

3.

TIME AXIS

z = 0

"

"

z = 1

z = 5

We need information 
concerning...

WE ARE 

HERE.

2. Formulation and Models
How to Calculate the SRN FluxS.Ando

SRN expected spectrum

Constant SN rate (Totani et al., 1996) 
Totani et al., 1997 
Hartmann, Woosley, 1997 
Malaney, 1997 
Kaplinghat et al., 2000  
Ando et al., 2005 
Lunardini, 2006 
Fukugita, Kawasaki, 2003(dashed) 

大気ν

Reactor ν

Solar ν



2017年1月19日 東北大学 28

SRN in Super-K

It is notable that this result is less stringent than the 2003
result of 1:2 !! cm!2 s!1 positron energy >18 MeV. There
are multiple reasons for this.

First, a 0th order approximation of the inverse beta cross
section was then used. Now, the full cross section from [25]
is used. This raises the limit by about 8%. If events with
postactivity are also removed, the old-style analysis limit
becomes 1:35 cm!2 s!1. Furthermore, the binned "2

method used assumed Gaussian statistics, while
Poissonian statistics are more appropriate considering the
low statistics. This alone would change the limit from 1.2
to 1:7 cm!2 s!1. When all these corrections are combined,
the original analysis result of 1:2 !! cm!2 s!1 instead be-
comes 1:9 !! cm!2 s!1.

With our improved analysis, if we neglect atmospheric !
background systematics (which were not fully included in
the 2003 study), the SK-I only LMA result is
1:6 !! cm!2 s!1 (> 18 MeV positron energy), which is
more stringent than the published analysis with these cor-
rections. However, the SK-II and SK-III data show a hint of
a signal, which causes the limit to become less stringent
when all the data are combined, for the final LMA result
(with all systematics) of 2:0 !! cm!2 s!1 > 18 MeV posi-
tron energy, or 2:9 !! cm!2 s!1 > 16 MeV positron energy.

B. Typical SN ! emission limit

Most of the elements involved in a comprehensive pre-
diction of the SRN flux are now fairly well-known [32]
(e.g., initial mass functions, cosmic star formation history,
Hubble expansion, etc.), and thus we can parametrize
typical supernova neutrino emission using two effective
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FIG. 17 (color). True positron spectra in SK for each neutrino
temperature, from 3 to 8 MeV in 0.5 MeV steps (SN !!e

luminosity of 5" 1052 ergs assumed).
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FIG. 18 (color online). Results plotted as an exclusion contour
in SN neutrino luminosity vs neutrino temperature parameter
space. The Irvine-Michigan-Brookhaven (IMB) and
Kamiokande allowed areas for 1987A data are shown (originally
from [35]) along with our new 90% C.L. result. The dashed line
shows the individual 90% C.L. results of each temperature
considered separately, which is not a true two-dimensional
exclusion contour. Results are in the form of Fig. 6 from [32].
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FIG. 19 (color online). Exclusion contour plotted in a parame-
ter space of SRN event rate vs neutrino temperature. The red
shaded contour shows our 90% C.L. result. The dashed line
shows the individual 90% C.L. results of each temperature
considered separately, which is not a true two-dimensional
exclusion contour. CGI is cosmic gas infall model, HMA is
heavy metal abundance model, CE is chemical evolution model,
LMA is large mixing angle model, FS is failed supernova model,
and the 6 and 4 MeV cases are from [13]. For the 4 and 6 MeV
cases a total uncertainty is provided and shown, and the HMA
model gives a range which is shown. Other models have no given
range or uncertainty and are represented by a star.

TABLE V. 90% C.L. flux limit ( !! cm!2 s!1), E! > 17:3 MeV.

Model SK-I SK-II SK-III All Predicted

Gas infall (97) <2:1 <7:5 <7:8 <2:8 0.3
Chemical (97) <2:2 <7:2 <7:8 <2:8 0.6
Heavy metal (00) <2:2 <7:4 <7:8 <2:8 <1:8
LMA (03) <2:5 <7:7 <8:0 <2:9 1.7
Failed SN (09) <2:4 <8:0 <8:4 <3:0 0.7
6 MeV (09) <2:7 <7:4 <8:7 <3:1 1.5

SUPERNOVA RELIC NEUTRINO SEARCH AT SUPER- . . . PHYSICAL REVIEW D 85, 052007 (2012)

052007-13

It is notable that this result is less stringent than the 2003
result of 1:2 !! cm!2 s!1 positron energy >18 MeV. There
are multiple reasons for this.

First, a 0th order approximation of the inverse beta cross
section was then used. Now, the full cross section from [25]
is used. This raises the limit by about 8%. If events with
postactivity are also removed, the old-style analysis limit
becomes 1:35 cm!2 s!1. Furthermore, the binned "2

method used assumed Gaussian statistics, while
Poissonian statistics are more appropriate considering the
low statistics. This alone would change the limit from 1.2
to 1:7 cm!2 s!1. When all these corrections are combined,
the original analysis result of 1:2 !! cm!2 s!1 instead be-
comes 1:9 !! cm!2 s!1.

With our improved analysis, if we neglect atmospheric !
background systematics (which were not fully included in
the 2003 study), the SK-I only LMA result is
1:6 !! cm!2 s!1 (> 18 MeV positron energy), which is
more stringent than the published analysis with these cor-
rections. However, the SK-II and SK-III data show a hint of
a signal, which causes the limit to become less stringent
when all the data are combined, for the final LMA result
(with all systematics) of 2:0 !! cm!2 s!1 > 18 MeV posi-
tron energy, or 2:9 !! cm!2 s!1 > 16 MeV positron energy.

B. Typical SN ! emission limit

Most of the elements involved in a comprehensive pre-
diction of the SRN flux are now fairly well-known [32]
(e.g., initial mass functions, cosmic star formation history,
Hubble expansion, etc.), and thus we can parametrize
typical supernova neutrino emission using two effective
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FIG. 17 (color). True positron spectra in SK for each neutrino
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FIG. 18 (color online). Results plotted as an exclusion contour
in SN neutrino luminosity vs neutrino temperature parameter
space. The Irvine-Michigan-Brookhaven (IMB) and
Kamiokande allowed areas for 1987A data are shown (originally
from [35]) along with our new 90% C.L. result. The dashed line
shows the individual 90% C.L. results of each temperature
considered separately, which is not a true two-dimensional
exclusion contour. Results are in the form of Fig. 6 from [32].
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FIG. 19 (color online). Exclusion contour plotted in a parame-
ter space of SRN event rate vs neutrino temperature. The red
shaded contour shows our 90% C.L. result. The dashed line
shows the individual 90% C.L. results of each temperature
considered separately, which is not a true two-dimensional
exclusion contour. CGI is cosmic gas infall model, HMA is
heavy metal abundance model, CE is chemical evolution model,
LMA is large mixing angle model, FS is failed supernova model,
and the 6 and 4 MeV cases are from [13]. For the 4 and 6 MeV
cases a total uncertainty is provided and shown, and the HMA
model gives a range which is shown. Other models have no given
range or uncertainty and are represented by a star.

TABLE V. 90% C.L. flux limit ( !! cm!2 s!1), E! > 17:3 MeV.

Model SK-I SK-II SK-III All Predicted

Gas infall (97) <2:1 <7:5 <7:8 <2:8 0.3
Chemical (97) <2:2 <7:2 <7:8 <2:8 0.6
Heavy metal (00) <2:2 <7:4 <7:8 <2:8 <1:8
LMA (03) <2:5 <7:7 <8:0 <2:9 1.7
Failed SN (09) <2:4 <8:0 <8:4 <3:0 0.7
6 MeV (09) <2:7 <7:4 <8:7 <3:1 1.5

SUPERNOVA RELIC NEUTRINO SEARCH AT SUPER- . . . PHYSICAL REVIEW D 85, 052007 (2012)

052007-13

SK collaboration, Phys. Rev. D 85, 052007 (2012)

Current Super-K w/o neutron tagging
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SRN in Super-K
Current Super-K w/o neutron tagging

Only this signal

SK collaboration, Phys. Rev. D 85, 052007 (2012) 
SKでのSRN探索の現状（SK-I, II, IIIの結果） 

E (MeV) 

SK-I/III 
data 
νμ  CC 
νe CC 
NC elastic 
μ/π > C. thr. 
all background 
SRN signal 

Signal Events Low angle events Isotropic Events 

Qe e+ p 

n (invisible) 

42o 

μ, π 25-45o 
Q 

N 
Q 

reconstructed 
angle near 90o 

大気Q�
BG 

リングの開き角による仕分け 
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SRN in Super-K
Background

NC  Elastic

Decay electron

νe CC

µ/π

νx
νx

νμ

νe

μ e

e

γ

T < 50 MeV

“atmospheric”

“atm. muon neutrinos”

“atm. electron neutrinos”

“μ/π production from 
atm.  neutrinos”

νx

“invisible muon”

π
νμ μ e

T > 200 MeV

“visible short muon track”

νx
NC{
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SRN in Super-K
For solar / SN neutrinos 

(~MeV)

 SRN  
の予想 

現在のバックグラウンドレベ
ル（主に、宇宙線核破砕現
象(spallation)の取りこぼし
および太陽ニュートリノ） 

SRNに対する主要なバックグラウンド 

現在のSRN解析のしきい値 

Gdによって中性子をタグすることによって、バックグラウンドを
落とすことができる。 

～4桁の差 

(for solar neutrino analysis) 

where the spallation is expected to have occurred. The
distance along the muon track from where the spallation
is expected to occur to where the relic candidate exists is
the third likelihood variable, longitudinal distance LLONG.
Lastly, the value of the combined charge in the largest nine
consecutive bins of the dE=dx histogram is our fourth
likelihood variable, QPEAK. The more charge in the peak,
the more likely the muon is to be making spallation.

Probability density functions (PDFs) are formed for
each of the four spallation variables. For each muon cate-
gorization, the relic candidates were correlated to muons
preceding the candidate in time (the ‘‘data sample’’), and
correlations were examined. A random sample was formed
by taking the same correlations to muons immediately
following the relic candidate in time. The random sample
histograms were subtracted from the data histograms
(yielding a ‘‘spallation sample’’), for each muon catego-
rization. These profiles were parametrized, resulting in
functions representing spallation (from the spallation sam-
ple) and accidental correlation background (from the ran-
dom sample). These parametrizations, once normalized,
are the PDFs, which are multiplied together to give the
likelihood (for example, see Fig. 4).

For each muon categorization, a cut on the likelihood
was instituted. Cut values were tuned until no statistically
significant difference existed in the distributions of the data
remaining after the cut compared to the random sample for
the !t and LTRANS variables. The spallation contamination
remaining after the spallation cut is difficult to estimate
due to the large statistical uncertainties, but no evidence
for remaining background was found. For the SK-I/III
combined sample, we could see any excess with a reso-
lution of about 4 events; and for SK-II, with a resolution
of about 2 events.

µ track

relic candidate

peak of
dE/dx plot

LTRANS

LLONG

FIG. 3 (color online). Schematic explanation of spallation
distance variables.
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FIG. 2 (color online). Example of a dE=dx plot. The red line
indicates where along the muon track the candidate was recon-
structed. This example has particularly good correlation.
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overlaid for single through-going muons. Top shows transverse
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K. BAYS et al. PHYSICAL REVIEW D 85, 052007 (2012)

052007-4

Background

Lowering threshold
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SRN in upgraded Super-K
GADZOOKS!

νe!

e+!

p 
n 

γ#

γ#p 

Gd 

(2.2MeV)

~8MeV

•Delayed coincidence 
• Suppress B.G. drastically 
for νe signal 
• ΔT~20µsec 
• Vertices within ~50cm

Dissolve Gadolinium into Super-K 
J.Beacom and M.Vagins, 

 Phys.Rev.Lett.93 (2004) 171101



Proposed in 2004, 
but not so easy..
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(Evaluating Gadolinium’s Action on Detector Systems)

Purpose 
✓Water transparency 
✓How to purify 
✓How to introduce and 
remove 
✓Effect on detector 
✓Effect from 
environment neutrons 
✓etc.

Super-Kamiokande 
50m 

Water system 

20� PMT 

W
ater transparency m

easurem
ent 

New hall (10m(w)x15m(l)x9m(h))

200 ton tank

R&D for Gd test experiment

EGADS as R&D

Now working well
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EGADS as R&D200 ton tank

15 ton buffer tank Control panel of circulation system Filter

UDEAL
water transparency measurement
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Very stable and continuous data taking

EGADS as R&D
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Neutron tagging

Neutron tagging with delayed coincidence

2178±44ppm(� 1055±21ppm� 225±5ppm�

Data� 29.89±0.33� 51.48±0.52� 130.1±1.7�
MC� 30.03±0.77� 53.45±1.19� 126.2±2.0�

Neutron capture time

Data� MC�

84.36±&1.79%& 84.51±0.33%�

Neutron capture efficiency

Am/Be 

γ

��� 

Gd 4.4 MeV γ"

BGO 
�	��
��	� 

EGADS

241Am → 237Np + α 

 9Be + α→ 12C + γ(4.4MeV)+ n 

Gd γ#

�	���
����500µsec 

�	 
�� 
�	�

�	 
�� 
�	�

������� 



Approved by the 
Super-K collaboration 

in 2015
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‘Super-K Gd’ or ‘SK Gd’

201X� 201X+1� 201X+2� 201X+3� 201X+4�

Fill	water(~2month)�

Pure	water		
circula;on	

T1	=	Load	first	Gd2(SO4)3		up	to	10t=0.02%�

Stabilize	
water	transparency	

Physics	run�

T2	=	Load	full	Gd2(SO4)3	
												100t=0.2%	�

Physics	run�
�
�
�
�

�
�
�
�

T0	=	Start	leak	stop	work(~3.5	month)�

Time line Given the current anticipated schedules, the 
expected time of the refurbishment is 2018.



Remaining work 
toward SK-Gd
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New water purification systemNew water system is under 
construction

10

Current main 
water system 

New Gd water purification 
system room

SK

2016 Apr.    8mx7mx50m 

This will be  in FY2016 

Ordered dissolving system and 60t/h circulation system
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Leak fixingNext topic: fixing the SK Leak 

15 
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Leak fixing
Cover all the welded places 

with sealing materials

Cover with two materials. 
One is BIO-SEAL 197 (epoxy resin) 
which sneak into small gaps, the 
other is ‘Material’ (poly-urea) 

which allows more displacement.

SUS SUS

BIO-SEAL 197
‘Material’
Primer between 
MineGuard and SUS

Backer as a bank to 
keep the coating region

(two layers)Need to wait several 
hours to the next step
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Working inside the Super-KT2K Exotics Report 
 
 
 
 
  

Yusuke Koshio, Alexander Izmaylov 
for T2K Exotics WG 

May 28, 2016 
 T2K Collaboration Meeting 
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Reduction of RI background
Intrinsic radioisotopes in Gd2(SO4)3  could add low 
energy background in 8B solar ν region of spectrum 

• BG reduction Î Purification of 100 tons of Gd2(SO4)3  

Chain 
Main sub-

chain 
isotope 

Radioactive 
concentration 

(mBq/kg) 

238U 
238U 50 

226Ra 5 

232Th 
228Ra 10 
228Th 100 

235U 

235U  32 
227Ac/ 
227Th 300 

• 238U Spontaneous Fission:    
~ 5.5 [ γ(Eγ>10.5 MeV) + 1n ] / year / FV 

1 order reduction 

For DSNB 

For solar neutrino 
Current BG ~200 events/day/FV 

Expected signal ~5 events/year/FV 

• U (n)   ~320events/day/ FV 

• Th/Ra (β,γ) ~3 x 10 5 events/day/ FV 
1 order reduction 

3 orders reduction 

Typical Gd2(SO4)3 on the market 

23 

Next topic: reduction of introduced background  
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Achievements
U/Th measured by as well as ICP-MS測定結果

• 典型値 
- U:4×10-9  Th:25×10-9 
➡ 目標  U:<0.4×10-9  Th:<0.02×10-9 

• Uは1/10以下、Thは~1/500まで純化できた!!! 
➡ Thは目標まであと1/3!!! 

• 外部研究機関によるICP-MSでの測定結果とも矛盾なし。
6

試料 U [g(U)/g] (×10
ICP-MS (Ge検出器)

Th [g(Th)/g] (×10
ICP-MS (Ge検出器)

A 0.26±0.01 (<2.02) 0.19±0.01 (<0.22)
B 0.25±0.03 (<1.18) 0.05±0.02 (<0.12)
C 0.19±0.04 (<4.78) 0.06±0.02 (<0.34)
D 0.26±0.03 (<0.71) 0.06±0.02 (<1.45)

-9 -9

Typical : 4x10-9 
Goal :  < 0.4x10-9 

Achieved!

Typical : 25x10-9 
Goal :  < 0.02x10-9 
~1/3 more for goal
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期待される信号と大気ニュートリノＢ.Ｇ. 
invisible muon B.G. が
中性子タグで１／５にな
ったと仮定。 

中性子捕獲効率９０％、 
カット効率７４％を仮定。 

10年のデータ取得で  
１０～４５のＳＲＮ事象
を期待。 
(Evis =10-30 MeV) 
 

10~45 SRN events in 
10 years data taking 

(Evis=10-30MeV)

Assumption: 
• 90% neutron capture efficiency 
• 74% Gd γ detection efficiency 
• Invisible muon B.G. is 35% of ones 
in the SK-IV

Physics expectation in SK-Gd
Expected signal of Supernova Relic Neutrinos
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Physics expectation in SK-Gd
Background originated from atmospheric ν

� NC�
NC elastic      de-excitation γ�
�
x

�
x

16O* 	�γ�
n�

Total energy  MeV�

ev
en

ts
/y

ea
r/

1.
5M

eV
�

Expected BG rate�

νe CC�

νµ CC�

NC elastic �
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Background related

O16 *15$$$*15 ON or

(~#6MeV)�

ν ν

γ

p#or#n�

Primary'Gamma�

De-excitation gamma ray after NCQE interaction

•Never had been observed yet. T2K measured it*. 
•One of signal from supernova neutrinos in Super-K. 
•Same interaction from atmospheric neutrinos is one 
of main B.G. for supernova relic neutrinos in SK-Gd. 
•Search for sterile neutrinos, low-mass dark matter.

Neutral Current Quasi-Elastic

Z0

* PRD 90, 072012 (2014)
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NCQE cross section in T2K
PRD 90, 072012 (2014)

Systematic error is 
comparable to 
statistic error

1.55x10-38±0.395(stat.)         (sys.) cm2+0.65 
- 0.33

First observation by T2K
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NCQE cross section in T2K

O16 *15$$$*15 ON or

(~#6MeV)�

ν ν

γ

p#or#n�

Primary'Gamma�

O16

γ

Secondary'Gamma�

Observed#as#Cherenkov#light�

De-excitation gamma ray after NCQE interaction
Neutral Current Quasi-Elastic

Z0

We cannot separate these 
two gammas by analysis
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Neutron beam experiment in RCNP

Beam!dump�

Beam!swinger!
magnet�

Li!target!

Proton!beam!

concrete!bending!
magnet!

collimator!
12x10cm2!

8m!

neutron!
beam!

NE213!
detector!

Ac'va'on!
sample!

O*�a�����

RCNP N0 course

neutron beam

Measure the energy and multiplicity of γ-rays 
from neutron interaction for water target

✓Monochromatic and 
various neutron energies 
are available. It agrees 
with the neutron energy in 
T2K experiment. 
✓Good BG separation using 
ToF information. 
✓Big tunnel, facilitate the 
detector setting.

Water target 
covered by γ-ray 

detectors
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Neutron beam experiment in RCNP

Stay tune!

Pilot experiments were successful
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νe+p νe+p 

νe+p νe+p 

ν+e ν+e 

ν+e 
ν+e 

54

✓ ν-e elastic scattering has 
good directionality. 
✓ Direction of supernova can 
be determined with an 
accuracy of 4~5 degree. 
✓ Spectrum of νe events can 
be statistically extracted 
using the direction to 
supernova. 
✓ If Gd loaded, it will be 
more accurate since νe signal 
can be separated. 
✓ Sensitive to Si burning, 
800~2000 ev/day at 200pc

For Supernova burst neutrinos
Physics expectation in SK-Gd
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Physics expectation in SK-Gd

ν̅e w/o tagging 

ν̅e tagged with 80% eff. 

✓ ν-e elastic scattering has 
good directionality. 
✓ Direction of supernova can 
be determined with an 
accuracy of 4~5 degree. 
✓ Spectrum of νe events can 
be statistically extracted 
using the direction to 
supernova. 
✓ If Gd loaded, it will be 
more accurate since νe signal 
can be separated. 
✓ Sensitive to Si burning, 
800~2000 ev/day at 200pc

For Supernova burst neutrinos



In future
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Hyper-Kamiokande

~10 times larger volume 
than Super-K

2 tanks x

New photo-censer which has 
twice sensitivity than Super-K

~40000 PMT / tank
with staging

H
60
m

Φ74m

96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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Supernova at Hyper-Kamiokande
http://www-sk.icrr.u-tokyo.ac.jp/indico/conferenceDisplay.py?confId=2935
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Summary

Let’s go supernova!

Thanks


