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中性カレントニュートリノ反応
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信号として観測される粒子標的

For detection

ν + e ̶> ν + e
ν + N ̶> ν + N’ + γ
ν + N ̶> ν + N’ + π
…
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Why neutral current interaction?

ニュートリノ振動によらない
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中性カレントニュートリノ反応
Why neutral current interaction?

ニュートリノ振動によらない

天体ニュートリノ観測では重要

νe

νx

(SNO experiment) 
ν + d ̶> ν + p + n

太陽ニュートリノ

ニュートリノ振動によらない 
太陽ニュートリノ Flux を測定
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Supernovae

no hydrogen hydrogen

no siliconsilicon

no heliumhelium

Type-Ia Type-Ib Type-Ic Type-II
thermonuclear core-collapse

2Supernova Explosion

• A Star which is more than ~8 times heavier than the Sun ends its life by an explosion.  

• kinetic energy: ~1051 erg  (1 erg = 1 × 10–7 J = 6.2 × 1011 eV) 

• luminosity: ~galaxy  

• rate: 1–3/century/galaxy  

• Classification by spectral characteristics 

• Ia, Ib, Ic, II   

• Classification by explosion mechanism  

• thermonuclear (= Ia) 

• core-collapse (= Ib, Ic, II) 

 → neutrino emission 

Crab Nebula by NASA
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中性カレントニュートリノ反応
Why neutral current interaction?

ニュートリノ振動によらない

天体ニュートリノ観測では重要

ν?

ν?

超新星ニュートリノ

ニュートリノ生成 
ニュートリノ振動 

共に複雑
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超新星ニュートリノ
SN1987A in Large Magellanic Cloud

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

24 events total 

肉眼で見えるほど明るい超新星爆発は約400年ぶり 
その後も30年以上起こっていない



次の超新星ニュートリノ観測まで 
数百年待たないといけない？？

そんなことはないはず！
銀河系内超新星爆発 
（a few per century) 超新星背景ニュートリノ

Now

5 billion 

10 billion

13.8 billionBig Bang

Neutrinos from 
past SNe

years ago

years ago

years ago



次の超新星ニュートリノ観測まで 
数百年待たないといけない？？

そんなことはないはず！
超新星背景ニュートリノ

Now

5 billion 

10 billion

13.8 billionBig Bang

Neutrinos from 
past SNe

years ago

years ago

years ago

銀河系内超新星爆発 
（a few per century)

どちらも中性カレントニュートリノ反応の理解が重要
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中性カレントニュートリノ反応
超新星ニュートリノ観測では、原子核との反応により

ガンマ線を発生する以下の２つの反応が重要

準弾性散乱 (Eν>100MeV)巨大共鳴 (Eν<100MeV)
ν ν

X
X*

γ

✓C, O : Langanke et al., PRL76 (1996) 
✓C* →γ(15.1MeV), O*→γ(>5MeV) 
✓RCNP E398 : BR measurement 
✓銀河系内超新星爆発ニュートリノ

ν ν

X X*

γ

✓O : Ankowski, Benhar, Sakuda et al. 
      PRL108 (2012)052505 

✓RCNP E148, K2K, T2K, SK atm. 
✓超新星背景ニュートリノのBG 
RCNP E487/E525 : n-O reaction

n or p



銀河系内 
超新星爆発ニュートリノ

(中性カレント反応を直接測定)
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中性カレント反応 (巨大共鳴)
VOLUME 76, NUMBER 15 P HY S I CA L REV I EW LE T T ER S 8 APRIL 1996

TABLE II. Combined ne and n̄e partial cross sections (in
10

242 cm2) for g decays via particle-bound excited states in
15N (upper eight rows) and in 15O (lower four rows). The
excitation energies Ex are given in MeV. The calculations
have been performed for a Fermi-Dirac neutrino spectrum
with temperature and chemical potential (T ≠ 8 MeV, m ≠
0) (second column) and (T ≠ 6.26 MeV, m ≠ 3T) (third
column).

Ex s s

5.27, 5.30 0.73 0.40
6.33 0.84 0.47

7.16, 7.30 0.24 0.12
7.56 0.05 0.02
8.32 0.07 0.03
8.57 0.07 0.04

9.05, 9.16, 9.22 0.31 0.16
9.76, 9.83, 9.93 0.14 0.07
5.18, 5.24 0.28 0.14
6.18 0.21 0.10

6.69, 6.86 0.14 0.07
7.28 0.02 0.01

purpose) will stem mainly from the n̄e 1 p ! n 1 e1

reaction. Adopting the Fermi-Dirac distribution with T ≠
5 MeV and zero chemical potential, we calculate a total
cross section for this reaction of 47 3 10

242cm2. (This
includes the factor n ≠ 2 for the two protons in a water
molecule. The result is somewhat smaller than that quoted
in [3] where minor effects, such as the weak magnetism and
recoil were not included.) However, the energy spectrum
of positrons as seen by SK is peaked at around 15 MeV
and only a small fraction of events is in the energy window
E ≠ 5 10 MeV. This becomes obvious in Fig. 2, where
we compare the positron spectrum with the g spectrum
calculated for the nx and n̄x induced reaction on 16O. The
latter has been multiplied by a factor of 2 (to account for nm

and nt neutrinos) and by 16y25 to consider the ratio of n̄e
and nx fluxes [,kEnx lykEn̄e l; see Eq. (1)] at the detector.
An energy resolution 14%ysEy10d1y2 [10], where E is in
MeV, i.e., 1 MeV for the energies of interest, has been
assumed for the detector. As is obvious from Fig. 2, the
g spectrum constitutes a clear signal at E ≠ 5 7 MeV on
top of a smooth background from the n̄e 1 p ! n 1 e1

reaction. Our calculation predicts most of the photons
to stem from the decay of the three lowest levels in 15N
and 15O. Further, in Fig. 2 and Table II we assume that
the detector will record all photons in a possible cascade
of several g rays as a single event. Let us stress that
each of such multiphoton events will contain at least one
photon above the 5 MeV threshold. The ne and n̄e induced
neutral current reactions on 16O also produce g events
with energiesE ¯ 5 10 MeV. However, due to the lower
temperatures of supernova ne and n̄e neutrinos and the high
threshold of sn, n0pgd and sn, n0ngd reactions in 16O, the
background signal generated by sne 1 n̄ed neutrinos is less
than 2% of the nx induced g events.

FIG. 2. Signal expected from supernova neutrinos in a water
Čerenkov detector. The solid line is the sum of the g spectrum,
generated by nx and n̄x reactions on 16O, and of the positron
spectrum (dashed line) from the n̄e 1 p ! n 1 e1 reaction.
The upper part (a) has been calculated assuming Fermi-
Dirac neutrino distributions with (T ≠ 8 MeV, m ≠ 0) and
(T ≠ 5 MeV, m ≠ 0) for nx and n̄e neutrinos, respectively.
In the lower part (b) Fermi-Dirac neutrino distributions with
(T ≠ 6.26 MeV, m ≠ 3T) and (T ≠ 4 MeV, m ≠ 3T ) have
been assumed for nx and n̄e neutrinos. The energy E refers to
the photon or positron energy, respectively. The spectra are in
arbitrary units.

Other possible backgrounds are neutrino-electron scat-
tering and charged current reactions on 16O. For these re-
actions we find smooth electron or positron spectra, whose
cross sections in the interval E ≠ 5 10 MeV (normalized
with the appropriate flux ratios and target numbers n) are
much smaller than the g signal. Water also contains a
tiny amount of 18O and even less 17O. However, their
natural abundances (¯0.2% and 0.04%, respectively) are
too small for neutrino reactions on 18O to be of impor-
tance (see Ref. [8] for the calculated charged current cross
sections).
We then repeated our calculation of the nx and n̄x

induced reactions on 16O, using a Fermi-Dirac neutrino
spectrum (FD2) with T ≠ 6.26 MeV and m ≠ 3T [5],

fsEd ,
E2

1 1 expfsE 2 mdyT g
, (2)

which has the same average neutrino energy as the FD1
distribution. We find that the FD2 total and partial cross
sections are smaller by about a factor of 2 when compared
to the FD1 results (see Table I). Noting that the main
contribution to the cross sections comes from neutrinos

2631

水チェレンコフ検出器で 
期待されるエネルギー分布

Langanke, Vogel, Kolbe PRL, 76, 2629 (1996)

T=8MeV (νx) 
6MeV (νe)

T=6.26MeV (νx) 
4MeV (νe)
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Signal for Supernova nm and nt Neutrinos in Water Čerenkov Detectors

K. Langanke,1 P. Vogel,2 and E. Kolbe3

1W.K. Kellogg Radiation Laboratory, 106-38, California Institute of Technology, Pasadena, California 91125
2Physics Department, California Institute of Technology, Pasadena, California 91125

3Institut für Physik, Universität Basel, Basel, Switzerland
(Received 27 November 1995)

We suggest that photons with energies between 5 and 10 MeV, generated by the (n, n0pg) and
(n, n0ng) reactions on 16O, constitute a signal which allows a unique identification of supernova nm and
nt neutrinos in water Čerenkov detectors. We calculate the yield of such g events and estimate that a
few hundred of them would be detected in Superkamiokande for a supernova at 10 kpc distance.

PACS numbers: 95.55.Vj, 25.30.Pt, 97.60.Bw

Neutrinos play a decisive role in various stages of super-
nova evolution [1]. In particular, the gravitational binding
energy of the nascent neutron star is released by neutrino-
pair production [2]. It is the neutrinos generated during
this cooling and deleptonization phase of the hot remnant
core which will be mainly observed in Earth-bound de-
tectors. Although pairs of all three flavors are generated
with equal luminosity [3], due to their smaller opacities nm

and nt neutrinos and their antiparticles decouple at smaller
radii, and thus higher temperatures in the core, than ne and
n̄e neutrinos. As the neutrinos decouple in neutron-rich
matter, which is less transparent for ne than for n̄e, it is
expected on general grounds that the neutrino spectra af-
ter decoupling obey the temperature hierarchy [3], Tnx .
Tn̄e . Tne , where nx stands for nm, nt and their antipar-
ticles, which are assumed to have identical spectra. The
neutrino spectra can be approximately described by Fermi-
Dirac (FD) distributions with zero chemical potential and
Tnx ≠ 8 MeV, Tn̄e ≠ 5 MeV, and Tne ≠ 3.5 MeV, corre-
sponding to average neutrino energies of kEnx l ≠ 25 MeV,
kEn̄e l ≠ 16 MeV, and kEne l ≠ 11 MeV. More elaborate
investigations of neutrino production in supernovae indi-
cate that the high-energy tail of the neutrino spectra is bet-
ter described by a Fermi-Dirac distribution with a finite
chemical potential [4,5].
In what is considered the birth of neutrino astrophysics,

neutrinos from supernova SN1987A have been detected by
the Kamiokande [6] and IMB [7] water Čerenkov detectors
(11 and 8 events, respectively). It is generally assumed
that these events originated from the n̄ 1 p ! n 1 e1

reaction in water. The detection of ne and nx neutrinos
via the n 1 e ! n0 1 e0 scattering or the 16Osne, e2d16F
reaction was strongly suppressed by the small effective
cross sections of these processes, although the ne induced
signal can in principle be separated by its angular distri-
bution [8]. The observability of supernova neutrinos will
significantly improve when the Superkamiokande (SK) de-
tector becomes operational [9]. This detector, with about
15 times the fiducial volume for supernova neutrinos of
Kamiokande and a lower threshold of Eth ≠ 5 MeV, will
be capable to detect also the recoil electrons from n 1

e ! n0 1 e0. In principle, nx induced neutrino-electron
scattering events can be separated from everything else in
SK using their angular distributions and energy spectra [9].
However, only about one third of the nx 1 e scattering
events will have energies distinctly larger than the recoil
electrons from ne 1 e and n̄e 1 e scattering. Moreover,
these higher energy electron recoils have to be separated
by their direction from the much more numerous positrons
from n̄e 1 p ! n 1 e1 with the same energy.
In this Letter we suggest another signal in water

Čerenkov detectors which allows one to unambiguously
identify nx induced events. The basis of our proposal
is the fact that SK can observe photons with energies
larger than 5 MeV [10]. Schematically our detection
scheme works as follows (Fig. 1). Supernova nx neutri-
nos, with average energies of ¯25 MeV, will predomi-
nantly excite 1

2 and 2
2 giant resonances in 16O via the

16Osnx , n0
xd16Op neutral current reaction [11]. These reso-

nances are above the particle thresholds and will mainly
decay by proton and neutron emission. (Decay into the a
channel, although energetically allowed, is strongly sup-
pressed by isospin conservation [11].) Although the pro-
ton and neutron decays will be mainly to the ground states
of 15N and 15O, respectively, some of these decays will go
to excited states in these nuclei. If these excited states are

FIG. 1. Schematic illustration of the detection scheme for
supernova nm and nt neutrinos in water Čerenkov detectors.

0031-9007y96y76(15)y2629(4)$10.00 © 1996 The American Physical Society 2629

酸素原子核における巨大共鳴の模式図
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中性カレント反応 (巨大共鳴)
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TABLE II. Combined ne and n̄e partial cross sections (in
10

242 cm2) for g decays via particle-bound excited states in
15N (upper eight rows) and in 15O (lower four rows). The
excitation energies Ex are given in MeV. The calculations
have been performed for a Fermi-Dirac neutrino spectrum
with temperature and chemical potential (T ≠ 8 MeV, m ≠
0) (second column) and (T ≠ 6.26 MeV, m ≠ 3T) (third
column).

Ex s s

5.27, 5.30 0.73 0.40
6.33 0.84 0.47

7.16, 7.30 0.24 0.12
7.56 0.05 0.02
8.32 0.07 0.03
8.57 0.07 0.04

9.05, 9.16, 9.22 0.31 0.16
9.76, 9.83, 9.93 0.14 0.07
5.18, 5.24 0.28 0.14
6.18 0.21 0.10

6.69, 6.86 0.14 0.07
7.28 0.02 0.01

purpose) will stem mainly from the n̄e 1 p ! n 1 e1

reaction. Adopting the Fermi-Dirac distribution with T ≠
5 MeV and zero chemical potential, we calculate a total
cross section for this reaction of 47 3 10

242cm2. (This
includes the factor n ≠ 2 for the two protons in a water
molecule. The result is somewhat smaller than that quoted
in [3] where minor effects, such as the weak magnetism and
recoil were not included.) However, the energy spectrum
of positrons as seen by SK is peaked at around 15 MeV
and only a small fraction of events is in the energy window
E ≠ 5 10 MeV. This becomes obvious in Fig. 2, where
we compare the positron spectrum with the g spectrum
calculated for the nx and n̄x induced reaction on 16O. The
latter has been multiplied by a factor of 2 (to account for nm

and nt neutrinos) and by 16y25 to consider the ratio of n̄e
and nx fluxes [,kEnx lykEn̄e l; see Eq. (1)] at the detector.
An energy resolution 14%ysEy10d1y2 [10], where E is in
MeV, i.e., 1 MeV for the energies of interest, has been
assumed for the detector. As is obvious from Fig. 2, the
g spectrum constitutes a clear signal at E ≠ 5 7 MeV on
top of a smooth background from the n̄e 1 p ! n 1 e1

reaction. Our calculation predicts most of the photons
to stem from the decay of the three lowest levels in 15N
and 15O. Further, in Fig. 2 and Table II we assume that
the detector will record all photons in a possible cascade
of several g rays as a single event. Let us stress that
each of such multiphoton events will contain at least one
photon above the 5 MeV threshold. The ne and n̄e induced
neutral current reactions on 16O also produce g events
with energiesE ¯ 5 10 MeV. However, due to the lower
temperatures of supernova ne and n̄e neutrinos and the high
threshold of sn, n0pgd and sn, n0ngd reactions in 16O, the
background signal generated by sne 1 n̄ed neutrinos is less
than 2% of the nx induced g events.

FIG. 2. Signal expected from supernova neutrinos in a water
Čerenkov detector. The solid line is the sum of the g spectrum,
generated by nx and n̄x reactions on 16O, and of the positron
spectrum (dashed line) from the n̄e 1 p ! n 1 e1 reaction.
The upper part (a) has been calculated assuming Fermi-
Dirac neutrino distributions with (T ≠ 8 MeV, m ≠ 0) and
(T ≠ 5 MeV, m ≠ 0) for nx and n̄e neutrinos, respectively.
In the lower part (b) Fermi-Dirac neutrino distributions with
(T ≠ 6.26 MeV, m ≠ 3T) and (T ≠ 4 MeV, m ≠ 3T ) have
been assumed for nx and n̄e neutrinos. The energy E refers to
the photon or positron energy, respectively. The spectra are in
arbitrary units.

Other possible backgrounds are neutrino-electron scat-
tering and charged current reactions on 16O. For these re-
actions we find smooth electron or positron spectra, whose
cross sections in the interval E ≠ 5 10 MeV (normalized
with the appropriate flux ratios and target numbers n) are
much smaller than the g signal. Water also contains a
tiny amount of 18O and even less 17O. However, their
natural abundances (¯0.2% and 0.04%, respectively) are
too small for neutrino reactions on 18O to be of impor-
tance (see Ref. [8] for the calculated charged current cross
sections).
We then repeated our calculation of the nx and n̄x

induced reactions on 16O, using a Fermi-Dirac neutrino
spectrum (FD2) with T ≠ 6.26 MeV and m ≠ 3T [5],

fsEd ,
E2

1 1 expfsE 2 mdyT g
, (2)

which has the same average neutrino energy as the FD1
distribution. We find that the FD2 total and partial cross
sections are smaller by about a factor of 2 when compared
to the FD1 results (see Table I). Noting that the main
contribution to the cross sections comes from neutrinos
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We suggest that photons with energies between 5 and 10 MeV, generated by the (n, n0pg) and
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nt neutrinos in water Čerenkov detectors. We calculate the yield of such g events and estimate that a
few hundred of them would be detected in Superkamiokande for a supernova at 10 kpc distance.
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Neutrinos play a decisive role in various stages of super-
nova evolution [1]. In particular, the gravitational binding
energy of the nascent neutron star is released by neutrino-
pair production [2]. It is the neutrinos generated during
this cooling and deleptonization phase of the hot remnant
core which will be mainly observed in Earth-bound de-
tectors. Although pairs of all three flavors are generated
with equal luminosity [3], due to their smaller opacities nm

and nt neutrinos and their antiparticles decouple at smaller
radii, and thus higher temperatures in the core, than ne and
n̄e neutrinos. As the neutrinos decouple in neutron-rich
matter, which is less transparent for ne than for n̄e, it is
expected on general grounds that the neutrino spectra af-
ter decoupling obey the temperature hierarchy [3], Tnx .
Tn̄e . Tne , where nx stands for nm, nt and their antipar-
ticles, which are assumed to have identical spectra. The
neutrino spectra can be approximately described by Fermi-
Dirac (FD) distributions with zero chemical potential and
Tnx ≠ 8 MeV, Tn̄e ≠ 5 MeV, and Tne ≠ 3.5 MeV, corre-
sponding to average neutrino energies of kEnx l ≠ 25 MeV,
kEn̄e l ≠ 16 MeV, and kEne l ≠ 11 MeV. More elaborate
investigations of neutrino production in supernovae indi-
cate that the high-energy tail of the neutrino spectra is bet-
ter described by a Fermi-Dirac distribution with a finite
chemical potential [4,5].
In what is considered the birth of neutrino astrophysics,

neutrinos from supernova SN1987A have been detected by
the Kamiokande [6] and IMB [7] water Čerenkov detectors
(11 and 8 events, respectively). It is generally assumed
that these events originated from the n̄ 1 p ! n 1 e1

reaction in water. The detection of ne and nx neutrinos
via the n 1 e ! n0 1 e0 scattering or the 16Osne, e2d16F
reaction was strongly suppressed by the small effective
cross sections of these processes, although the ne induced
signal can in principle be separated by its angular distri-
bution [8]. The observability of supernova neutrinos will
significantly improve when the Superkamiokande (SK) de-
tector becomes operational [9]. This detector, with about
15 times the fiducial volume for supernova neutrinos of
Kamiokande and a lower threshold of Eth ≠ 5 MeV, will
be capable to detect also the recoil electrons from n 1

e ! n0 1 e0. In principle, nx induced neutrino-electron
scattering events can be separated from everything else in
SK using their angular distributions and energy spectra [9].
However, only about one third of the nx 1 e scattering
events will have energies distinctly larger than the recoil
electrons from ne 1 e and n̄e 1 e scattering. Moreover,
these higher energy electron recoils have to be separated
by their direction from the much more numerous positrons
from n̄e 1 p ! n 1 e1 with the same energy.
In this Letter we suggest another signal in water

Čerenkov detectors which allows one to unambiguously
identify nx induced events. The basis of our proposal
is the fact that SK can observe photons with energies
larger than 5 MeV [10]. Schematically our detection
scheme works as follows (Fig. 1). Supernova nx neutri-
nos, with average energies of ¯25 MeV, will predomi-
nantly excite 1

2 and 2
2 giant resonances in 16O via the

16Osnx , n0
xd16Op neutral current reaction [11]. These reso-

nances are above the particle thresholds and will mainly
decay by proton and neutron emission. (Decay into the a
channel, although energetically allowed, is strongly sup-
pressed by isospin conservation [11].) Although the pro-
ton and neutron decays will be mainly to the ground states
of 15N and 15O, respectively, some of these decays will go
to excited states in these nuclei. If these excited states are

FIG. 1. Schematic illustration of the detection scheme for
supernova nm and nt neutrinos in water Čerenkov detectors.
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酸素原子核における巨大共鳴の模式図

炭素や酸素原子核における 
巨大共鳴の散乱断面積や 
ガンマ線放出確率の 
詳細データがなかった
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RCNP E398 12C, 16O (p,p’γ)
巨大共鳴散乱断面積とガンマ線放出確率の測定

PI : M. Sakuda (Okayama) / A. Tamii (Osaka)

OMEG15 presented by M. Sakuda

25cm

25cm

Focal plane
detectorsNaI Array

Target

392 MeV

Magnetic Spectrometer “Grand Raiden” 
ΔEx = 100-200keV 
θscat = 0° (covers 0°~3°)

natC 
C6H10O5 (Cellulose)

励起エネルギー (Ex = Ep-Ep’)

NaI(Tl) x 25 Array 
  Solid angle x Detection efficiency  
  ~6%@15.1MeV 
  ΔE ~2.7%@15.1MeV 
  1.5MeV threshold, 5ns time resolution

ガンマ線エネルギー (E)
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超新星爆発で期待される事象数

M.Reen et.al., JPS Conf. Proc. 31, 011014 (2020)

measure neutrino-proton elastic scattering (ν + p→ ν + p) in scintillator detectors [12] 1.
In this presentation, we focus on the evaluation of the number of the γ-ray production from 12C

and 16O(ν, ν’) NC inelastic reactions induced by neutrinos from SN explosion which can be observed
by the neutrino detectors in the Earth. We used the latest theoretical estimation of the SN neutrino
flux, the NC cross sections and a new experimental measurement of the γ-ray emission probability
from the giant resonance in the excitation energy 16 MeV< Ex <32 MeV. The number of the NC
signals containing γ rays from the hadronic decay of giant resonances of 12C and 16O, which we call
”NC γ events” for short, can be calculated as

NNC
γ =

∫ Ex=32 MeV

Ex=16 MeV
dEx

[
ntar

∫ Emax
ν

0
dEνF(Eν) ·

dσ(Eν)
dEx

]
· Rγ(Ex), (1)

where ntar is the number of targets (12C or 16O) in the neutrino detectors, F(Eν) is the neutrino flux
which is generated by SN and observed by a detector, dσ(Eν)/dEx is the differential cross section for
the giant resonance (Ex) at the incident neutrino energy Eν, and Rγ(Ex) is the γ-ray emission proba-
bility at Ex. We will present the estimation of the number of NC γ events for JUNO (20 kton, liquid
scintillator) [13] and Super-K (32kton, water) [14] for the case of the core-collapse SN, including the
case of a blackhole formation, at a distance of 10 kpc.

The estimation of the number of NC γ events by neutrinos from SN explosion has been done
by several groups for water-Cherenkov detectors [7, 8]. The study of NC events in liquid scintillator
detectors has been performed for 12C(ν, ν’)12C*(15.1MeV, JP = 1+) [11, 13] and for neutrino-proton
elastic scattering (ν + p → ν + p) [11–13], since the event rate of NC γ events was expected to be
much smaller and the rate estimation was uncertain. The νe elastic scattering reaction in a water-
Cherenkov detector has been studied by Super-K Collaboration [14], but this reaction is contributed
to by both NC and CC interactions. The feature of this presentation is to use the γ-ray emission
probability Rγ(Ex) from the giant resonances of 12C and 16O which we measured for the first time
experimentally [15], instead of using the statistical model calculation based on the Hauser-Feshbach
method [31]. Our measurement Rγ(Ex) from the giant resonance shows that the statistical model
calculation predicts a higher decay probability to the excited states by 30-40% than the measured
values in the energy region where giant resonances dominate. In addition, we use the latest NC cross
sections of 12C and 16O(ν, ν’) based on the shell-model calculations [16–18].

This report is organized as follows. In Section 2, we explain the two neutrino flux spectra: one
is used conventionally before and another is the one tabulated by Nakazato et al. [19]. In Section 3,
we show the NC cross section calculations. In Section 4, we show our new measurement of γ-ray
emission probability Rγ(Ex) from giant resonace of 12C and 16O. In Section 5, we combine the results
of Sections 2-4 and discuss over the estimation of NC γ events from SN neutrinos.

2. Neutrino Flux from Supernova Explosion

We first start with the neutrino flux spectra described conventionally as the Fermi-Dirac (FD)
and the modified Maxwell-Boltzmann (mMB) distributions in order to compare with the previous
publications [7–10, 12–14, 25]. They are given as

fFD(Eν) = 0.555
E2
ν

T 3
1

1 + exp(Eν/T )
, and fmMB(Eν) =

128E3
ν

3⟨Eν⟩4
exp
(
− 4Eν
⟨Eν⟩
)
, (2)

respectively. The FD spectra for νe, νe and νx (x = µ and τ) are plotted in Fig. 1(a) using the equi-
librium temperature T= 3.5 MeV, 5 MeV, and 8 MeV, respectively. For the FD spectra, the average

The JUNO collaboration studied the detection of this NC neutrino-proton elastic scattering in a liquid scintillator in details
in the proposal of the JUNO experiment under construction [13].
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超新星爆発で放射されるニュートリノスペクトル

巨大共鳴散乱断面積
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Fig. 6. The number of NC ν16O events NNC(Ex) for various SN fluxes.

Present work JUNO Collab. [13]
Reaction mMB NK1 FD NK2 mMB
p(ν̄e, e+)n 4140 2310 6950 12820 4300

NC 12C(ν, ν′)12C∗(15.1 MeV) 150 170 1030 840 170
NC 12C(ν, ν′)12C∗(Ex >16 MeV) 5 21 190 230 -

Table II. Expected number of neutrino events from a core-collapse supernova at 10 kpc to be detected at
JUNO(20 kton). For mMB spectra, ⟨Eν⟩=12 MeV is used for all neutrino flavors.

Present work Beacom-Vogel [8]
Reaction mMB NK1 FD NK2 FD
p(ν̄e, e+)n 5900 3290 7960 18290 8300

NC 16O(ν, ν′)16O∗(Eγ >5 MeV) 12 62 500 980 710
Cf. CC 16O(νe, e−) +16 O(ν̄e, e+)(Ee > 5 MeV) [25] - 77 - 3831 -

νe elastic scattering [25] - 140 - 514 -
Table III. Expected number of neutrino events from a core-collapse supernova at 10 kpc to be detected at
Super-K (32kton).
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Lett. B 423, 15 (1998).
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[10] J. F. Beacom, W. M. Farr, and P. Vogel, Phys. Rev. D 66, 033001 (2002).
[11] R. Laha, J. F. Beacom and S. K. Agarwalla, New power to measure supernova νe with large liquid scin-

tillator detectors, arXiv:1412.8425 [hep-ex].
[12] B. Dasgupta and J. F. Beacom, Phys. Rev. D 83, 113006 (2011).
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preliminary!

mMB : modified Maxwell-Boltzmann in <Eν>=12MeV 
FD : Fermi-Dirac in T=3.5, 5, 8MeV for νe, νe, νx  
NK1 : ordinary Nakazato model (M,Z)=(20M , 0.02) 
NK2 : (M,Z)=(30M , 0.004) and black hole forming

⊙

⊙

SFO model 
 (with new p-shell Hamiltonian, 
well reproduce LSND/KARMEN) 
 PRC 67, 044302 (2003) 
 PRC 98, 034613 (2018)Super-K 32.5kton @10kpc



超新星背景ニュートリノ
(大気ニュートリノによる中性カレント反応がBG)
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超新星背景ニュートリノ探索

•約10秒間バースト的に発生
する超新星爆発ニュートリ
ノと異なり、常に漂ってい
るフラックスの小さい信号
の探索になる。したがって
バックグラウンド事象との
識別が鍵となる。 
•バックグラウンド事象の識
別には同時遅延計測手法が
強力な武器

Suprenova Relic Neutrino (SRN)

Now

5 billion 

10 billion

13.8 billionBig Bang

Neutrinos from 
past SNe

years ago

years ago

years ago
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超新星背景ニュートリノ探索
50000トン水チェレンコフ検出器
Search in Super-Kamiokande IV (2008-2018)

17pSD-6 : Y. Ashida

preliminary!SRN flux limit :  
φ90 < 2.7cm-2/s
(Ando model expected : 1.7cm-2/s)

Supernova relic neutrino: a goal

I Supernovae Relic Neutrinos (SRNs): A
di↵use background of neutrino coming
from the past supernova bursts in the
universe.

. Expected signal is the inverse beta
decay (IBD).

. Never detected, due to large
background (BG).

I So far, we could only put limits on the
Supernova Relic Neutrino flux:

. Current best limits
(for Ando model 1.7 cm�2/s):
�90 < 2.7 cm�2/s (combined)
Sonia El Hedri, ICHEP2020

I SK is getting very close to reach the
region predicted by SRN models. We are
missing an additional BG reduction.

⌫e

p
n

e+

JPS online conference, September 16th, 2020 3/13 pronost@km.icrr.u-tokyo.ac.jp
理論予測に迫っている
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Super-Kamiokande with Gd

同時遅延計測 
中性子捕獲信号のエネルギーが高い 
νe 信号に対するBGを劇的に削減
ΔT~20μsec (0.1% Gd) 
Vertices within ~50cm

νe!

e+!

p 
n 

γ#

γ#p 

Gd 

(2.2MeV)

~8MeV

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

 Phys.Rev.Lett.93 (2004) 171101

0.01% Gd gives 
~50% efficiency 

for n capture

or

逆ベータ崩壊反応
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いよいよ始まるSK-Gd実験
2004 Proposed

2009 EGADS start

2015 SK-Gd approved in collaboration

2018 Tank open work for leak fixing

Achievement of a long standing project (2/2)

I In 2018, the SK detector was opened for leak fixing
(in order to prevent Gd to be spread in the environment)

. We succeed to reduce the leak < 0.017 tons/day (upper limit)

I In 2020, 0.01% Gd loaded in SK!

I Future: In 20XX, 0.1% Gd loaded?

JPS online conference, September 16th, 2020 6/13 pronost@km.icrr.u-tokyo.ac.jp

2020 0.01% Gd loading in SK!

202X SRN discovery!?

Achievement of a long standing project (1/2)

I In 2004, the idea to load Gd in SK was
initially proposed by Beacom and Vagins
PRL.93 (2004) 171101

I In 2009, in order to test the feasability of
this project, a SK-Gd 200 m3 prototype,
EGADS, was founded.

I In 2014-2020, Gd was loaded in EGADS
without troubles, and we demonstrate
the possibility to have good water
transparency with Gd-loaded water
Cerenkov detector.

I In 2015, the SK collaboration approved
the Gd loading.

EGADS water transparency and Gd conc.
JPS online conference, September 16th, 2020 5/13 pronost@km.icrr.u-tokyo.ac.jp

Achievement of a long standing project (2/2)

I In 2018, the SK detector was opened for leak fixing
(in order to prevent Gd to be spread in the environment)

. We succeed to reduce the leak < 0.017 tons/day (upper limit)

I In 2020, 0.01% Gd loaded in SK!

I Future: In 20XX, 0.1% Gd loaded?

JPS online conference, September 16th, 2020 6/13 pronost@km.icrr.u-tokyo.ac.jp

More Gd loading in prep.

16pSN-1 : G. Pronost 
16pSN-2 : S. Ito 
16pSN-3 : L. M. Magro 
16pSN-4 : M. Harada 
16pSN-5 : S. Sakai
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大気ニュートリノ起源 BG
超新星背景ニュートリノ信号 

（逆ベータ崩壊）
大気ニュートリノ中性カレント反応

によるバックグラウンド事象

中性カレントニュートリノ反応を理解し 
正確なバックグラウンドの見積もりが必要

ne

e+

p n

Gd
g

区別がつかない

n n

Gd
g

O

g

n
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中性カレント準弾性散乱反応
Neutral Current Quasi Elastic (NCQE)

• Probability of remaining nucleus having an excited state is calculated by Ankowski et al. 

based on the local density approximation (= spectroscopic strength).  

• Basic three states (from the shell model) + others state;   

• (p1/2)–1: no gamma emission 

• (p3/2)–1: gamma emission (6.18 MeV, 6.32 MeV, etc) 

• (s1/2)–1: particle (p, n, α, etc) decay + gamma emission  

• others: short range correlation or higher excited state

!5Nuclear De-excitation Gamma-rays

Model or MC version p1/2 p3/2 s1/2 others

Simple shell model 0.25 0.50 0.25 0

Ankowski et al. 0.158 0.3515 0.1055 0.385

A. M. Ankowski, Phys. Rev. Lett. 108, 052505 (2012)

P1/2 : no gamma-ray emission
P3/2 : gamma-ray emission 
         (6.18, 6.32MeV, etc.)
S1/2 : particle (p,n,α, etc) decay 
         + gamma-ray emission
Others : short range correlation 
             or higher excited state

Basic three states + Others state

反応により励起した原子核の脱励起ガンマ線 
Typical energy < 10MeV ̶> SRN 信号領域
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大気ニュートリノNCQE測定
50000トン水チェレンコフ検出器

νatm

n
g

p
O

n

g

SK-IVで観測成功

NCQE cross section in 
atmospheric neutrino energy range

L.Wan et al. (SK collaboration), PRD 99, 032005 (2019)
!10Systematic Uncertainty

• Neutrino flux (HKKM model) error is large.  

• Neutron-related errors are very large.  

• Final systematic error size is +77.2/–29.7%, while statistical error is ±16.8%.  

More than 70% systematic error.. 
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T2K実験での NCQE 測定
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T2K beam has similar energy region 
as atmospheric neutrinos 
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T2K実験での NCQE 測定
K.Abe et al. (T2K collaboration) PRD 100, 112009 (2019)

hσNEUTν-NCQEi ¼
P

ν¼νμ;νe

R
σNEUTν-NCQEðEνÞϕνðEνÞdEνP

ν¼νμ;νe

R
ϕνðEνÞdEν

¼ 2.13 × 10−38 cm2=oxygen; ð8Þ

hσNEUTν̄-NCQEi ¼
P

ν¼ν̄μ;ν̄e

R
σNEUTν̄-NCQEðEνÞϕνðEνÞdEνP

ν¼ν̄μ;ν̄e

R
ϕνðEνÞdEν

¼ 0.88 × 10−38 cm2=oxygen: ð9Þ

The nominal flux, ϕν ¼ ϕFHC
ν is used for neutrinos and

ϕν̄ ¼ ϕRHC
ν̄ is used for antineutrinos in calculations of the

flux-averaged NCQE cross sections. Note that summation

is done over muon and electron (anti)neutrinos in Fig. 1,
though the actual flux at SK contains tau (anti)neutrinos
due to neutrino oscillations. This treatment is justified
because the NC cross section is flavor-independent. Here
the integrations are conducted up to 10 GeV as higher
energies have a negligible impact on the result. The
measured flux-averaged NCQE-like cross sections on
oxygen nuclei are obtained by multiplying the scale factors
to each of Eqs. (8) and (9),

hσν-NCQEi ¼ fν-NCQE · hσNEUTν-NCQEi

¼ 1.70 $ 0.17ðstat:Þþ 0.51
−0.38ðsyst:Þ

× 10−38 cm2=oxygen; ð10Þ

hσν̄-NCQEi ¼ fν̄-NCQE · hσNEUTν̄-NCQEi

¼ 0.98 $ 0.16ðstat:Þþ 0.26
−0.19ðsyst:Þ

× 10−38 cm2=oxygen: ð11Þ

These measurements are shown together with the predic-
tions from NEUT in Fig. 12. The neutrino measurement
improves over the previous T2K result with FHC data,
hσν-NCQEi ¼ 1.55þ 0.71

−0.35ðstat: ⊕ syst:Þ × 10−38 cm2=oxygen
[20]. Covariance matrices of the neutrino and antineutrino
flux-averaged NCQE-like cross sections are shown for both
variations of the statistical and systematic uncertainties in
Table III.

VII. DISCUSSION

A. NC 2p2h

Currently, there are no models available in the literature
for the NC 2p2h interaction, so this channel is not simulated
in the present analysis. Since NC 2p2h interactions involve
multinucleon knock-out, not only multiple γ rays are
expected but additional secondary γ rays from the recoil
nucleons are expected as well. It should be noted that if this
process exists then the selection in this analysis likely
includes such events. However, if the ratio of the NC 2p2h
and QE cross sections is similar to the corresponding CC
ratio, roughly 5%–10% [42], the present measurement will
not be sensitive to these events.

B. Comparison with model predictions

The measured NCQE-like cross sections are tied to
NEUTas the underlying model for signal and backgrounds.
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FIG. 12. The measured ν- (top) and ν̄- (bottom) 16O NCQE-like
cross sections in comparison with the NCQE cross sections
predicted by NEUT. The error bars show the statistical error
(shorter) and the quadratic sum of statistical and systematic errors
(longer). The T2K fluxes for each neutrino beam mode are also
shown with an arbitrary normalization. Data points are placed at
the mean flux energies, 0.82 GeV for neutrinos and 0.68 GeV for
antineutrinos. Horizontal bars represent the upper and lower
range of the mean at 1σ.

TABLE III. Covariance of the neutrino and antineutrino cross
sections for the statistical (systematic) error case. The unit of
numbers is ð10−38 cm2=oxygenÞ2.

σν-NCQE σν̄-NCQE

σν-NCQE 0.030 (0.227) −0.005 (0.095)
σν̄-NCQE −0.005 (0.095) 0.025 (0.058)

K. ABE et al. PHYS. REV. D 100, 112009 (2019)

112009-14

hσNEUTν-NCQEi ¼
P

ν¼νμ;νe

R
σNEUTν-NCQEðEνÞϕνðEνÞdEνP

ν¼νμ;νe

R
ϕνðEνÞdEν

¼ 2.13 × 10−38 cm2=oxygen; ð8Þ

hσNEUTν̄-NCQEi ¼
P

ν¼ν̄μ;ν̄e

R
σNEUTν̄-NCQEðEνÞϕνðEνÞdEνP

ν¼ν̄μ;ν̄e

R
ϕνðEνÞdEν

¼ 0.88 × 10−38 cm2=oxygen: ð9Þ

The nominal flux, ϕν ¼ ϕFHC
ν is used for neutrinos and

ϕν̄ ¼ ϕRHC
ν̄ is used for antineutrinos in calculations of the

flux-averaged NCQE cross sections. Note that summation

is done over muon and electron (anti)neutrinos in Fig. 1,
though the actual flux at SK contains tau (anti)neutrinos
due to neutrino oscillations. This treatment is justified
because the NC cross section is flavor-independent. Here
the integrations are conducted up to 10 GeV as higher
energies have a negligible impact on the result. The
measured flux-averaged NCQE-like cross sections on
oxygen nuclei are obtained by multiplying the scale factors
to each of Eqs. (8) and (9),

hσν-NCQEi ¼ fν-NCQE · hσNEUTν-NCQEi

¼ 1.70 $ 0.17ðstat:Þþ 0.51
−0.38ðsyst:Þ

× 10−38 cm2=oxygen; ð10Þ

hσν̄-NCQEi ¼ fν̄-NCQE · hσNEUTν̄-NCQEi

¼ 0.98 $ 0.16ðstat:Þþ 0.26
−0.19ðsyst:Þ

× 10−38 cm2=oxygen: ð11Þ

These measurements are shown together with the predic-
tions from NEUT in Fig. 12. The neutrino measurement
improves over the previous T2K result with FHC data,
hσν-NCQEi ¼ 1.55þ 0.71

−0.35ðstat: ⊕ syst:Þ × 10−38 cm2=oxygen
[20]. Covariance matrices of the neutrino and antineutrino
flux-averaged NCQE-like cross sections are shown for both
variations of the statistical and systematic uncertainties in
Table III.

VII. DISCUSSION

A. NC 2p2h

Currently, there are no models available in the literature
for the NC 2p2h interaction, so this channel is not simulated
in the present analysis. Since NC 2p2h interactions involve
multinucleon knock-out, not only multiple γ rays are
expected but additional secondary γ rays from the recoil
nucleons are expected as well. It should be noted that if this
process exists then the selection in this analysis likely
includes such events. However, if the ratio of the NC 2p2h
and QE cross sections is similar to the corresponding CC
ratio, roughly 5%–10% [42], the present measurement will
not be sensitive to these events.

B. Comparison with model predictions

The measured NCQE-like cross sections are tied to
NEUTas the underlying model for signal and backgrounds.
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cross sections in comparison with the NCQE cross sections
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shown with an arbitrary normalization. Data points are placed at
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antineutrinos. Horizontal bars represent the upper and lower
range of the mean at 1σ.

TABLE III. Covariance of the neutrino and antineutrino cross
sections for the statistical (systematic) error case. The unit of
numbers is ð10−38 cm2=oxygenÞ2.
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σν-NCQE 0.030 (0.227) −0.005 (0.095)
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hσNEUTν-NCQEi ¼
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ν¼νμ;νe

R
σNEUTν-NCQEðEνÞϕνðEνÞdEνP
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R
ϕνðEνÞdEν

¼ 2.13 × 10−38 cm2=oxygen; ð8Þ

hσNEUTν̄-NCQEi ¼
P

ν¼ν̄μ;ν̄e

R
σNEUTν̄-NCQEðEνÞϕνðEνÞdEνP

ν¼ν̄μ;ν̄e

R
ϕνðEνÞdEν

¼ 0.88 × 10−38 cm2=oxygen: ð9Þ

The nominal flux, ϕν ¼ ϕFHC
ν is used for neutrinos and

ϕν̄ ¼ ϕRHC
ν̄ is used for antineutrinos in calculations of the

flux-averaged NCQE cross sections. Note that summation

is done over muon and electron (anti)neutrinos in Fig. 1,
though the actual flux at SK contains tau (anti)neutrinos
due to neutrino oscillations. This treatment is justified
because the NC cross section is flavor-independent. Here
the integrations are conducted up to 10 GeV as higher
energies have a negligible impact on the result. The
measured flux-averaged NCQE-like cross sections on
oxygen nuclei are obtained by multiplying the scale factors
to each of Eqs. (8) and (9),

hσν-NCQEi ¼ fν-NCQE · hσNEUTν-NCQEi

¼ 1.70 $ 0.17ðstat:Þþ 0.51
−0.38ðsyst:Þ

× 10−38 cm2=oxygen; ð10Þ

hσν̄-NCQEi ¼ fν̄-NCQE · hσNEUTν̄-NCQEi

¼ 0.98 $ 0.16ðstat:Þþ 0.26
−0.19ðsyst:Þ

× 10−38 cm2=oxygen: ð11Þ

These measurements are shown together with the predic-
tions from NEUT in Fig. 12. The neutrino measurement
improves over the previous T2K result with FHC data,
hσν-NCQEi ¼ 1.55þ 0.71

−0.35ðstat: ⊕ syst:Þ × 10−38 cm2=oxygen
[20]. Covariance matrices of the neutrino and antineutrino
flux-averaged NCQE-like cross sections are shown for both
variations of the statistical and systematic uncertainties in
Table III.

VII. DISCUSSION

A. NC 2p2h

Currently, there are no models available in the literature
for the NC 2p2h interaction, so this channel is not simulated
in the present analysis. Since NC 2p2h interactions involve
multinucleon knock-out, not only multiple γ rays are
expected but additional secondary γ rays from the recoil
nucleons are expected as well. It should be noted that if this
process exists then the selection in this analysis likely
includes such events. However, if the ratio of the NC 2p2h
and QE cross sections is similar to the corresponding CC
ratio, roughly 5%–10% [42], the present measurement will
not be sensitive to these events.

B. Comparison with model predictions

The measured NCQE-like cross sections are tied to
NEUTas the underlying model for signal and backgrounds.
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The nominal flux, ϕν ¼ ϕFHC
ν is used for neutrinos and

ϕν̄ ¼ ϕRHC
ν̄ is used for antineutrinos in calculations of the

flux-averaged NCQE cross sections. Note that summation

is done over muon and electron (anti)neutrinos in Fig. 1,
though the actual flux at SK contains tau (anti)neutrinos
due to neutrino oscillations. This treatment is justified
because the NC cross section is flavor-independent. Here
the integrations are conducted up to 10 GeV as higher
energies have a negligible impact on the result. The
measured flux-averaged NCQE-like cross sections on
oxygen nuclei are obtained by multiplying the scale factors
to each of Eqs. (8) and (9),

hσν-NCQEi ¼ fν-NCQE · hσNEUTν-NCQEi

¼ 1.70 $ 0.17ðstat:Þþ 0.51
−0.38ðsyst:Þ

× 10−38 cm2=oxygen; ð10Þ

hσν̄-NCQEi ¼ fν̄-NCQE · hσNEUTν̄-NCQEi

¼ 0.98 $ 0.16ðstat:Þþ 0.26
−0.19ðsyst:Þ

× 10−38 cm2=oxygen: ð11Þ

These measurements are shown together with the predic-
tions from NEUT in Fig. 12. The neutrino measurement
improves over the previous T2K result with FHC data,
hσν-NCQEi ¼ 1.55þ 0.71

−0.35ðstat: ⊕ syst:Þ × 10−38 cm2=oxygen
[20]. Covariance matrices of the neutrino and antineutrino
flux-averaged NCQE-like cross sections are shown for both
variations of the statistical and systematic uncertainties in
Table III.

VII. DISCUSSION

A. NC 2p2h

Currently, there are no models available in the literature
for the NC 2p2h interaction, so this channel is not simulated
in the present analysis. Since NC 2p2h interactions involve
multinucleon knock-out, not only multiple γ rays are
expected but additional secondary γ rays from the recoil
nucleons are expected as well. It should be noted that if this
process exists then the selection in this analysis likely
includes such events. However, if the ratio of the NC 2p2h
and QE cross sections is similar to the corresponding CC
ratio, roughly 5%–10% [42], the present measurement will
not be sensitive to these events.

B. Comparison with model predictions

The measured NCQE-like cross sections are tied to
NEUTas the underlying model for signal and backgrounds.
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antineutrinos. Horizontal bars represent the upper and lower
range of the mean at 1σ.
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ϕνðEνÞdEν
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hσNEUTν̄-NCQEi ¼
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ν¼ν̄μ;ν̄e

R
σNEUTν̄-NCQEðEνÞϕνðEνÞdEνP

ν¼ν̄μ;ν̄e

R
ϕνðEνÞdEν

¼ 0.88 × 10−38 cm2=oxygen: ð9Þ

The nominal flux, ϕν ¼ ϕFHC
ν is used for neutrinos and

ϕν̄ ¼ ϕRHC
ν̄ is used for antineutrinos in calculations of the

flux-averaged NCQE cross sections. Note that summation

is done over muon and electron (anti)neutrinos in Fig. 1,
though the actual flux at SK contains tau (anti)neutrinos
due to neutrino oscillations. This treatment is justified
because the NC cross section is flavor-independent. Here
the integrations are conducted up to 10 GeV as higher
energies have a negligible impact on the result. The
measured flux-averaged NCQE-like cross sections on
oxygen nuclei are obtained by multiplying the scale factors
to each of Eqs. (8) and (9),

hσν-NCQEi ¼ fν-NCQE · hσNEUTν-NCQEi

¼ 1.70 $ 0.17ðstat:Þþ 0.51
−0.38ðsyst:Þ

× 10−38 cm2=oxygen; ð10Þ

hσν̄-NCQEi ¼ fν̄-NCQE · hσNEUTν̄-NCQEi

¼ 0.98 $ 0.16ðstat:Þþ 0.26
−0.19ðsyst:Þ

× 10−38 cm2=oxygen: ð11Þ

These measurements are shown together with the predic-
tions from NEUT in Fig. 12. The neutrino measurement
improves over the previous T2K result with FHC data,
hσν-NCQEi ¼ 1.55þ 0.71

−0.35ðstat: ⊕ syst:Þ × 10−38 cm2=oxygen
[20]. Covariance matrices of the neutrino and antineutrino
flux-averaged NCQE-like cross sections are shown for both
variations of the statistical and systematic uncertainties in
Table III.

VII. DISCUSSION

A. NC 2p2h

Currently, there are no models available in the literature
for the NC 2p2h interaction, so this channel is not simulated
in the present analysis. Since NC 2p2h interactions involve
multinucleon knock-out, not only multiple γ rays are
expected but additional secondary γ rays from the recoil
nucleons are expected as well. It should be noted that if this
process exists then the selection in this analysis likely
includes such events. However, if the ratio of the NC 2p2h
and QE cross sections is similar to the corresponding CC
ratio, roughly 5%–10% [42], the present measurement will
not be sensitive to these events.

B. Comparison with model predictions

The measured NCQE-like cross sections are tied to
NEUTas the underlying model for signal and backgrounds.
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ν¼ν̄μ;ν̄e

R
ϕνðEνÞdEν

¼ 0.88 × 10−38 cm2=oxygen: ð9Þ

The nominal flux, ϕν ¼ ϕFHC
ν is used for neutrinos and

ϕν̄ ¼ ϕRHC
ν̄ is used for antineutrinos in calculations of the

flux-averaged NCQE cross sections. Note that summation

is done over muon and electron (anti)neutrinos in Fig. 1,
though the actual flux at SK contains tau (anti)neutrinos
due to neutrino oscillations. This treatment is justified
because the NC cross section is flavor-independent. Here
the integrations are conducted up to 10 GeV as higher
energies have a negligible impact on the result. The
measured flux-averaged NCQE-like cross sections on
oxygen nuclei are obtained by multiplying the scale factors
to each of Eqs. (8) and (9),

hσν-NCQEi ¼ fν-NCQE · hσNEUTν-NCQEi

¼ 1.70 $ 0.17ðstat:Þþ 0.51
−0.38ðsyst:Þ

× 10−38 cm2=oxygen; ð10Þ

hσν̄-NCQEi ¼ fν̄-NCQE · hσNEUTν̄-NCQEi

¼ 0.98 $ 0.16ðstat:Þþ 0.26
−0.19ðsyst:Þ

× 10−38 cm2=oxygen: ð11Þ

These measurements are shown together with the predic-
tions from NEUT in Fig. 12. The neutrino measurement
improves over the previous T2K result with FHC data,
hσν-NCQEi ¼ 1.55þ 0.71

−0.35ðstat: ⊕ syst:Þ × 10−38 cm2=oxygen
[20]. Covariance matrices of the neutrino and antineutrino
flux-averaged NCQE-like cross sections are shown for both
variations of the statistical and systematic uncertainties in
Table III.

VII. DISCUSSION

A. NC 2p2h

Currently, there are no models available in the literature
for the NC 2p2h interaction, so this channel is not simulated
in the present analysis. Since NC 2p2h interactions involve
multinucleon knock-out, not only multiple γ rays are
expected but additional secondary γ rays from the recoil
nucleons are expected as well. It should be noted that if this
process exists then the selection in this analysis likely
includes such events. However, if the ratio of the NC 2p2h
and QE cross sections is similar to the corresponding CC
ratio, roughly 5%–10% [42], the present measurement will
not be sensitive to these events.

B. Comparison with model predictions

The measured NCQE-like cross sections are tied to
NEUTas the underlying model for signal and backgrounds.
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shown with an arbitrary normalization. Data points are placed at
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antineutrinos. Horizontal bars represent the upper and lower
range of the mean at 1σ.
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sections for the statistical (systematic) error case. The unit of
numbers is ð10−38 cm2=oxygenÞ2.

σν-NCQE σν̄-NCQE
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（シミューレーション）

where gvtx and gdir are the vertex and direction fit
quality parameters, respectively [56]. Cuts on these
parameters are optimized for five regions between
3.49 and 5.99 MeV with each 0.5 MeV bin width.

The optimization is performed separately for each
T2K run period because the detector condition and
the beam power differ from run to run. A figure-of-
merit (FOM) designed to maximize sensitivity to the
NCQE signal is defined as:

FOM ¼
Nsigffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Nsig þ Nbkg
p ; ð3Þ

where Nsig is the number of signal events predicted
by the MC (ν-NCQE for FHC and ν̄-NCQE for
RHC) and Nbkg is the total number of background
events. The latter is composed of two components,
NMC

bkg and Nbeam-unrelated
bkg , which represent nonsignal

neutrino events such as NC-other and CC inter-
actions, and beam-unrelated events from the off-
timing data sample, respectively. Cuts on the three
parameters above are chosen to maximize the FOM
in each energy region. As an illustration the opti-
mized values of dwall, effwall, and ovaQ for one of
the FHC mode runs (T2K Run 8) are shown in
Fig. 3. A linear function is fit to each distribution to
obtain the final cut criteria and is denoted by the red
line in the figure. For the dwall and effwall distri-
butions, if the optimized value is 200 cm (the FV cut
criterion) in two successive energy bins, the second
and later bins are removed and the fit is repeated. In
the end, each of these three parameters is required to
be larger than the obtained line. That is, events with
values in the upper right portion of the plots in the
figure are kept. Note that at higher energies the
optimum dwall and effwall values fall below 200 cm,
but such events are already removed by the initial FV
cut. Figure 4 shows the ovaQ distributions after the
cuts described in (1), the FV cut, the optimized dwall
cut, and the optmized effwall cut. There is clear
separation between signal and background. Further
descriptions of the variables used in this selection are
given in Refs. [20,56].
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FIG. 6. Reconstructed energy distributions of MC and beam-
unrelated events before the FV cut and after all cuts for FHC (top)
and RHC (bottom).
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where gvtx and gdir are the vertex and direction fit
quality parameters, respectively [56]. Cuts on these
parameters are optimized for five regions between
3.49 and 5.99 MeV with each 0.5 MeV bin width.

The optimization is performed separately for each
T2K run period because the detector condition and
the beam power differ from run to run. A figure-of-
merit (FOM) designed to maximize sensitivity to the
NCQE signal is defined as:

FOM ¼
Nsigffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Nsig þ Nbkg
p ; ð3Þ

where Nsig is the number of signal events predicted
by the MC (ν-NCQE for FHC and ν̄-NCQE for
RHC) and Nbkg is the total number of background
events. The latter is composed of two components,
NMC

bkg and Nbeam-unrelated
bkg , which represent nonsignal

neutrino events such as NC-other and CC inter-
actions, and beam-unrelated events from the off-
timing data sample, respectively. Cuts on the three
parameters above are chosen to maximize the FOM
in each energy region. As an illustration the opti-
mized values of dwall, effwall, and ovaQ for one of
the FHC mode runs (T2K Run 8) are shown in
Fig. 3. A linear function is fit to each distribution to
obtain the final cut criteria and is denoted by the red
line in the figure. For the dwall and effwall distri-
butions, if the optimized value is 200 cm (the FV cut
criterion) in two successive energy bins, the second
and later bins are removed and the fit is repeated. In
the end, each of these three parameters is required to
be larger than the obtained line. That is, events with
values in the upper right portion of the plots in the
figure are kept. Note that at higher energies the
optimum dwall and effwall values fall below 200 cm,
but such events are already removed by the initial FV
cut. Figure 4 shows the ovaQ distributions after the
cuts described in (1), the FV cut, the optimized dwall
cut, and the optmized effwall cut. There is clear
separation between signal and background. Further
descriptions of the variables used in this selection are
given in Refs. [20,56].
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FIG. 6. Reconstructed energy distributions of MC and beam-
unrelated events before the FV cut and after all cuts for FHC (top)
and RHC (bottom).
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Secondary gamma-ray の
シミュレーションは正しい？
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水中での中性子反応

特に中性子と水中の酸素原子核
との反応の実験データがほしい

22

Figure 2.12: Energy of secondary de-excitation gamma-ray versus kinetic energy of the incident
proton (left) and neutron (right) in the GEANT detector simulation assuming the T2K beam ⌫µ

flux. Each dot corresponds to a single gamma-ray. The dotted vertical line in the right panel
indicates the boundary of the energy ranges covered by two di↵erent simulators. It can be seen
that the absolute yield and kinematics of de-excitation gamma-rays are treated di↵erently between
the two simulators.

MICAP NMTC

Unnatural boundary?

ガンマ線多重度

ガンマ線スペクトル

Multiplicity

水中での核子の反応は GCALOR (GEANT3)を使用

 (GEANT3 based - GCALOR)
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RCNP E487 / E525実験

Beam!dump�
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RCNP N0 course

~20m

neutron beam

水をターゲットにした中性子反応により放出する
ガンマ線のエネルギーや数を測定

✓準単色中性子 
✓様々なエネルギーの測定
が可能で、かつ、T2Kの
ニュートリノビームにより
発生する中性子エネル
ギーと近い 

✓Tofを使って雑音事象の
弁別が可能 

✓大きなトンネルなので検
出器の設定がやりやすい

水ターゲットの周りを
ガンマ線検出器で覆う
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RCNP E487 / E525実験

中性子ビーム実験 
in 大阪大学核物理研究センター

6

有機液体シンチレータ 
(LqS)

中性子ビーム

高純度ゲルマニウム 
半導体検出器(HPGe)

CsI(Tl)シンチレータ

準単色中性子ビームを生成 

水標的に向かって照射 

中性子・酸素原子核反応に由来する

ガンマ線を測定する

ガンマ線測定  

中性子フラックス測定  

散乱中性子測定

　　HPGe : 

LqS : 

　 CsI(Tl) :
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RCNP E487 / E525実験
水をターゲットにした中性子反応により放出する

ガンマ線のエネルギーや数を測定
✓準単色中性子 
✓様々なエネルギーの測定
が可能で、かつ、T2Kの
ニュートリノビームにより
発生する中性子エネル
ギーと近い 

✓Tofを使って雑音事象の
弁別が可能 

✓大きなトンネルなので検
出器の設定がやりやすい

二次ガンマ線の不定性を小さくするため
中性子・酸素原子核反応によるガンマ線
測定を行う

モチベーション �2

NCQE反応後の中性子運動エネルギーのシミュレーション(Fermi gas model)

NCQE反応後の中性子の運動エネルギーの

シミュレーションから30, 80, 250 MeVの
エネルギーの中性子ビーム実験を行なった

T2K実験 NCQE 反応後に発生する
中性子の運動エネルギー

30, 80, 250MeV 
で実験を行なった
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RCNP E487 / E525実験
ガンマ線スペクトラム 12

18-30 MeVの中性子事象を選択 

各種バックグラウンドを差し引く
S.E. D.E.はSingle escape
およびDouble escapeガンマ線スペクトル（30MeV 中性子ビーム）
preliminary
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RCNP E487 / E525実験
ガンマ線スペクトラム 12

18-30 MeVの中性子事象を選択 

各種バックグラウンドを差し引く
S.E. D.E.はSingle escape
およびDouble escapeガンマ線スペクトル（30MeV 中性子ビーム）
preliminary

生成断面積算出 17

断面積は以下のようにして求める

σγ = N
ϵγ ⋅ ϕn ⋅ T ϵγ : ガンマ線検出効率

ϕn: 中性子フラックス
T : 酸素原子核数

N : ガンマ線領域の事象数

結果をSKのシミュレーションに使用することで、モデルの改善が期待される
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RCNP E487 / E525実験
•データ解析の状況 

• 80MeVデータ：PRCへ投稿中 (arXiv :1902.08964 ) 

• 30MeVデータ：解析は終了。論文執筆中 

• 250MeVデータ：データ解析中 

•本実験による中性子と酸素原子核との反応によるガンマ線
生成断面積の結果をSK-Gdシミュレーションに導入する。 

• Secondary gamma-ray の系統誤差は十分削減できると
期待できる。
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さらなる系統誤差削減に向けて
Primary gamma-ray の不定性を落とせないか

• Probability of remaining nucleus having an excited state is calculated by Ankowski et al. 

based on the local density approximation (= spectroscopic strength).  

• Basic three states (from the shell model) + others state;   

• (p1/2)–1: no gamma emission 

• (p3/2)–1: gamma emission (6.18 MeV, 6.32 MeV, etc) 

• (s1/2)–1: particle (p, n, α, etc) decay + gamma emission  

• others: short range correlation or higher excited state

!5Nuclear De-excitation Gamma-rays

Model or MC version p1/2 p3/2 s1/2 others

Simple shell model 0.25 0.50 0.25 0

Ankowski et al. 0.158 0.3515 0.1055 0.385

A. M. Ankowski, Phys. Rev. Lett. 108, 052505 (2012)

P1/2
P3/2

S1/2

Others

Simple shell model    Ankowski et.al.

0.25
0.50

0.25

0

0.158
0.3515

0.1055

0.385

それぞれの状態への遷移確率

LDA近似による理論計算 
JLab での O(e,e’p) 実験
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さらなる系統誤差削減に向けて
Primary gamma-ray の不定性を落とせないか

• Probability of remaining nucleus having an excited state is calculated by Ankowski et al. 

based on the local density approximation (= spectroscopic strength).  

• Basic three states (from the shell model) + others state;   

• (p1/2)–1: no gamma emission 

• (p3/2)–1: gamma emission (6.18 MeV, 6.32 MeV, etc) 

• (s1/2)–1: particle (p, n, α, etc) decay + gamma emission  

• others: short range correlation or higher excited state

!5Nuclear De-excitation Gamma-rays

Model or MC version p1/2 p3/2 s1/2 others

Simple shell model 0.25 0.50 0.25 0

Ankowski et al. 0.158 0.3515 0.1055 0.385

A. M. Ankowski, Phys. Rev. Lett. 108, 052505 (2012)

P1/2
P3/2

Simple shell model    Ankowski et.al.

0.25
0.50

0.158
0.3515

それぞれの状態への遷移確率

(5.4%)

CHAPTER 5. EVENT SIMULATION 61

Table 5.2: Probabilities of a remaining nucleus belonging to each excited state, (p1/2)−1,
(p3/2)−1, (s1/2)−1, and others, after the neutrino interaction.

(p1/2)−1 (p3/2)−1 (s1/2)−1 others
Simple shell model 0.25 0.50 0.25 0
Ankowski et al. [49] 0.158 0.3515 0.1055 0.385
This analysis 0.158 0.3515 0.4905 -

The (p1/2)−1 state corresponds to the ground state of 15O (15N) after a neutron (proton)
knock-out, and therefore does not lead to any γ-ray emission.

The possible excited states and γ-ray emission modes for the (p3/2)−1 state are summarized
in Table 5.3. Here Eex represents the excited energy level, Jπ is the spin and parity of the
residual nucleus, Eγ and Ep are energies of the emitted γ-ray and proton respectively, Rγ is the
probability of the residual nucleus to emit the γ-ray at each excited state, and Br(X∗ → Y+γ)
is the branching ratio for the residual nucleus (X = 15N or 15O) to de-excite to the ground state
of Y. The most likely modes are the emission of the 6.32 MeV γ-ray from 15N or the 6.18 MeV
γ-ray from 15O.

Table 5.3: Excited states and γ-ray emission modes of 16O proton hole (p3/2)
−1
p

and neutron

hole (p3/2)
−1
n
.

Residual nucleus Eex [MeV] Jπ Eγ [MeV] Ep [MeV] Rγ [%] Br(X∗ → Y+ γ) [%]
15N 6.32

(
3
2

)−
6.32 - 100 86.2

9.93
(
3
2

)−
5.30 - 15.3 1.1
6.32 - 4.9 0.3
7.30 - 2.1 0.1
9.93 - 77.6 5.4

10.70
(
3
2

)−
- 0.5 - 6.9

15O 6.18
(
3
2

)−
6.18 - 100 100

There are more fractions to the emission of γ-rays with energies of >3 MeV from the (s1/2)−1

state. For the proton knock-out case, excited states and their branching ratios of the γ-ray
emission are measured or calculated as summarized in Table 5.4. From the analogy, the neutron
knock-out case is set to be identical in the nominal MC.

The others state includes all the other states whose excited energies are higher than any
of the three states above or which are affected by other nuclear effects such as short-range
correlation between nucleons. Since there is no data nor theoretical calculation on the γ-
ray emission from the others state, this state is integrated into (s1/2)−1 at the nominal MC
production. The systematic uncertainty regarding this treatment is estimated later.

The interactions of particles produced in the neutrino interaction, the Cherenkov light
emission, and the PMT responses are simulated by the GEANT3-based dedicated package,
which is described in Chapter 4. Important for this analysis is the hadronic interaction parts,
especially the models of neutron reactions on oxygen. The hadronic interactions are based
on GCALOR [85,86]. This implements MICAP for neutrons below 20 MeV and NMTC above
20 MeV, respectively. MICAP reads experimental cross sections from ENDF/B-V, while NMTC

Not so large systematic error, but..
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さらなる系統誤差削減に向けて
Primary gamma-ray の不定性を落とせないか

• Probability of remaining nucleus having an excited state is calculated by Ankowski et al. 

based on the local density approximation (= spectroscopic strength).  

• Basic three states (from the shell model) + others state;   

• (p1/2)–1: no gamma emission 

• (p3/2)–1: gamma emission (6.18 MeV, 6.32 MeV, etc) 

• (s1/2)–1: particle (p, n, α, etc) decay + gamma emission  

• others: short range correlation or higher excited state

!5Nuclear De-excitation Gamma-rays

Model or MC version p1/2 p3/2 s1/2 others

Simple shell model 0.25 0.50 0.25 0

Ankowski et al. 0.158 0.3515 0.1055 0.385

A. M. Ankowski, Phys. Rev. Lett. 108, 052505 (2012)

P1/2
P3/2

S1/2

Others

Simple shell model    Ankowski et.al.

0.25
0.50

0.25

0

0.158
0.3515

0.1055

0.385

それぞれの状態への遷移確率

LDA近似による理論計算 
JLab での O(e,e’p) 実験

short range correlation 
or higher excited state

この state からのガンマ線分岐比を測りたいが..
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まとめ
•超新星ニュートリノ観測において中性カレントニュートリノ反応の
理解は重要である 

•銀河系内超新星爆発 

•巨大共鳴反応による直接観測 

• RCNP-E398でガンマ線放出確率を測定 

•超新星背景ニュートリノ (SRN) 観測 

•その発見に向けて SK-Gd 実験が始まった 

•大気ニュートリノの中性カレント反応がBGになる 

•散乱断面積はT2K実験で測定された。その測定の系統誤差は酸素
原子核との反応によって発生するガンマ線放出の不定性が支配的 

•この系統誤差を削減して、SRNの発見につなげたい。


