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• SK-IV (pure water) での上限値は、
理論予測値に近づいている。 

• 陽子による中性子捕獲反応で発生する 
2.2MeV ガンマ線 (検出効率~20%) 
を同時遅延計測で使用
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• SK-IV (pure water) での上限値は、
理論予測値に近づいている。 

• 陽子による中性子捕獲反応で発生する 
2.2MeV ガンマ線 (検出効率~20%) 
を同時遅延計測で使用 

• 特に大気ニュートリノ起源の崩壊電子
背景事象の削減に成功
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超新星背景ニュートリノ観測
SK-Gdでの発見に向けて
• Gdによる中性子捕獲反応の同時遅延計測
では中性子検出効率が大きく向上 
（現在~50%、最終目標~90%） 

• 特に大気ニュートリノ起源の背景事象を
理解する必要がある
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大気ニュートリノ反応
検出器内で何が起こる？
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• 中性子の熱化中に発生する Secondary γは
Primary γとの時間差は小さく、SKでは同じ
事象と判別される。 

• それぞれのガンマ線（数MeV領域）の識別は
非常に困難。 

• 真の信号と同様な大気ニュートリノ起源信号
の見積りをいかに高精度で行えるか。

数10MeV の先発信号と１つの遅延信号

超新星背景ニュートリノ信号
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それぞれの反応を理解し、シミュレーションへ実装

𝒪(10)MeV



3

Faraday cup

Quadrupole magnet

Dipole magnet

Proton beam

Li target

Secondary beam
(neutron or photon)

Collimator

~ ~
~ ~

Neutron time-of-flight tunnel

4.5 m1.5 m~6 m

or

BC-501A

LaBr3(Ce), HPGe, CsI(Tl)
(covered by Pb blocks)

Beam
Water target

FIG. 2. Schematic drawing of the RCNP facility and the neutron time-of-flight beamline. The dotted box shows a magnified
depiction of the experimental setup.

OKEN CsI(Tl) crystal, whose size is 3.5× 3.5× 3.5 cm3,
coupled to the H6410 PMT. A 14-bit 250 MHz CAEN
DT5725 Flash-ADC was used to record CsI(Tl) wave-
form data. Scattered neutron measurements were done
in parallel with the main measurement for both water-
filled and empty container configurations.
In all measurements, the proton beam current was

monitored with the Faraday cup. The cup was read
out by an ORTEC 439 counter for the normalization de-
scribed in the analysis below. The DAQ dead time was
measured using clock pulses during the beam test with a
precision better than 1% and is corrected for in the cross
section measurement. It was ∼7% in the γ-ray measure-
ment by LaBr3(Ce) and 10−40% in the flux measurement
by BC-501A depending on the beam intensity. Note that
the contribution to the dead time from the intrinsic ra-
dioactive impurities in LaBr3(Ce) is small.

C. Detector calibration

Energy calibrations for the LaBr3(Ce), HPGe, and
CsI(Tl) detectors were conducted using the photo-
absorption peaks of γ-rays from several isotopes with a
maximum energy of ∼8 MeV. Relative to other errors dis-
cussed below, calibration errors are small enough to be
negligible in the cross section measurement. The detec-
tor gain was monitored throughout the experiment and
no significant fluctuations were observed.
Recoil electrons from Compton-scattered γ-rays pro-

duced by an 22Na source were used to calibrate the BC-
501A detector. The scattered γ-rays were tagged by
the LaBr3(Ce) detector at different geometrical positions,
which allows for selection of the recoil electron energy us-
ing the angles made by the two detectors and the source.
Geometrical uncertainties in the positioning of the de-
tectors produce the largest systematic errors in the cali-

bration, but result in less than a 0.1% systematic uncer-
tainty in the neutron flux measurement as described in
Section III.

III. NEUTRON FLUX

As described above, in order to measure the γ-ray pro-
duction cross section a precise measurement of the neu-
tron flux is essential. First, neutron-like events in the
BC-501A scintillator are selected using the pulse shape
discrimination (PSD) method discussed below and their
kinetic energy is inferred from their TOF. The result is
converted to a flux after correcting for the detector effi-
ciency as calculated using the SCINFUL-QMD [22, 23]
simulation.

A. PSD and TOF analysis

Neutron-like events are selected based on their pulse
shape and deposited energy. For events depositing energy
within the dynamic range of the QDC, a PSD parameter
is defined as:

PSD parameter =
Qtail −Qped

Qtotal −Qped
. (1)

Here Qtail is the integrated charge in QDC counts of the
PMT waveform for a pre-determined late-time window
and Qtotal is the charge of the entire waveform. The
Qped refers to an offset of the QDC module, which dif-
fers in general from channel to channel. The optimal
late-time integration window for Qtail is determined by
calibration data with neutrons from an 241Am/Be source.
The distribution of the PSD parameter as a function

大気ニュートリノ反応
検出器内で何が起こる？
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Fig. 15. The MC-generated total energy spectrum from thermal 157Gd(n, γ ) for peripheral crystal 6 (black),
and the comprising continuum (red) and discrete (blue) component of the MC energy spectra, shown separately.

that although our mean values for the discrete primary (secondary) γ -ray intensities in Table 7 are
lower by about 20% than the values in the literature, the effect of this difference on the total spectra
is very small since the contribution of the discrete component to the total spectra is less than 7%.

In order to implement the identified discrete peaks in our model, we converted the listed mean
intensity values to probabilities summing to one and included them together with the γ -ray energies
of the different cascades in our γ -ray generator. A particular cascade from Table 7 is then generated
according to this probability distribution. We finally obtain the MC γ -ray spectrum as the sum of
the continuum and discrete peaks, as shown in Fig. 15.

5. Model performance
To assess the performance of our model for the γ -ray spectrum from the thermal 157Gd(n, γ ) reaction,
we compared its output to the measured data. With our model, we separately simulated 2 × 108

neutron-capture events for the discrete peaks and the continuum component, and then merged them
in corresponding proportions. The resulting spectrum is shown in Fig. 16, along with the data.
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Fig. 16. Left: Energy spectrum observed by peripheral crystal 6 of the upper cluster in M1H1 events from
our measurement data (black), from the simulation with our model (red), and from the simulation with the
GLG4sim package (blue). Right: Ratio between data and MC from the left side per 200 keV of observed
energy.
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それぞれの反応を理解し、シミュレーションへ実装



NCQE interaction



Neutral Current Quasi-Elastic (NCQE)
最後まで残る背景事象
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T2K実験における NCQE 測定
反応を理解する
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10Flux: Atmospheric vs. T2K
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T2Kのニュートリノエネルギーは大気ニュートリノのエネルギーに近い



T2K実験における NCQE 測定
最新結果
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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:Þþ0.51
−0.38ðsyst:Þ

× 10−38 cm2=oxygen; ð10Þ

hσν̄-NCQEi ¼ fν̄-NCQE · hσNEUTν̄-NCQEi

¼ 0.98$ 0.16ðstat:Þþ0.26
−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 1.55þ0.71

−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
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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.

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)
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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:Þþ0.51
−0.38ðsyst:Þ

× 10−38 cm2=oxygen; ð10Þ

hσν̄-NCQEi ¼ fν̄-NCQE · hσNEUTν̄-NCQEi

¼ 0.98$ 0.16ðstat:Þþ0.26
−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 1.55þ0.71

−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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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:Þþ0.51
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¼ 0.98$ 0.16ðstat:Þþ0.26
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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 1.55þ0.71

−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:Þþ0.51
−0.38ðsyst:Þ

× 10−38 cm2=oxygen; ð10Þ

hσν̄-NCQEi ¼ fν̄-NCQE · hσNEUTν̄-NCQEi

¼ 0.98$ 0.16ðstat:Þþ0.26
−0.19ðsyst:Þ
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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 1.55þ0.71

−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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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),
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¼ 0.98$ 0.16ðstat:Þþ0.26
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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 1.55þ0.71

−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
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
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shows a comparison of the number of MC beam neutrino
events against beam-unrelated events both before and after
these cuts. The event selection summary for the beam data
and MC is shown in Table I. After the event selection, 204
events are observed in the FHC data and 97 events are
observed in the RHC data. These are compared with the
number of predicted events in Table I. While the FHC
sample has a high signal purity, the neutrino component
forms nearly 20% of the RHC sample because of the
difference between the neutrino and antineutrino cross
sections. Figures 7 and 8 show distributions of the
reconstructed energy, Cherenkov angle, and vertex position
for the FHC and RHC samples, respectively. The observed
Erec distributions agree well with the predictions in both
FHC and RHC modes. A clear contribution from ∼6 MeV
γ rays is observed in both operation modes. In the FHC θC
distribution, the data at high angles is below the MC
expectation, while no such MC excess is seen in the RHC
data. This excess was also observed in the previous T2K
measurement [20] although the statistical error was larger.
At high angles this distribution is dominated by events with
multiple γ rays. Such events are caused mainly by fast
neutron interactions with nuclei in the water. The excess in
FHC may then be attributed to inaccurate modeling of
secondary neutron reactions and their subsequent γ ray
emissions. The fact that the disagreement between obser-
vation and prediction is visible in FHC and not in RHC,
may be understood by the difference in the out-going
nucleon kinematics between neutrino and antineutrino

interactions. Helicity conservation in antineutrino inter-
actions produces more forward-going leptons in the final
state and consequently lower momentum nucleons. The
latter therefore goes on to produce fewer secondary γ rays
than that from its neutrino interaction counterpart.
Comparing the ratio of the single-γ peak (∼42°) to the
multiple-γ peak (∼90°) of the MC in each figure, there are
relatively fewer events in the high-angle region of the RHC
sample. The vertex positions of selected events in the data
are found to be uniform and no bias relative to the beam
direction is observed.

V. UNCERTAINTY ESTIMATES

Based on the observed number of events in Table I, the
associated statistical error is 7.0% for the FHC sample and
10.2% for the RHC sample.
Systematic errors from six main sources are considered

in the analysis, namely the neutrino flux prediction, the
neutrino interaction model, the primary-γ and secondary-γ
emission models, neutrino oscillation parameters, and the
detector response. In this analysis, CC measurement results
from the T2K near detectors are not used so as to ensure
that flux and interaction systematics are treated independ-
ently. Only statistical uncertainties are considered for
beam-unrelated events, 3.0% in the FHC sample and
3.9% in the RHC sample, since they are also part of the
observed data and respond to detector uncertainties in the
same way. The effect of possible rate fluctuations between

TABLE II. Summary of systematic uncertainties on the observed event rate in percent for each sample component. The fraction of
each component, listed as “Event fraction,” is also shown in percent. For beam-unrelated events the total error entry represents the
statistical uncertainty.

FHC ν-NCQE ν̄-NCQE NC-other CC Beam-unrelated

Event fraction 75.0 2.0 17.8 3.7 1.5

Neutrino flux 6.7 8.6 7.3 6.4 …
Neutrino interaction 3.0 3.0 8.2 16.5 …
Primary-γ production 11.0 10.6 6.0 6.6 …
Secondary-γ production 13.5 13.4 19.5 17.6 …
Oscillation parameter … … … 4.1 …
Detector response 3.4 3.4 2.0 5.2 …

Total error 19.2 19.7 23.3 26.7 3.0

RHC ν-NCQE ν̄-NCQE NC-other CC Beam-unrelated

Event fraction 19.0 59.9 16.5 2.5 2.1

Neutrino flux 7.0 6.4 7.0 6.5 …
Neutrino interaction 3.0 3.0 10.8 38.2 …
Primary-γ production 12.2 11.4 3.5 0.5 …
Secondary-γ production 13.6 13.1 19.3 21.4 …
Oscillation parameter … … … 3.1 …
Detector response 3.4 3.4 2.0 5.2 …

Total error 20.1 19.0 23.4 44.7 3.9
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Primary gamma production



Neutral Current Quasi-Elastic (NCQE)
Primary gamma production
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脱励起γ

Proton Neutron

ν

~~~~~~~~~

12.1MeV
18.4MeV

~42MeV

P1/2
P3/2

S1/2

σγ = σ(ν +16
8 O → ν + γ + Y + N)

= ∑
α

σ(ν +16
8 O → ν + Xα + N)

× Br(Xα → γ + Y)

Xα : α準位の残留原子核
Y :  原子核    によるEM decayXα

15
8 O, 15

7 N, 14
7 N + n, 14

6 C + p, . . .

シミュレーションへの導入には 
原子核実験の結果を用いる



Neutral Current Quasi-Elastic (NCQE)
P1/2核子の knock out 
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Proton Neutron

ν

12.1MeV
18.4MeV

~42MeV

P1/2
P3/2

S1/2

残留原子核は基底状態 (15N, 15O) 
knock out 核子以外の粒子生成は無し



Neutral Current Quasi-Elastic (NCQE)
P3/2核子の knock out 
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脱励起γ

Proton Neutron

ν

~~~~~~~~~

12.1MeV
18.4MeV

~42MeV

P1/2
P3/2

S1/2

15N* 15O*

Ex
ci
ta
tio
n 
en
er
gy
 (M
eV
)

0

6.32
9.93
10.70

(p1/2)-1

(p3/2)-1
10.21

14C+p10

100

Ratio (%)

77.6±1.9
15.4±1.5

4.9±0.8
2.1±0.8

Table 2: The summaries of the energy levels and the �-ray emission branching ratios for
the 1p3/2 nucleon hole state. The column of “Prob. of E.L.” represents the probabilities
of the three energy levels. The column of “BR in E.L.” represents the �-ray emission
branching ratios of each energy level, and the column of “BR of (X↵ ! � + Y )”
represents the branching ratios of each de-excitation mode. The 10.70 MeV level of
proton hole state does not emit �-rays but emit a free proton. The 9.61 MeV level and
the 10.48 MeV level of the neutron hole produce �-ray emission.

Residual Energy level J
⇡
i E� Ep Prob. of BR in BR of (X↵

nucleus (MeV) (MeV) (MeV) E.L.(%) E.L. (%) ! � + Y ) (%)
15N 6.32 3

2
�

6.32 – 86.9 100 86.9

9.93 3
2
�

9.93 – 77.6±1.9 3.8
5.27+5.30 – 15.4±1.5 0.8

6.32 – 4.9±1.2 0.24
7.30 –

4.9

2.1±0.8 0.1

10.70 3
2
�

– 0.5 8.2 – –
15O 6.18 3

2
�

6.18 – 86.9 100 86.9

9.61 3
2
�

– 0.5 4.9 – –

10.48 3
2
�
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FIG. 1: (a) The two-dimensional scatter plot of the kinetic energies of two protons (Ep) measured by GR and LAS in the
16O(p, 2p)15N reaction. (b) The excitation energy spectrum of 15N induced by the 16O(p, 2p)15N reaction. The region shown
by an arrow is scaled by 1/10. In the analyses of the γ-ray from the s-hole state, we use the coincident data with two protons
in the regions A (Ex=16–20 MeV), B (Ex=20–30 MeV), and C (Ex=30–40 MeV).
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FIG. 2: The coincidence γ-ray spectrum with the NaI scintil-
lators obtained by gating on the peak at Ex=5.3–7.3 MeV in
the 16O(p, 2p)15N reaction. The open circles and histogram
show the data and 6.32 MeV γ-ray MC, respectively.

in Super-Kamiokande are clearly observed in Fig. 4 (b)
and (c).

In order to obtain accurate values for these γ-ray emis-
sion probabilities, we fit the data with the associated
γ-ray MC simulations. We use the γ-ray data Eγ=3.0–
7.4 MeV. Because many kinds of γ-ray energy are as-
sociated, we do not analyze data at Eγ <3.0 MeV. An
upper limit on the γ-ray gate energy of Eγ <7.4 MeV is
chosen because the highest excitation energy of the as-
sociated states below the particle emission thresholds is
7.34 MeV, as shown in Fig. 3.

From the excited states in Fig. 3, we choose candi-

FIG. 3: A decay scheme from the s-hole state in 15N [26].
The bold solid lines show ground states. The narrow solid
lines show all the possible excited states to emit de-excitation
γ-rays below particle emission thresholds (the break lines),
except for the 15.1 MeV state. The states in 13C are also fed
by p+n decay, and the states in 12C are fed by d+n decay and
p+n+n decay. We do not show the 13N+n+n decay since the
two-neutron emission threshold is high (21.39 MeV).

date excited states that emit the γ-rays as listed in Ta-
ble II for fitting. We omit the 3.95 MeV state in 14N be-
cause it mostly de-excites with γ-rays with Eγ <3.0 MeV.
Since the energies of two γ-rays with Eγ=7.01 MeV and
7.03 MeV are very close, we treat these two γ-rays as
mono-energetic. We generate sixteen γ-rays in the MC

励起状態（脱励起ガンマ線 / 粒子崩壊）
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Table 2.4: De-excitation modes of the 16O proton hole (s1/2)�1
p state. The sixth column “Ratio”

shows the branching ratio of each de-excitation gamma-ray from the corresponding energy level [29],
while the seventh “Br” shows the branching ratio of each de-excitation gamma-ray from the 16O
proton hole (s1/2)�1

p state [30, 31]. The branching ratios for the gamma-rays with E� > 3 MeV are
shown.

Energy level E�

Residual isotope (MeV) J⇡ (MeV) Ratio Br(15N⇤
! � + Y)

13C 3.09 1/2+ 3.09 100% 3.0%
3.68 3/2+ 3.68 99.3% 4.2%
3.85 1/2+ 3.09 1.20% < 0.1%

3.68 36.3% 1.7%
3.85 62.5% 2.9%

12C 4.44 2+ 4.44 100% 5.8%
14N g.s. 2+

� � 6.7%
4.92 0� 4.92 97% 5.0%
5.11 2� 5.11 79.9% < 0.1%
5.69 1� 3.38 63.9% 2.9%

5.69 36.1% 1.6%
5.83 3� 5.11 62.9% 0.3%

5.83 21.3% 0.1%
6.20 1+ 3.89 76.9% < 0.1%

6.20 23.1% < 0.1%
6.45 3+ 5.11 8.1% 0.2%

6.44 70.1% 2.0%
7.03 2+ 7.03 98.6% (6.6%)

14C g.s. 2+
� � 1.1%

6.09 1� 6.09 100% < 0.1%
6.59 0+ 6.09 98.9% < 0.1%
6.73 3� 6.09 3.6% < 0.1%

6.73 96.4% 0.4%
6.90 0� 6.09 100% < 0.1%
7.01 2+ 6.09 1.4% < 0.1%

7.01 98.6% (6.6%)
7.34 2� 6.09 49.0% 2.8%

6.73 34.3% 2.0%
7.34 16.7% 1.0%
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description of the inclusive electron-oxygen cross sections
at beam energies around 1 GeV. In addition, it predicts a
nucleon momentum distribution in agreement with that
obtained from the data of Ref. [21].

As pointed out by the authors of Ref. [23], nucleon-
knockout experiments measure spectroscopic strengths,
not occupation probabilities. Spectroscopic strengths are
given by the area below the sharp peaks observed in the
missing-energy spectra, corresponding to knockout of a
nucleon occupying one of the shell-model states, corrected
to take into account final-state interactions. On the other
hand, occupation probabilities include contributions corre-
sponding to larger removal energy, arising from mixing of
the one-hole state with more complex final states [23].

Figure 3 shows the energy distribution obtained from
momentum integration of the spectral function of
Refs. [18,22]. It clearly appears that, unlike the p1=2 and
p3=2 states, the s1=2 state is spread out over a broad energy
range, and can hardly be treated as a single-particle state.

The p1=2, p3=2, and s1=2 spectroscopic strengths have
been computed by integrating the oxygen spectral function
of Refs. [18,22] over the energy ranges 11:0 ! E !
14:0 MeV, 17:25 ! E ! 22:75 MeV, and 22:75 ! E !
62:25 MeV, respectively. Dividing these numbers by the
degeneracy of the shell-model states, one obtains the quan-
tities S! listed in Table I. The same spectroscopic strengths
have been used for protons and neutrons.

Our results turn out to be very close to those extracted
from the high resolution measurement carried out at
NIKHEF-K [16]. For example, the p1=2 (p3=2) strength

collected in the same energy range is reported to be
0:630" 0:034 (0:676" 0:037).
The uncertainty in the determination of S! is mainly due

to the choice of the shell-model wave functions and to the
treatment of final-state interactions of the knocked-out
proton. The authors of Ref. [16] quote an overall system-
atic uncertainty of 5.4%.
The elementary neutrino-nucleon cross section of

Eq. (2) can be written in the form

d2"#N

d!dE0
#

¼ G2
F

8$2

E0
#

E#

L%#W
%#

ME0
N

&ð ~!þ EN & E0
NÞ; (4)

where E0
N ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ p02p

. The leptonic and hadronic tensor,
L%# and W%#, are given by

L%# ¼ 2ðk0%k# þ k0#k% & g%#k ( k0 & i"%#!'k
!k0'Þ (5)

and

W%# ¼ &g%#M2W1 þ ~p% ~p#W2 þ i"%#!' ~p!~q'W3

þ ~q%~q#W4 þ ð~p%~q# þ ~p#~q%ÞW5; (6)

with ~p ¼ ðEN;pÞ and ~q ¼ ð ~!;k& k0Þ. As in the case of
CC QE scattering [19], the structure functions Wi can be
written in terms of the nucleon form factors according to

W1 ¼ (ðF N
1 þF N

2 Þ2 þ ð1þ (ÞF 2
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W5 ¼ 1
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(7)

with ( ¼ &~q2=ð4M2Þ. Note that, in the above equations,
the electromagnetic and charged-current nucleon form
factors fFN

i ði ¼ 1; 2Þ; FA; Fpg are replaced by the ones
appropriate to describe NC interactions [6,24,25]

F N
i ¼ " 1

2
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(8)

where the upper (lower) sign corresponds to proton
(neutron) form factors, )W is the weak mixing angle, m$

is the pion mass, gA ¼ &1:2673, and the strange quark
contribution is set to "s ¼ &0:08 [26]. The form factors
FN
1 and FN

2 can be expressed in terms of the measured
Sachs form factors GN

E and GN
M as

FN
1 ¼ GN

E þ (GN
M

1þ (
; FN

2 ¼ GN
M &GN

E

1þ (
: (9)

FIG. 3 (color online). Distribution of removal energy of
protons and neutrons in 16

8 O.

TABLE I. Spectroscopic strengths of the 16
8 O hole states and

their branching ratios for deexcitation by the E* > 6 MeV
photon emission.

! p1=2 p3=2 s1=2

S! 0.632 0.703 0.422
BrðX! ! *þ YÞ 0% 100% 16" 1%

PRL 108, 052505 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
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• knock out される核子の準位の不定性は、ガンマ線 
(Primary gamma) 生成自体には大きく寄与しない。 

• しかし発生中性子の個数に違いが生ずる。 

• 中性子による Secondary gamma (次セクション) は 
Primary gamma と区別できず、それが系統誤差の
原因となっている。

Removal energy distribution

中性子多重度

(600MeV νμ)

現在のモデル
中性子発生が 
少ないモデル

(e, e’p)
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description of the inclusive electron-oxygen cross sections
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nucleon momentum distribution in agreement with that
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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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single γ multiple γs 42°付近と大角度の比が 
データとMCで合ってない

n
γ

大角度成分は、複数の secondary γ による

γγ

Gd loading water

Secondary gamma production 
のシミュレーションは正しいか？

チェレンコフ光

γ



0 5 10 15 20 25 30 35 40

210

310

410

510

610

1 10 210 310
0

2

4

6

8

10

12

14

1 10 210 310
0

2

4

6

8

10

12

14

水中での中性子反応
GCALOR (GEANT3)
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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
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Quadrupole magnet

Dipole magnet

Proton beam

Li target

Secondary beam
(neutron or photon)

Collimator
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Neutron time-of-flight tunnel
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LaBr3(Ce), HPGe, CsI(Tl)
(covered by Pb blocks)

Beam
Water target

FIG. 2. Schematic drawing of the RCNP facility and the neutron time-of-flight beamline. The dotted box shows a magnified
depiction of the experimental setup.

OKEN CsI(Tl) crystal, whose size is 3.5× 3.5× 3.5 cm3,
coupled to the H6410 PMT. A 14-bit 250 MHz CAEN
DT5725 Flash-ADC was used to record CsI(Tl) wave-
form data. Scattered neutron measurements were done
in parallel with the main measurement for both water-
filled and empty container configurations.
In all measurements, the proton beam current was

monitored with the Faraday cup. The cup was read
out by an ORTEC 439 counter for the normalization de-
scribed in the analysis below. The DAQ dead time was
measured using clock pulses during the beam test with a
precision better than 1% and is corrected for in the cross
section measurement. It was ∼7% in the γ-ray measure-
ment by LaBr3(Ce) and 10−40% in the flux measurement
by BC-501A depending on the beam intensity. Note that
the contribution to the dead time from the intrinsic ra-
dioactive impurities in LaBr3(Ce) is small.

C. Detector calibration

Energy calibrations for the LaBr3(Ce), HPGe, and
CsI(Tl) detectors were conducted using the photo-
absorption peaks of γ-rays from several isotopes with a
maximum energy of ∼8 MeV. Relative to other errors dis-
cussed below, calibration errors are small enough to be
negligible in the cross section measurement. The detec-
tor gain was monitored throughout the experiment and
no significant fluctuations were observed.
Recoil electrons from Compton-scattered γ-rays pro-

duced by an 22Na source were used to calibrate the BC-
501A detector. The scattered γ-rays were tagged by
the LaBr3(Ce) detector at different geometrical positions,
which allows for selection of the recoil electron energy us-
ing the angles made by the two detectors and the source.
Geometrical uncertainties in the positioning of the de-
tectors produce the largest systematic errors in the cali-

bration, but result in less than a 0.1% systematic uncer-
tainty in the neutron flux measurement as described in
Section III.

III. NEUTRON FLUX

As described above, in order to measure the γ-ray pro-
duction cross section a precise measurement of the neu-
tron flux is essential. First, neutron-like events in the
BC-501A scintillator are selected using the pulse shape
discrimination (PSD) method discussed below and their
kinetic energy is inferred from their TOF. The result is
converted to a flux after correcting for the detector effi-
ciency as calculated using the SCINFUL-QMD [22, 23]
simulation.

A. PSD and TOF analysis

Neutron-like events are selected based on their pulse
shape and deposited energy. For events depositing energy
within the dynamic range of the QDC, a PSD parameter
is defined as:

PSD parameter =
Qtail −Qped

Qtotal −Qped
. (1)

Here Qtail is the integrated charge in QDC counts of the
PMT waveform for a pre-determined late-time window
and Qtotal is the charge of the entire waveform. The
Qped refers to an offset of the QDC module, which dif-
fers in general from channel to channel. The optimal
late-time integration window for Qtail is determined by
calibration data with neutrons from an 241Am/Be source.
The distribution of the PSD parameter as a function

水標的での中性子反応により放出する
ガンマ線エネルギーを測定

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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• 準単色中性子 

• 様々なエネルギーの測定が可能で、かつT2Kで 
SK検出器内で発生する中性子エネルギーに近い 

• ToFを用いて、中性子のエネルギー測定および
背景事象との弁別が可能 

• 長いトンネルで、検出器の設定がやりやすい 

• 30, 80, 250MeVで実験を行った (右図赤矢印)

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で NCQE 反応後に発生する 
中性子の運動エネルギー

水標的での中性子反応により放出するガンマ線エネルギーを測定
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水標的での中性子反応により放出するガンマ線エネルギーを測定

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（30MeV中性子）ガンマ線スペクトル

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

preliminary

生成断面積

蓬莱明日・岡山大学・修士論文2020
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• データ解析の状況 

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

• 30MeVデータ：データ解析は終了。論文執筆中 

• 250MeVデータ：データ解析中（17pV11-11 田野智大） 

• 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
を検出器シミュレーションに導入する。

Secondary (のみならず Primaryも？) gamma production 系統誤差の削減は期待できる



Summary



まとめ
今後の方針
• SK-Gdでの超新星背景ニュートリノの発見に向けて、大気ニュートリノ背景事象
の精密な予測が重要である。特に酸素原子核との反応により発生するガンマ線
や中性子、さらには中性子の水中での反応の理解が欠かせない。 

• 既存の原子核実験データを再調査しつつ、必要な実験を遂行して、精緻な原子核
反応モデルを構築し、シミュレーションに導入する。 

• Gd導入後のT2K実験で検証、特に中性子生成数の評価を行う。 

• SKデータ解析でも大気ニュートリノ背景事象の削減を進める。

28

世界で初めての超新星背景ニュートリノの発見を目指す！

【１　研究目的、研究方法など（つづき） 】
基盤研究（Ａ）（一般） ４

授および高エネルギー加速器研究機構の坂下准教授、またCERNのビーム物理研究者であるChari-

tonidis氏の協力を得られることは確認済みであり、2022年度中の本実験を予定している。実験後は
直ちにデータ解析に入り、2023年度中に最終結果を報告する。この研究は代表者 (小汐)および協力
研究者の指導のもと、岡山大学の大学院生が推進する。

[NCQE反応により放出されるガンマ線の不定性の削減]

NCQE反応と脱励起ガンマ線

NCQE反応では、酸素原子核内の核子（陽子または中性子）が
叩き出され、その hole への核子のガンマ線遷移を伴う事象を測定
する (右図)が、叩き出される核子の準位により脱励起ガンマ線の
エネルギーが異なる。各準位での脱励起ガンマ線エネルギーにつ
いては、これまでに非常に高い精度で測定されている。一方で、ど
の準位の核子が叩き出されるかは、実験2に基づいて理論的に導出
したスペクトル関数を用いて確率的に計算されるが、この確率計算に大きな不定性があり、それがそ
のまま NCQE 反応測定の不定性になっている。そこで、本研究では酸素原子核の核子を叩き出し、
同時に放出されるガンマ線のエネルギーを高精度で測定する実験により、叩き出される核子の準位
を決定する確率分布を直接測定し、その不定性を 3%以下に削減する。

実験のレイアウト。GRと LASで陽子を捕える

実験は大阪大学核物理研究センター (RCNP)のグ
ランドライデン / LAS で行う。(右図) 陽子ビームを
酸素原子核（氷標的）に照射し、16O(p,2p)15N∗の反
応により発生する２つの陽子を確実に捕え3、同時に
発生するガンマ線のエネルギーも測定する。同様の
実験は 2006年に E148実験として行われたが [3]、当
時はガンマ線検出器として NaI(Tl) を使用したため、
本研究目的に対してはエネルギー決定精度が十分で
はない。そこで本研究では、よりエネルギー分解能
が高いゲルマニウム検出器を用いてガンマ線エネル
ギーを測定する。代表者はこれまでRCNPで中性子ビームを使った実験を行なっており、ビームに
同期したデータ取得システムなどは同じものが使用可能である。そのため本実験は準備には特に時
間を要さないが、RCNPは現在大規模なメンテナンス作業を行なっており、再開予定は 2021年であ
る。そこで 2021年度までに実験に必要な装置の購入および準備を終え、2022年度に予備実験を行
い4、2023年度に本実験を行う。この研究は分担者 (中島)が担当し、RCNPの嶋准教授の協力も得
つつ、新たに雇用する研究員および岡山大学の大学院生が中心となって推進する。

[T2K実験におけるNCQE反応断面積の精密測定]

上記の実験と平行して、T2Kでの NCQE反応のデータ解析を進
める。先行研究と異なるのは、T2Kの後置検出器であるスーパー
カミオカンデにGdが導入されることである。そのためNCQE反
応で発生するガンマ線に加えて、叩き出された中性子も遅延ガン
マ線として観測される。ここで大気ニュートリノやT2Kのニュー
トリノエネルギーは、超新星背景ニュートリノのエネルギーより
も１～２桁ほど高い。そのため発生する中性子のエネルギーも高
くなり、ニュートリノ反応点からより遠い場所で遅延ガンマ線が
発生する。右図はそのシミュレーション結果を示す。この反応点の違いを観測することで、大気ニュー
トリノ起源のNCQE雑音事象を半分程度削減することが期待できる。本研究は分担者 (中島) が率い

2米国の Jefferson lab. の電子ビームを使って核子を叩き出し、電子と核子の運動量分布を測定した。
3ここで叩き出される核子は陽子を考慮しているが、アイソスピン対称性により中性子でも同じ確率だと考えられる。
4RCNPでは「パラサイト実験」と呼ばれる他の実験に付随して測定を行うことが可能である


