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SK-Gd experiment 3

160 Chapter 10. Results
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Figure 10.1: Observed and expected background spectrum with
these total systematic uncertainties (hatched) with linear scale (top)
and logarithmic (bottom). The dot-dashed red line shows the expected

SRN signal based on [10].

5. The p-value is defined as

p-value =
The number of counts

The number of generated toy MC
(10.1)

Figure 10.2 visualizes the derived toy MC distribution and the consequent p-value
for each bin. The result of the p-value test were: 80.7% (7.49–9.49 MeV), 39.8%
(9.49–11.49 MeV), 35.8% (11.49–15.49 MeV), 25.6% (15.49–23.49 MeV), 60.2% (23.49–
29.49 MeV). Specifically, the p-value for the energies above 15.49 MeV, almost released
from the NCQE and 9Li background, is 32.6%. For all cases, the p-value surpassed
5%, concluding that no significant excess can exist over the expected background.

Loading Gadolinium in SK

Improvement of neutron detection efficiency

• Supernova Relic Neutrino (DSNB) 
‣ Integrated neutrino flux from all of  

supernova in the past 
‣ Star formation history 

• DSNB search in Super-Kamiokande (SK) 
‣ Inverse beta decay (IBD) events 

‣ Neutral current quasi-elastic scattering 
by atmospheric neutrino is the  
largest background NCQE

ν̄e + p → e+ + n Delayed 
(captured by Gd)Prompt
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NCQE interaction

• NCQE events cannot be distinguished from IBD 
• The number of NCQE events is estimated by simulation 

‣ Systematic error : 68 - 82% (largest uncertainty) 
• Measurement of NCQE interaction using  

T2K neutrino beam 

‣ Cherenkov angle distribution has differences 
b/w data and MC expected at large angle region 

‣ Caused by -rays from neutron-16O interaction 
(described in the next page)

γ
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8.3. Third Reduction: Positron Event Selection 133

8.3 Third Reduction: Positron Event Selection

For energy regions above 16 MeV, most all spallation byproducts have minimal impact
on the results. In this energy range, the dominant background stems from atmospheric
neutrino events. An electron-like event triggered by an atmospheric neutrino is virtu-
ally indistinguishable from an IBD signal in the absence of neutron tagging. However,
events involving muons, pions, and gamma rays — resulting from the interaction of
atmospheric neutrinos with Oxygen nuclei — can be differentiated and eliminated
based on certain characteristic variables. These events include the Cherenkov angle,
the ratio of charge to the number of hits, pion likeness, and additional PMT activities.
Additionally, to further reduce residual radioactivity following the fiducial volume cut,
a distance-from-the-wall cut, aligned with the reconstructed event direction de↵ is ap-
plied. Except for de↵ cut, the cut criteria and selection efficiencies are derived from
signal and atmospheric neutrino MC simulations.

8.3.1 Cherenkov angle

The Cherenkov angle ✓C is primarily determined by its mass and velocity. As described
in Section 2.1, the Cherenkov angle of electrons is about 42�, whereas heavier particles
such as muons and pion exhibit smaller Cherenkov angles. As each of the multiple
gamma rays cannot be distinguished in SK, these events should have large Cherenkov
angles by mis-reconstruction of the angle, as depicted in Figure 8.17.

Recon. ring

True rings of multi-�

PMT hits

Figure 8.17: Mis-reconstruction of the Cherenkov ring owing to the
multiple Cherenkov ring.

Consequently, the Cherenkov angle cut emerges as an effective variable for filtering
out heavier particles and multiple photon events. Figure 8.18 reveals the distributions
of the reconstructed Cherenkov angles. Notably, events resulting from the NC inter-
action tend to exhibit larger angles. On the other hand, low-energy muons and pions
from the CC interaction, peak at an angle lower than the angle of electron signals.
For this analysis, the reconstructed angle ✓C is restricted within ✓C 2 [38�, 53�].

Neutron-16O interaction 5

• Primary      : -rays from NCQE 
• Secondary  : -rays from neutron emitted by NCQE 
　　　　　  with oxygen nucleus 

• Primary and secondary -rays are detected 
as one Cherenkov ring 
     → Reconstructed Cherenkov angle is large 

• Neutron interaction with oxygen are poorly 
understood and the cause of uncertainty

γ γ
γ γ

γ

It is important to understand neutron-16O reaction
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Neutrons emitted by NCQE
• Energies of neutrons emitted by NCQE are  MeV 
• We measured neutron interaction with 16O at 30, 80, 250 MeV 

for covering this energy range

𝒪(101) ∼ 𝒪(102)

6

9

neutral-current quasielastic (NCQE) scattering reactions. Right side of Figure 1.4 shows the schematic view
of a NCQE event. NCQE reactions can be expressed as

ν(ν̄) + 16O → ν(ν̄) + 15O + γ + n,

ν(ν̄) + 16O → ν(ν̄) + 15N + γ + p, (1.27)

where the atmospheric neutrino knocks out a nucleon of the oxygen nucleus, and the residual nucleus may
emit one or more de-excitation gamma-rays with a few MeV. When a neutron is knocked out, the combination
of de-excitation gamma-rays and neutron mimics the DSNB event, making it difficult to distinguish between
NCQE and DSNB events. Therefore, the precise estimation of NCQE events is essential for the DSNB
discovery in SK-Gd.

To estimate the NCQE events precisely, the behavior of neutrons in water must be understood. Figure 1.6
shows the kinetic energy of neutrons in DSNB events and NCQE events. In DSNB events, the outgoing
neutron has at most a few MeV, while in NCQE events, the knocked-out neutron may have hundreds of MeV.
In the latter case, it can knock out other nucleons of oxygen nuclei in water, and additional de-excitation
gamma-rays and neutrons are generated. Since the numbers of gamma-rays and neutrons affect the event
reconstruction, it is crucial to understand the nucleon-nucleus interactions in water (secondary interactions).
Detailed schematic view of a NCQE event is shown in Figure 1.7.

Figure 1.8 shows the reconstructed energy spectra of the observed data and the expected backgrounds in
the SK-Gd DSNB search [39]. In this figure, the cyan color-filled histogram shows the expected number of
NCQE background events and the hatched areas show the total systematic uncertainty for each bin. In this
search, systematic uncertainty on the NCQE events is taken as 68% [35], which is too large to discover the
DSNB in the near future. Each component of the systematic uncertainty on the NCQE events in the SK-Gd
DSNB search is summarized in Table 1.2 [35]. From this table, we can confirm that uncertainties of T2K
cross section, neutron multiplicity, and spectral shape are dominant. Uncertainties of neutron multiplicity and
spectral shape are related to the number of neutrons and gamma-rays generated by secondary interactions,
respectively. Moreover, uncertainty of T2K cross section, which is used to scale the number of NCQE events,
mainly comes from the gamma-rays by secondary interactions. Figure 1.8 and Table 1.2 show how important
it is to understand secondary interactions. Details of T2K cross section are described in Section 1.6.
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Experiment @Research Center for Nuclear Physics 7

Energy Neutron 
detector

Gamma-rays 
Detector

30 MeV LqS HPGe

80 MeV LqS LaBr3

250 MeV LqS HPGe

• Neutrons were made incident 
on water target and interacts 
with 16O 

• -rays produced by neutron-16O 
reaction were measured
γ

Neutron

HPGe LqS

Water 
Target

E487 (80 MeV)         : Mar., 2017 
E525 (30, 250 MeV) : Oct. and Dec., 2018 

The result of E487 
‣ Y. Ashida et al, Phys. Rev. C  

                                 109, 014620 (2024) 
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Cross section extraction 8

Cross Section =
Number of incident neutrons

Number of -raysγ

Neutron selection

Energy reconstruction

Detection efficiency  
estimation

Neutron flux

Energy calibration

Background subtraction

Spectrum fitting

-rays intensityγ

Number of incident neutrons  
are estimated by LqS data

Number of -rays 
are estimated by HPGe data

γ
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Neutron selection
• Neutron-like events are selected using Pulse Shape 

Discrimination (PSD) 

• Waveforms of n-like events have longer tail, larger PSD parameter 
• Cut criteria were determined for each energy region

9

PSD parameter =
Qtail

Qtotal
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Energy reconstruction

• Neutrons are generated by  
7Li(p, n)7Be* 

• Flash gamma : -rays from Be* 
• Neutron energy was calculated 

based on time difference 
b/w flash gamma and neutron

γ

10

360 380 400 420 440 460 480 500
 time [ns]
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210

310

 total
gamma
neutron

ToF

K =
mc2

1 − ( 1
1 + c

L
Δt)

2
− mc2 mc2：Neutron mass (939.6 MeV) 

L    ：Distance from Li to water 
Δt  ：Time difference

Δt
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Neutron flux

• Neutron flux for 30, 80, 250 MeV 
experiment have consistency  
with previous study 
(Y. Iwamoto et al., 2015)

11

MEASUREMENT OF γ -RAY PRODUCTION VIA … PHYSICAL REVIEW C 109, 014620 (2024)

FIG. 7. Neutron detection efficiencies of the BC-501A detector
calculated with SCINFUL-QMD. The attenuation factor of 0.008 cm−1

and the light output function from Ref. [27] are used as the nominal
setting.

target and the detection efficiency in each energy bin and
normalized by the incident protons. Figure 8 shows the re-
sulting distribution. The total flux in the peak region between
72 and 82 MeV is 1.71 × 1010(sr µC)−1, and is consistent
with similar measurements using the same beamline [25,29].
Only the peak region is used in the cross section measure-
ment, as below 72 MeV many neutrons have scattered before
reaching the water sample and are thus considered to be
a background. For the cross section measurement, this flux
needs to be modified to account for geometric differences
between the BC-501A detector and the water sample as well
as for the difference in the neutron mean free path in each. The
mean free path for 77 MeV neutrons in water is ≈30 cm and
is ≈34 cm in the BC-501A scintillator [30]. The correction
factor, which converts the flux measured by the BC-501A
detector to the flux in the γ -ray measurement with water,

FIG. 8. Neutron flux normalized by the detector covering the
solid angle and the incident protons. The red bars indicate the peak
region used for the cross section measurement.

TABLE I. Statistical and systematic uncertainties of the neutron
flux measurement.

Error source Size (%)

Statistical 0.5
Beam stability 1.4
Neutron selection 2.2
Detection efficiency by SCINFUL-QMD 10.0
Kinetic energy reconstruction 1.0
Former bunch and environmental events 1.0
Correction from BC-501A to water 3.7
Total 11.2

is defined as

αcorr =
∫ ZWater

0 e−z/LWater dz
∫ ZBC−501A

0 e−z/LBC−501A dz
= 1.09, (2)

where z denotes the beam direction, and Z and L represent
length of the scintillator or the water sample and the neutron
mean free path of each object, respectively. With this correc-
tion factor multiplied to the flux measured with the BC-501A,
the neutron flux in the γ -ray measurement is obtained to be
φn = 1.87 × 1010(sr µC)−1.

D. Flux uncertainties

This section details the uncertainty estimates in the flux
measurement. The statistical error of the data is less than 0.5%
for the peak region (72–82 MeV). Table I summarizes the
statistical and systematic errors.

1. Beam stability

The neutron flux was measured at the beginning, the mid-
dle, and the end of the experiment. Figures 3–8 show the
results from the final measurement. Over the three measure-
ments the flux was stable within 1.4%. The average flux is
used for the cross section measurement and this variation is
incorporated as a systematic error.

2. Neutron selection

As described above, the PSD cut is used to extract neutrons
with energies within the range of the QDC. The uncertainty of
this cut is estimated using the contamination of neutron-like
events in the flash γ -ray peak in Fig. 5. This results in a 2.0%
uncertainty in the neutron flux. In addition, the contamination
of γ -ray events in the higher energy data is extrapolated into
the QDC overflow region from Fig. 4. This yields a contam-
ination of 0.8%. Accordingly, the neutron selection error is
taken to be the sum in quadrature of these two components,
2.2% in total.

3. Detection efficiency by SCINFUL-QMD

The uncertainty related to the physics model of SCINFUL-
QMD is estimated to be 10% for energies below 80 MeV
based on previous studies [23,25,27]. The MC statistical error
is 0.3%. The systematic error related to the threshold value
coming from the energy calibration error is estimated to be

014620-5
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Gamma-rays analysis 12

60

40

2

241Am
56

Energy calibration

16O : 6.13 MeV & S.E & D.E

-rays spectrum (w/ water, w/o water)γ

• Linearity was confirmed (< 1%) 
• -rays peak from 16O (6.13 MeV) 

is seen in w/ water spectrum
γ
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Background subtraction 13

Signal
• Neutron - 16O interaction 

(235-270 MeV)
Background

• Neutron - 16O interaction 
(below 235 MeV) 

• Neutron capture
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- (w/o water on - w/o water off) 
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Signal spectrum 14

• -rays emitted by the interaction of 235-270 MeV neutrons with 16O 
• This spectrum consists of -rays from 16O*, 15N*, 12C*  etc… 
• Intensities of each -ray are extracted by spectrum fitting

γ
γ

γ
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Spectrum fitting 15

• The signal spectrum is expressed as a linear combination of 
individual -rays and continuous component 

• Relative intensity of each gamma-rays are extracted by fitting
γ

SignalContinuous 
component

×	#! ×	#" ×	##×	#$%&'.
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Reaction 16

Energy [MeV] Nucleus (Jπ) Process
2.30
2.74
3.68
4.44
4.91
5.10
5.18
5.27
6.13
6.18
6.32
6.92
7.12

15N(7/2+)
16O(2−)

13C(3/2−)
12C(2+)
14N(0−)
14N(2−)

15N(5/2+)

15O(1/2+)

16O(3−)
15O(3/2−)
15N(3/2−)

16O(2+)
16O(1−)

16O(n, np)15N*
16O(n, n′ )16O*
16O(n, α)13C*

16O(n, nα)12C* etc . . .
16O(n,2np)14N*
16O(n,2np)14N*

16O(n,2n)15O* etc . . .
16O(n, np)15N* etc . . .

16O(n, n′ )16O*
16O(n,2n)15O* etc . . .

16O(n, n′ p)15N*
16O(n, n′ )16O*
16O(n, n′ )16O*
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Fitting results (30 MeV)
• 4.44 MeV is the most intensity peak (12C*) 
‣ 16O(n, n’)16O* then 16O*→12C*+α 
‣ 16O(n, nα)12C*

17
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6.32 MeV
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7.12 MeV

2.74 MeV

4.44 MeVBest Fit
Data

Eγ [MeV] Cross Section [mb]
2.30 0.82 ± 0.7
2.74 2.2 ± 0.9
3.68 4.1 ± 1.2
4.44 37.5 ± 6.8
4.92 1.9 ± 1.2
5.10 < 0.11
5.18 1.3 ± 0.9
5.27 9.9 ± 1.9
6.13 22.3 ± 4.1
6.18 4.6 ± 1.3
6.32 12.9 ± 2.5
6.92 6.0 ± 1.5
7.12 9.0 ± 1.9

Cross Section
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Fitting results (80 MeV)
• 6.32 MeV is the most intensity peak (15N*) 
‣ 16O(n, np)15N*

18

MEASUREMENT OF γ -RAY PRODUCTION VIA … PHYSICAL REVIEW C 109, 014620 (2024)

FIG. 18. Energy spectrum of the LaBr3(Ce) scintillator after the TOF cut and after subtracting nonwater and off-timing spectra (black
points). The best-fit spectrum (red dashed line), and the spectra of both the signal and background components are shown in a linear (a) and
a logarithmic (b) scale. Different colored spectra correspond to the fitted signals and continuous background: 7.12 MeV (gray), 6.92 MeV
(brown), 6.32 MeV (magenta), 6.13 MeV (orange), 5.27 MeV (cyan), 5.18 MeV (dark red), 4.44 MeV (green), 3.68 MeV (yellow), 2.30 MeV
(violet), and continuous background (blue).

The systematic uncertainty about the correction factor for
low energy neutron contributions has two sources: the uncer-
tainty of neutron reaction model used in the MC simulation
and differential cross section shape in Ref. [38]. The former
was evaluated by changing neutron cross sections by ±30%
as an assigned error on this model. This gives a +5%/ − 38%
change in the correction factor. The latter uncertainty was
evaluated by changing the functional form to accommodate
relative difference in differential cross section shape between
γ -ray peaks in Ref. [38]. This produces a ≈31% change in the
correction factor. In the end, the systematic uncertainty for this
effect is +31%/ − 49% (a correction factor is 0.65+0.20

−0.32).
Another uncertainty is about the nonwater background es-

timation. In the water-filled measurement ≈56% of neutrons
do not reach the back face of the acrylic vessel based on
the neutron mean free path in water and the vessel’s length.
This may lead to an overestimate of the background from the
nonwater measurement since there is no such neutron deficit at

the back face of the acrylic vessel in that case. Since the ratio
of the volume of the acrylic vessel’s back face to its total is
≈23% and the neutron flux at the radial position of the acrylic
barrel is ≈1.7 times smaller than at the beam center (cf.
Fig. 9), the effective contribution of neutron-induced events
on back face of the vessel is about ≈29% of the nonwater
rate. Based on Fig. 14 the contribution of neutrons from the
acrylic vessel (the nonwater line) to the spectrum with water
is at most 50% above 6.8 MeV and 30% below. Therefore,
the maximum impact of the reduced flux at the backface of
the acrylic is given by the product of these factors: 8% for the
7.12 MeV and 6.92 MeV peaks and 5% for the others. These
quantities are taken as systematic uncertainties.

The measured cross section for each γ -ray is summarized
in Table V. The result for the 2.30 and 2.31 MeV peaks is
inclusive, since the two cannot be separated in the current
measurement. Here the uncertainties are calculated by adding
all the sources explained above in quadrature. Note that the

014620-13

2.30 MeV

4.44 MeV

Continuous

5.18 MeV

6.13 MeV
6.32 MeV
6.92 MeV
7.12 MeV

3.68 MeV

5.27 MeV

Eγ [MeV] Cross Section [mb]

2.30 0.6 +0.2-0.3

3.68 0.5 +0.2-0.3

4.44 2.0 +0.7-1.0

5.18 1.1 +0.4-0.6

5.27 1.6 +0.5-0.8

6.13 1.9 +0.6-1.0

6.32 3.8 +1.3-1.9

6.92 0.6 +0.2-0.3

7.12 0.6 +0.2-0.3

Cross Section
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Fitting results (250 MeV)
• 6.32 MeV is the most intensity peak (15N*) 
‣ 16O(n, np)15N*

19
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Eγ [MeV] Cross Section [mb]
2.30 < 6.9
2.74 < 2.8
3.68 3.7 ± 2.6
4.44 10.8 ± 3.3
4.92 < 3.7
5.10 5.4 ± 2.6
5.18 < 6.2
5.27 8.0 ± 2.7
6.13 9.4 ± 3.1
6.18 9.2 ± 3.4
6.32 15.3 ± 4.2
6.92 7.2 ± 2.6
7.12 5.3 ± 2.3

Cross Section
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Comparison with previous study
• The result of E525 (30, 250 MeV) is roughly consistent with R.O. Nelson 

et al. (2001). 
• E487 (80 MeV) shows smaller cross section result than the other results. 
‣ Non-linearity of proton current measurement cause the underestimation 

for cross section 

20
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• R.O. Nelson et al.  (2001) 
• This study

• R.O. Nelson et al.  (2001) 
• This study

R.O. Nelson et al., Nucl. Sci. Eng. 138, 105 (2001)
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Comparison with simulation models
• INCL++ and BIC show better agreements with observed data  

in 30 MeV and 250 MeV 
• Reported by Hino-san in the poster session

21

•We performed a comparison between the E525 
data and Geant4-based simulation with the 
different hadron inelastic interaction models. 
- χ2 test shows INCL++ has the “better” 
agreement in both 30 and 250 MeV.
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n-O scattering in DSNB Search

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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• Atm.ν-NCQE: 30 - 60% uncertainty 
due to secondary interaction in water.

Secondary interaction in water

•Atmospheric neutrino induced neutral 
current quasi-elastic (NCQE) reaction mimics 
DSNB signal topology in SK-Gd. 
•limits the sensitivity in the major search 
region due to the reaction uncertainty. 

•NCQE XS measurement using the T2K beam. 
- Observed discrepancy b/w data and MC 
in the large Cherenkov angle region. 

-> indicated bad prediction using 
inappropriate neutron-nucleus interaction 
model [2].
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• Added a nuisance par. for syst.  
• Both dataset prefer INCL++ model. 
• 30 MeV data show more significance.

Tot. Syst. = 10.1% Tot. Syst. = 18.0%

χ2 = ∑ ( Ndata − f × Nmc
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Preliminary Preliminary

Experimental Dataset

Signal: inverse beta decay

Background: Atm.ν-NCQE
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Preliminary Preliminary

• E525 experiment: gamma-ray measurement via n+O scattering 
- mono-energy neutron beam (30, 250 MeV) 
- Observed gamma-ray using Ge detector. -> Spectroscopy
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Intranuclear cascade De-excitation

•MC simulation to compare with the result from E525. 
• Made Geant4-based E525 MC simulation using 
4.10.5.1 (same as G4-based SK detector simulation) 
• We used the following models available in Geant4: 
• Liege Intranuclear Cascade (INCL++) 
• Binary Cascade (BIC) 
• Bertini Cascade (BERT)

•INCL++ 
•BIC 
•Bertini

•G4PreCompound 
•ABLA 
•NucDeEx v1.3 [3] 
•G4cascade unique

• INCL++ compatible w/ some de-excitation models 
-> find out the best cascade-deexcitation pair.

E525 Data 
INCL - G4PreCo 
INCL - ABLA 
INCL - NucDeEx v1.3

Preliminary

INCL - G4PreCo 
INCL - ABLA 
INCL - NucDeEx v1.3

Preliminary

-De-excitation Models-
• Compared each cascade model w/ the E525 data, and computed 
chi-squared for a quantitative evaluation.

• Compared de-excitation models w/ the E525 data (cascade model: INCL++).
True Generated Gamma E @30 MeV

Ebeam = 30 MeV

Observed Energy in Ge detector

• Compared de-excitation models w/ the E525 data (cascade model: INCL++). 
• ABLA predicts a larger contribution in E > 8 MeV than INCL default, which shows 
inconsistency with an agreement in data and G4PreCo, NucDeEx. 
• NucDeEx gives a better agreement in E < 4.5 MeV, while a larger contribution at 
some states, e.g., 6.32 MeV (p_3/2 hole state).

[1] Harada et al., ApJ Let. 951:L27 
[2] Phys. Rev. D 100, 112009 (2019) 
[3] Phys. Rev. D 109, 036009 (2024)
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•We performed a comparison between the E525 
data and Geant4-based simulation with the 
different hadron inelastic interaction models. 
- χ2 test shows INCL++ has the “better” 
agreement in both 30 and 250 MeV.
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n-O scattering in DSNB Search

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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• Atm.ν-NCQE: 30 - 60% uncertainty 
due to secondary interaction in water.

Secondary interaction in water

•Atmospheric neutrino induced neutral 
current quasi-elastic (NCQE) reaction mimics 
DSNB signal topology in SK-Gd. 
•limits the sensitivity in the major search 
region due to the reaction uncertainty. 

•NCQE XS measurement using the T2K beam. 
- Observed discrepancy b/w data and MC 
in the large Cherenkov angle region. 

-> indicated bad prediction using 
inappropriate neutron-nucleus interaction 
model [2].
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• Added a nuisance par. for syst.  
• Both dataset prefer INCL++ model. 
• 30 MeV data show more significance.

Tot. Syst. = 10.1% Tot. Syst. = 18.0%
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Experimental Dataset

Signal: inverse beta decay

Background: Atm.ν-NCQE
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Preliminary Preliminary

• E525 experiment: gamma-ray measurement via n+O scattering 
- mono-energy neutron beam (30, 250 MeV) 
- Observed gamma-ray using Ge detector. -> Spectroscopy
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Intranuclear cascade De-excitation

•MC simulation to compare with the result from E525. 
• Made Geant4-based E525 MC simulation using 
4.10.5.1 (same as G4-based SK detector simulation) 
• We used the following models available in Geant4: 
• Liege Intranuclear Cascade (INCL++) 
• Binary Cascade (BIC) 
• Bertini Cascade (BERT)

•INCL++ 
•BIC 
•Bertini

•G4PreCompound 
•ABLA 
•NucDeEx v1.3 [3] 
•G4cascade unique

• INCL++ compatible w/ some de-excitation models 
-> find out the best cascade-deexcitation pair.

E525 Data 
INCL - G4PreCo 
INCL - ABLA 
INCL - NucDeEx v1.3

Preliminary

INCL - G4PreCo 
INCL - ABLA 
INCL - NucDeEx v1.3

Preliminary

-De-excitation Models-
• Compared each cascade model w/ the E525 data, and computed 
chi-squared for a quantitative evaluation.

• Compared de-excitation models w/ the E525 data (cascade model: INCL++).
True Generated Gamma E @30 MeV

Ebeam = 30 MeV

Observed Energy in Ge detector

• Compared de-excitation models w/ the E525 data (cascade model: INCL++). 
• ABLA predicts a larger contribution in E > 8 MeV than INCL default, which shows 
inconsistency with an agreement in data and G4PreCo, NucDeEx. 
• NucDeEx gives a better agreement in E < 4.5 MeV, while a larger contribution at 
some states, e.g., 6.32 MeV (p_3/2 hole state).

[1] Harada et al., ApJ Let. 951:L27 
[2] Phys. Rev. D 100, 112009 (2019) 
[3] Phys. Rev. D 109, 036009 (2024)
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Summary
• It is important for SRN search to understand neutron-16O interaction 
• We measured -rays produced from neutron-16O reaction using 30, 80 

and 250 MeV neutron 
• Data analysis 
‣ Neutron flux was estimated after particle identification and energy 

reconstruction 
‣ Relative intensity was obtained by spectrum fitting 
‣ Cross sections for each -rays were calculated 

• Comparison with nucleon-nuclear interaction model  
was reported by Hino-san 
‣ INCL++ and BIC have the better agreement in both 30 and 250 MeV

γ

γ

22
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解析の流れ 24

ガンマ線 (HPGe)

粒子弁別 (PSD)

中性子エネルギー再構成

検出効率補正

中性子フラックス

エネルギーキャリブレーション

ガンマ線スペクトル

背景事象の見積もり

フィッティング

生成断面積

中性子 (LqS)
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粒子弁別 (LqS)
• 波形の違いを利用して中性子イベントを選別 

( Pulse Shape Discrimination ) 

• 中性子イベントはテールが長くなる 
　　　　　　→ PSD parameter が大きい

25
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• エネルギー領域毎に中性子と 
ガンマ線のカット条件を決定

PSD parameter =
Tail

Total
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エネルギー再構成 (LqS) 26

陽子 中性子
即発ガン

7Li

水標的 LqS7Li + p → 7Be* + n

• 即発ガンマ線：Be*の脱励起ガンマ線 
• LqSまで光速で飛来する  
　→ 中性子と飛来時間差 Δt が生じる 
• ToF分布を作成 
　→ 即発ガンマ線のピークと 
　　 中性子のピークを確認 
• 下の式を用いてエネルギー再構成 360 380 400 420 440 460 480 500

 time [ns]
1

10

210

310

 total
gamma
neutron

ToF

K =
mc2

1 − ( 1
1 + c

L
Δt)

2
− mc2 mc2：中性子の質量 (939.6 MeV) 

L    ：Liターゲットから水標的までの距離 
Δt  ：飛来時間の差
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中性子フラックス (LqS)
• シミュレーションを用いて LqS の中性子検出効率を計算 

• 中性子フラックスを算出 

• ピーク領域は220 - 250 MeV 
　　　　　　　　　　→ この領域の中性子を断面積計算に用いる

27
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中性子フラックス
• 中性子フラックスを算出 

• ピーク領域は220 - 250 MeV 
　　　　　　　　　　→ この領域の中性子を断面積計算に用いる
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エネルギーキャリブレーション (Ge) 29

60Co 1.17 MeV, 1.33 MeV
241Am/Be 4.44 MeV

56Fe 7.63 MeV + S.E. + D.E.
40K (環境) 1.46 MeV

1H (熱中性子捕獲) 2.22 MeV

60C

40

2

241Am/
56F

• 上記のガンマ線を用いて 
HPGe検出器のエネルギー 
キャリブレーションを行なった 
• 信号が予想される6 MeV付近を
含め、良い線形性を確認



Final presentation for master thesis
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• -rays from 7Be* enter the LqS 
before neutrons 

• Energies of neutrons are calculated 
based on the time difference

γ

Time diff.

Time of Flight [ns]
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背景事象の見積もり
• 信号事象：220-250 MeV の中性子と水の反応によるガンマ線 

• 主な背景事象 
① ビームエネルギー領域外の中性子による反応 
　　　　→ToFを用いたカット 

② 熱中性子捕獲 
　　　　→ Off-timing 領域のイベントを用いる 

 On-timing・Off-timing を考慮したガンマ線スペクトルを作成

31

On-timing

ToF

即発 
ガンマ線

散乱中性子

Off-timing
HPGeのToF分布 On-timing (信号領域)

①ビームエネルギー領域外
の中性子による反応

② 熱中性子捕獲

HPGe
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ガンマ線スペクトル 32

• 以下のようなガンマ線スペクトルが得られた 

• 1Hの熱中性子捕獲や16O由来のものなど、複数のピークが見られる 

• このスペクトルから背景事象を差し引く

1H : 2.22 MeV

16O : 6.13 MeV & S.E & D.E

HPGe
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Timing 別のスペクトル
• w/ water ( on / off timing )、w/o water ( on / off timing )の計4つの 
スペクトル図を作成 

• これらの分布を利用して背景事象を差し引く

33
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スペクトルフィッティング
• フィッティングを行い、各ガンマ線の生成断面積を求める

34
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Continuous Background Templete

アクリルからの 
ガンマ線領域は 
使用しない

• 水標的で散乱された中性子が
周辺の物質と反応して 
生じるガンマ線 
• 水なしランを用いて作成 
• 指数関数を仮定

HPGe

ガンマ線

水標的

Signal template Background template

計10個のガンマ線について 
同様にテンプレートを作成

6.92 MeVの 
ガンマ線を 
1億本発生

HPGe
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展望 35
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• これらの実験データを再現するようにモデルを修正 
　　　　　　　　→ 中性子・酸素原子核由来の不定性の削減Search result

• Totally 19 events are found < 80 MeV 
• 5 separated bins: [7.5, 9.5, 11.5, 15.5, 23.5-29.5] MeV
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二次ガンマ線
• BERT (現在使用中のモデル) では二次ガンマ線が多く発生
• BERTでは脱励起ガンマ線のピークが少ない
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フィッティング結果 36
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• 用意したテンプレートにパラメータを 
かけて足し合わせる 
  → データを最もよく再現するパラメータ 
　　セットを求める 
• 高エネルギー側から、 
光電吸収ピークを用いてχ2を計算

HPGe
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考察 37
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• 最も強いガンマ線：6.92 MeV  

‣ 16O(n, n’)16O* 反応 
16O* の第三励起状態から放出される 

• 各ガンマ線の生成断面積

HPGe

σγ,j = fj ⋅
NMCgenerated

ϕn ⋅ T

NMCgenerated = 108

ϕn ：中性子フラックス
fi ：フィットで得たパラメータ
T ：酸素原子核数



10th Supernova Neutrino Workshop  @Okayama Univ.  Feb. 29 - Mar. 1st, 2024

38

0 50 100 150 200 250
 Neutron Energy [MeV]

1
2
3
4
5
6
7

 C
ro

ss
 S

ec
tio

n 
[m

b] 2.30 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3
3.2

 C
ro

ss
 S

ec
tio

n 
[m

b] 2.74 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

1
2

3
4

5
6

 C
ro

ss
 S

ec
tio

n 
[m

b] 3.68 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

5
10
15
20
25
30
35
40
45

 C
ro

ss
 S

ec
tio

n 
[m

b] 4.44 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

0.5
1

1.5
2

2.5
3

3.5
4

 C
ro

ss
 S

ec
tio

n 
[m

b] 4.91 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

1
2
3
4
5
6
7
8

 C
ro

ss
 S

ec
tio

n 
[m

b] 5.10 MeV

0 50 100 150 200 250 Neutron Energy [MeV]

1
2

3
4

5

6

 C
ro

ss
 S

ec
tio

n 
[m

b]

5.18 MeV

0 50 100 150 200 250 Neutron Energy [MeV]

2

4

6

8

10
12

 C
ro

ss
 S

ec
tio

n 
[m

b]

5.27 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

5

10

15

20

25

 C
ro

ss
 S

ec
tio

n 
[m

b] 6.13 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

4

6

8

10

12

 C
ro

ss
 S

ec
tio

n 
[m

b] 6.18 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

2
4
6
8

10
12
14
16
18
20

 C
ro

ss
 S

ec
tio

n 
[m

b] 6.32 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

2

4

6

8

10

 C
ro

ss
 S

ec
tio

n 
[m

b] 6.92 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

2

4

6

8

10

 C
ro

ss
 S

ec
tio

n 
[m

b]

7.12 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

1
2
3
4
5
6
7

 C
ro

ss
 S

ec
tio

n 
[m

b] 2.30 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3
3.2

 C
ro

ss
 S

ec
tio

n 
[m

b] 2.74 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

1
2

3
4

5
6

 C
ro

ss
 S

ec
tio

n 
[m

b] 3.68 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

5
10
15
20
25
30
35
40
45

 C
ro

ss
 S

ec
tio

n 
[m

b] 4.44 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

0.5
1

1.5
2

2.5
3

3.5
4

 C
ro

ss
 S

ec
tio

n 
[m

b] 4.91 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

1
2
3
4
5
6
7
8

 C
ro

ss
 S

ec
tio

n 
[m

b] 5.10 MeV

0 50 100 150 200 250 Neutron Energy [MeV]

1
2

3
4

5

6

 C
ro

ss
 S

ec
tio

n 
[m

b]

5.18 MeV

0 50 100 150 200 250 Neutron Energy [MeV]

2

4

6

8

10
12

 C
ro

ss
 S

ec
tio

n 
[m

b]

5.27 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

5

10

15

20

25

 C
ro

ss
 S

ec
tio

n 
[m

b] 6.13 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

4

6

8

10

12

 C
ro

ss
 S

ec
tio

n 
[m

b] 6.18 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

2
4
6
8

10
12
14
16
18
20

 C
ro

ss
 S

ec
tio

n 
[m

b] 6.32 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

2

4

6

8

10

 C
ro

ss
 S

ec
tio

n 
[m

b] 6.92 MeV

0 50 100 150 200 250
 Neutron Energy [MeV]

2

4

6

8

10

 C
ro

ss
 S

ec
tio

n 
[m

b]

7.12 MeV



10th Supernova Neutrino Workshop  @Okayama Univ.  Feb. 29 - Mar. 1st, 2024

まとめ
• 大気ニュートリノのNCQE反応は、SK-Gd実験でのSRN探索における 
主要な背景事象の一つである 

• 特に、NCQE反応後の中性子と酸素原子核の反応に由来する不定性が大きい 

• 中性子・酸素原子核反応を測定するE525実験が行われた 

• 現在、250 MeV実験のデータ解析を進めている 

• 中性子フラックスを算出した後、ガンマ線スペクトルをフィッティングして 
各ガンマ線の強度を求めた 

• フィッティングの結果、最も強いガンマ線は酸素原子核由来の 
6.92 MeVであり、非弾性散乱が支配的な反応であることが分かった 

• これらの反応をシミュレーションに導入することで、 
中性子・酸素原子核反応由来の不定性の削減が期待される

39


