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1. Introduction

Water Cherenkov (WC) detectors typically contain a large number
of protons, both to study their possible decay as well as to present
a large target for neutrino interactions. These detectors are now a
well-established tool for conducting particle physics research. However,
neutrons cannot be efficiently detected [1] in WC detectors. Free neu-
trons in these detectors are first thermalized and then mostly captured
on protons within about 200 �s (neutron capture cross section on free
protons is 0.3 barns while on oxygen it is 0.19 millibarns). The capture
on a proton produces a single 2.2 MeV gamma that is very difficult
to detect because the Compton scattered electron is relatively close to
Cherenkov threshold, and so produces too few photons given the typical
photocathode coverage in WC detectors. In addition, at these low
energies there are many background processes present, in particular
those produced by radon and spallation.

In 2003, GADZOOKS! was proposed, the idea of enriching WC detec-
tors with a water soluble gadolinium (Gd) salt [2]. Naturally occurring
Gd has the largest cross section for the capture of thermal neutrons
of all the naturally occurring elements (Ì49,000 barns). The largest
contributions come from the two isotopes 157Gd and 155Gd, with about
255,000 and 61,000 barns respectively, and natural abundances of
15.65% and 14.80%. After neutron capture on 157Gd and 155Gd, gamma
cascades follow with total energies 7.9 MeV and 8.5 MeV, respectively.
Hereafter, we will collectively refer to these gamma cascades as 8 MeV
gamma cascades.

Gd is insoluble in water but there are Gd compounds that could
be used. Gd nitrate, Gd(NO3)3, has been used as a neutron poison in
nuclear reactors but nitrates are mostly opaque in the UVA region [3]
which covers a large portion of the effective spectrum. Gd chloride,
GdCl3, is easily soluble and has good Cherenkov light transparency.
Gd sulfate, Gd2(SO4)3, has a similar solubility and transparency, and
in addition it is less reactive than GdCl3 and thus more suitable to be
used in a detector. Therefore, we chose Gd sulfate. Gd sulfate is easier
to dissolve when octahydrated: Gd2(SO4)3 � 8H2O (8 molecules of water
per Gd atom). Hereafter, we will refer to it as just Gd sulfate and omit
that it is octahydrated.

To achieve 90% of the neutron captures on Gd after dilution,
we need to achieve a concentration of about 0.2% of Gd sulfate by
mass, i.e. about 0.1% of dissolved Gd; see Fig. 1. This means we
will need to dissolve about 100 tons of Gd sulfate into the 50 kton
Super-Kamiokande (Super-K, SK) to achieve this goal. With this Gd
concentration, neutrons thermalize and are then captured within about
30 �s (see Fig. 10 in Section 5).

1.1. Physics

Neutron tagging in WC detectors opens up many new possibilities
because it is a powerful tool to reduce backgrounds. Here we will
discuss some of the physics topics most likely to benefit from efficient
neutron tagging in WC detectors: galactic supernova neutrinos, diffuse
supernova neutrino background, atmospheric neutrinos, and proton
decay analyses. In addition, though not considered here, Gd loading
is also expected to enhance both long-baseline and reactor neutrino
studies.

Galactic supernova neutrinos and diffuse supernova neutrino
background

A core-collapse supernova (SN) releases about 1046 J. Out of this
vast amount of energy, Ì99% is released in neutrino production. Since
neutrinos interact with matter only weakly, they leave the exploding
star and travel through space without significant attenuation. Neutrino
detectors like Super-K can easily detect galactic supernova explosions
(SNe) through inverse beta decay (IBD) events ⌫e + p ô n+ e+. Because
of the large cross section and the relatively large positron energies
involved, these events represent about 88% of the total events [4,5].
Elastic scattering events, ⌫x + e* ô ⌫x + e*, where ⌫x are neutrinos

Fig. 1. Fraction of neutrons captured on Gd as a function of its concentration in water
by mass.

and antineutrinos of all species, represent only about 3% of all the
events [4], but are very useful because they point back to the SN. Since
we cannot distinguish electrons from positrons (positron annihilation is
entirely invisible in WC detectors), directional elastic scattering events
are diluted by non-directional IBD events which limits the pointing
accuracy. By efficiently identifying IBD events by the observation of
neutron captures on Gd and removing them from the elastic scattering
sample, the pointing accuracy doubles [6,7]. As a consequence, the area
of the sky in which astronomers would expect to eventually observe the
SN would be reduced by a factor of four.

Among other benefits, a Gd-loaded Super-K would have enhanced
sensitivity to late black hole formation [8] and extend the neutrino
observation of the cooling phase to later times. Also, efficient neutron
detection opens up the possibility to see stellar neutrinos from silicon
fusion in nearby massive stars [9,10] (distance less than 1 kpc and M
> 13 MÊ). This is the last phase in the lifetime of a massive star and
lasts from a few hours to a few days before the stellar core collapse, so
it serves as a pre-supernova warning.

We expect about two or three SNe per century in our galaxy [11].
The neutrino flux of a single SN far from our galaxy is not large enough
to be detected. However, there have been many SNe in the history
of the universe, creating a copious, ubiquitous and isotropic neutrino
flux: the diffuse SN neutrino background (DSNB) [2]. The predicted
spectra are shown in Fig. 2. In this case, we would not be able to link
a given event in our detector with a specific SN. However, if we could
collect enough events we would acquire information about the neutrino
spectrum of an average SN, the history of stellar formation and collapse,
the percentage of optically failed SNe, the universe’s expansion rate,
and would establish the most stringent constrains to neutrino decay.

The DSNB has not yet been observed, though the current best
limits have been set by Super-K [13]. Reactor and atmospheric an-
tineutrinos limit the search below 8 MeV and above 30 MeV, respec-
tively, which defines the search window. However, this analysis is
limited by currently irreducible backgrounds in this window. These
backgrounds would be greatly reduced by requiring the distinctive co-
incident prompt/delayed signals arising from efficient neutron tagging
capabilities. In addition, we would be able to lower the current energy
threshold in the analysis. Reactor antineutrinos with energies up to
about 8 MeV would impose an upper limit to observing DSNB from
SNe with redshifts of about z = 1. After adding gadolinium sulfate to
Super-K, we expect to record up to six DSNB events per year [2].

Atmospheric neutrinos
Efficient neutron tagging adds more information about the neutrino,

the interaction type and the neutrino energy. To give an idea of the
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• In Jul. 2020, 0.011% by mass of Gd was loaded in SK
→ SK-Gd experiment started[1]

• Since Jul. 2022, 0.03% by mass of Gd has been loaded in SK

• Why Gd?
- Largest thermal neutron capture cross section

among natural elements
- Emit a total of ~8 MeV of gamma rays

→ Neutron tagging efficiency is largely improved

• Aiming the first observation of the diffuse supernova
neutrino background (DSNB) 

[1] J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93, 171101 (2004)
Ll. Marti et al., Nucl. Instrum. Methods Phys. Res., Sect. A 959, 163549 (2020)



DSNB search in SK-Gd experiment
• Search for the inverse beta decay (IBD) by electron

antineutrinos (𝜈̅! + p → e" + n)
• Detect positron (prompt signal) and neutron (delayed

signal) pairs

→ Can remove backgrounds without neutrons
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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.

DSNB search result using the observed data
with 0.011% by mass of Gd

M. Harada et al., Astrophys. J. Lett. 951, L27 (2023)
M. Harada, Ph.D. Thesis, Okayama University (2023)



NCQE events in DSNB search
• Neutral-current quasielastic scattering (NCQE) reaction
• Atmospheric neutrino knocks out a nucleon of the oxygen nucleus
→ Deexcitation gamma ray and neutron pairs mimic DSNB events
→ Important to estimate NCQE events precisely
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NCQE events in DSNB search
• Energy of atmospheric neutrinos: 𝒪(102)-𝒪(103) MeV
• Energy of neutrons from (atmospheric) neutrino interactions: 𝒪(1)-𝒪(103) MeV
→ More gamma rays and neutrons are generated by nucleon-nucleus interactions

• Cannot distinguish between neutrino and nucleon-nucleus interactions in SK

→ Must understand each process that generates
gamma rays and neutrons
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What I did
Measurement of the neutrino-oxygen NCQE cross section
• Previous studies

- T2K (accelerator neutrinos)
- K. Abe et al., Phys. Rev. D 90, 072012 (2014)

- K. Abe et al., Phys. Rev. D 100, 112009 (2019)
- SK (atmospheric neutrinos)

- L. Wan et al., Phys. Rev. D 99, 032005 (2019)
• For the first time in SK-Gd

Study of nucleon-nucleus interaction model
• Evaluated nucleon-nucleus interaction models systematically

for the first time
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Nucleon-nucleus interaction model
• Consist of intranuclear cascade model and evaporation model

- Intranuclear cascade model: Describe a chain of reactions triggered by a reaction between an incident
particle and a nucleon in a nucleus

- Evaporation model: Describe a process of emitting nucleons and gamma rays isotropically

when an excited residual nucleus deexcites
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Nucleon-nucleus interaction model
• Evaporation model is so different

- BERT unique (BERT): Continuous transitions till the end
- G4PreCompound (BIC, INCL++): Continuous to discrete transitions (more realistic)
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Energy of gamma rays
• BERT: Many continuous components in addition to peaks of deexcitation gamma rays
• BIC & INCL++: Similar tendencies
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Number of neutron captures
• BERT: Number of neutron captures per NCQE event is large (1.29/NCQE event)
• BIC & INCL++: Similar tendencies (1.07(1.06)/NCQE event)
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Comparison of nucleon-nucleus interaction model
• Select NCQE events from the 552.2 days of observed data with 0.011% by mass of Gd
→ Compare the following distributions in BERT, BIC, and INCL++

- Cherenkov angle of prompt signal: Correspond to the number of gamma rays
- Energy of prompt signal: Correspond to the energy of gamma rays

- Number of delayed signals: Correspond to the number of neutron captures
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Comparison of nucleon-nucleus interaction model

• Observed data: 38 events
• Evaluate each distribution using chi-square
→ Not conclusive due to small statistics

→ Suggest that BIC and INCL++ reproduce data better than BERT
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Determination of nucleon-nucleus interaction model
• Focus on the number of events in Cherenkov angle of prompt signal (𝜃#) ∈ [78, 90] degrees
• Consider statistical uncertainty of data and systematic uncertainty of MC
→ BERT is ~2.2𝜎 far from data at this work
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Determination of nucleon-nucleus interaction model
• SK continues to observe with 0.03% by mass of Gd

• Assume that neutron tagging efficiency improves
from 35.6%[1] (Gd: 0.011%) to 63.0%[2] (Gd: 0.03%)

→ Statistics increases by about 1.4 times with the
same live time

• Evaporation model can be determined at 5𝜎 by
using ~4 years of data (Gd: 0.03%)
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[1] M. Harada et al., Astrophys. J. Lett. 951, L27 (2023)
[2] Y. Kanemura, “Improvement of neural network analysis in SK-VII”, SK internal slide (2023)



Results from other experiments
• RCNP[1] (quasi-mono energetic neutron beams + water target)

- Evaluate energy spectrum of gamma rays
using chi-square (See the right slide →)
→ Suggest that INCL++ reproduce data

better than other models
• T2K[2] (accelerator neutrinos)

- Compare the following distributions in BERT
and INCL++
- Cherenkov angle of prompt signal
- Energy of prompt signal
→ Suggest that INCL++ reproduce data

better than BERT
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Preliminary Preliminary

• 核内カスケードモデル間の比較: それぞれデフォルトの脱励起モデルと結合させた 
• E525実験データとの一致をカイ二乗で検定（系統誤差は主に中性子フラックスから

prelimi
nary

[1] 日野陽太他, “ニュートリノ反応理解に向けた中性子酸素原子核非弾性散乱事象の実験データとシミュレーションモデルの比較”, JPS 第79回年次大会 (2024)
[2] 竹谷浩鷹他, “T2K実験によるニュートリノ中性カレント反応測定のためのGeant4ベースの検出器シミュレーションの研究”, JPS第79回年次大会 (2024)



Prospects (SAMURAI-79 experiment)
• RIKEN RIBF (16O and 17O (200 MeV/u) beams + liquid hydrogen target + SAMURAI spectrometer)

- Measure the particle decay branching ratio from 15N*, 15O* and 16O* as a function of excitation energy
- Measure the energy spectrum of deexcitation gamma rays and neutrons without energy threshold

→ Tune the deexcitation model

→ Reduce uncertainties of atmospheric neutrino backgrounds (≳ 40% → ~10%)
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16O(p,2p)15N* measurement (Phase 1)
• 16O(p,2p)15N* measurement can be done with the same setup with the SAMURAI-69 

experiment (Approved, SP: A. Obertelli) 


• Detect knock-out proton with STRASSE + CATANA surrounding the LH2 target


• Identify 16O(p,2p)15N* reaction and reconstruct excitation energy of 15N* using the 
missing mass method


• De-excitation gammas detected by CATANA.  Residual nuclei and all other decay 
products detected with the downstream detectors

14
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Experimental setup for 16O(p,pn)15O* and 17O(p,pn)16O* 
• The same detector setup with the 

SAMURAI-75 experiment (approved, 
SP: Y. Matsuda)


• Detect knock-out protons with 
STRASSE + (half of) CATANA 
surrounding the LH2 target


• Detect knock-out neutrons by a newly 
installed detectors (MNEUT) 


• Reconstruct energy with TOF


• De-excitation gammas detected by 
CATANA. 


• Residual nuclei and all other decay 
products detected with the downstream 
detectors
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Setup for 16O(p, 2p)15N* Setup for 16O(p, pn)15O* and 17O(p, pn)16O*

(silicon)
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S. Sakai, “Inverse-kinematics experiment using oxygen beams at the RIBF:
Toward the observation of diffuse supernova neutrino background at the SK-Gd project”, ADRIB25 (2025)



Prospects (TOMOE project)
• JST ERATO SEKIGUCHI Three-Nucleon Force (TOMOE) Project (Oct. 2023 - Mar. 2029)
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Prospects (TOMOE project)
• JST ERATO SEKIGUCHI Three-Nucleon Force (TOMOE) Project (Oct. 2023 - Mar. 2029)
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• Developing a system to calculate and illustrate nuclide production cross sections
from light particle (n, p, d, t, 3He, 𝛼, 𝛾) injection reactions
→ Understanding the status of nuclear reaction model calculations and

evaluated nuclear data libraries
→ Considering the optimal production methods for nuclides useful in the field of

applied science



Summary
• Aiming the first observation of the DSNB in SK-Gd
→ Important to estimate NCQE events precisely

• Performed the measurement of the neutrino-oxygen NCQE cross section and the study of nucleon-nucleus 

interaction model
→ Suggested that BIC and INCL++ reproduce data better than BERT
→ Similar results are obtained from other experiments (RCNP, T2K)

• Will reduce uncertainties of atmospheric neutrino backgrounds by the SAMURAI-79 experiment
• Will promote ‘evolution of nuclear data’ by the TOMOE project
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Backup



Super-Kamiokande (SK)
• Large water Cherenkov detector (1996-)
• Consist of 50 kilotons ultrapure water and photomultiplier tubes (PMTs)
• Inner detector (11,129 20-inch PMTs)
→ Reconstruct vertex, direction, and energy of charged particles

• Outer detector (1,885 8-inch PMTs)
→ Distinguish between neutrinos and cosmic ray muons
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50 kilotons water Cherenkov detector

Mt. Ikenoyama,
Hida,
Gifu,
Japan
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https://www-sk.icrr.u-tokyo.ac.jp/en/sk/experience/gallery/

May 31st, 2023@Toyama

I was a member of the SK Collaboration (Apr. 1st, 2019-Mar. 31st, 2024)



Thermal neutron capture cross sections on Gd
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PTEP 2020, 043D02 T. Tanaka et al.

Table 1. Relative abundances of gadolinium isotopes in natural gadolinium [20] and their radiative thermal
neutron capture cross sections [1].

Isotope Abundance [%] Cross section [b]
152Gd 0.200 735
154Gd 2.18 85
155Gd 14.80 60 900
156Gd 20.47 1.8
157Gd 15.65 254 000
158Gd 24.84 2.2
160Gd 21.86 1.4

section for thermal neutrons and the large energy released by γ rays of ∼ 8 MeV for the Gd(n, γ )

reactions [1–4]:

n +155 Gd →156 Gd∗ →156 Gd + γ rays (8.536 MeV total), and

n +157 Gd →158 Gd∗ →158 Gd + γ rays (7.937 MeV total).

The element has already been used as a neutron absorber in scintillator-based detectors for
the neutrino oscillation experiments [5–13] and a neutrino-flux monitor experiment [14]. For the
upcoming SuperKamiokande-Gd (SK-Gd) phase [15–17], Gd will be dissolved in a multi-kiloton
water-Cherenkov detector. The application of Gd-loaded detector materials for neutron tagging is
foreseen for direct dark matter search experiments like LZ [18] and XENONnT [19].

Therefore, it is of paramount importance to establish a precise Monte Carlo (MC) model for the
γ -ray energy spectrum from the radiative thermal neutron capture on Gd. It is an essential prerequisite
for MC studies aiming to evaluate the neutron tagging efficiency in a Gd-loaded detector. Precise
modeling is especially important for those detectors that lack hermetic acceptance and/or have a
high energy threshold for γ rays, since some of the γ rays emitted in the capture reaction may not
be detected.

In most cases, detector materials are doped with the natural Gd (natGd). Isotopic adundances are
listed in Table 1.

The most frequent isotopes, 155Gd and 157Gd, also feature large thermal neutron capture cross
sections. Therefore, the required MC model for natGd requires the modeling of the γ -ray emission
from not only 157Gd [21] but also 155Gd.

We measured the γ -ray energy spectrum from the radiative thermal neutron capture on an enriched
155Gd sample and a natGd film with the germanium (Ge) spectrometer of the Accurate Neutron–
Nucleus Reaction Measurement Instrument (ANNRI) [22–26]. The incident pulsed neutron beam
from the Japan Spallation Neutron Source (JSNS) at the Material and Life Science Experimental
Facility (MLF) of the Japan Proton Accelerator Research Complex (J-PARC) [27] and the good γ -
ray energy resolution, high statistics, and low background makes ANNRI a favorable spectrometer
for our intended study [21,22].

The Detector for Advanced Neutron Capture Experiments (DANCE) at the Los Alamos Neutron
Science Center (LANSCE) has extensively studied the γ -ray energy spectra from the radiative
neutron capture reaction at various multiplicities in the neutron kinetic energy range from 1 to 300
eV for both 155Gd and 157Gd targets [28–30]. They compared their γ -ray spectra to MC simulations
with the DICEBOX package [31] and showed fair agreement. Concerning the measurements in the
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Fraction of neutron captures on Gd
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132 tons  ~90%
(ultimate goal)

40 tons  ~75%
(happening now!)

13.2 tons of 
Gd2(SO4)3*8H2O
in 50 ktons water
 ~50% capture

on gadolinium
(SK-VI status)
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Diffuse Supernova Neutrino Background (DSNB)
• DSNB: Superposition of neutrinos emitted from all past SNe
• Floating in the universe like background radiation
• Flux is small, but always potentially observable
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Y. Koshio, “The supernovae neutrino detection in Super- and Hyper-Kamiokande”, LPNHE, Paris, France (2023)
S. Ando, Astrophys. J. 607, 20 (2004)

!̄e p ! eþn, and its cross section is precisely understood
(Vogel & Beacom 1999; Strumia & Vissani 2003). In our
calculation, we use the trigger threshold of SK-I (before the
accident).

The expected event rates at such detectors are shown in
Figures 4 and 5 in units of (22.5 kton yr)"1 MeV"1; with SK,
it takes a year to obtain the shown SRN spectrum, while with
HK and UNO, much less time [1 yr ; (22:5 kton=VBd), where
VBd is the fiducial volume of HK or UNO] is necessary be-
cause of their larger fiducial volume. Figure 4 compares the
three models of the original supernova neutrino spectrum, and
Figure 5 shows the contribution to the total event rate from

each redshift range. In Table 2 we summarize the event rate
integrated over various energy ranges for three supernova
models. The expected event rate is 0.97–2.3 (22.5 kton yr)"1

for Ee > 10 MeV and 0.25–1.0 (22.5 kton yr)"1 for Ee >
18 MeV. This clearly indicates that if the background events
that hinder the detection are negligible, the SK has already
reached the required sensitivity for detecting SRNs; with the
future HK and UNO, a statistically significant discussion would
be possible. This also shows that the current shortage of our
knowledge concerning the original supernova neutrino spec-
trum and luminosity gives at least a factor of 2 (E! > 10 MeV)
to 4 (E! > 18 MeV) uncertainty to the event rate at the high-
energy range (actual detection range). We also summarize the
contribution from each redshift range in the same table, espe-
cially for the calculation with the LL model. The bulk of the
detected events will come from the local universe (z < 1), but
the considerable flux is potentially attributed to the range
1< z<2.

3.3. Comparison with Other Studies and Current
Observational Limits

There are many past theoretical researches concerning the
SRN flux estimation based on a theoretically/observationally
modeled cosmic SFR (Totani et al. 1996; Malaney 1997;
Hartmann & Woosley 1997; Ando et al. 2003). Here we
briefly compare our results obtained in xx 3.1 and 3.2 with
these past analyses. Our basic approach in the present paper
is the same as that in Ando et al. (2003), in which the LL
supernova model was adopted. Thus the values for the LL
model given in Table 2 are almost the same as those in Ando
et al. (2003). Two other studies (Totani et al. 1996; Hartmann
& Woosley 1997) also used a similar SFR-z relation at low
redshift, and therefore their results are very consistent with the
present one (the LL model) at high-energy region E! >
10 MeV. Since the SFR model adopted by Malaney (1997)
gave a rather lower value at low redshift, the resulting SRN
flux at high-energy regions was about a factor 2 smaller than
our LL model or the other ones (Totani et al. 1996; Hartmann

Fig. 4.—Event rate at water Cerenkov detectors in units of (22.5 kton yr)"1

for three supernova models.

Fig. 5.—Event rate at water Cerenkov detectors in units of (22.5 kton yr)"1

from various redshift ranges. LL is adopted as the supernova model.

Fig. 3.—SRN flux from various redshift ranges. LL is adopted as the su-
pernova model.

STAR FORMATION RATE AND SUPERNOVA NEUTRINOS 25No. 1, 2004

Reflecting the history of SNe



Diffuse Supernova Neutrino Background (DSNB)
• DSNB flux:
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→ Depend on SNR, metallicity, initial mass function,

number of neutrinos per SN, etc.

• There is a range of one order of magnitude on DSNB flux predictions
→ DSNB observation would contribute to our understanding of the

mechanism of SNe, SFR, and SNR

• Aiming the first observation of the DSNB in the Super-Kamiokande
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analysis is sensitive to electron neutrinos and, due to the
irreducible solar neutrino background, its effective energy
threshold lies around the hep solar neutrino flux end point,
around 19 MeV. Among all past analyses, the SK and
KamLAND experiments placed the most stringent upper
limits on the DSNB ν̄e flux for neutrino energies above
about 9 MeV, while Borexino set the tightest constraints at
lower energies. At SK the first DSNB search was carried
out in 2003 using a 22.5 × 1496-kton · day data set [21].
Using spectral shape fitting for signal and atmospheric
neutrino backgrounds, it placed an upper limit on the
DSNB flux for a wide variety of models in the 19.3–
83.3 MeV neutrino energy range. This analysis already
allowed us to disfavor the most optimistic DSNB predic-
tions, in particular the Totaniþ 95model [8], and constrain
the parameter space of the Kaplinghatþ 00 model [9]. In
2012, an improved analysis was performed at SK, using a
22.5 × 2853-kton · day exposure, a lower neutrino energy
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FIG. 1. DSNB ν̄e flux predictions from various theoretical models (Horiuchiþ 21 [13], Tabriziþ 21 [14], Kresseþ 21 [12],
Horiuchiþ 18 [11], Nakazatoþ 15 [6], Galaisþ 10 [15], Horiuchiþ 09 [16], Lunardini09 [10], Andoþ 09 [17], Kaplinghatþ 00 [9],
Malaney97 [7], Hartmannþ 97 [18], and Totaniþ 95 [8]). Refer to each publication for the detailed descriptions of models. In the
legend, “NO” and “IO” represent neutrino normal and inverted mass orderings assumed in the calculation, respectively. For the
Horiuchiþ 09 model with a 6 MeV temperature, only the maximal flux prediction is shown. The prediction for the Galaisþ 10 model
here is extrapolated up to 50 MeV, as the original publication was served up to 40 MeV. The prediction by Nakazatoþ 15 is only
available up to 50 MeV. The values of the flux used in this analysis for the Andoþ 03 model are the ones released at the NNN05
conference [19]. The corresponding flux is larger by a factor of 2.56 than in the original publication [17].

FIG. 2. Schematic illustration of an IBD process and the
subsequent neutron capture on another proton. The characteristic
neutron capture time in water is τ ¼ 204.8# 0.4 μs [20].

K. ABE et al. PHYS. REV. D 104, 122002 (2021)

122002-4

K. Abe et al., Phys. Rev. D 104, 122002 (2021)



What we do not understand
(e.g.) SN rate problem
• Lifetime of a massive star going SN is short enough

compared to the time scale of the evolution of the
universe

→ Star formation and SN can be approximated to
occur at the same time

→ Should be possible to predict the SN rate (SNR)
from the star formation rate (SFR)

• SNR obtained from optical observations is about half
of prediction from the SFR
- Some SNe are too dark to be observed?

- There is something preventing observation?
→ Would like to observe SN neutrinos more!
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The Astrophysical Journal, 738:154 (16pp), 2011 September 10 Horiuchi et al.
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Figure 1. Comoving SNR (all types of luminous core collapses including Type II
and Type Ibc) as a function of redshift. The SNR predicted from the cosmic SFR
fit and its supporting data (Hopkins & Beacom 2006), as well as that predicted
from the mean of the local SFR measurements, are plotted and labeled. The fit to
the measured cosmic SNR, with a fixed slope of (1+z)3.4 taken from the cosmic
SFR, is shown with the uncertainty band from the LOSS measurement. The
predicted and measured cosmic SNRs are consistently discrepant by a factor of
∼2: the supernova rate problem. However, rates from SN catalogs in the very
local volume do not show such a large discrepancy (see Figure 3).
(A color version of this figure is available in the online journal.)

SNRs (Cappellaro et al. 1999; Dahlen et al. 2004; Cappellaro
et al. 2005) were somewhat lower than those predicted from
the SFR. Similar conclusions were reached by Mannucci et al.
(2007) and Botticella et al. (2008).

In recent years, measurements of the cosmic SFR and
cosmic SNR have rapidly improved. The cosmic SFR has
been measured using multiple indicators by many competing
groups. The accuracy and precision of the cosmic SFR has
been documented (e.g., Hopkins & Beacom 2006) and are
supported by recent data (e.g., Pascale et al. 2009; Rujopakarn
et al. 2010; Ly et al. 2011; Bothwell et al. 2011). The Lick
Observatory Supernova Search (LOSS) has recently published
the best measurement of the cosmic SNR at low redshifts, using
CC SNe collected over many years of systematically surveying
galaxies within ∼200 Mpc (Leaman et al. 2011; Li et al.
2011a, 2011b; Maoz et al. 2011). The Supernova Legacy Survey
(SNLS) has published the most precise SNR measurement at
higher redshifts, using a large sample of CC SNe collected in
their extensive rolling search of four deep fields (Bazin et al.
2009).

Based on the latest data, it has become clear that the measured
cosmic SFR and the measured cosmic SNR both increase by
approximately an order of magnitude between redshift 0 and
1, confirming our expectation that the progenitors of CC SNe
are short-lived massive stars (e.g., Bazin et al. 2009; Li et al.
2011a). On the other hand, the comparison of the normalizations
of the latest SFR and SNR data has been left for future work. We
perform this here for the first time. As illustrated in Figure 1,
the SNR predicted from the cosmic SFR is a factor of ∼2 larger
than the cosmic SNR measured by SN surveys; we term this
normalization discrepancy the “supernova rate problem.” Both
the predicted and measured SNRs are of optically luminous

CC SNe, so the two can be directly compared. The lines in
Figure 1 are fits to the SFR and SNR data, respectively.8 The
discrepancy persists over all redshifts where SNR measurements
are available.9

The nominal uncertainties on the fits (shaded bands) are
smaller than the normalization discrepancy, and the significance
of the discrepancy is at the ∼2σ level. At high redshift, where the
uncertainties of the SNR measurements are largest, the statistical
significance is weaker. However, it is remarkable how well
the cosmic SNR measurements adhere to the expected cosmic
trend—much better than their uncertainties would suggest.
Indeed, the measurements of Dahlen et al. (2004) have been
supported by recent unpublished results and with reduced
uncertainties (Dahlen et al. 2010). We therefore consider the
fits to be a good representation, i.e., the supernova rate problem
persists over a wide redshift range. We systematically examine
resolutions to the supernova rate problem, exploring whether
the cosmic SNR predicted from the cosmic SFR is too large, or
whether the measurements underestimate the true cosmic SNR,
or a combination of both.

In Section 2, we describe the predicted and measured cosmic
SNRs in detail and substantiate the discrepancy. In Section 3, we
discuss possible causes. In Section 4, we discuss our results and
cautions. We summarize and discuss implications in Section 5.
Throughout, we adopt the standard ΛCDM cosmology with
Ωm = 0.3, ΩΛ = 0.7, and H0 = 73 km s−1 Mpc−1.

2. NORMALIZATION OF THE COSMIC SNR

The cosmic SNR is calculated from the cosmic SFR using
knowledge of the efficiency of forming CC SNe. The most
recent SFR is traced by the most massive stars that have the
shortest lifetimes. The primary indicators of massive stars—Hα,
UV, FIR, and radio—are routinely used, with dust corrections
where necessary, to study the populations of massive stars.
However, since the total SFR is dominated by stars with
smaller masses, the SFR derived from massive stars must be
scaled upward according to the initial mass function (IMF); for
example, for a given massive stellar population, an IMF that
is more steeply falling with mass will yield a larger total SFR
compared to a shallower IMF. The scaling is done with the use
of calibration factors derived from stellar population synthesis
codes that calculate the radiative output from a population of
stars following an assumed IMF (see, e.g., Kennicutt 1998).

We adopt the dust-corrected SFR compilation of Hopkins &
Beacom (2006). Their data are well fit by a smoothed broken
power law of the form (Yüksel et al. 2008)

ρ̇∗(z) = ρ̇0

[

(1 + z)aη +
(

1 + z

B

)bη

+
(

1 + z

C

)cη
]1/η

, (1)

where B = (1 + z1)1−a/b, C = (1 + z1)(b−a)/c(1 + z2)1−b/c. We
adopt ρ̇0 = 0.016 h73 M$ Mpc−3 yr−1 for the cosmic SFR at
z = 0, as well as the parameterization a = 3.4, b = −0.3,
c = −3.5, z1 = 1, z2 = 4, and η = −10. These choices are
applicable for the Salpeter A IMF, which is a modified Salpeter
IMF with a turnover below 1 M$ (Baldry & Glazebrook 2003).
The scaling from a Salpeter IMF is ≈0.77. The 1σ uncertainty on

8 Technically, the SNR line shown is not a fit, but is a conservative estimate
based on the SNR measurement of LOSS; see Section 2.
9 However, in the local !25 Mpc volume, the SNR derived from SN catalogs
does not show such a large discrepancy, supporting earlier claims that the true
cosmic SNR is as large as predicted (e.g., Horiuchi et al. 2009; Beacom 2010).
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DSNB search in SK
• Search for the inverse beta decay (IBD) by electron antineutrinos (𝜈̅! + p → e" + n)
→ Cross section is 1-2 orders of magnitude larger than others at < 30 MeV

• Detect positron (prompt signal) and neutron (delayed signal) pairs
→ Can remove backgrounds without neutrons

• Delayed signal was 2.2 MeV gamma ray by neutron capture on H
→ Neutron tagging efficiency was < 20%
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excited nucleus (16F and 16N) may emit one or two neutrons
together with gamma-rays (typically 5–9MeV). Further, the
reaction (5) is also expected to be accompanied by neutron
capture. In both cases, these neutron captures may cause these
interactions to be misidentified as IBD.

3. Real-time Supernova Monitoring System

SK’s real-time SN monitoring system, SNWATCH (Abe
et al. 2016b), monitors events in the detector to detect SN-like
event bursts. Upon SNWATCH’s detecting such a burst,
SK_SN Notice, SK’s SN warning system working together
with SNWATCH, issues a prompt warning to astronomical
networks as the first alarm of an SN-like event occurrence.
SNWATCH determines its direction, and then SK_SN Notice
broadcasts an announcement of an SN-burst-like detection
together with this reconstructed direction and the expected
pointing accuracy to astronomical networks. Figure 3 outlines
the flow of SNWATCH. To announce the reconstructed SN
direction with the best possible pointing accuracy, SNWATCH
needs to identify every interaction channel to extract ES events’
SN direction sensitivity as much as possible. However, there is
a trade-off between accuracy and the time it takes to issue the
alarm. Prioritizing accuracy would increase the time to the
alarm issue, making it impossible to fulfill the role of SK,
which is to detect neutrinos at the very early stages of an SN to
enable observations of the optical burst from the beginning to
the end. Therefore, to reduce the time to the alert as much as
possible, SNWATCH prioritizes identifying “IBD-like” events
for extracting “ES-like” events at the expense of pointing
accuracy. To identify “IBD-like” events, SNWATCH uses
delayed coincidence between IBD events and the following
neutron-capture events on protons and Gd. Identifying a
positron emission event in an IBD event and the following
neutron-capture event is called IBD tagging. In this section, we

describe the flow of SNWATCH: current event reconstruction,
selection, and IBD tagging in Section 3.1, the SN direction
determination updated to use information from SK-Gd in
Section 3.2, and its pointing accuracy and the alarm issue in
Section 3.3.

3.1. Event Reconstruction, Selection, and IBD Tagging

SNWATCH uses a custom online version of the standard SK
event reconstruction program (Abe et al. 2022b, 2016a) to
identify events and reconstruct their vertex position, direction,
and total energy. It differs from the standard program due to the
need for a fast real-time reconstruction: it uses a simpler and
faster muon reconstruction algorithm. It uses preliminary
calibration values to compute PMT hit times and charges. This
program reconstructs every event detected in the SN-like event
bursts, including SN neutrino interactions (IBD, ES, 16O CC,
and 16O NC) and neutron-capture events. After reconstruction,
SNWATCH concentrates on identifying “IBD-like” events as
fast as possible to extract “ES-like” events using IBD tagging,
as explained in Section 3. To utilize delayed coincidence in
performing IBD tagging, SNWATCH divides reconstructed
events according to their reconstructed energy into two
samples: “prompt” candidates, such as IBD positrons or ES
electrons, and “delayed” candidates, i.e., “neutron-capture”
candidates. We call this event selection. The conditions for

Figure 2. Cross sections for neutrino interactions in water as a function of
neutrino energy. The solid red line represents IBD and the green lines represent
ES for νe (solid), ne¯ (dotted), νx (dashed), and nx¯ (dotted–dashed). The solid
blue and dashed blue lines stand for 16O CC interactions of νe and ne,
respectively. The dotted–dashed light-blue line indicates 16O NC interactions.
Cross sections are calculated according to Strumia & Vissani (2003) for IBD,
Bahcall et al. (1995) for ES, Suzuki et al. (2018) and Nakazato et al. (2018) for
16O CC interactions, and Langanke et al. (1996) and Kolbe et al. (2002) for
16O NC interactions.

Figure 3. Overview of SK’s real-time SN monitoring system, SNWATCH.
When an SN-like event burst is detected, SNWATCH performs event
reconstruction, event selection, and IBD tagging (see Section 3.1), before
applying SN direction fit (see Section 3.2). The resulting reconstructed SN
direction is announced with the expected pointing accuracy to astronomical
networks (see Section 3.3).

Table 1
Conditions for “Prompt” Candidates and “Delayed” Candidates

Conditions for “Prompt” Candidates Conditions for “Delayed” Candidates

E > 7 MeV E < 10 MeV
g 0.4t

2  - >g g 0t p
2 2

Number of PMT hits <500 Within the fiducial volume
N/S � 0.4 Not a “prompt” candidate
dwall > 200 cm L
LE- or HE-triggered event L
Not an OD triggered event L

Note. E is the reconstructed energy. Terms g2t and g2p represent the PMT timing
goodness and the PMT hit pattern goodness, respectively. N/S ratio is the ratio
between the number of low-charge PMT hits (below single photo-electron
level) and the total number of PMT hits (Hosaka et al. 2006). LE trigger and
HE trigger represent software triggers with ID PMT hit thresholds of 49 and 52,
respectively, and OD trigger is set at 22 OD PMT hits. Term dwall is the
distance between the reconstructed vertex and the inner detector walls.
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The Astrophysical Journal, 970:93 (32pp), 2024 July 20 Kashiwagi et al.

Y. Kashiwagi et al., Astrophys. J. 970, 93 (2024)
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Neutron capture time constant
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K. Abe et al., Nucl. Instrum. Methods Phys. Res., Sect. A 1027, 166248 (2022)
K. Abe et al., Nucl. Instrum. Methods Phys. Res., Sect. A 1065, 169480 (2024)

Nuclear Inst. and Methods in Physics Research, A 1065 (2024) 169480
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Fig. 12. The history of the neutron capture time constant in SK since July 2020 (top) and after this second Gd-loading period (bottom), obtained from the analysis of Am/Be
source data. Data were taken using a calibration port at the detector’s center (X = ω0.3 m, Y = ω0.7 m) and near the center in the X-Y plane (X = ω3.9 m, Y = ω0.7 m). Three
positions along the Z-coordinate were selected for periodic measurement: Z = 0 m (red circles), Z = + 12 m (blue squares) and Z = ω12 m (magenta triangles) The shaded area
indicates the neutron capture time constant in pure water [22].

Fig. 13. Neutron capture time constant as a function of the gadolinium concentration. The black line correspond to an approximation function, given by fitting the Geant4.10.5p01
and G4NDL 4.5 Monte Carlo simulation. The blue line is another approximate polynomial function, for the Geant4.9.6p04 and G4NDL4.2 simulation. The geometrical configurations
of the simulations are identical to what was in our previous paper [1]. The horizontal and vertical red band represents the mean neutron capture time constant and derived
concentration.

K. Abe, C. Bronner, Y. Hayato et al. Nuclear Inst. and Methods in Physics Research, A 1027 (2022) 166248

Fig. 13. Neutron capture time constant as a function of the gadolinium concentration.
The red points correspond to the Geant4 Monte Carlo simulation, while the black
line corresponds to an approximate polynomial function. The horizontal blue band
represents the mean neutron capture time constant measured with the Am/Be source,
and the vertical blue band represents the derived concentration, which is consistent
with the estimation from the weight (110 ppm) described in Section 4.3.

• Shear blender – The shear blender consists of three parts:

– Dissolving hopper – Volume: 66 l; material: SUS316L.
– Self-priming sanitary pump – Model: SIPLA Adapta 28.1;
flow rate: 23 m3/h; head: 20 m; power: 7.5 kW (4 pole,
200 V); rotation speed: 1750 rpm.

– Shear pump – Model: EMP305; flow rate: 15 m3/h; head:
10 m; power: 7.5 kW (2 pole, 200 V); rotation speed:
3500 rpm.

• Solvent tank – Tank capacity: 6 m3 (1922 mm �, 2350 mm H);
material: PE; thickness: 9.5 mm.

• Dissolving tank – Tank capacity: 4 m3 (1740 mm �, 1780 mm
H (cylinder), 280 mm H (taper)); material: PE; thickness: 9 mm.

• Solution tank – Tank capacity: 6 m3 (1922 mm �, 2350 mm H);
material: PE; thickness: 9.5 mm.

• Pumps – Three pumps are in the dissolving system:

– Supply pump after solvent tank – Flow rate: 48 m3/h;
head: 20 m; power: 5.5 kW (2 pole, 200 V); speed:
3600 rpm.

– Transfer pump after dissolving tank – Flow rate: 48 m3/h;
head: 20 m; power: 5.5 kW (2 pole, 200 V); speed:
3600 rpm.

– Injection pump after solution tank – Flow rate: 12 m3/h;
head: 45 m; power: 3 kW (2 pole, 200 V); speed: 3600 rpm.

A.2. Pretreatment system

• Prefilter – Nominal pore size: 1 �m; size (one module): 62 mm �
outer, 30 mm � inner, and 750 mm length; material: polypropy-
lene; number of modules: 6.

• TOC lamp (UV oxidation) – Wavelengths 253.7 nm and
184.9 nm; power: 0.81 W; Chiyoda Kohan Steritron WOX (lamp:
CX1501).

• Cation exchange resin tank – Size: 1600 mm � 1460 H; ma-
terial: SUS304; resin volume: 1200 l; resin type: AMBERJET
1020(Gd).

• Anion exchange resin tank – Size: 1600 mm � 1460 mm H;
material: SUS304; resin volume: 2400 l; resin type: AMBERJET
4400(SO4).

• Middle filter – Nominal pore size: 1 �m; size (one module):
62 mm � outer, 30 mm � inner, and 750 mm length; material:
polypropylene; number of modules: 6.

• UV sterilizer – Wavelength 253.7 nm; power: 0.3 W; Chiyoda
Kohan Steritron UEX (lamp: CS1001N).

• Postfilter – Nominal pore size: 0.2 �m; size (one module): 62 mm
� outer, 30 mm � inner, and 750 mm length; material: polypropy-
lene; number of modules: 6.

A.3. Water recirculation system

• Return water filter – Nominal pore size: 1 �m; size (one module):
62 mm � outer, 30 mm � inner, and 750 mm length; material:
polypropylene; number of modules: 40.

• First buffer tank – Tank capacity: 10 m3 (2280 mm �, 2780 mm
H); material: PE; thickness: 12.5 mm.

• Heat exchange unit (HE) after the relay pump – Heat transfer
area: 15.80 m2; plate material: SUS316 (electrolytic polishing
finish); plate gasket: EPDM with PTFE coating.

• TOC lamp (UV oxidation) – Wavelengths: 253.7 nm and
184.9 nm; power: 4.02 W; Chiyoda Kohan Steritron WOX (lamp:
CX1501).

• Cation exchange resin tank – Size: 2100 mm � 1610 mm H;
material: SUS304; resin volume: 2400 l; resin type: AMBER-
JET1020(Gd).

• Anion exchange resin tank – Size: 2100 mm � 1610 mm H; ma-
terial: SUS304; resin volume: 4600 l; resin type: AMBERJET4400
(SO4).

• Middle filter – Nominal pore size: 1 �m; size (one module):
62 mm � outer, 30 mm � inner, and 750 mm length; material:
polypropylene; number of modules: 40.

• UV sterilizer – Wavelength: 253.7 nm; power: 0.97 W; Chiyoda
Kohan Steritron UEX (lamp: CS1001N).

• Ultrafiltration modules (UF) – Nitto NTU-3306-K6R; inner/
outer diameter of the capillary membrane: 0.7 mm/1.3 mm; effec-
tive membrane area: 30 m2/module; number of modules in one
unit: 12; molecular weight cut-off: 6000; processed water TOC:f 5 ppb; material: polysulfone (capillary membrane), polysulfone
(housing).

• Second buffer tank – Tank capacity: 20 m3 (2710 mm �,
3810 mm H); material: PE; thickness: 15 mm.

• Heat exchange unit after the supply pump – Heat transfer area:
24.74 m2; plate material: SUS316 (electrolytic polishing finish);
plate gasket: EPDM with PTFE coating.

• Membrane degasifier (MD) – DIC SEPAREL®EF-040P-JO; mod-
ule size: 180 mm � 673 mm H; number of modules: 60; operation
pressure: *92 kPa; purge gas: radon-free air [14,22]; purge gas
flow rate: 1 l/min (per module).

• Final Heat exchange unit – Heat transfer area: 21.15 m2, plate
material: SUS316; plate gasket: butyl (isobutene–isoprene) rub-
ber.

• Pumps – Pumps in the recirculation system:

– Return pump after Super-K tank – Flow rate: 60 m3/h;
head: 70 m; power: 36 kW (200 V); speed: 3600 rpm.

– Relay pump after first buffer tank – Flow rate: 60 m3/h;
head: 40 m; power: 18 kW (200 V); speed: 3600 rpm.

– Supply pump after second buffer tank – Flow rate:
60 m3/h; head: 62 m; power: 22 kW (200 V); speed
3600 rpm.

Appendix B. Water flow in the SK tank

Precise control of the water flow in the Super-Kamiokande tank is
important not only for gadolinium loading, but also for maximizing the
physics performance of the detector. Such precise control plays critical
roles in reducing radioactive backgrounds in the detector’s fiducial
volume as well as in improving water transparency. In this section,
the operation and modeling of the water flow in the SK detector are
described in more detail.

11
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DSNB flux upper limits
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et al. 2000), and the most pessimistic one is Nakazato+15
(Nakazato et al. 2015) with the assumption of normal mass
ordering in whole energy ranges, respectively. The upper limit
of the flux for each bin is summarized in Table 2.

6. Future Prospects

In 2022 June, the SK-Gd experiment was upgraded to the
SK-VII phase, in which additional Gd was introduced into the
detector, providing a mass concentration of approximately
0.03%. In this phase, neutron tagging efficiency is expected to
be over 55% while having comparable εmis with SK-VI,
leading to 1.5 times higher sensitivity for the n̄e in the case of
the same live time as for SK-VI. Furthermore, more efficient
noise reduction by neutron tagging will enable a lower energy

threshold. Hence we can search in a lower-energy region,
which will increase signal acceptance for DSNB, solar
antineutrinos, and light-dark-matter searches.

7. Conclusions

We searched for astrophysical n̄e, using the SK-VI data
below 29.5MeV for Erec between 2020 August and 2022 May,
with 0.01% Gd mass concentration. This is an independent data
set from the previous SK-IV search (Abe et al. 2021), using the
data taken with pure water. In this analysis, a brand-new
method for tagging neutrons using the signal of neutron capture
on Gd is utilized so that the efficiency of neutron tagging is
twice as high while keeping a low-misidentification probability.
No significant excess above the expected backgrounds at

Figure 3. Upper limits on the n̄e flux, calculated by Equation (2). The red lines show the observed (solid) and expected (dotted–dashed) 90% C.L. upper limit for SK-
VI. The blue lines show the observed (solid) and expected (dotted–dashed) 90% C.L. upper limit for SK-IV Abe et al. (2021). The green line represents the 90% C.L.
observed upper limit placed by KamLAND Abe et al. (2022c). The gray-shaded region represents the range of the modern theoretical expectation. The expectation
drawn in the figure includes DSNB flux models (Hartmann & Woosley 1997; Malaney 1997; Kaplinghat et al. 2000; Ando et al. 2003; Horiuchi et al. 2009;
Lunardini 2009; Galais et al. 2010; Nakazato et al. 2015; Horiuchi et al. 2018, 2021; Kresse et al. 2021; Tabrizi & Horiuchi 2021; Ekanger et al. 2022). Ando+03
model was updated in Ando (2005).

Table 2
Summary Table of Upper Limits, Sensitivity, and Optimistic and Pessimistic DSNB Expectation from Kaplinghat et al. (2000) and Nakazato et al. (2015),

Respectively

Neutrino Energy Observed upper limit Expected sensitivity Averaged theoretical expectation of DSNB

(MeV) (cm−2 s−1 MeV−1) (cm−2 s−1 MeV−1) (cm−2 s−1 MeV−1)
SK-IV SK-VI SK-IV SK-VI

9.29–11.29 37.30 34.07 44.35 50.78 0.20–2.40
11.29–13.29 20.43 18.43 11.35 15.12 0.13–1.66
13.29–17.29 4.77 3.76 2.05 2.71 0.67–0.94
17.29–25.29 0.17 0.90 0.21 0.50 0.02–0.30
25.29–31.29 0.04 0.33 0.11 0.33 <0.01–0.07

6

The Astrophysical Journal Letters, 951:L27 (8pp), 2023 July 10 Harada et al.

M. Harada et al., Astrophys. J. Lett. 951, L27 (2023)
M. Harada, Ph.D. Thesis, Okayama University (2023)



NCQE cross section
• Flux-averaged theoretical cross section:

𝜎$#%&
'(!)*+ =

∫!"#$%&
!#'%& ∑()*,,*.( / × 1( / -./0

12%3452/

∫!"#$%&
!#'%& ∑()*,,*.( / 2/

= 1.02 × 10345 ⁄cm6 oxygen

• Ratio of observed NCQE events to expected NCQE events (𝑓$#%&):

𝑓$#%& =
7367 3 7-.8389/0

%:; 3 7<12%47
%:;

7-./0
%:; = 0.725

• Measured cross section:

𝜎$#%&8!9:;*!< = 𝑓$#%& × 𝜎$#%&
'(!)*+

= 0.74 ± 0.22 stat. × 10345 ⁄cm6 oxygen
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𝑁)=: 38

𝑁$#%&
!>? 28.7

𝑁$# @)@3%&
!>? 13.3

𝑁A'(!*:
!>? 4.0



NCQE cross section
• Number of events
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BERT BIC INCL++

𝑁)=: 38

𝑁$#%&
!>? 28.7 19.8 20.2

𝑁$# @)@3%&
!>? 13.3 10.2 10.1

𝑁##
!>? 1.4 1.1 1.2

𝑁B?9CC9'D)@
!>? 0.9 0.9 0.9

𝑁E!9F')*
!>? 0.1 0.1 0.1

𝑁GFFD<!@'9C
!>? 1.6 1.6 1.6



NCQE cross section
• Systematic uncertainties
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𝑁&'()
*+, 𝑁&' -.-/()

*+,

Atmospheric neutrino flux ±18.0%

Atmospheric neutrino/antineutrino ratio ±5.0%

Cross section - ±18.0%

Primary interaction +1.5%/−9.4% +0.0%/−2.4%

Secondary interaction −30.9% −24.3%

Energy cutoff −2.1% −1.5%

Data reduction ±1.4%

Neutron tagging ±6.4%



NCQE cross section
• Systematic uncertainties

- 𝑁:?9CC9'D)@
!>? : 60.0%

- From DSNB analysis
- 𝑁E!9F')*

!>? : 100.0%

- From DSNB analysis
- 𝑁GFFD<!@'9C

!>? = 𝜖8D: × 𝑁?*!3@'9H)=: : 4.6%

- From systematic uncertainty of 𝜖8D: and

statistical uncertainty of 𝑁?*!3@'9H)=: (= 5,447)
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𝑁''
*+,

Atmospheric neutrino flux ±18.0%

Atmospheric neutrino/antineutrino ratio ±5.0%

Cross section ±24.0%

Primary interaction +1.2%/−8.0%

Secondary interaction −20.7%

Energy cutoff −19.9%

Data reduction ±1.4%

Neutron tagging ±6.4%



NCQE cross section
• Determine systematic uncertainty of 𝜎$#%&8!9:;*!< =

7367 3 7-.8389/0
%:; 3 7<12%47

%:;

7-./0
%:; × 𝜎$#%&

'(!)*+ using toy MC

1. Determine 𝑁$#%&
!>? , 𝑁$# @)@3%&

!>? , and 𝑁A'(!*:
!>?

according to each uncertainty

2. Calculate 𝜎$#%&8!9:;*!< to plot

3. Repeat procedures above 1 million times

4. Range of 1𝜎 from

𝜎$#%&8!9:;*!< = 0.74 × 10345 ⁄cm6 oxygen

is the systematic uncertainty

• 𝜎$#%&8!9:;*!< = 0.74 ± 0.22 stat. 3I.KL
"I.5L(syst. )

× 10345 ⁄cm6 oxygen
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S. Sakai et al., Phys. Rev. D 109, L011101 (2024)
S. Sakai, Ph.D. Thesis, Okayama University (2024)



NCQE cross section
• 𝜎$#%&8!9:;*!< = 0.74 ± 0.22 stat. 3I.KL

"I.5L(syst. ) × 10345 ⁄cm6 oxygen

→ Consistent with

𝜎$#%&
'(!)*+ = 1.02 × 10345 ⁄cm6 oxygen

within the uncertainties
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Nucleon-nucleus interaction model
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Physics List Final state model (n inelastic scattering)

FTFP_BERT_HP

QGSP_BIC_HP

INCL++_HP

!!0 MeV
19.9 MeV

3 GeV
9.5 GeV

9.9 GeV

12 GeV

15 GeV

20 GeV

25 GeV

20 MeV

FTFP (Fritiof model + Precompound model)

QGSP (Quark-Gluon String model + Precompound model)

BERT (Bertini cascade model)

BIC (Binary cascade model)

INCL++ (Liège intranuclear cascade model)

HP (High precision neutron model)

S. Sakai, Ph.D. Thesis, Okayama University (2024)



Differences of nucleon-nucleus interaction model
• Reaction point with nucleons in the nucleus

- BERT: Determine using mean free path
- BIC, INCL++: Determine using closest approach distance
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!
!!

! = − 1
%& ln ) *! <

&!
,



Differences of nucleon-nucleus interaction model
• Stopping time of intranuclear cascade process

- BERT, BIC: Stop when all (escapable) particles escape the nucleus
- INCL++: Force to stop at the following time (𝑡:')?)

𝑡:')? = 70 ⁄fm 𝑐 ×
𝐴
208

I.KM

• Nuclear model (nucleon density)

- BERT: Change discretely with distance from center of the nucleus
- BIC, INCL++: Change smoothly with distance from center of the nucleus

• Condition for termination of the evaporation process
- BERT: End when excitation energy falls below 103KL MeV
- BIC, INCL++: End after continuous and discrete transitions
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Comparison of nucleon-nucleus interaction model
• Calculate 𝜒6 using Poisson likelihood

𝜒6 = 2N
NOK

=D@

𝑁!>?, N − 𝑁)=:, N + 𝑁)=:, N ln
𝑁)=:, N

𝑁!>?, N

- 𝑁)=:: The observed number of events
- 𝑁!>?: The expected number of events

→ Not conclusive due to small statistics
→ 𝜒6 in BIC and INCL++ is smaller than that in BERT in all distributions
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𝜒6/ndf (𝜃#) 𝜒6/ndf (𝐸QD:) 𝜒6/ndf (𝑁<!C9+!<)

BERT 23.0 / 15 9.8 / 11 5.8 / 5

BIC 19.6 / 15 6.9 / 11 3.1 / 5

INCL++ 19.8 / 15 6.8 / 11 2.8 / 5



Comparison of nucleon-nucleus interaction model
• p-value is larger (model is closer to data) as ⁄𝜒6 ndf is smaller
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19 40. Statistics
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Figure 40.2: The ‘reduced’ ‰
2, equal to ‰

2
/n, for n degrees of freedom. The curves show as a

function of n the ‰
2
/n that corresponds to a given p-value.

40.3.3 Bayes factors

In Bayesian statistics, all of one’s knowledge about a model is contained in its posterior prob-
ability, which one obtains using Bayes’ theorem (Eq. (40.37)). Thus one could reject a hypothesis
H if its posterior probability P (H|x) is su�ciently small. The di�culty here is that P (H|x) is
proportional to the prior probability P (H), and there will not be a consensus about the prior prob-
abilities for the existence of new phenomena. Nevertheless one can construct a quantity called the
Bayes factor (described below), which can be used to quantify the degree to which the data prefer
one hypothesis over another, and is independent of their prior probabilities.

Consider two models (hypotheses), Hi and Hj , described by vectors of parameters ◊i and ◊j ,
respectively. Some of the components will be common to both models and others may be distinct.
The full prior probability for each model can be written in the form

fi(Hi, ◊i) = P (Hi)fi(◊i|Hi) . (40.56)

Here P (Hi) is the overall prior probability for Hi, and fi(◊i|Hi) is the normalized p.d.f. of its
parameters. For each model, the posterior probability is found using Bayes’ theorem,

P (Hi|x) =
s

P (x|◊i, Hi)P (Hi)fi(◊i|Hi) d◊i

P (x) , (40.57)

where the integration is carried out over the internal parameters ◊i of the model. The ratio of

11th August, 2022

Ndelayed Evis !C

BERT
INCL++

S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)



Determination of nucleon-nucleus interaction model
• SK continues to observe with 0.03% by mass of Gd (SK-VII)

• Assume that neutron tagging efficiency improves
from 35.6%[1] (Gd: 0.011%, SK-VI) to 63.0%[2]

(Gd: 0.03%, SK-VII)
→ Statistics increases by about 1.4 times with the

same live time
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[1] M. Harada et al., Astrophys. J. Lett. 951, L27 (2023)
[2] Y. Kanemura, “Improvement of neural network analysis in SK-VII”, SK internal slide (2023)



Current situation
• No published data for particle decay branching ratio from highly excited states of 15O* and 16O*
• Normal-kinematics experiment with 16O(p, 2p)15N* reaction[1]

- Only particles with energy above ~3 MeV are detected
- SK is sensitive to all thermalized neutrons regardless of their initial energy

→ Insufficient to reduce uncertainties of atmospheric neutrino backgrounds to ~10% level
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15N* decay particles 
20 < Ex < 40 MeV
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15O* decay particles 
20 < Ex < 40 MeV
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16O* decay particles 
Ex = 25 MeV
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Figure 6: Energy spectrum and emission probability of ωs, neutrons, and protons from de-excitation
process of 15N→, 15O→ and 16O→ [8]. Predictions by di!erent models (simulations) are overlaid. The
excitation energy is based on the spectral function [9] for 15N→ and 15O→, while monochromatic energy
is assumed for 16O→. The vertical dashed lines shown in 15N→ indicate the energy thresholds imposed
at the normal kinematics measurement at RCNP [6], which lead to about 50% ine”ciency of detection.

with 16O(p, 2p)15N→ reaction [6, 7], conducted at RCNP, Osaka University. This is currently the unique
data set to constrain the particle decay process from 15N→, but unfortunately it is insu”cient for our
purpose. The experimental data at RCNP was taken with the normal kinematics and only particles
with kinetic energy above →3 MeV are detected. As shown in Fig. 6, it only accounts for →50% of the
spectrum of the decay particles, and, in many cases, di!erences between the models are larger at the
low energy region below the experimental threshold at RCNP. As noted above, Super-Kamiokande is
sensitive to all the neutrons regardless of their initial energy. Hence, while the experimental data at
RCNP can be used to test models at a limited phase space, it is insu”cient to constrain the total
neutron emission probability at our required precision of 10%.

3 Experimental program

We propose inverse-kinematics measurements of the decay process of highly excited states of 15N→, 15O→

and 16O→. These excited nuclei are produced by the following nucleon knockout reactions between
the oxygen beam and the target proton: 16O(p, 2p)15N→, 16O(p, pn)15O→, and 17O(p, pn)16O→. The
excitation energy of the nucleus of our interest is reconstructed using the kinematics of recoil nucleons
by the missing mass method. Then, we detect all the decay products using the existing SAMURAI
spectrometer. For each measurement, we aim to evaluate

• De-excitation branching ratio for each decay mode as a function of excitation energy, and

• Energy spectrum of de-excitation gammas and neutrons.

4

Kinetic energy (MeV) Kinetic energy (MeV)

gamma rays neutrons
Energy threshold for Ref. [1]

Emission probability from
de-excitation process of 15N*
(Excitation energy: 20-40 MeV)



Oxygen beam experiment at the RIBF
• Plan to perform the inverse-kinematics experiment with 16O(p, 2p)15N*, 16O(p, pn)15O*, and 17O(p, pn)16O*

reactions using the SAMURAI spectrometer
- Beam: 16O and 17O (200 MeV/u)
- Target: Liquid hydrogen

• Would like to measure
- Particle decay branching ratio from 15N*, 15O* and 16O*

as a function of excitation energy
- Energy spectrum of de-excitation gamma rays and

neutrons without energy threshold
→ Tune the level densities in the Hauser-Feshbach

(statistical) model
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Data and model we need
• Gammas (E > 1 MeV) and neutrons (E > 0) 

from de-excitation of 15N*, 15O*, 16O*


• Describe decay of highly-excited 15N, 15O, 
16O by a statistical model (Hauser-
Feshbach)


• Tune the level densities in the HF model 
by measuring branching fractions to 
each nuclei


• Simultaneously measure gamma 
spectra and neutron multiplicity directly

4

Major observables at Super-K:

Goal:
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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

ρ(14C)
ρ(13C)

+ 15O ?ρ(14N)
ρ(12C)

K. Kobayashi et al., arXiv:nucl-ex/0604006v1 (2006)



16O(p,2p)15N* measurement (Phase 1)
• 16O(p,2p)15N* measurement can be done with the same setup with the SAMURAI-69 

experiment (Approved, SP: A. Obertelli) 


• Detect knock-out proton with STRASSE + CATANA surrounding the LH2 target


• Identify 16O(p,2p)15N* reaction and reconstruct excitation energy of 15N* using the 
missing mass method


• De-excitation gammas detected by CATANA.  Residual nuclei and all other decay 
products detected with the downstream detectors

14

(p,2p) detection efficiency: 30-45% 
Missing momentum resolution: 2 MeV/c 
Missing mass resolution: 2 MeV

LH2 target

STRASSE

CATANA

SAMURAI 
Magnet

16O beam

p

p
γ

NEBULA and 
NEBULA-Plus

Drift Chamber and 
hodoscope

n

Residual 
nuclei

Requested beam time: 0.5 days

SAMURAI
Magnet

Oxygen beam experiment at the RIBF
Experimental setup for 16O(p, 2p)15N*
• Detect knock-out protons with STRASSE (silicon) and CATANA

(CsI(Na) crystals) detectors
→ Identify 16O(p, 2p)15N* reaction

→ Reconstruct excitation energy of 15N*

• Detect de-excitation gamma rays with CATANA detector
• Detect de-excitation neutrons with NEBULA and

NEBULA-Plus (plastic scintillation) detectors
• Detect residual nuclei and all other decay products

with the downstream detectors
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Figure 8: Simulated reconstructed excitation energy distributions for 16O(p, 2p) (left) and 16O(p, pn)
(right) reactions occurred in the liquid hydrogen target using the missing mass method. True excitation
energy is fixed to 30 MeV for both cases. Red curves show fit results with a Gaussian function.

Figure 9: Simulated trajectories of 13N, 14N, and 14C. The beam energy is 200 MeV/u. The magnetic
field at the SAMURAI magnet is set to 2T. All of the trajectories fit in the detector acceptance.

The cross-section for single proton knockout from 0p1/2 orbit of 16O with a beam energy of
200 MeV/u is calculated to be 4.2 mb by K. Ogata, Kyushu University. The cross-sections for knocking
out protons at deeper 0p3/2 and 1s1/2 orbits are expected to be smaller. Hence, single-nucleon knock-
out cross-section is conservatively estimated to be 1 mb per proton. After an 16O(p, 2p)15N reaction,
the 15N would be left at an excited state when a protons at 0s1/2 or 0p3/2 orbits is knocked out. Since
there are six protons occupy these orbits, we assume the total cross section for producing an excited
states of 15N by a 16O(p,2p) reaction to be 6 mb. The DAQ live time fraction (LT ) is estimated to
be 80% (see the SAMURAI-69 proposal for more details). Based on our Monte Carlo simulation, we
estimated the single proton detection and reconstruction e!ciency at STRASSE and CATANA (ωp)
to be 40% when Ex = 30 MeV. We plan to run at the beam intensity of 1 · 105 pps. Then, in order to
accumulate 50,000 events per bin, the total beam time T should satisfy,

50, 000 events = T → 0.8(LT )→ (40%(ωp))
2 → 6 mb→ 5 · 1023(target)→ 1/10(bins)→ 1 · 105 pps. (1)

This yields that we would need approximately 4 hours of beam time. We request 8 hours of beam
time (including 4-hour contingency) in addition to the beam time for SAMURAI-69 to obtain enough
statistics for our purpose.

8



Experimental setup for 16O(p,pn)15O* and 17O(p,pn)16O* 
• The same detector setup with the 

SAMURAI-75 experiment (approved, 
SP: Y. Matsuda)


• Detect knock-out protons with 
STRASSE + (half of) CATANA 
surrounding the LH2 target


• Detect knock-out neutrons by a newly 
installed detectors (MNEUT) 


• Reconstruct energy with TOF


• De-excitation gammas detected by 
CATANA. 


• Residual nuclei and all other decay 
products detected with the downstream 
detectors

7

n

Neutron 
detectors

LH2 target

STRASSE

CATANA

SAMURAI 
Magnet

16O beam
p

γ

NEBULA and 
NEBULA-Plus

Drift Chamber and 
hodoscope

n

Residual 
nuclei

Requested beam time: 4.5 days

MNEUT figure from 
Yasumura-san’s slides at 
SAMURAI workshop 2024

+ additional 0.5 days for 16O(p,2p)15N*

SAMURAI
Magnet

Oxygen beam experiment at the RIBF
Experimental setup for 16O(p, pn)15O* and 17O(p, pn)16O*
• Detect knock-out protons with STRASSE and (half of) CATANA detectors
• Detect knock-out neutrons with HIME and MNEUT (plastic scintillation)

detectors

→ Identify 16O(p, pn)15O* and 17O(p, pn)16O* reactions
→ Reconstruct excitation energy of 15O* and 16O*

• Detect de-excitation gamma rays with CATANA detector
• Detect de-excitation neutrons with NEBULA and

NEBULA-Plus (plastic scintillation) detectors
• Detect residual nuclei and all other decay products

with the downstream detectors
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Figure 8: Simulated reconstructed excitation energy distributions for 16O(p, 2p) (left) and 16O(p, pn)
(right) reactions occurred in the liquid hydrogen target using the missing mass method. True excitation
energy is fixed to 30 MeV for both cases. Red curves show fit results with a Gaussian function.

Figure 9: Simulated trajectories of 13N, 14N, and 14C. The beam energy is 200 MeV/u. The magnetic
field at the SAMURAI magnet is set to 2T. All of the trajectories fit in the detector acceptance.

The cross-section for single proton knockout from 0p1/2 orbit of 16O with a beam energy of
200 MeV/u is calculated to be 4.2 mb by K. Ogata, Kyushu University. The cross-sections for knocking
out protons at deeper 0p3/2 and 1s1/2 orbits are expected to be smaller. Hence, single-nucleon knock-
out cross-section is conservatively estimated to be 1 mb per proton. After an 16O(p, 2p)15N reaction,
the 15N would be left at an excited state when a protons at 0s1/2 or 0p3/2 orbits is knocked out. Since
there are six protons occupy these orbits, we assume the total cross section for producing an excited
states of 15N by a 16O(p,2p) reaction to be 6 mb. The DAQ live time fraction (LT ) is estimated to
be 80% (see the SAMURAI-69 proposal for more details). Based on our Monte Carlo simulation, we
estimated the single proton detection and reconstruction e!ciency at STRASSE and CATANA (ωp)
to be 40% when Ex = 30 MeV. We plan to run at the beam intensity of 1 · 105 pps. Then, in order to
accumulate 50,000 events per bin, the total beam time T should satisfy,

50, 000 events = T → 0.8(LT )→ (40%(ωp))
2 → 6 mb→ 5 · 1023(target)→ 1/10(bins)→ 1 · 105 pps. (1)

This yields that we would need approximately 4 hours of beam time. We request 8 hours of beam
time (including 4-hour contingency) in addition to the beam time for SAMURAI-69 to obtain enough
statistics for our purpose.
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Three-nucleon force
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S. C. Pieper et al., Phys. Rev. C 64, 014001 (2001)
G. Hagen et al., Phys. Rev. Lett. 108, 242501 (2012)

P. B. Demorest et al., nature 467, 1081 (2010)

tion of the spectrum of light nuclei. Studies of nuclear and
neutron star matter with these new models will be reported in
a separate paper.
The theory of strong interactions has not yet progressed

enough to permit a first-principles determination of the two-
and three-nucleon interactions with the accuracy required to
calculate nuclear binding energies. The interactions must be
determined phenomenologically. Modern, realistic models of
v i j are obtained by fitting the !4300 data below 350 MeV in
the Nijmegen NN-scattering database "6# with a $2!1 per
degree of freedom. The Nijmegen database is said to be com-
plete, i.e., the included data determine all the relevant phase
shifts and mixing parameters. Thus v i j fitted to it are well
determined and generally give very similar predictions of the
properties of three- and four-body nuclei, as will be dis-
cussed below.
In contrast it is much more difficult to construct realistic

models of Vi jk by simply fitting three-nucleon scattering
data, which is dominated by the pairwise forces. The number
of operators that can contribute to Vi jk is very large, and until
recently, the number of observables that could both be ob-
served and accurately calculated was small. Recent advances
in three-nucleon scattering calculations, based on correlated
hyperspherical harmonic "7# and Faddeev "8# methods, and
in high-precision Nd scattering experiments, hold significant

promise for testing models of Vi jk in this regime. However,
the binding energies and excitation spectra of light nuclei
also contain a great deal of information, and are in fact the
only current means to investigate T!3/2 forces.
An additional concern is that the Vi jk obtained by fitting

nuclear data may depend strongly on the model of v i j used in
the Hamiltonian. The Vi jk will naturally depend upon the
chosen v i j to some extent. For example, two equivalent mod-
els of v i j , related by a unitary transformation, will have
different but related Vi jk associated with them "9#. However,
combinations of v i j and Vi jk related by unitary transforma-
tions will naturally predict the same observables.
Models of Vi jk based on the elimination of field variables

date back to the work of Primakoff and Holstein "10#. The
first modern meson-exchange model for nuclear Vi jk was
proposed by Fujita and Miyazawa %FM& "11#; it contained
only the two-pion-exchange three-nucleon interaction
V2' ,PW due to scattering of the pion being exchanged be-
tween two nucleons by a third nucleon via the P-wave (
resonance. This interaction is attractive in nuclei and nuclear
matter. Later theoretical models, such as Tucson-Melbourne
%TM& "12# and Brazil "13# included the V2' ,SW due to 'N
S-wave scattering and V2' ,PW from all P-wave scattering. In
the recent Texas model, these two-pion-exchange contribu-

FIG. 1. %Color& Energies of ground or low-lying excited states of light nuclei computed with the AV18 and AV18/UIX interactions,
compared to experiment. The light shading shows the Monte Carlo statistical errors. The dashed lines indicate the thresholds against breakup
for each model or experiment.
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common feature of models that include the appearance of ‘exotic’
hadronic matter such as hyperons4,5 or kaon condensates3 at densities
of a few times the nuclear saturation density (ns), for example models
GS1 and GM3 in Fig. 3. Almost all such EOSs are ruled out by our
results. Our mass measurement does not rule out condensed quark
matter as a component of the neutron star interior6,21, but it strongly
constrains quark matter model parameters12. For the range of allowed
EOS lines presented in Fig. 3, typical values for the physical parameters
of J1614-2230 are a central baryon density of between 2ns and 5ns and a
radius of between 11 and 15 km, which is only 2–3 times the
Schwarzschild radius for a 1.97M[ star. It has been proposed that
the Tolman VII EOS-independent analytic solution of Einstein’s
equations marks an upper limit on the ultimate density of observable
cold matter22. If this argument is correct, it follows that our mass mea-
surement sets an upper limit on this maximum density of
(3.74 6 0.15) 3 1015 g cm23, or ,10ns.

Evolutionary models resulting in companion masses .0.4M[ gen-
erally predict that the neutron star accretes only a few hundredths of a
solar mass of material, and result in a mildly recycled pulsar23, that is
one with a spin period .8 ms. A few models resulting in orbital para-
meters similar to those of J1614-223023,24 predict that the neutron star
could accrete up to 0.2M[, which is still significantly less than the
>0.6M[ needed to bring a neutron star formed at 1.4M[ up to the
observed mass of J1614-2230. A possible explanation is that some
neutron stars are formed massive (,1.9M[). Alternatively, the trans-
fer of mass from the companion may be more efficient than current
models predict. This suggests that systems with shorter initial orbital
periods and lower companion masses—those that produce the vast
majority of the fully recycled millisecond pulsar population23—may
experience even greater amounts of mass transfer. In either case, our
mass measurement for J1614-2230 suggests that many other milli-
second pulsars may also have masses much greater than 1.4M[.
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Figure 3 | Neutron star mass–radius diagram. The plot shows non-rotating
mass versus physical radius for several typical EOSs27: blue, nucleons; pink,
nucleons plus exotic matter; green, strange quark matter. The horizontal bands
show the observational constraint from our J1614-2230 mass measurement of
(1.97 6 0.04)M[, similar measurements for two other millisecond pulsars8,28

and the range of observed masses for double neutron star binaries2. Any EOS
line that does not intersect the J1614-2230 band is ruled out by this
measurement. In particular, most EOS curves involving exotic matter, such as
kaon condensates or hyperons, tend to predict maximum masses well below
2.0M[ and are therefore ruled out. Including the effect of neutron star rotation
increases the maximum possible mass for each EOS. For a 3.15-ms spin period,
this is a =2% correction29 and does not significantly alter our conclusions. The
grey regions show parameter space that is ruled out by other theoretical or
observational constraints2. GR, general relativity; P, spin period.
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considered in this work we apply the Fermi momentum

kF ¼ 1:05 fm"1 in our potential V̂3Neff . Consistent
with the NN force, the effective cutoff for the 3NF is
! ¼ 500 MeV.

Let us comment on our phenomenological two-body

potential V̂3Neff that contains effects of 3NFs. The normal-
ordered approximation of 3NFs [9,21,22] still requires
one to compute an enormous number of three-body matrix
elements. This poses a great challenge for the large model
spaces we need to consider. The approach of this Letter is
thus simpler: The summation over the third particle is
performed in momentum space before the transformation
to the oscillator basis takes place [24]. This procedure
avoids the costly computation of three-body matrix
elements in large oscillator spaces, but it introduces an
uncontrolled approximation by replacing the mean-field
of a finite nucleus by that of symmetric nuclear matter.
To correct for this approximation, we adjusted the LEC
cE away from the optimal value established in light
nuclei [26].

The coupled-cluster method is essentially a similarity
transformation of the Hamiltonian with respect to a refer-
ence state. This method is accurate and efficient for nuclei
with closed (sub-)shells [27–29]. We compute the ground
states of 16;22;24;28O within the singles and doubles approxi-
mation, while three-particle-three-hole (3p-3h) excitations
are included in the !-CCSD(T) approach of Ref. [30]. For
excited states in these closed-shell isotopes we employ the
equation-of-motion (EOM) coupled-cluster method with
singles and doubles. The open-shell nuclei 15;17;21;23;25O
are computed within the particle attached or removed
EOM formalism, and we employ the two-particle attached
EOM formalism [31] for the nuclei 18;26O. For details about
our implementation see Ref. [32]. These EOM methods
work very well for states with dominant 1p-1h, 1p, 1h, and
2p structure, respectively. We use a Hartree-Fock basis
built in 17 major oscillator shells and varied the oscillator
spacing @! between 24 and 32 MeV. Well converged
energy minima are found at @! # 28 MeV for all oxygen
isotopes. Open decay channels and the particle continuum
near the dripline nucleus 24O are included within the
Gamow shell model [33,34]. The single-particle bound
and scattering states result from diagonalizing a spherical
Woods-Saxon Hamiltonian in a discrete momentum basis
in the complex plane [34,35]. In the case of computing
resonances in 24O we used 35 mesh points for the d3=2
partial wave on a rotated or translated contour in the
complex momentum plane as described in Ref. [36]. The
excited states we compute in 22;24O are dominated by
1p-1h excitations and continuummixing from other partial
waves is small. They result as solutions of a complex-
symmetric eigenvalue problem, and the imaginary part of
the energy yields the width of the state. In computing radii
we discretized the real momentum axis with 40 points
for the neutron and proton partial waves closest to the

threshold. This guarantees the correct exponential decay
of matter and charge densities at large distances.
Results.—Figure 1 shows the ground-state energies of

the computed oxygen isotopes (red squares) compared
with experimental data (black circles) and results limited
to chiral NN interactions only (blue diamonds). For the
isotopes around 16O, NN interactions alone already de-
scribe separation energies rather well, and the inclusion of
effects of 3NFs mainly changes underbinding into over-
binding. For the more neutron-rich oxygen isotopes, the
3NFs significantly change the systematics of the binding
energies, and energy differences are particularly well re-
produced. The nuclei 25;26O are unbound with respect to
24O by about 0.4 MeV and about 0.1 MeV, respectively, in
good agreement with experiments [4,5]. We predict 28O to
be unbound with respect to 24O by about 4 MeVand with a
resonant width of about 1 MeV. The extremely short life
time of 28O poses a challenge for experimental observa-
tion. The energy difference between light and heavy oxy-
gen isotopes is not correctly reproduced when compared to
data. We believe that this is due to the fact that our

interaction V̂3Neff is based on symmetric nuclear matter.
For smaller values of kF, the ground-state energy of the
lighter oxygen isotopes is increased (and can be brought to
good agreement with data), while the heavier isotopes are
significantly underbound. The value we chose for kF is thus
a compromise.
Let us comment on our computation of oxygen isotopes

with open shells. First, we solve the CCSD equations for
the Hamiltonian (1) of the closed-shell reference state, but
employ the mass number A$ 1 in the intrinsic kinetic
energy. In a second step, we add (remove) a neutron within
the particle attached (removed) EOM. This procedure
ensures that the final result is obtained for the intrinsic
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FIG. 1 (color online). Ground-state energy of the oxygen iso-
tope AO as a function of the mass number A. Black circles:
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