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Gd

Total
~8 MeV !

nH

2.2 MeV !

n

Super-Kamiokande Gadolinium (SK-Gd) 3
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• SK-Gd: Experiment aiming to the world’s first observation

of the Supernova Relic Neutrinos (SRN) by loading Gd in SK detector

Why Gd?

• Gd has the largest thermal neutron capture cross section among natural elements 

• Total ~8 MeV γ-rays are emitted by neutron capture on Gd 

→ Neutron detection efficiency is enhanced largely



SRN search in SK-Gd
• Target: Inverse beta decay of 𝒪(1-10) MeV #ν!

→ Can remove backgrounds w/o neutrons

• Backgrounds w/ neutrons remain

→ Focus on the atmospheric neutrino-oxygen

neutral-current quasielastic reactions (NCQE)
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Search Result (Energy Spectrum)

• Search by dividing the search energy region into 5 bins.

Preliminary
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M. Harada, “First result of a search for Diffuse Supernova Neutrino Background in SK-Gd experiment”, August 31st, 14:00

Gd

Total
~8 MeV !

pν#!

Prompt signal Delayed signal
~115 !sec (0.011% mass conc. of Gd)

n

$(1-10) MeV e+

SRN
ν"! + p → e+ + n



NCQE
• ν(#ν) + 16O → ν(#ν) + 15O + 𝒪(1) MeV γ + 𝓞(10-103) MeV n

→ By nucleon-nucleus (secondary) interaction, additionally de-excitation (secondary) γ-rays and neutrons are emitted

→ Must understand the number of secondary γ-rays and neutrons and the energy of each secondary γ-ray

• Systematic uncertainty of NCQE events in the SRN search is 68%-82%

→ The large uncertainty mainly comes from secondary interaction model
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Comparison of secondary interaction models

• Geant4-based SK detector simulation was developed

→ Various secondary interaction models can be used

→ Compared the following distributions among secondary interaction models (BERT, BIC, INCL++)

using atmospheric neutrino MC
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So far Now

SK detector simulation GEANT3-based Geant4-based

Bertini Cascade model (BERT, current official model) Available Available

Binary Cascade model (BIC) × Available

Liège Intranuclear Cascade model (INCL++) × Available

Number of secondary !-rays Number of neutron captures
Energy of each secondary !-ray Total energy of secondary !-rays
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Comparison of secondary interaction models
• In BERT, the number of secondary γ-rays is larger than

other two models

• In BERT, the number of neutron captures is larger than

other two models

• Trend is similar between BIC and INCL++
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Comparison of secondary interaction models
• In BERT, many continuous components exist

in addition to the peak structure of de-excitation γ-rays 

• In BERT, total energy of secondary γ-rays is larger than

other two models

• Trend is similar between BIC and INCL++
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Event selection 11
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Verification of secondary interaction models
• Not significant due to the small statistics, but BIC and

INCL++ are closer to the observed data than in BERT

• 𝜒" becomes significant

→ Determine the best secondary interaction model

→ Systematic uncertainty decreases in both NCQE cross

section measurement and SRN search
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NCQE cross section measurement 13
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• 𝜎#$%&'!()*+!, =
-!"# . -$!$ %&'()

*+,

-&'()
*+, × 𝜎#$%&

/0!1+2

= 0.74 ± 0.22(stat.) .𝟎.𝟏𝟔7𝟎.𝟖𝟕(syst.) × 10-38 cm2

(preliminary)

→ Consistent with 𝜎#$%&
/0!1+2 = 1.02 × 10-38 cm2

→ Consistent with the previous study in SK pure water phase

1.01 ± 0.17(stat.) .:.;:7:.<=(syst.) × 10-38 cm2

(L. Wan !"#$%., Phys. Rev. D 99, 032005 (2019))

• Large systematic uncertainty comes from the difference

among secondary interaction models 

→ Systematic uncertainty decreases by determining

the best secondary interaction model



Summary
• NCQE is one of the main backgrounds in SRN search

→ Must understand secondary interactions for the precise estimation of NCQE events

• Verified which secondary interaction model is closer to the observed data

→ Not significant due to the small statistics, but BIC and INCL++ are closer to the observed data than in BERT

• Performed the NCQE cross section measurement in SK-Gd

→ 𝜎#$%&'!()*+!, = 0.74 ± 0.22(stat.) .:.>?7:.=<(syst.) × 10-38 cm2 (preliminary)

→ Consistent with 𝜎#$%&
/0!1+2 = 1.02 × 10-38 cm2

→ Consistent with the previous study in SK pure water phase (1.01 ± 0.17(stat.) .:.;:7:.<=(syst.) × 10-38 cm2)

• Systematic uncertainty of NCQE events decreases by determining the best secondary interaction model
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Supernova Relic Neutrinos (SRN)
• SRN: Integrated flux formed by neutrinos

from all past core-collapse supernovae

• SRN flux depends on the following

Core-collapse rate

Metallicity

The number of emitted neutrinos per supernova   etc.

• Detecting the SRN would enable us to understand

the star formation history as well as the supernova mechanism
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analysis is sensitive to electron neutrinos and, due to the
irreducible solar neutrino background, its effective energy
threshold lies around thehepsolar neutrino flux end point,
around 19 MeV. Among all past analyses, the SK and
KamLAND experiments placed the most stringent upper
limits on the DSNBø! e 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 a22.5 ! 1496-kton á 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 19.3Ð
83.3 MeV neutrino energy range. This analysis already
allowed us to disfavor the most optimistic DSNB predic-
tions, in particular the Totani! 95model[8], and constrain
the parameter space of the Kaplinghat! 00 model[9]. In
2012, an improved analysis was performed at SK, using a
22.5 ! 2853-kton á day exposure, a lower neutrino energy
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FIG. 1. DSNB ø! e flux predictions from various theoretical models (Horiuchi! 21 [13], Tabrizi! 21 [14], Kresse! 21 [12],
Horiuchi! 18 [11], Nakazato! 15 [6], Galais! 10[15], Horiuchi! 09 [16], Lunardini09[10], Ando! 09[17], Kaplinghat! 00 [9],
Malaney97[7], Hartmann! 97 [18], and Totani! 95 [8]). Refer to each publication for the detailed descriptions of models. In the
legend,ÒNOÓand ÒIOÓrepresent neutrino normal and inverted mass orderings assumed in the calculation, respectively. For the
Horiuchi! 09 model with a 6 MeV temperature, only the maximal flux prediction is shown. The prediction for the Galais! 10 model
here is extrapolated up to 50 MeV, as the original publication was served up to 40 MeV. The prediction by Nakazato! 15 is only
available up to 50 MeV. The values of the flux used in this analysis for the Ando! 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" " 204.8 # 0.4 #s [20].

K. ABE et al. PHYS. REV. D104, 122002 (2021)
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SRN flux
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Hubble constant
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Total core-collapse rate

Metallicity distribution function of progenitors

Initial mass function of progenitors

Neutrino number spectrum from the core-collapse of a progenitor (𝐸@K = (1 + 𝑧)𝐸@)
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stage(see Figure 14 of Nakazato et al.2013) because a mean
free path of�Ox is longer than those of�Oe and�Oøe. On the other
hand, high-energy�Oe and�Oøe are more ef! ciently emitted than�Ox
later on the accretion phase(! 200 ms after the bounce) and the
difference in the total emission number of�Oøe and �Ox gets
smaller. Thus the difference in the SRN spectra for the normal
and inverted mass hierarchies is clear for models with a short

mass accretion. Note thatLS EOS model has a shorter time to
black hole formation, which corresponds to the duration of
mass accretion, than Shen EOS model.

6. CONCLUSION AND DISCUSSION

In this paper, we have studied the SRN spectrum and event
rate involving black-hole-forming failed supernovae. To

Figure 9. Same as Figure7 but for the models with metallicity evolution ofDA08+M08, shock revival time of ��t 200revive ms and Shen EOS. Dashed, solid, and
dotted lines correspond to models with the CSFRD ofHB06, DA08 andK13, respectively.

Figure 10.Total" uxes of SRNs(solid) and contributions from various redshift ranges for the reference model. The lines except for the solid line correspond, from top
to bottom, to the redshift ranges� � � �z0 1, � � � �z1 2, � � � �z2 3, � � � �z3 4, and � � � �z4 5, for ���OE 10 MeV. The left and right panels show the cases for normal
and inverted mass hierarchies, respectively.
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spectrum(in units of MeV! 1 cm! 2 s! 1) as
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We do not vary the cosmological assumptions within our work,
following most publications on the DSNB topic. For recent
studies of the impact of different cosmological models on the
DSNB, the reader is referred to Barranco et al.(2018) or Yang
et al. (2019). Having described our computational model with
all of its required inputs, we now proceed to a discussion of our
results.

4. Fiducial DSNB Model

In this section, we present our! ducial DSNB predictions and
show how the single components(ECSNe, SNe, and failed SNe
at various redshifts) contribute to the total" ux. The following
set of inputs makes up our! ducial model:

1. As in Ertl et al.(2016) and Sukhbold et al.(2016), we
take the intermediate engine model Z9.6 and W18(with
26.9% failed SNe) as our reference case.11

2. Guided by Margalit & Metzger(2017), we assume a
! ducial value of ��M M2.7NS,b

lim
�: for the NS(baryonic)

mass limit, where a PNS is assumed to collapse to a BH
and the neutrino signal is truncated(see Section2.3).

3. According to our detailed analysis of the spectral shapes in
AppendixD, we take aÒbest-! tÓvalue of! = 3.5 for the
instantaneous spectral-shape parameter of�Oeø for successful
SNe with baryonic NS masses ofMNS,b ! 1.6Me , of

! = 3.0 for SNe withMNS,b > 1.6Me , and of! BH = 2.0
for BH-forming, failed explosions.

4. As our reference for the cosmic core-collapse rate, we
take Equations(7) and(8) with the best-! t parameters for
the SFH according to Mathews et al.(2014, Table 1),
which yield RCC(0) = 8.93! 10! 5 Mpc! 3 yr! 1 for the
local universe.

In Figure 3, we ! rst illustrate how the various sources
contribute to the total DSNB" ux spectrum,d! / dE, of electron
antineutrinos, using our! ducial model. The left panel shows
the individual" uxes arising from ECSNe,ÒconventionalÓiron-
core SNe, and BH-forming, failed SNe(light to dark solid
lines). Integrated over all energies, ECSNe contribute only
2.3% (0.7 cm! 2 s! 1) to the total" ux (28.8 cm! 2 s! 1), whose
spectrum is shown by a black dashed line. This value is much
lower than the" 10% suggested by Mathews et al.(2014) as
they assumed a considerably wider ZAMS mass range,
(8Ð10) Me , compared to the(8.7Ð9) Me applied in our work
(see Jones et al.2013; Doherty et al.2015). Above 15 MeV, the
contribution of ECSNe accounts for even less than 1% due to
the more rapidly declining spectrum(recall the low mean
energy of 11.6 MeV mentioned in Section2). However, since
the exact mass window of ECSNe is still unclear(see, e.g.,
Poelarends et al.2008; Jones et al.2013, 2016; Doherty et al.
2015; Kirsebom et al.2019; Zha et al.2019; Leung et al.2020)
and other sources such as ultrastripped SNe, AIC events, and
MIC events might contribute to the DSNB" ux with source
spectra similar to those of ECSNe, we will consider an
enhanced LM component in Section5.2.

ÒConventionalÓ iron-core SNe and failed SNe possess
comparable integrated" uxes(16.0 cm! 2 s! 1 and 12.1 cm! 2 s! 1)
in the case of our! ducial model as shown in Figure3, yet with
distinctly different spectral shapes. Below" 15 MeV, the
contribution from successful explosions is greater, whereas failed
explosions dominate the" ux at high energies due to their
generally harder spectra(see bottom panel of Figure2). This has
been pointed out by previous works(e.g., Lunardini2009; Keehn
& Lunardini 2012; Nakazato2013; Priya & Lunardini2017) and
can also be seen in Table2, where we list the relative" ux
contributions from the various sources for different ranges of
neutrino energies. Between 20 MeV and 30 MeV, failed SNe
account for 62% of the total" ux (at still higher energies, even
76%). Naturally, these numbers(here given for our reference

Figure 3.Components of the DSNB" ux spectrum,d! / dE, of electron antineutrinos arriving on Earth with energyE for the case of our! ducial model(Z9.6 and W18;
��M M2.7 ;NS,b

lim
�: best-! t ! ). In the left panel, solid lines correspond to the contributions from ECSNe(light), successful iron-core SNe(medium), and failed SNe

(dark) to the total DSNB" ux (dashed line). The right panel shows the" ux originating from different redshift intervals(light to dark for increasing redshift). To guide
the eye, the approximate detection window of(10Ð30) MeV is bracketed by shaded vertical bands.

11 The resulting nucleosynthesis yields show reasonable agreement with the
solar element abundances(when type Ia SNe are included), and the NS mass
distribution roughly! ts observational data(…zel & Freire2016), as does the
distribution of BH masses(Wiktorowicz et al.2014) if one assumes that only
the starÕs helium core collapses while its hydrogen envelope gets unbound(see
Nadezhin1980; Lovegrove & Woosley2013; Kochanek2014). For more
details, the reader is referred to Sukhbold et al.(2016). The rather high fraction
of failed explosions(26.9%; see Table1) is not unrealistic given the large
discrepancy between the observed SN rate and the SFH(Horiuchi et al.2011).
Also the recent discovery of a disappearing star(Adams et al.2017) supports a
nonzero fraction of failed explosions. Our weakest engine model, Z9.6 and
W20, which yields by far the largest fraction of failed SNe(41.7%; see
Table1), is disfavored since it would lead to a signi! cant underproduction of
s-process elements(Brown & Woosley2013; Sukhbold et al.2016).

8
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Super-Kamiokande (SK)
• Large water Cherenkov detector (1996 - )

• Super-Kamioka Nucleon Decay Experiment

• Super-Kamioka Neutrino Detection Experiment

• Consists of tank filled with ultrapure water and photomultiplier tube (PMT)

• ID: Reconstruct the information of charged particle

• OD: Veto cosmic ray muons

20
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! Time
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50 kilotons (FV: 22.5 kilotons)

Inner detector (ID)
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Super-Kamiokande Gadolinium (SK-Gd)

u : atomic mass unit

1 u ! 1.66054 " 10!"# kg ! 931.478 MeV/c"

Gd" : 314.5 u

(SO$)% : 288.18 u

8H"O : 144.12 u

21
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Element Atomic weight

Gd 157.25 u

S 32.065 u

O 15.999 u

H 1.00784 u

132 tons �Æ~90%
(ultimate goal)

40 tons �Æ~75%
(happening now!)

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

on gadolinium
(SK-VI status)
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Neutron capture time constant 22
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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 Ð The shear blender consists of three parts:

Ð Dissolving hopper Ð Volume: 66 ! ; material: SUS316L.
Ð Self-priming sanitary pump Ð Model: SIPLA Adapta 28.1;

flow rate: 23 m 3/h; head: 20 m; power: 7.5 kW (4 pole,
200 V); rotation speed: 1750 rpm.

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

¥ Solvent tank Ð Tank capacity: 6 m3 (1922 mm ! , 2350 mm H);
material: PE; thickness: 9.5 mm.

¥ Dissolving tank Ð Tank capacity: 4 m3 (1740 mm ! , 1780 mm
H (cylinder), 280 mm H (taper)); material: PE; thickness: 9 mm.

¥ Solution tank Ð Tank capacity: 6 m3 (1922 mm ! , 2350 mm H);
material: PE; thickness: 9.5 mm.

¥ Pumps Ð Three pumps are in the dissolving system:

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

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

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

A.2. Pretreatment system

¥ Prefilter Ð 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) Ð Wavelengths 253.7 nm and
184.9 nm; power: 0.81 W; Chiyoda Kohan Steritron WOX (lamp:
CX1501).

¥ Cation exchange resin tank Ð Size: 1600 mm! 1460 H; ma-
terial: SUS304; resin volume: 1200 ! ; resin type: AMBERJET
1020(Gd).

¥ Anion exchange resin tank Ð Size: 1600 mm! 1460 mm H;
material: SUS304; resin volume: 2400 ! ; resin type: AMBERJET
4400(SO4).

¥ Middle filter Ð 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 Ð Wavelength 253.7 nm; power: 0.3 W; Chiyoda
Kohan Steritron UEX (lamp: CS1001N).

¥ Postfilter Ð 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 Ð 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 Ð Tank capacity: 10 m3 (2280 mm ! , 2780 mm
H); material: PE; thickness: 12.5 mm.

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

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

¥ Cation exchange resin tank Ð Size: 2100 mm! 1610 mm H;
material: SUS304; resin volume: 2400 ! ; resin type: AMBER-
JET1020(Gd).

¥ Anion exchange resin tank Ð Size: 2100 mm! 1610 mm H; ma-
terial: SUS304; resin volume: 4600 ! ; resin type: AMBERJET4400
(SO4).

¥ Middle filter Ð 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 Ð Wavelength: 253.7 nm; power: 0.97 W; Chiyoda
Kohan Steritron UEX (lamp: CS1001N).

¥ Ultrafiltration modules (UF) Ð 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:
! 5 ppb; material: polysulfone (capillary membrane), polysulfone
(housing).

¥ Second buffer tank Ð Tank capacity: 20 m3 (2710 mm ! ,
3810 mm H); material: PE; thickness: 15 mm.

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

¥ Membrane degasifier (MD) Ð 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 ! /min (per module).

¥ Final Heat exchange unit Ð Heat transfer area: 21.15 m2, plate
material: SUS316; plate gasket: butyl (isobuteneÐisoprene) rub-
ber.

¥ Pumps Ð Pumps in the recirculation system:

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

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

Ð Supply pump after second buffer tank Ð 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 detectorÕs 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.
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Table 2. Relative abundances of gadolinium isotopes in natural gadolinium [40] 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

neutron-capture cross-sections of all the gadolinium isotopes in natural gadolinium, which deÞnes the
composition of how gadolinium is commonly loaded to neutrino target materials, is given in Table2.1

The! 8 MeV excitation energy from the Gd(n, ! ) reaction is released in several! rays. Due to the
calorimetric measurement, liquid scintillator detectors simply need to look for this energy deposition,
assuming that all the! rays are fully contained inside the active volume.A water Cherenkov detector,
however, detects only part of it due to the above-mentioned energy threshold. Therefore, good
understanding of the multiplicities of! rays from Gd(n, ! ) reactions and their energy distributions in
the range 0.1Ð8 MeV is an important prerequisite to proper prediction of neutron tagging efÞciencies
in gadolinium-loaded water Cherenkov detectors based on MC simulations.

3. Experiment

We performed our measurements of the thermal neutron capture on gadolinium with an enriched
157Gd target inside the Ge spectrometer of ANNRI [24Ð28] at JSNS of J-PARC in December 2014.
The JSNS complex provides neutrons with energies up to 100 keV. Its beam is one of the most intense
pulsed neutron beams for precise neutron TOF experiments in the world, especially in the thermal
energy region. The ANNRI detector, located at Beam Line No. 4 [24] of the MLF, is dedicated to
the measurement of cross-sections and! -ray spectra of neutronÐnucleus interactions with excellent
energy resolution compared to other! -ray spectrometers.

3.1. Detector setup
During our measurements, the JSNS was powered by a 300 kW beam of 3 GeV protons in Òdouble-
bunch modeÓ that hit a mercury target at a repetition rate of 25 Hz. This created the two 100 ns wide
neutron beam bunches with 600 ns spacing every 40 ms. At the target position inside the ANNRI
spectrometer, which is located 21.5 m from the neutron beam source, the neutron beam delivered an
energy-integrated neutron intensity of about 1.5" 107/ cm2/ s.

The ANNRI spectrometer consists of two Ge cluster detectors with anti-coincidence shields made
of bismuth Ge oxide (BGO) and eight co-axial Ge detectors. Since the co-axial detectors were still
in repair after the Tohoku earthquake on 11 March 2011, we only used the two Ge cluster detectors
shown in Fig.1(a) in the present analysis. The clusters are placed perpendicular to the aluminum
beam pipe (Fig.1(b)), with the front faces 13.4 cm above and below the target position. They provide

1 The thermal neutron-capture cross-section of gadolinium, especially of155Gd and157Gd, is still under
discussion [4,10].
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Probing supernova shock waves

Figure 5. E! ective neutrino interaction cross sections as a function of energy,
including energy resolution and threshold e! ects. See the text for details.

Figure 5 shows the e! ective cross sections as a function of neutrino energy for the
various processes discussed before, including resolution and threshold e! ects. Notice that,
on adding Gd [18], the neutron capture signature allows us to detect sub-threshold inverse
beta decay events.

3. Observables not probing shock waves

In this section we discuss the results of our calculations for time-integrated observables,
such as the total number of events from a single supernova explosion or from the di! use
supernova neutrino background, which are basically insensitive to shock wave e! ects.
Oscillation e! ects are simply accounted for by varyingPH over its full range [0, 1] for both
normal and inverted hierarchies (for a static proÞle,this is equivalent to varying sin2 ! 13

in the currently allowed range, sin2 ! 13 ! a few %; see e.g., [10]).

3.1. Total number of events

Figure 6 shows the total number of events expected in a 0.4 Mton detector for various
interaction processes, as a function of the supernova distance in kpc. (For the sake
of comparison, the vertical axis on the right refers to the number of events for a SK-
like volume of 22.5 kton.) Relatively close stars which might evolve into core collapse
supernovae at unpredictable future times include Betelgeuse, Mira Ceti and Antares.
For closegalaxies [44], the rate of core collapse supernovae may be inferred from their
luminosity and morphology [45]; representative estimates based on [44, 45] (to be taken
within a factor of two) are reported in the upper part of the Þgure for: the galactic
centre, the Large Magellanic Cloud (LMC) andthe M31 + M33 spiral galaxies. For each
interaction process, the uncertainty dueto our ignorance of the hierarchy and ofPH ! [0, 1]
is accounted for by the vertical spread of thebands. The di! erent spreads reßect di! erent
sensitivities to neutrino ßavour transitions. Let us now discuss the various classes of events
from bottom to top.

Journal of Cosmology and Astroparticle Physics 04 (2005) 002 (stacks.iop.org/JCAP/2005/i=04/a=002 ) 11
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supernova neutrino background, which are basically insensitive to shock wave e! ects.
Oscillation e! ects are simply accounted for by varyingPH over its full range [0, 1] for both
normal and inverted hierarchies (for a static proÞle,this is equivalent to varying sin2 ! 13

in the currently allowed range, sin2 ! 13 ! a few %; see e.g., [10]).

3.1. Total number of events

Figure 6 shows the total number of events expected in a 0.4 Mton detector for various
interaction processes, as a function of the supernova distance in kpc. (For the sake
of comparison, the vertical axis on the right refers to the number of events for a SK-
like volume of 22.5 kton.) Relatively close stars which might evolve into core collapse
supernovae at unpredictable future times include Betelgeuse, Mira Ceti and Antares.
For closegalaxies [44], the rate of core collapse supernovae may be inferred from their
luminosity and morphology [45]; representative estimates based on [44, 45] (to be taken
within a factor of two) are reported in the upper part of the Þgure for: the galactic
centre, the Large Magellanic Cloud (LMC) andthe M31 + M33 spiral galaxies. For each
interaction process, the uncertainty dueto our ignorance of the hierarchy and ofPH ! [0, 1]
is accounted for by the vertical spread of thebands. The di! erent spreads reßect di! erent
sensitivities to neutrino ßavour transitions. Let us now discuss the various classes of events
from bottom to top.
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Background and SRN
• Atmospheric neutrino charged-current reactions were the main background of SRN search
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NCQE
• 𝒪(102-104) MeV atmospheric neutrino reacts with oxygen nucleus

→ 𝒪(1) MeV de-excitation γ-ray and 𝒪(10-103) MeV neutron are emitted 

• Difficult to distinguish NCQE events from SRN events 

→ Important to estimate NCQE events precisely
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Energy of primary neutron
SRN: #ν! + p → e+ + n

NCQE: ν(#ν) + 16O → ν(#ν) + 15O + γ + n
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Flux upper limit
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INC model
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! Target nucleus is treated like a continuum with density distribution 

! The collision point # is given by the following equation

# ! $ %&' (

! $
!

"

#

$%-. & # ' $ %-/
&' (

% : Mean free path

( : Uniform random number between [0, 1)

) : Nucleon density

* : Mass number

+ : Number of protons

, () : Collision cross section between the incoming particle and target proton

, (* : Collision cross section between the incoming particle and target neutron
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INC model
57.%&'%"%('%()*+,-*./'%0*12+-8*+,-9::6

! Each projectile and target nucleon is given a position and momentum

! The nucleons will propagate until they come close to a certain distance -

- .
%--

+

%: Nucleon-nucleon collision cross section
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FIG. 15. TheErec distributions for! C ! !38; 50" degrees and
! C ! !78; 90" degrees before the CC interaction cut and after all
of the preceding cuts described in Sec.IV. The top two figures are
the FHC results while the bottom two are the RHC results.
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all of the preceding cuts described in Sec.IV. The top two figures
are the FHC results while the bottom two are the RHC results.
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