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Outline 

• DSNB Overview 
• What is the diffuse supernova neutrino background? 
• Why is it interesting to measure? 
• Through what mechanisms can we detect this signal? 

• Recent Searches 
• What are the latest experimental findings? 
• Where are we now relative to model predictions? 

• Future Prospects 
• What will upcoming and next-generation experiments offer? 
• What does the future hold for this field?
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Supernova Neutrinos 
The Diffuse Supernova Neutrino Background Source
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Core-Collapse Supernovae 
• Most energy loss through neutrinos (∼1053 erg) 
• Rich physics in neutrino bursts from nearby 

CCSNe — detectors are ready (cf. SNEWS)! 
• Detectable bursts are rare events 

• kpc: ∼few/century → ≫ 1 event 
• One detection: SN1987A 

• Mpc: ∼once a year → ∼1 event 
• Observable universe: ∼1 Hz → ≪ 1 event

Diffuse Supernova Neutrino Background (DSNB) 
also Supernova Relic Neutrinos (SRN) — 

The diffuse "glow" of neutrinos from distant 
core-collapse supernovae
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(snews2.org)

http://snews2.org
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Supernova Physics & Cosmology 
• Spectrum and flux → average 

temperature and luminosity 
• Typical SNe dynamics 
• Rate of failed SNe 
• Universe's history and evolution

Unique Physics Insights 
The Diffuse Supernova Neutrino Background Source

Elementary Particle Physics 
• Neutrino oscillations in dense 

media, ν–ν interactions, NSI 
• Fundamental neutrino physics 

• Lifetime, pseudo-Dirac nature 
[PRD 102, 123012 (2020)] 

• MSW oscillations, decay [PRD 
105, 043008 (2022); JCAP05(2021)011] 

• A complete picture requires 
measuring the DSNB spectrum and 
flavor composition

The DSNB is a uniquely informative neutrino source.

INSPIRE References 
diffuse supernova neutrino | relic supernova neutrino

inspirehep.net



DSNB: Source 
Modeling & Inputs
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→ New SNe & particle physics effects!

→ Cosmological effects!
 → Cosmology and star formation!

See also: Session S14: Astrophysical Neutrinos I 
Meng-Ru Wu, "Neutrinos in supernovae and binary 
neutron star mergers"
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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)
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Modeling impact

Phys. Rev. D. 104, 
122002 (2021)
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→ New SNe & particle physics effects!

→ Cosmological effects!
 → Cosmology and star formation!

See also: Session S14: Astrophysical Neutrinos I 
Meng-Ru Wu, "Neutrinos in supernovae and binary 
neutron star mergers"
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Figure 2
Cross sections per target for relevant interactions. See http://www.phy.duke.edu/∼schol/snowglobes for
references for each cross section plotted. Abbreviations: IBD, inverse β decay; NC, neutral current.

produced particle; and T (Ê) and V (Ê−E ′) model the detector threshold and energy response, re-
spectively. Here, we employ SNOwGLoBES (http://www.phy.duke.edu/∼schol/snowglobes),
which makes use of GLoBES (http://www.mpi-hd.mpg.de/lin/globes/) to compute the event
rates.

For a successful supernova burst observation, the detector background rate must not greatly
exceed the signal rate in a ∼10-s burst. Backgrounds for supernova neutrino detection vary by
detector type and location. Ambient radioactivity, from the environment or detector materials
(e.g., uranium/thorium chain isotopes and radon), is nearly always of some concern, although
typically such background events do not have energies higher than ∼7–10 MeV, and a relatively
high fraction of burst signal events exceed that energy threshold. Nevertheless, radioactivity can
be troublesome for measurements of the low-energy end of the signal, possibly at late times, and
for low-threshold detectors (see Section 4.6).

Cosmic ray–related backgrounds can be suppressed by siting detectors deep underground.
However, cosmic-ray muons can still penetrate to deep sites and produce nuclear fragments via
spallation or capture processes with atoms in a detector or surrounding materials. These spallation
fragments include radioactive nuclei and neutrons or other hadrons, which later interact with
nuclei; the various products can decay on timescales ranging from less than milliseconds to hours,
days, or longer. The distribution of products is not well understood for all target nuclei. Muon
spallation events can produce fake bursts over timescales of tens of seconds. In principle, if one
can identify the parent muon of a spallation event or require spatial uniformity (because spallation
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K. Scholberg 
Annu. Rev. Nucl. Part. Sci. 2012. 62:81-103 

Roughly equal luminosity in each flavor 
(Under standard modeling assumptions)
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Figure 2
Cross sections per target for relevant interactions. See http://www.phy.duke.edu/∼schol/snowglobes for
references for each cross section plotted. Abbreviations: IBD, inverse β decay; NC, neutral current.

produced particle; and T (Ê) and V (Ê−E ′) model the detector threshold and energy response, re-
spectively. Here, we employ SNOwGLoBES (http://www.phy.duke.edu/∼schol/snowglobes),
which makes use of GLoBES (http://www.mpi-hd.mpg.de/lin/globes/) to compute the event
rates.

For a successful supernova burst observation, the detector background rate must not greatly
exceed the signal rate in a ∼10-s burst. Backgrounds for supernova neutrino detection vary by
detector type and location. Ambient radioactivity, from the environment or detector materials
(e.g., uranium/thorium chain isotopes and radon), is nearly always of some concern, although
typically such background events do not have energies higher than ∼7–10 MeV, and a relatively
high fraction of burst signal events exceed that energy threshold. Nevertheless, radioactivity can
be troublesome for measurements of the low-energy end of the signal, possibly at late times, and
for low-threshold detectors (see Section 4.6).

Cosmic ray–related backgrounds can be suppressed by siting detectors deep underground.
However, cosmic-ray muons can still penetrate to deep sites and produce nuclear fragments via
spallation or capture processes with atoms in a detector or surrounding materials. These spallation
fragments include radioactive nuclei and neutrons or other hadrons, which later interact with
nuclei; the various products can decay on timescales ranging from less than milliseconds to hours,
days, or longer. The distribution of products is not well understood for all target nuclei. Muon
spallation events can produce fake bursts over timescales of tens of seconds. In principle, if one
can identify the parent muon of a spallation event or require spatial uniformity (because spallation
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Roughly equal luminosity in each flavor 
(Under standard modeling assumptions)

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)
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Figure 2
Cross sections per target for relevant interactions. See http://www.phy.duke.edu/∼schol/snowglobes for
references for each cross section plotted. Abbreviations: IBD, inverse β decay; NC, neutral current.

produced particle; and T (Ê) and V (Ê−E ′) model the detector threshold and energy response, re-
spectively. Here, we employ SNOwGLoBES (http://www.phy.duke.edu/∼schol/snowglobes),
which makes use of GLoBES (http://www.mpi-hd.mpg.de/lin/globes/) to compute the event
rates.

For a successful supernova burst observation, the detector background rate must not greatly
exceed the signal rate in a ∼10-s burst. Backgrounds for supernova neutrino detection vary by
detector type and location. Ambient radioactivity, from the environment or detector materials
(e.g., uranium/thorium chain isotopes and radon), is nearly always of some concern, although
typically such background events do not have energies higher than ∼7–10 MeV, and a relatively
high fraction of burst signal events exceed that energy threshold. Nevertheless, radioactivity can
be troublesome for measurements of the low-energy end of the signal, possibly at late times, and
for low-threshold detectors (see Section 4.6).

Cosmic ray–related backgrounds can be suppressed by siting detectors deep underground.
However, cosmic-ray muons can still penetrate to deep sites and produce nuclear fragments via
spallation or capture processes with atoms in a detector or surrounding materials. These spallation
fragments include radioactive nuclei and neutrons or other hadrons, which later interact with
nuclei; the various products can decay on timescales ranging from less than milliseconds to hours,
days, or longer. The distribution of products is not well understood for all target nuclei. Muon
spallation events can produce fake bursts over timescales of tens of seconds. In principle, if one
can identify the parent muon of a spallation event or require spatial uniformity (because spallation
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Roughly equal luminosity in each flavor 
(Under standard modeling assumptions)

NC Coherent ν–A

Figure: 
COHERENT

Suliga, Beacom, Tamborra, 
PRD 105, 043008 (2022) [Xe/Pb] 
Pattavina, Iachellini, Tamborra, 
PRD 102, 063001 (2020) [Pb]

Coherent ν–A

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)
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Phys. Rev. D. 104, 
122002 (2021)
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Figure 2
Cross sections per target for relevant interactions. See http://www.phy.duke.edu/∼schol/snowglobes for
references for each cross section plotted. Abbreviations: IBD, inverse β decay; NC, neutral current.

produced particle; and T (Ê) and V (Ê−E ′) model the detector threshold and energy response, re-
spectively. Here, we employ SNOwGLoBES (http://www.phy.duke.edu/∼schol/snowglobes),
which makes use of GLoBES (http://www.mpi-hd.mpg.de/lin/globes/) to compute the event
rates.

For a successful supernova burst observation, the detector background rate must not greatly
exceed the signal rate in a ∼10-s burst. Backgrounds for supernova neutrino detection vary by
detector type and location. Ambient radioactivity, from the environment or detector materials
(e.g., uranium/thorium chain isotopes and radon), is nearly always of some concern, although
typically such background events do not have energies higher than ∼7–10 MeV, and a relatively
high fraction of burst signal events exceed that energy threshold. Nevertheless, radioactivity can
be troublesome for measurements of the low-energy end of the signal, possibly at late times, and
for low-threshold detectors (see Section 4.6).

Cosmic ray–related backgrounds can be suppressed by siting detectors deep underground.
However, cosmic-ray muons can still penetrate to deep sites and produce nuclear fragments via
spallation or capture processes with atoms in a detector or surrounding materials. These spallation
fragments include radioactive nuclei and neutrons or other hadrons, which later interact with
nuclei; the various products can decay on timescales ranging from less than milliseconds to hours,
days, or longer. The distribution of products is not well understood for all target nuclei. Muon
spallation events can produce fake bursts over timescales of tens of seconds. In principle, if one
can identify the parent muon of a spallation event or require spatial uniformity (because spallation
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Roughly equal luminosity in each flavor 
(Under standard modeling assumptions)

NC Coherent ν–A

Figure: 
COHERENT

Suliga, Beacom, Tamborra, 
PRD 105, 043008 (2022) [Xe/Pb] 
Pattavina, Iachellini, Tamborra, 
PRD 102, 063001 (2020) [Pb]

Coherent ν–A

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].
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Super-Kamiokande Sudbury Neutrino 
Observatory

Phys. Rev. D. 104, 
122002 (2021)

Phys. Rev. D. 102, 
062006 (2020)

Joint SK I–IV ν̅e search Full dataset νe

Borexino

Astropart. Phys. 125, 
102509 (2021)

Astrophysical ν̅e

KamLAND

Astrophys. J. 
 925:14 (2022)

Astrophysical ν̅e
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The Experiment
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Location: Kamioka Mine, Japan 
Type: Water Cherenkov 
Channel: νe̅ IBD 
Mass: 50 kton (22.5 fiducial) 
Exposure: 22.5 kton × 5823 days 
Depth: 2700 mwe

Super-Kamiokande 
(SuperK)

• Phases I–III (1996 – 2008 → 3033 d) 
• Phase IV (2008 – 2018 → 2790 d) 

• Improved triggering → neutron tagging 
• Phase VI (Jul. '20 – present) 

• Gd loading → next talk! Image: Super-
Kamiokande 
Collaboration
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Super-Kamiokande Collaboration, 
Phys. Rev. D 104, 122002 (2021)

Channel: νe̅ Inverse Beta Decay (IBD) 
Signatures: Prompt e+ (SKI–IV) and neutron (SKIV) 
Exposure: 22.5 kton × [3033 (I–III) + 2790 (IV)] days

Analysis Highlights: 
• Huge exposure in SK I–IV 
• Enhanced trigger with 500 μs 

window for neutron captures 
• Improved analysis algorithms 

• Neutron capture selection 
• Multivariate likelihood 

reduces spallation 
backgrounds significantly 

• Angle/scattering-based 
solar neutrino rejection

Neutron captures via 
BDT-based search of 
low-energy event 
clusters, tuned with 
AmBe source data}

Model-Independent Analysis (SK IV, Nn = 1) 
• Differential upper limit, 9.5 < Eν < 29.5 MeV 
• Atmospherics constrained with high-energy sideband 
• Data-driven estimates for modeling of neutron 

multiplicity (T2K), 9Li (SK), accidentals (SK)

Spectral Analysis (SK I–IV) 
• Fit to a benchmark model, 15.5 < Eν < 79.5 MeV 
• Six samples: (3×Cherenkov angle)×(2×Nn) 

• Separates signal IBD, invisible/visible μ/π, 
NCQE, and spallation backgrounds 

• Likelihood fit in normalizations, PDF shapes 
• Combined fit with SK I–III data (PRD 85, 052007, 

2012), using SK IV model to account for spallation

continuous dark noise cut relies on investigating PMT hit
pairs, its efficiency sharply increases near the edge of the
SHEþ AFT window. We restrict the neutron search win-
dow to ½14; 523# μs (½14; 373# μs for events with a 350-μs
AFT window). After these different steps, neutron candi-
date preselection is associated with an efficiency of 44.7%.

2. Boosted decision tree

After preselection, we are still left with a large back-
ground from, e.g., dark noise fluctuations and radon decays
[73], totaling about seven neutron candidates per event. To
further reduce this background, for each neutron candidate
22 discriminating variables are calculated. These variables
are related to specific features of noise events (such as
clustered PMT hits), the Cherenkov light pattern of the
neutron candidate, and its position with respect to the
primary event vertex. These 22 observables are then used
in a Boosted Decision Tree (BDT), implemented using the
XGBoost Python library [74]. The BDT is trained using a
data set of 2.8 × 108 neutron candidates. In this sample,
about 2 × 106 candidates are neutron captures simulated
using the procedure described in Sec. III B and the rest are
composed of low energy accidental coincidences from
random trigger events. Table II summarizes the BDT
training parameters. The final BDT performance is shown
in Fig. 15. Even accounting for preselection cuts, this
neutron tagging algorithm allows reduction of the back-
ground rate by a factor of 7 compared to the analysis
presented in Ref. [72] for the same signal efficiency.

3. Systematic uncertainty on neutron tagging efficiency

To estimate the systematic uncertainty on the BDT
efficiency associated with the mismodeling of neutron
propagation in water and the 2.2 MeV photon emission,
we compare the efficiencies predicted by the IBD Monte-
Carlo simulation to measurements performed using an
americium-beryllium (241Am=Be) radioactive source
embedded in a bismuth germanium oxide (BGO) scintilla-
tor. A detailed description of this procedure is given in
Ref. [35]. To calculate the neutron identification efficiency
for data, we follow the methodology described in Ref. [76]
and fit the timing distribution of tagged neutrons by a
decaying exponential plus a constant term as shown in

Fig. 16. True neutron capture event counts decay exponen-
tially in time from the detection time of the prompt event,
while uncorrelated backgrounds are constant in time. By
comparing the efficiency in data and simulation for BDT cut
points relevant in our analysis, as described in Appendix B,
we assign a relative uncertainty of 12.5% for all neutron
tagging cuts.

E. Solar neutrino cut

Since even mild neutron tagging cuts can reduce solar
neutrino backgrounds to negligible levels, dedicated solar

FIG. 15. Neutron identification efficiency and mistag rate of
BDT used for the current analysis. The red band depicts the
uncertainty associated with the time dependence of the noise in
SK, as described in Sec. VI A 4. The fraction of remaining IBD
neutrons and the number of accidental coincidences per event
after preselection, averaged over the entire SK-IV period, are
44.7% and 7, respectively. These values depend linearly on the
PMT noise [75], and hence vary by about 15% over the SK-IV
period.

TABLE II. Parameters used for the training of the neutron
tagging BDT in the XGBoost Python library framework.

Parameter Value

Learning rate 0.02522
Subsample 0.97
Max depth 10
Tree method approx
Max iterations 1500
Best iteration 1170

FIG. 16. Exponentialþ constant fit of neutron candidate tim-
ings in the 2016 241Am=Be sample collected at the center of the
SK tank. The resulting time constant, 195.5$ 6.1 μs, is con-
sistent with prior measurements.
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PMT noise [75], and hence vary by about 15% over the SK-IV
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tagging BDT in the XGBoost Python library framework.
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FIG. 16. Exponentialþ constant fit of neutron candidate tim-
ings in the 2016 241Am=Be sample collected at the center of the
SK tank. The resulting time constant, 195.5$ 6.1 μs, is con-
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SK IV neutron tagging
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The current limit disfavors the Totaniþ 95 model [8] and
the most optimistic predictions of the Kaplinghatþ 00
model [9], and is reaching close to several other model
predictions. Due to not only a higher exposure but also
higher cut efficiencies and more precise background
estimation, this new analysis considerably improves on
the previous SK-IV DSNB model-independent search [71].

VII. SPECTRAL FITTING

In this section, we derive model-dependent limits on the
DSNB flux by fitting signal and background spectral
shapes to the observed data in the 15.5–79.5 MeV range,
and combine the results with the ones from previous SK
phases [22] to achieve a 22.5 × 5823 kton · day exposure.
While atmospheric neutrino backgrounds, notably from
decays of invisible muons and pions, will dominate over
most of the analysis window, we also account for possible
residual spallation in 15.5–19.5 MeV.

A. Signal and sideband regions

In order to evaluate the number of atmospheric neutrino
background events, we define three regions of parameter
space based on the reconstructed Cherenkov angle: one

signal region with θC ∈ ½38; 50#° that will contain most
of the signal and the irreducible backgrounds, and two
sidebands with θC ∈ ½20; 38#° and θC ∈ ½78; 90#°. The low
Cherenkov angle region will be populated with mostly
atmospheric backgrounds involving visible muons and
pions while the high angle region will be mostly populated
by NCQE atmospheric neutrino events with multiple γ rays.
Finally, we separate events with exactly one identified
neutron from the others, thus defining an “IBD-like” and a
“non-IBD-like” region. Note that due to the low efficiencies
of the neutron tagging cuts the non-IBD-like region is
expected to contain a sizable amount of signal. Our analysis
will hence involve six regions of parameter space: two
signal regions with intermediate values of the Cherenkov
angle and four sidebands with low and high Cherenkov
angle values, as summarized in Table VI.

B. Spectral shape fitting

We perform a simultaneous fitting of the signal and
background spectra to the observed data in all six regions of
parameter space defined in Table VI using an extended
maximum likelihood method. Performing this type of
analysis requires knowing the shapes of the signal and
background spectra in each of the regions. While the signal

 Energy [MeV]eν
10 15 20 25 30

/s
ec

/M
eV

]
2

 F
lu

x 
U

pp
er

 L
im

it 
[/c

m
eν

1−10

1

10

210

SK-IV 2970 days, Observed 90% C.L. (This work)

SK-IV 2970 days, Expected 90% C.L. (This work)

SK-IV 960 days (2015)

SK-I/II/III 2853 days (2012)

KamLAND 4529 days (2021)

DSNB Theoretical Predictions

FIG. 25. The 90% CL expected and observed upper limits on the extraterrestrial electron antineutrino flux from the present work, in
comparison with previously published results from SK [22,23] and KamLAND [25] and DSNB theoretical predictions from Fig. 1 (in
gray). The upper limit from Ref. [22] (blue) has been derived in Ref. [23].
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only in the lowest energy bin, as seen in Fig. 24. In this
analysis, a conservative 100% uncertainty is assigned to
their estimated rate.

4. Accidental coincidences

A prompt SHE signal accidentally paired with a sub-
sequent dark noise fluctuation or a low energy radioactive
decay can look like an IBD signature. Since accidental
pairing can occur for both signal and background events,
the resulting background can be readily estimated by
computing the number of events left after noise reduction,
spallation, and positron reduction cuts Ndata

pre-ntag, and rescal-
ing it by the neutron mistag rate:

Bacc ¼ ϵmis × Ndata
pre−ntag: ð8Þ

The associated systematic errors are highly cut-
dependent and arise from the time dependence of the
PMT dark noise and natural radioactivity. In order to
evaluate its effect on the background rejection, we separate
the random trigger data mentioned in Sec. III B over the
entire SK-IV period into ten time bins of about eight
months each. Then we evaluate the BDT mistag rate for
each bin separately and, for a given signal efficiency, take
the standard deviation from the average mistag rate as
systematic error. The typical size of uncertainty is a few to
30% in the region of interest for the DSNB analyses, as
shown in Fig. 15.

B. Differential upper limit

The observed data and expected background spectra are
shown in Fig. 24. The corresponding p-values are calcu-
lated for each energy bin by performing pseudoexperiments
as follows. We vary the number of expected background
events randomly based on Gaussian distributions with their
widths being the 1σ systematic uncertainties from each
background source. We then calculate p-values from the
resulting distributions and the observed number of events in

each bin, as shown in Table V. Here the most significant
bins are found to be at the 2σ level. We therefore conclude
that no significant excess is observed in the data over the
background prediction in any energy bin, and place upper
limits on the extraterrestrial ν̄e flux using the pseudoexperi-
ments above. Here we obtain the 90% CL upper bound on
the number of signal (Nlimit

90 ), as an excess of the observa-
tion over the background expectation, by varying the
number of observed events in each energy bin by their
statistical uncertainties, as well as varying the number of
expected background events by their systematic uncertain-
ties from each source. The 90% CL upper limit on the ν̄e
flux is then calculated as

ϕlimit
90 ¼ Nlimit

90

t · Np · σ̄IBD · ϵsig
; ð9Þ

where t is the operational live time [sec], Np is the number
of free protons in the FV of the SK, σ̄IBD is the IBD cross
section [10−41 cm2] at a mean neutrino energy in the
corresponding region (Ēν), and ϵsig is the signal efficiency.
Note that the neutrino energy is obtained as Eν ¼ Erec þ
1.8 MeV in IBD. For the expected sensitivity, the same
procedure is applied while the number of observed events is
replaced with the number of nominal background predic-
tions. Here statistical uncertainties on the backgrounds are
considered instead. The expected sensitivities and observed
upper limits from this work are summarized in Table V.
These results are also compared with the previously
published results and theoretical predictions in Fig. 25.
Note that the SK-I,II,III limits presented in this figure have
been obtained using a different methodology, more similar
to the one used for the spectral analysis in Sec. VII. In
addition, the SK-I,II,III analysis not only used a higher
energy threshold but also did not involve neutron tagging
[22,71]. Hence, we do not combine the SK-IV result with
the SK-I,II,III one for the model-independent differential
limit. The sensitivities obtained with this analysis are the
world’s tightest above neutrino energies of 11.3 MeV.

TABLE V. Summary on the 90% CL expected sensitivities and observed upper limits as well as the corresponding
p-values in each electron antineutrino energy bin (Eν ¼ Erec þ 1.8 MeV).

Eν (MeV) Expected (cm−2 sec−1 MeV−1) Observed (cm−2sec−1 MeV−1) p-value

9.3–11.3 4.44 × 101 3.71 × 101 0.346
11.3–13.3 1.14 × 101 2.04 × 101 0.886
13.3–15.3 4.17 × 100 9.34 × 100 0.938
15.3–17.3 1.87 × 100 3.29 × 100 0.830
17.3–19.3 8.48 × 10−1 5.08 × 10−1 0.243
19.3–21.3 4.64 × 10−1 6.84 × 10−1 0.686
21.3–23.3 3.28 × 10−1 1.27 × 10−1 0.073
23.3–25.3 2.11 × 10−1 3.75 × 10−1 0.597
25.3–27.3 2.13 × 10−1 7.77 × 10−2 0.051
27.3–29.3 1.98 × 10−1 2.42 × 10−1 0.605
29.3–31.3 1.50 × 10−1 7.09 × 10−2 0.126
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Model-Independent Results (SK IV, Nn = 1) 
• No excess observed 
• No single bin above 2σ relative to backgrounds 
• Strongest constraints for Eν > 11.3 MeV 
• Disfavors the most optimistic DSNB models
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gadolinium. Note that this effect was not observed in other
SK searches probing a similar energy range. These searches,
however, used specific cuts on, e.g., the event timings or
opening angles that we do not apply in this analysis.
Even accounting for possible residual spallation, the

number of events observed in 17.5–19.5 MeV is higher
than the best-fit predictions from Fig. 26. While this can be
explained by statistical fluctuation, it led us to investigate
possible nonspallation sources for the excess observed over
atmospheric neutrino background predictions in 15.5–
19.5 MeV. We first ruled out the possibility of a strong
DSNB signal, as it would be associated with a steeply
falling spectrum and hence to an unrealistically high
supernova rate. The hypothesis of an isolated astrophysical
event is also strongly disfavored since the observed events
are uniformly distributed over the SK-IV period, as dis-
cussed in Sec. V G. A radioactive origin for the observed
events is also highly unlikely, given their high energies and
their uniform spatial distribution. The event positions are
notably not correlated with the locations of calibration

sources. Residual spallation therefore remains the most
plausible explanation for the high number of events
observed in 15.5–19.5 MeV at SK-IV.
The likelihoods associated to the SK-I to IV fits for the

Horiuchiþ 09 model are shown in Fig. 28 as a function of
the DSNB rate for the reconstructed equivalent electron
kinetic energies Erec > 15.5 MeV. This figure also shows
the likelihood for the combined analysis, with a total
exposure of 22.5 × 5823 kton · days. The associated limits
on the DSNB flux are shown in Tables VIII and IX. The
expected sensitivities of the SK-I,II,III analysis change by
only ∼3% with the inclusion of the spallation backgrounds
while the associated observed upper limits on the DSNB
flux become tighter. The expected sensitivities of the
SK-IV and the combined analyses to the DSNB flux at
90% CL are 2.2 ν̄e cm−2 · sec−1 and 1.5 ν̄e cm−2 · sec−1,
respectively. Hence, the predicted flux for this model,
1.9 ν̄e cm−2 · sec−1, is well within the reach of the SK-I,
II,III,IV analysis. The observed upper limits on the DSNB
flux for SK-IV and for the combined analysis are of

FIG. 26. Best-fit signal and background spectra for SK-IV, assuming the DSNB spectrum predicted by the Horiuchiþ 09model [16].
The six regions presented here include the two signal regions and four sidebands in Table VI.
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4.6 ν̄e cm−2 · sec−1 and 2.6 ν̄e cm−2 · sec−1, respectively.
The best-fit flux for the combined analysis is now of
1.30þ0.90

−0.85 ν̄e cm−2 · sec−1. The 1.5σ excess observed over

the background prediction is higher than the 0.9σ excess
from the previous combined analysis [22]. While not
statistically significant, this result is compatible with a
wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].

VIII. DISCUSSION

A. Constraints on the DSNB parameter space

Over the two search strategies presented in this paper, the
analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
on the DSNB flux improve on the constraints obtained in

FIG. 27. Best-fit signal and background spectra for SK-I (top), II
(middle), and III (bottom), assuming the DSNB spectrum predicted
by the Horiuchiþ 09model [16]. The three regions presented here
correspond to different ranges of the Cherenkov angle, as shown in
Table VI. Since neutron tagging is not possible in SK-I,II,III, only
these three Cherenkov angle regions are considered.

FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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4.6 ν̄e cm−2 · sec−1 and 2.6 ν̄e cm−2 · sec−1, respectively.
The best-fit flux for the combined analysis is now of
1.30þ0.90

−0.85 ν̄e cm−2 · sec−1. The 1.5σ excess observed over

the background prediction is higher than the 0.9σ excess
from the previous combined analysis [22]. While not
statistically significant, this result is compatible with a
wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].

VIII. DISCUSSION

A. Constraints on the DSNB parameter space

Over the two search strategies presented in this paper, the
analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
on the DSNB flux improve on the constraints obtained in

FIG. 27. Best-fit signal and background spectra for SK-I (top), II
(middle), and III (bottom), assuming the DSNB spectrum predicted
by the Horiuchiþ 09model [16]. The three regions presented here
correspond to different ranges of the Cherenkov angle, as shown in
Table VI. Since neutron tagging is not possible in SK-I,II,III, only
these three Cherenkov angle regions are considered.

FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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4.6 ν̄e cm−2 · sec−1 and 2.6 ν̄e cm−2 · sec−1, respectively.
The best-fit flux for the combined analysis is now of
1.30þ0.90

−0.85 ν̄e cm−2 · sec−1. The 1.5σ excess observed over

the background prediction is higher than the 0.9σ excess
from the previous combined analysis [22]. While not
statistically significant, this result is compatible with a
wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].

VIII. DISCUSSION

A. Constraints on the DSNB parameter space

Over the two search strategies presented in this paper, the
analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
on the DSNB flux improve on the constraints obtained in

FIG. 27. Best-fit signal and background spectra for SK-I (top), II
(middle), and III (bottom), assuming the DSNB spectrum predicted
by the Horiuchiþ 09model [16]. The three regions presented here
correspond to different ranges of the Cherenkov angle, as shown in
Table VI. Since neutron tagging is not possible in SK-I,II,III, only
these three Cherenkov angle regions are considered.

FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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Spectral Analysis Results (SK I–IV) 
• Sensitive to 1.5 ν̅e/cm2/s, Horiuchi+09 model is 1.9 
• Combined upper limit of 2.6 ν̅e/cm2/s 

• Most optimistic signals are excluded 
• Best fit is 1.3+0.90-0.85 ν̅e/cm2/s 

• 1.5σ excess over background expectation
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gadolinium. Note that this effect was not observed in other
SK searches probing a similar energy range. These searches,
however, used specific cuts on, e.g., the event timings or
opening angles that we do not apply in this analysis.
Even accounting for possible residual spallation, the

number of events observed in 17.5–19.5 MeV is higher
than the best-fit predictions from Fig. 26. While this can be
explained by statistical fluctuation, it led us to investigate
possible nonspallation sources for the excess observed over
atmospheric neutrino background predictions in 15.5–
19.5 MeV. We first ruled out the possibility of a strong
DSNB signal, as it would be associated with a steeply
falling spectrum and hence to an unrealistically high
supernova rate. The hypothesis of an isolated astrophysical
event is also strongly disfavored since the observed events
are uniformly distributed over the SK-IV period, as dis-
cussed in Sec. V G. A radioactive origin for the observed
events is also highly unlikely, given their high energies and
their uniform spatial distribution. The event positions are
notably not correlated with the locations of calibration

sources. Residual spallation therefore remains the most
plausible explanation for the high number of events
observed in 15.5–19.5 MeV at SK-IV.
The likelihoods associated to the SK-I to IV fits for the

Horiuchiþ 09 model are shown in Fig. 28 as a function of
the DSNB rate for the reconstructed equivalent electron
kinetic energies Erec > 15.5 MeV. This figure also shows
the likelihood for the combined analysis, with a total
exposure of 22.5 × 5823 kton · days. The associated limits
on the DSNB flux are shown in Tables VIII and IX. The
expected sensitivities of the SK-I,II,III analysis change by
only ∼3% with the inclusion of the spallation backgrounds
while the associated observed upper limits on the DSNB
flux become tighter. The expected sensitivities of the
SK-IV and the combined analyses to the DSNB flux at
90% CL are 2.2 ν̄e cm−2 · sec−1 and 1.5 ν̄e cm−2 · sec−1,
respectively. Hence, the predicted flux for this model,
1.9 ν̄e cm−2 · sec−1, is well within the reach of the SK-I,
II,III,IV analysis. The observed upper limits on the DSNB
flux for SK-IV and for the combined analysis are of

FIG. 26. Best-fit signal and background spectra for SK-IV, assuming the DSNB spectrum predicted by the Horiuchiþ 09model [16].
The six regions presented here include the two signal regions and four sidebands in Table VI.
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4.6 ν̄e cm−2 · sec−1 and 2.6 ν̄e cm−2 · sec−1, respectively.
The best-fit flux for the combined analysis is now of
1.30þ0.90

−0.85 ν̄e cm−2 · sec−1. The 1.5σ excess observed over

the background prediction is higher than the 0.9σ excess
from the previous combined analysis [22]. While not
statistically significant, this result is compatible with a
wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].

VIII. DISCUSSION

A. Constraints on the DSNB parameter space

Over the two search strategies presented in this paper, the
analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
on the DSNB flux improve on the constraints obtained in

FIG. 27. Best-fit signal and background spectra for SK-I (top), II
(middle), and III (bottom), assuming the DSNB spectrum predicted
by the Horiuchiþ 09model [16]. The three regions presented here
correspond to different ranges of the Cherenkov angle, as shown in
Table VI. Since neutron tagging is not possible in SK-I,II,III, only
these three Cherenkov angle regions are considered.

FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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1.30þ0.90
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the background prediction is higher than the 0.9σ excess
from the previous combined analysis [22]. While not
statistically significant, this result is compatible with a
wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].
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Over the two search strategies presented in this paper, the
analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
on the DSNB flux improve on the constraints obtained in

FIG. 27. Best-fit signal and background spectra for SK-I (top), II
(middle), and III (bottom), assuming the DSNB spectrum predicted
by the Horiuchiþ 09model [16]. The three regions presented here
correspond to different ranges of the Cherenkov angle, as shown in
Table VI. Since neutron tagging is not possible in SK-I,II,III, only
these three Cherenkov angle regions are considered.

FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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the background prediction is higher than the 0.9σ excess
from the previous combined analysis [22]. While not
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wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].
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sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
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gadolinium. Note that this effect was not observed in other
SK searches probing a similar energy range. These searches,
however, used specific cuts on, e.g., the event timings or
opening angles that we do not apply in this analysis.
Even accounting for possible residual spallation, the

number of events observed in 17.5–19.5 MeV is higher
than the best-fit predictions from Fig. 26. While this can be
explained by statistical fluctuation, it led us to investigate
possible nonspallation sources for the excess observed over
atmospheric neutrino background predictions in 15.5–
19.5 MeV. We first ruled out the possibility of a strong
DSNB signal, as it would be associated with a steeply
falling spectrum and hence to an unrealistically high
supernova rate. The hypothesis of an isolated astrophysical
event is also strongly disfavored since the observed events
are uniformly distributed over the SK-IV period, as dis-
cussed in Sec. V G. A radioactive origin for the observed
events is also highly unlikely, given their high energies and
their uniform spatial distribution. The event positions are
notably not correlated with the locations of calibration

sources. Residual spallation therefore remains the most
plausible explanation for the high number of events
observed in 15.5–19.5 MeV at SK-IV.
The likelihoods associated to the SK-I to IV fits for the

Horiuchiþ 09 model are shown in Fig. 28 as a function of
the DSNB rate for the reconstructed equivalent electron
kinetic energies Erec > 15.5 MeV. This figure also shows
the likelihood for the combined analysis, with a total
exposure of 22.5 × 5823 kton · days. The associated limits
on the DSNB flux are shown in Tables VIII and IX. The
expected sensitivities of the SK-I,II,III analysis change by
only ∼3% with the inclusion of the spallation backgrounds
while the associated observed upper limits on the DSNB
flux become tighter. The expected sensitivities of the
SK-IV and the combined analyses to the DSNB flux at
90% CL are 2.2 ν̄e cm−2 · sec−1 and 1.5 ν̄e cm−2 · sec−1,
respectively. Hence, the predicted flux for this model,
1.9 ν̄e cm−2 · sec−1, is well within the reach of the SK-I,
II,III,IV analysis. The observed upper limits on the DSNB
flux for SK-IV and for the combined analysis are of

FIG. 26. Best-fit signal and background spectra for SK-IV, assuming the DSNB spectrum predicted by the Horiuchiþ 09model [16].
The six regions presented here include the two signal regions and four sidebands in Table VI.
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4.6 ν̄e cm−2 · sec−1 and 2.6 ν̄e cm−2 · sec−1, respectively.
The best-fit flux for the combined analysis is now of
1.30þ0.90

−0.85 ν̄e cm−2 · sec−1. The 1.5σ excess observed over

the background prediction is higher than the 0.9σ excess
from the previous combined analysis [22]. While not
statistically significant, this result is compatible with a
wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].

VIII. DISCUSSION

A. Constraints on the DSNB parameter space

Over the two search strategies presented in this paper, the
analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
on the DSNB flux improve on the constraints obtained in

FIG. 27. Best-fit signal and background spectra for SK-I (top), II
(middle), and III (bottom), assuming the DSNB spectrum predicted
by the Horiuchiþ 09model [16]. The three regions presented here
correspond to different ranges of the Cherenkov angle, as shown in
Table VI. Since neutron tagging is not possible in SK-I,II,III, only
these three Cherenkov angle regions are considered.

FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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from the previous combined analysis [22]. While not
statistically significant, this result is compatible with a
wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].
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Over the two search strategies presented in this paper, the
analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
on the DSNB flux improve on the constraints obtained in

FIG. 27. Best-fit signal and background spectra for SK-I (top), II
(middle), and III (bottom), assuming the DSNB spectrum predicted
by the Horiuchiþ 09model [16]. The three regions presented here
correspond to different ranges of the Cherenkov angle, as shown in
Table VI. Since neutron tagging is not possible in SK-I,II,III, only
these three Cherenkov angle regions are considered.

FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].
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analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
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FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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Spectral Analysis Results (SK I–IV) 
• Sensitive to 1.5 ν̅e/cm2/s, Horiuchi+09 model is 1.9 
• Combined upper limit of 2.6 ν̅e/cm2/s 

• Most optimistic signals are excluded 
• Best fit is 1.3+0.90-0.85 ν̅e/cm2/s 

• 1.5σ excess over background expectation

20° < θc < 38°: μ & π 38° < θc < 50°: Signal rich 78° < θc < 90°: NCQE, γ

cosmic star formation rate, using the low, fiducial, and high
estimates from Ref. [16]. Since we used two-dimensional
exclusion contours instead of computing limits for indi-
vidual models, the limits appear weaker than the ones
shown in Fig. 29. These limits are on par with the SK-I,II,
III analysis [22]. In addition to the rate limits, whose
interpretation is complicated by the high SK analysis
threshold, we also show 90% CL exclusion contours for
the total ν̄e energy and the effective neutrino temperature in
Fig. 31. This figure also shows the regions of parameter
space allowed by the Kamiokande II and IMB experiments
for the supernova SN1987A [93]. While the neutrino
temperature for this supernova is particularly low, future
experiments should be able to probe at least the associated
IMB region.

B. Prospects at future experiments

Recent doping of SK with gadolinium (SK-Gd) as well
as the advent of Hyper-Kamiokande (HK) in the more
distant future open new promising perspectives for the
DSNB search. Using gadolinium will notably allow us to
considerably improve neutron tagging and hence eliminate
most spallation backgrounds and lower the threshold of
the analysis. As shown in Fig. 24, however, multiple
backgrounds involving neutrons can still dominate over
the DSNB up to about 15.5 MeV. Reactor antineutrinos,
in particular, provide an irreducible background up to
9.5 MeV. Up to about 11.5 MeV, 9Li decays might then

dominate, and spallation reduction will remain a key
component of future analyses. Locating muon-induced
showers using neutrons will become especially powerful
at SK-Gd. After eliminating spallation, atmospheric NCQE
interactions will dominate over a wide energy range and will
call for new dedicated reduction techniques. At SK-Gd,
notably, the high visibility of the neutron capture signal will
allow us to locate neutron capture without using the positron
vertex, which could allow us to use the neutron travel
distance as a discriminating observable. Finally, while HK
may not be doped with Gd, this considerably larger detector
coupled with the accelerator neutrino beams will allow us to
improve the characterization of the NCQE rate, spectral
shape, and neutron multiplicity that are currently associated
with large systematic uncertainties [48]. In the future, further
studies using the upcoming Intermediate Water Cherenkov
Detector will allow us to considerably reduce neutron
multiplicity uncertainties by studying monochromatic
beams, and will hence be a key piece of the DSNB search
program at HK. The DSNB study will also be extended by
searches at lower energies, achieved at future large-scale
liquid scintillation detectors, such as JUNO [94], giving
deeper insights into spectrum shape over the wide energy
range in combination with HK [95].

IX. CONCLUSION

In this paper, we presented two analyses taking
advantage of the longest data-taking phase of SK, the
improved data reduction, and better background estimates.

FIG. 30. The 90% CL excluded region for the DSNB rate for
Eν > 17.3 MeV and the effective neutrino temperature, for the
blackbody models described in Sec. III (red surface). To guide the
eye, we also show the one-dimensional exclusion limit for
individual neutrino temperatures. The blue band shows the
predictions for blackbody models, for the low, fiducial, and high
star formation rates used in Ref. [16].

FIG. 31. The 90% CL excluded region for the total ν̄e energy
emitted during a supernova and the effective neutrino temperature
for the blackbody models described in Sec. III (red surface). To
guide the eye, we also show the one-dimensional exclusion limit
for individual neutrino temperatures. We also show the 90% CL
contours corresponding to the range of parameters allowed for
SN1987A.
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interactions will dominate over a wide energy range and will
call for new dedicated reduction techniques. At SK-Gd,
notably, the high visibility of the neutron capture signal will
allow us to locate neutron capture without using the positron
vertex, which could allow us to use the neutron travel
distance as a discriminating observable. Finally, while HK
may not be doped with Gd, this considerably larger detector
coupled with the accelerator neutrino beams will allow us to
improve the characterization of the NCQE rate, spectral
shape, and neutron multiplicity that are currently associated
with large systematic uncertainties [48]. In the future, further
studies using the upcoming Intermediate Water Cherenkov
Detector will allow us to considerably reduce neutron
multiplicity uncertainties by studying monochromatic
beams, and will hence be a key piece of the DSNB search
program at HK. The DSNB study will also be extended by
searches at lower energies, achieved at future large-scale
liquid scintillation detectors, such as JUNO [94], giving
deeper insights into spectrum shape over the wide energy
range in combination with HK [95].

IX. CONCLUSION

In this paper, we presented two analyses taking
advantage of the longest data-taking phase of SK, the
improved data reduction, and better background estimates.

FIG. 30. The 90% CL excluded region for the DSNB rate for
Eν > 17.3 MeV and the effective neutrino temperature, for the
blackbody models described in Sec. III (red surface). To guide the
eye, we also show the one-dimensional exclusion limit for
individual neutrino temperatures. The blue band shows the
predictions for blackbody models, for the low, fiducial, and high
star formation rates used in Ref. [16].

FIG. 31. The 90% CL excluded region for the total ν̄e energy
emitted during a supernova and the effective neutrino temperature
for the blackbody models described in Sec. III (red surface). To
guide the eye, we also show the one-dimensional exclusion limit
for individual neutrino temperatures. We also show the 90% CL
contours corresponding to the range of parameters allowed for
SN1987A.
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Ref. [22] for SK-I,II,III. These results confirm the exclu-
sion of the Totaniþ 95 model [8] and of the most
optimistic predictions of the Kaplinghat model [9].
Another striking feature observed in Fig. 29 is the

stability of the observed and expected limits on the
DSNB flux over all models. This stability results from
the limited sensitivity of the current analysis to the DSNB
spectral shape. In order to translate flux limits into con-
straints on astrophysical parameters, we therefore ignore

subtle effects associated with e.g., black hole formation or
multiple classes of progenitors, and use the simple Fermi-
Dirac neutrino emission model described in Sec. III, as in
Ref. [22]. The associated two-dimensional 90% CL limit
on the neutrino emission temperature and on the DSNB rate
for Eν > 17.3 MeV is shown in Fig. 30 for the combined
SK-I,II,III,IV analysis. This figure also shows the expected
rates for different effective neutrino emission temperatures.
Here, the band accounts for the current uncertainty on the

TABLE IX. (Continued)

Best-fit 90% CL limit

Model SK4 All SK1 SK2 SK3 SK4 All Pred.

Kresseþ 21 (Low, IO) 4.5þ2.5
−2.2 2.2þ1.6

−1.4 4.0 11.6 11.9 7.9 4.5 1.43
Lunardini09 Failed SN 5.0þ2.7

−2.5 2.6þ1.7
−1.7 4.5 12.7 13.1 8.8 5.1 1.36

Hartmannþ 97 CE 4.4þ2.4
−2.2 2.2þ1.6

−1.4 4.0 11.2 11.9 7.7 4.5 1.09
Nakazatoþ 15 (max, IO) 5.0þ2.7

−2.5 2.5þ1.8
−1.6 4.5 12.1 13.0 8.7 5.0 0.99

Horiuchiþ 18 ξ2.5 ¼ 0.5 4.2þ2.3
−2.1 2.1þ1.5

−1.4 3.5 11.4 10.9 7.4 4.1 0.87
Horiuchiþ 21 3.7þ2.2

−2.1 2.0þ1.6
−1.6 6.0 7.5 10.2 6.8 4.2 0.49

Malaney97 CGI 4.3þ2.4
−2.1 2.2þ1.5

−1.4 3.8 11.2 11.3 7.6 4.3 0.44
Nakazatoþ 15 (min, NO) 4.7þ2.5

−2.4 2.4þ1.6
−1.6 4.0 11.8 12.1 8.2 4.6 0.34

FIG. 29. The 90% CL upper limits, best-fit values, and expected sensitivities for the DSNB fluxes (left) and rates (right) associated
with the models described in Sec. I. The best-fit rates and fluxes are shown with their associated 1σ error bars. This figure also shows the
predictions for each models, either as a range or as one value. Note the stability of the expected and observed flux limits across all
models.
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gadolinium. Note that this effect was not observed in other
SK searches probing a similar energy range. These searches,
however, used specific cuts on, e.g., the event timings or
opening angles that we do not apply in this analysis.
Even accounting for possible residual spallation, the

number of events observed in 17.5–19.5 MeV is higher
than the best-fit predictions from Fig. 26. While this can be
explained by statistical fluctuation, it led us to investigate
possible nonspallation sources for the excess observed over
atmospheric neutrino background predictions in 15.5–
19.5 MeV. We first ruled out the possibility of a strong
DSNB signal, as it would be associated with a steeply
falling spectrum and hence to an unrealistically high
supernova rate. The hypothesis of an isolated astrophysical
event is also strongly disfavored since the observed events
are uniformly distributed over the SK-IV period, as dis-
cussed in Sec. V G. A radioactive origin for the observed
events is also highly unlikely, given their high energies and
their uniform spatial distribution. The event positions are
notably not correlated with the locations of calibration

sources. Residual spallation therefore remains the most
plausible explanation for the high number of events
observed in 15.5–19.5 MeV at SK-IV.
The likelihoods associated to the SK-I to IV fits for the

Horiuchiþ 09 model are shown in Fig. 28 as a function of
the DSNB rate for the reconstructed equivalent electron
kinetic energies Erec > 15.5 MeV. This figure also shows
the likelihood for the combined analysis, with a total
exposure of 22.5 × 5823 kton · days. The associated limits
on the DSNB flux are shown in Tables VIII and IX. The
expected sensitivities of the SK-I,II,III analysis change by
only ∼3% with the inclusion of the spallation backgrounds
while the associated observed upper limits on the DSNB
flux become tighter. The expected sensitivities of the
SK-IV and the combined analyses to the DSNB flux at
90% CL are 2.2 ν̄e cm−2 · sec−1 and 1.5 ν̄e cm−2 · sec−1,
respectively. Hence, the predicted flux for this model,
1.9 ν̄e cm−2 · sec−1, is well within the reach of the SK-I,
II,III,IV analysis. The observed upper limits on the DSNB
flux for SK-IV and for the combined analysis are of

FIG. 26. Best-fit signal and background spectra for SK-IV, assuming the DSNB spectrum predicted by the Horiuchiþ 09model [16].
The six regions presented here include the two signal regions and four sidebands in Table VI.

DIFFUSE SUPERNOVA NEUTRINO BACKGROUND SEARCH AT … PHYS. REV. D 104, 122002 (2021)

122002-29

SK IV

SK IV

4.6 ν̄e cm−2 · sec−1 and 2.6 ν̄e cm−2 · sec−1, respectively.
The best-fit flux for the combined analysis is now of
1.30þ0.90

−0.85 ν̄e cm−2 · sec−1. The 1.5σ excess observed over

the background prediction is higher than the 0.9σ excess
from the previous combined analysis [22]. While not
statistically significant, this result is compatible with a
wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].

VIII. DISCUSSION

A. Constraints on the DSNB parameter space

Over the two search strategies presented in this paper, the
analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
on the DSNB flux improve on the constraints obtained in

FIG. 27. Best-fit signal and background spectra for SK-I (top), II
(middle), and III (bottom), assuming the DSNB spectrum predicted
by the Horiuchiþ 09model [16]. The three regions presented here
correspond to different ranges of the Cherenkov angle, as shown in
Table VI. Since neutron tagging is not possible in SK-I,II,III, only
these three Cherenkov angle regions are considered.

FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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The best-fit flux for the combined analysis is now of
1.30þ0.90
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the background prediction is higher than the 0.9σ excess
from the previous combined analysis [22]. While not
statistically significant, this result is compatible with a
wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].

VIII. DISCUSSION

A. Constraints on the DSNB parameter space

Over the two search strategies presented in this paper, the
analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
on the DSNB flux improve on the constraints obtained in

FIG. 27. Best-fit signal and background spectra for SK-I (top), II
(middle), and III (bottom), assuming the DSNB spectrum predicted
by the Horiuchiþ 09model [16]. The three regions presented here
correspond to different ranges of the Cherenkov angle, as shown in
Table VI. Since neutron tagging is not possible in SK-I,II,III, only
these three Cherenkov angle regions are considered.

FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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The best-fit flux for the combined analysis is now of
1.30þ0.90

−0.85 ν̄e cm−2 · sec−1. The 1.5σ excess observed over

the background prediction is higher than the 0.9σ excess
from the previous combined analysis [22]. While not
statistically significant, this result is compatible with a
wide range of DSNB predictions with a flux comparable to
the one of the Horiuchiþ 09 model [16].

VIII. DISCUSSION

A. Constraints on the DSNB parameter space

Over the two search strategies presented in this paper, the
analysis described in Sec. VI gives a model-independent
differential limit on the ν̄e flux while the model-dependent
spectral analysis uses data from all phases of SK and
yields the tightest constraints on DSNB models. In this
section, we present the results of this analysis using both
discrete DSNB models—most of them based on supernova
simulations—and simplified parametrizations.
The 90% CL expected and observed upper limits on the

DSNB rate and flux for theoretical models are shown in
Fig. 29 for the combined SK-I,II,III,IV analysis, with the
corresponding results being tabulated in Tables VIII and
IX. With an exposure of 22.5 × 5823 kton · days, the sen-
sitivity of the combined analysis at 90% CL is the tightest
to date and is on par with predictions from the Andoþ03,
Horiuchiþ09 (Tν¼6MeV), Galaisþ 10, and Kresseþ 21
models [12,15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star
formation history allowed by observations. Additionally,
the Kresseþ 21 predictions [12] are based on neutrino
emission models derived from state-of-the-art supernova
simulations, and take a wide range of progenitors into
account. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5σ has
been observed in the data and the resulting 90% CL limits
on the DSNB flux improve on the constraints obtained in

FIG. 27. Best-fit signal and background spectra for SK-I (top), II
(middle), and III (bottom), assuming the DSNB spectrum predicted
by the Horiuchiþ 09model [16]. The three regions presented here
correspond to different ranges of the Cherenkov angle, as shown in
Table VI. Since neutron tagging is not possible in SK-I,II,III, only
these three Cherenkov angle regions are considered.

FIG. 28. Likelihoods associated with phases I to IV of SK, as
well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic
uncertainties when combining all phases of SK.
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SK I SK II SK III

Spectral Analysis Results (SK I–IV) 
• Sensitive to 1.5 ν̅e/cm2/s, Horiuchi+09 model is 1.9 
• Combined upper limit of 2.6 ν̅e/cm2/s 

• Most optimistic signals are excluded 
• Best fit is 1.3+0.90-0.85 ν̅e/cm2/s 

• 1.5σ excess over background expectation

20° < θc < 38°: μ & π 38° < θc < 50°: Signal rich 78° < θc < 90°: NCQE, γ

cosmic star formation rate, using the low, fiducial, and high
estimates from Ref. [16]. Since we used two-dimensional
exclusion contours instead of computing limits for indi-
vidual models, the limits appear weaker than the ones
shown in Fig. 29. These limits are on par with the SK-I,II,
III analysis [22]. In addition to the rate limits, whose
interpretation is complicated by the high SK analysis
threshold, we also show 90% CL exclusion contours for
the total ν̄e energy and the effective neutrino temperature in
Fig. 31. This figure also shows the regions of parameter
space allowed by the Kamiokande II and IMB experiments
for the supernova SN1987A [93]. While the neutrino
temperature for this supernova is particularly low, future
experiments should be able to probe at least the associated
IMB region.

B. Prospects at future experiments

Recent doping of SK with gadolinium (SK-Gd) as well
as the advent of Hyper-Kamiokande (HK) in the more
distant future open new promising perspectives for the
DSNB search. Using gadolinium will notably allow us to
considerably improve neutron tagging and hence eliminate
most spallation backgrounds and lower the threshold of
the analysis. As shown in Fig. 24, however, multiple
backgrounds involving neutrons can still dominate over
the DSNB up to about 15.5 MeV. Reactor antineutrinos,
in particular, provide an irreducible background up to
9.5 MeV. Up to about 11.5 MeV, 9Li decays might then

dominate, and spallation reduction will remain a key
component of future analyses. Locating muon-induced
showers using neutrons will become especially powerful
at SK-Gd. After eliminating spallation, atmospheric NCQE
interactions will dominate over a wide energy range and will
call for new dedicated reduction techniques. At SK-Gd,
notably, the high visibility of the neutron capture signal will
allow us to locate neutron capture without using the positron
vertex, which could allow us to use the neutron travel
distance as a discriminating observable. Finally, while HK
may not be doped with Gd, this considerably larger detector
coupled with the accelerator neutrino beams will allow us to
improve the characterization of the NCQE rate, spectral
shape, and neutron multiplicity that are currently associated
with large systematic uncertainties [48]. In the future, further
studies using the upcoming Intermediate Water Cherenkov
Detector will allow us to considerably reduce neutron
multiplicity uncertainties by studying monochromatic
beams, and will hence be a key piece of the DSNB search
program at HK. The DSNB study will also be extended by
searches at lower energies, achieved at future large-scale
liquid scintillation detectors, such as JUNO [94], giving
deeper insights into spectrum shape over the wide energy
range in combination with HK [95].

IX. CONCLUSION

In this paper, we presented two analyses taking
advantage of the longest data-taking phase of SK, the
improved data reduction, and better background estimates.

FIG. 30. The 90% CL excluded region for the DSNB rate for
Eν > 17.3 MeV and the effective neutrino temperature, for the
blackbody models described in Sec. III (red surface). To guide the
eye, we also show the one-dimensional exclusion limit for
individual neutrino temperatures. The blue band shows the
predictions for blackbody models, for the low, fiducial, and high
star formation rates used in Ref. [16].

FIG. 31. The 90% CL excluded region for the total ν̄e energy
emitted during a supernova and the effective neutrino temperature
for the blackbody models described in Sec. III (red surface). To
guide the eye, we also show the one-dimensional exclusion limit
for individual neutrino temperatures. We also show the 90% CL
contours corresponding to the range of parameters allowed for
SN1987A.
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for individual neutrino temperatures. We also show the 90% CL
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Ref. [22] for SK-I,II,III. These results confirm the exclu-
sion of the Totaniþ 95 model [8] and of the most
optimistic predictions of the Kaplinghat model [9].
Another striking feature observed in Fig. 29 is the

stability of the observed and expected limits on the
DSNB flux over all models. This stability results from
the limited sensitivity of the current analysis to the DSNB
spectral shape. In order to translate flux limits into con-
straints on astrophysical parameters, we therefore ignore

subtle effects associated with e.g., black hole formation or
multiple classes of progenitors, and use the simple Fermi-
Dirac neutrino emission model described in Sec. III, as in
Ref. [22]. The associated two-dimensional 90% CL limit
on the neutrino emission temperature and on the DSNB rate
for Eν > 17.3 MeV is shown in Fig. 30 for the combined
SK-I,II,III,IV analysis. This figure also shows the expected
rates for different effective neutrino emission temperatures.
Here, the band accounts for the current uncertainty on the

TABLE IX. (Continued)

Best-fit 90% CL limit

Model SK4 All SK1 SK2 SK3 SK4 All Pred.

Kresseþ 21 (Low, IO) 4.5þ2.5
−2.2 2.2þ1.6

−1.4 4.0 11.6 11.9 7.9 4.5 1.43
Lunardini09 Failed SN 5.0þ2.7

−2.5 2.6þ1.7
−1.7 4.5 12.7 13.1 8.8 5.1 1.36

Hartmannþ 97 CE 4.4þ2.4
−2.2 2.2þ1.6

−1.4 4.0 11.2 11.9 7.7 4.5 1.09
Nakazatoþ 15 (max, IO) 5.0þ2.7

−2.5 2.5þ1.8
−1.6 4.5 12.1 13.0 8.7 5.0 0.99

Horiuchiþ 18 ξ2.5 ¼ 0.5 4.2þ2.3
−2.1 2.1þ1.5

−1.4 3.5 11.4 10.9 7.4 4.1 0.87
Horiuchiþ 21 3.7þ2.2

−2.1 2.0þ1.6
−1.6 6.0 7.5 10.2 6.8 4.2 0.49

Malaney97 CGI 4.3þ2.4
−2.1 2.2þ1.5

−1.4 3.8 11.2 11.3 7.6 4.3 0.44
Nakazatoþ 15 (min, NO) 4.7þ2.5

−2.4 2.4þ1.6
−1.6 4.0 11.8 12.1 8.2 4.6 0.34

FIG. 29. The 90% CL upper limits, best-fit values, and expected sensitivities for the DSNB fluxes (left) and rates (right) associated
with the models described in Sec. I. The best-fit rates and fluxes are shown with their associated 1σ error bars. This figure also shows the
predictions for each models, either as a range or as one value. Note the stability of the expected and observed flux limits across all
models.
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Future: 
• Gd added to SK for SK VI → enhanced n tagging 

• See the next talk in this session [M. Vagins]! 
• Hyper-Kamiokande → ∼10× the mass of SK 

        



Sudbury Neutrino Observatory 
The Experiment

12

Location: Sudbury, Canada 
Type: Heavy Water Cherenkov 
Channel: νe – d CC 
Mass: 1 kton (770 t fiducial) 
Exposure: 902 kton·days 
Depth: 5980 mwe

Sudbury Neutrino 
Observatory (SNO)

• Phase I (Nov. '99 – May '01) 
• D2O target 

• Phase II (Jul. '01 – Sep '03) 
• D2O + 2 tonnes NaCl 

• Phase III (Nov. '04 – Dec '06) 
• D2O + 40 3He counters (NCDs)
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by the authors. For this subdominant background, which
represents ∼2% (∼4%) of the overall atmospheric neutrino
background in the hep (DSNB) energy region of interest,
only νe and ν̄e are simulated, and the fluxes at the solar
minimum (when the background is largest) are used. This
simulation is performed directly in SNOMAN. We note that
the low- and high-energy atmospheric neutrino fluxes are
the same as those used in the 2006 SNO hep and DSNB
search analysis [16].

C. Signals and backgrounds

For the hep solar neutrino signal, we use the spectrum
computed by Bahcall and Ulrich [29,30] and use the BSB05
(GS98) flux of 7.93ð1" 0.155Þ × 103 cm−2 s−1 [7,8] as a
benchmark. The primary background for the hep search is
due to electrons from 8B solar neutrino interactions, at a
level that depends on the shape of the spectrum near the end
point. The spectral shape from Winter et al. [31] is used,
and oscillations are applied according to a three-neutrino
oscillation model using best-fit parameters [32]. The 8B
solar neutrino flux is based on a three-phase analysis of
SNO 8B solar neutrino data, identical to that presented in
Ref. [5] except that an upper energy threshold at 10 MeV
was applied to eliminate any contamination from a pos-
sible hep signal. The extracted 8B flux is Φ8B ¼ ð5.26"
0.16ðstatÞþ0.11

−0.13ðsystÞÞ × 106 cm−2 s−1, consistent with the
published value.
The DSNB signal is modeled as an isotropic νe source

using a benchmark energy spectrum and total flux. We use
the model of Beacom and Strigari [15] with T ¼ 6 MeV,
which predicts a total flux ofΦDSNB

νe ¼ 0.66 cm−2 s−1 in the
energy range 22.9 < Eν < 36.9 MeV.
Backgrounds due to isotropic light emission from the

acrylic vessel [19] have also been studied using a dedicated
event selection and Monte Carlo. The background con-
tamination depends on the choice of fiducial volume, and is
constrained to the negligible level of <0.01 events within
our energy regions of interest for the chosen cut of 550 cm.
Atmospheric neutrinos and associated 12C& backgrounds
are modeled as described in III B. According to the GENIE

simulation, the dominant source of atmospheric back-
ground is from decay at rest of muons below or near the
Cherenkov threshold. These are predominantly produced
directly in νμ and ν̄μ CC interactions, with a small
contribution from decays of subthreshold CC- and NC-
produced π" → μ" → e". Decays of subthreshold muons
account for the majority of the background for the DSNB
search, while the atmospheric backgrounds for the hep
search are subdominant and result from a mix of sub-
threshold muon decays, 15.1-MeV γ rays, and other NC
interactions. The direct production of untagged low-energy
electrons in νe CC interactions accounts for a small portion
of the background, ≲10% in each case.

D. Counting analysis

Within each energy region of interest (ROI) for the
single-bin counting analysis, 1D cuts on high level features
are simultaneously tuned to optimize the search sensitivity
in Monte Carlo, with further adjustments to minimize the
impact of the systematic uncertainties on the shapes of the
observable distributions. The hep energy ROI of 14.3 <
Teff < 20 MeV and DSNB ROI of 20 < Teff < 40 MeV
are chosen to optimize signal-to-background ratio while
maximizing signal acceptance, following the procedure
described in Ref. [16]. The signal efficiency of the high-
level cuts is validated using calibration datasets as shown in
Fig. 2. Within the hep ROI, the high level and burst cuts
together reduce the atmospheric neutrino backgrounds by
97%, with a signal efficiency of ∼99%.
For the purposes of this cut-based analysis, confidence

intervals are constructed using a Bayesian framework in
which we construct intervals from a Poisson likelihood
function marginalized over the expected background dis-
tribution. This function is defined as

− logLðμ; bjn; b̂; σbÞ
¼ μþ bþ logΓðnþ 1Þ − n × logðμþ bÞ

þ 1

2

ðb − b̂Þ2

σ2b
; ð1Þ

where μ is the true signal mean, b the true background rate,
n the observed number of events, b̂ the mean background

FIG. 2. Efficiency of the high-level event selection cuts for
phase I, compared between calibration sample data (points) and
Monte Carlo (shaded boxes). The calibration samples include
deployed 8Li [21] and pT [33] sources and Michel electrons from
muons that stop and decay inside the detector.
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SNO Collaboration, ATM, et al. 
Phys. Rev. D 102, 062006 (2020)

Channel: Electron neutrino CC 
Signatures: Prompt electron 
Exposure: 2.47 kton·years

Analysis Highlights: 
• Heavy water target → νe via CC 

interaction with deuterium 
• Analysis of the full SNO dataset 
• Simulation, energy response model updates 

• GENIE-based MC, updated calibration

Atmospheric Neutrinos 
• Sub-threshold μ→e and π→μ→e decays 
• Atmospheric νeCC 
• NCQE 1γ

Solar Neutrinos 
• Irreducible background from 8B and hep CC 
• Sets lower energy threshold of 20 MeV

Cosmic-Ray Spallation Products 
• Low cosmic rate at 5980 mwe 
• Large time cuts around muons

Key Backgrounds:

Counting Analysis 
• Count relative to a benchmark model, 20 < Eν < 40 MeV 

• Beacom & Strigari, T=6 MeV [PRC 73, 035807 (2006)]  
• Key systematics: 

• Atmospheric neutrinos → GENIE MC & FC validation 
• Energy response → new source + Michel calibration 

• Bayesian upper limit, marginalized over background PDFs 
• Sensitive to signals ∼52× the benchmark model

Signal selection targets single electron ring events well-
isolated in space and time.

(GENIE: NIM A 614, 87-104, 2010)
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upper limit of 29 times the model prediction, corresponding
to DSNB νe flux of ΦDSNB

νe < 19 cm−2 s−1 (90% CI) in
the energy range 22.9 < Eν < 36.9 MeV. The dominant
source of systematic uncertainty in the DSNB ROI is the
10% normalization uncertainty for the flux of atmospheric
neutrinos with Eν > 100 MeV.

B. Likelihood analysis

For the hep search, we additionally performed a like-
lihood fit as described in Sec. III E. One-dimensional
projections of the best fit in the observable dimensions
Teff , β14, and cos θsun are shown in Fig. 5. We note that the
shape of the cos θsun is determined by the νe ES and CC
cross sections; in the former the outgoing electron direction
is strongly correlated with the incoming neutrino direction,
while in the latter it is moderately anticorrelated. The
quality of the fit was evaluated using a χ2 test based on an
effective test statistic distribution derived using a toy
Monte Carlo, yielding a p value of 16.0% considering
statistical errors only.
Bayesian credible intervals are obtained as within the

counting analysis, by marginalizing over all other param-
eters. The 1σ and 90% credible intervals are shown in

Fig. 4. We note that the intervals and best-fit value obtained
with this Bayesian approach are consistent with quantities
obtained by directly analyzing the likelihood space
sampled by the MCMC.
In agreement with the counting analysis up to differences

introduced by the statistical treatments, this result is
compatible with the BSB05(GS98) model prediction and
is consistent with zero hep flux. The fit yields a 68.3%
HPDR credible interval for the hep flux parameter corre-
sponding to Φhep ¼ ð5.1 − 23Þ × 103 cm−2 s−1; as in the
counting-based analysis, we define a one-sided upper limit:

Φhep < 30 × 103 cm−2 s−1 ð90%CIÞ:

FIG. 3. Reconstructed energy spectra for each phase.

TABLE V. Summary of expected and observed events for each
ROI and phase in the counting analysis.

Expected Expected Events
signal background observed

Phase I hep 0.84$ 0.08 3.14$ 0.63 3
Phase II hep 1.28$ 0.06 5.37$ 0.65 6
Phase III hep 0.98$ 0.05 5.38$ 0.52 13
Total hep 3.09$ 0.12 13.89$ 1.09 22

Phase I DSNB 0.02$ 0.00 0.62$ 0.10 0
Phase II DSNB 0.03$ 0.00 0.91$ 0.15 0
Phase III DSNB 0.02$ 0.00 1.06$ 0.17 0
Total DSNB 0.08$ 0.00 2.58$ 0.26 0

FIG. 4. The posterior distribution for the hep flux, marginalized
over all other fit parameters, with the 90% and 1σ credible
intervals. The BSB05(GS98) standard solar model prediction
[7,8] is also shown for comparison.
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Counting Analysis Results 
• Sensitive to 34 νe/cm2/s in 22.9 < Eν < 36.9 MeV 
• 2.58 background + 0.08 signal events expected 
• No events observed → 90% CI upper limit: 19 ν/cm2/s 
• Direct constraint on DSNB νe

SNO Collaboration, ATM, et al. 
Phys. Rev. D 102, 062006 (2020)

(± systematic uncertainty on rate)



M. Agostini, K. Altenmüller and S. Appel et al. / Astroparticle Physics 125 (2021) 102509 7 
Table 2 
Energy bin (1 MeV wide bins, the lower energy edge 
is quoted), number of observed events, number of ex- 
pected background events without (with) atmospheric 
neutrino contribution, and 90% C.L. upper limits on 
the ν̄e flux without (with) atmospheric neutrino back- 
ground. The reactor signal was normalized to the Daya 
Bay measurement ( Section 3.2.2 ). 

E [MeV] N ev N bkg "[ cm −2 s −1 ] 
1.8 39 22.4 (23.0) 1.40 (1.37) × 10 5 
2.8 22 21.5 (22.2) 1.07 (1.00) × 10 4 
3.8 24 16.7 (17.2) 8.39 (8.13) × 10 3 
4.8 7 10.9 (11.5) 6.92 (7.07) × 10 2 
5.8 5 5.55 (6.10) 8.08 (7.21) × 10 2 
6.8 4 2.04 (2.52) 8.29 (7.68) × 10 2 
7.8 0 0.28 (0.72) 2.02 (1.65) × 10 2 
8.8 0 0.01 (0.44) 1.75 (1.44) × 10 2 
9.8 0 0.00 (0.41) 1.40 (1.17) × 10 2 
10.8 0 0.00 (0.39) 11.4 (9.59) × 10 1 
11.8 0 0.00 (0.35) 9.50 (8.12) × 10 1 
12.8 0 0.00 (0.32) 8.05 (7.01) × 10 1 
13.8 0 0.00 (0.31) 6.91 (6.03) × 10 1 
14.8 0 0.00 (0.27) 6.00 (5.34) × 10 1 
15.8 0 0.00 (0.24) 5.27 (4.74) × 10 1 

independent input for pulse shape analysis. The properties of the 
observed events for each energy bin and the expected backgrounds 
can be found in Table 2 . 

All the candidates have energies below 7.8 MeV, and most of 
them are concentrated in the very first energy bins (1.8–4.8 MeV), 
a feature understandable on the base of the spectral shape of the 
dominant backgrounds, i.e., geo- ̄νe and reactor ν̄e (see Fig. 3 ). An 
excess of the measured events with respect to backgrounds is vis- 
ible in the lowest energy bin (1.8–2.8 MeV). The reason is that 
for the geo- ̄νe signal, we have conservatively assumed the Mini- 
mal Radiogenic Earth’s model, while this excess is likely an indi- 
cation for mantle geo- ̄νe . To clarify this point we have quoted in 
Fig. 3 the predictions for the geo- ̄νe signal from the Maximal Ra- 
diogenic Earth’s model, which assumes that all terrestrial heat is 
produced exclusively by radiogenic elements and predicts there- 
fore the highest concentrations of U and Th in the mantle [47] . 
Above 2.8 MeV (close to geo-neutrino spectrum endpoint) we ob- 
serve 62 candidates, while 63 ± 2 events are expected from the 
backgrounds, so in perfect agreement. 
3.4. Model-independent upper limits 

The model-independent limit for electron antineutrino flux 
( "ν̄e ) in each energy bin ( i ) is defined by the equation: 

"ν̄e ,i = N 90 ,i 
< σ > ·ε · N p · T (4) 

where N 90 is the 90% C.L. upper limit for the number of antineu- 
trino interactions obtained by following the Feldman-Cousins ap- 
proach [48] , < σ > is the mean cross-section of Inverse Beta 
Decay calculated according to [49] for each energy bin, ε = (0.850 
± 0.015) is the average detection efficiency, N p = (1 . 32 ± 0 . 06) ×
10 31 is the number of protons in the Borexino average fiducial vol- 
ume mass and T = 2485 days is the total live-time. 

New Borexino limits are shown in Fig. 4 . The other limits exist- 
ing in literature are quoted on the same plot. Due to almost five- 
fold increase in statistics, we improved our previously published 
limits [21] by a factor of 2.5 on average. Below 8 MeV, Borexino 
limits are the only existing, thanks to the high energy resolution, 
the low intrinsic backgrounds, and the small reactor ν̄e flux at the 
Gran Sasso site. 

Due to the large uncertainty of the prediction for the atmo- 
spheric ν̄e signal, we show only more conservative limits obtained 

Fig. 4. New Borexino model-independent limits on electron ν̄e fluxes from 
unknown sources in comparison with the results of other detectors (Super- 
Kamiokande [51,52] , KamLAND [18] ) and previous Borexino limits [21] . 
without this background source. Table 2 contains Borexino results 
obtained both with and without taking into account atmospheric 
neutrino background. 
3.5. Limits on diffuse supernovae background 

The energy spectra of the observed ν̄e events can be compared 
with the expectations for the different astronomical source models 
to get hints about the presence of their signal or to quote upper 
limits on the corresponding fluxes. In general, for the supernova 
core-collapses, a unique model does not exist. The basic ideas were 
established in 1930s [50] , but the nature of the shock wave revival 
and explosion mechanism are still not fully understood. The main 
problem is an explanation for the energy transfer of the gravita- 
tional energy to the stellar envelope and initiation of the outward 
shock wave. The mean energy of the emitted neutrinos from Su- 
pernova collapse depends on this mechanism and nowadays could 
only be extracted from numerical simulations. 

In current work, we used, as references, the 1d numerical sim- 
ulations performed by two groups ( [53] , [54] ). These models were 
chosen because they are long-term simulations and yield a mean 
energy value for neutrinos emitted during the collapse. In the case 
of the model by Nakazato et al. [53] , the expected DSNB flux at 
the Earth, as a function of the neutrino energy, is directly pro- 
vided as the result of the numerical simulation of SN core-collapse 
and is made available on a webpage [53] . For the present study 
we have selected the predictions for neutrino normal mass hierar- 
chy, including the oscillation effects. In the case of the Hüdepohl 
et al. model [54] , only the average energies of ν̄e emitted during 
the core-collapse are provided. We have therefore calculated the 
DSNB flux on the Earth, starting from Eq. 1 . The emission neutrino 
spectrum in our calculation is parameterized as [55] : 
dN ν
dE ν = ( 1 + α) 1+ αE tot 

&( 1 + α) E 2 av 
(

E ν
E av 

)α

e { −( 1+ α) E νE av } (5) 
where E tot = 3 × 10 58 MeV ( = 5 × 10 52 erg) is the average neutrino 
luminosity, α = 4 is a pinching parameter [56] , and E av is the av- 
erage neutrino energy ( E av = 11.4 MeV for ν̄e and E av = 9.4 MeV 
for νe ). 

The R SN function in Eq. 1 is expressed according to the formula 
[57] : 

R SN = ρ∗(z) × ∫ 50 
8 ψ (M) dM 

∫ 100 
0 . 1 Mψ (M) dM (6) 

where ψ( M ) dM is the number of stars in the mass range M to M 
+ dM . According to the Salpeter Initial Mass Function [58] , the in- 
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Fig. 5. Expected fluxes for the DSNB ν̄e predicted by Nakazato et al. [53] (red) and 
Hüdepohl et al. [54] (black) models. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Borexino 90% C.L. upper limits on the DSNB ν̄e flux, accord- 
ing to Nakazato et al. [53] and Hüdepohl et al. [54] models, 
without (with) the inclusion of the atmospheric neutrino 
background. 

Nakazato [53] Hüdepohl [54] 
E[MeV] "[ cm −2 s −1 ] "[ cm −2 s −1 ] 
2.8–16.8 < 2.4 (1.7) × 10 3 < 2.6 (1.8) × 10 3 
7.8–16.8 < 106.0 (38.2) < 112.3 (40.5) 

tegral ratio is equal to 0.0070/ M !, where M ! is the mass of the 
Sun. 

For the ρ∗ ( z ) expression in Eq. 6 we have taken the broken 
power-law from [57] : 

˙ ρ∗(z) = ˙ ρ0 ((
z + 1 

B 
)βη

+ ( z + 1 
C 

)γ η

+ (z + 1) αη

)1 /η
(7) 

where ˙ ρ0 = 0.0178 M ! yr −1 Mpc −3 [59] , z is the redshift, α = 
3.4, β = -0.3, γ = -3.5 and B = (z 1 + 1) 1 − α

β , C = (z 2 + 1) 1 − β
γ

(z 1 + 1) β−α
γ , z 1 = 1 , z 2 = 4 . 

The expected DSNB fluxes at the detector for both models are 
reported in Fig. 5 . 

On the basis of the energy spectrum of our ν̄e candidates, the 
upper limit at 90% C.L. for integral DSNB flux in different energy 
ranges has been calculated according to: 

F 90 = ∫ E max 
E min F M (E) dE 

∫ E max 
E min N M (E) dE × N 90 (8) 

where N 90 is the 90% C.L. upper limit for the number of ν̄e inter- 
actions, F M is the flux predicted by a model in the corresponding 
energy region, and N M is the expected number of events calcu- 
lated considering the data exposure, the detection efficiency, and 
the cross section variation over the predicted energy spectrum. 

The model-dependent 90% C.L. upper limits on the DSNB ν̄e flux 
are presented in Table 3 . 

We observe that the choice of the DSNB model does not af- 
fect the result much, while it is very sensitive to the inclusion 
of the atmospheric neutrino background, with a difference up to 
factor of 2.7 in the energy range 7.8–16.8 MeV. Our more con- 
servative limit for the 7.8–16.8 MeV range, "ν̄e < 112.3 cm –2 s –1 
(90% C.L.) is slightly better with respect to the one obtained by 
the KamLAND collaboration [18] ( "ν̄e < 139 cm –2 s –1 (90% C.L.)) 
that indeed refers to a larger energy range (8.3–31.8 MeV), and it is 

to some extent complementary to the one from SuperKamiokande 
( "ν̄e < 2.9 cm –2 s –1 (90% C.L.)) for E ̄νe > 17.3 MeV [19] . 
3.6. Limits on νe → ν̄e conversion in the sun due to spin-flavor 
precession 

The presence of antineutrinos in original neutrino fluxes can be 
a consequence of neutrino electromagnetic interactions induced by 
the non-zero neutrino magnetic moment ( µν ) (see [60] for a re- 
cent review of neutrino electromagnetic properties). Since neutri- 
nos are massive their µν is expected to be non-zero and roughly 
proportional to the neutrino mass [61] . 

Neutrinos with anomalous µν interacting with strong magnetic 
fields in the Sun may undergo spin-flavor precession (SFP), which 
changes their helicity and, possibly, flavor [62] . Dirac neutrinos un- 
der SFP transit into a sterile right-handed state, while for Majorana 
neutrinos spin-flip is equivalent to να − ν̄β conversion. Under the 
CPT conservation, this process for Majorana neutrinos is necessar- 
ily accompanied by the flavor change, and thus, the appearance of 
ν̄e in the Sun can be described as a combined effect of SFP and 
neutrino oscillations: 

νe %%⇒ SFP ν̄µ
oscillations %%%%%%%%%%⇒ ν̄e (9) 

νe oscillations %%%%%%%%%%⇒ νµ
SFP %%%%%⇒ ν̄e (10) 

The tightest limit on the νe − ν̄e conversion probability was 
obtained in the KamLAND experiment and is equal to 5 . 3 ×
10 −5 (90% C.L. ) [18] . In Borexino, a study of νe − ν̄e conversion was 
previously performed in [21] using ~ 2 years of data acquired dur- 
ing Phase I. In the following, we update our previous results using 
a larger dataset. 
3.6.1. Search for antineutrinos from the 8 B reaction 

The same IBD candidates as for the previous studies have been 
used here to search for the ν̄e from the conversion of 8 B neutrinos 
having energies up to 16.8 MeV. We developed separate analyses 
in two energy regions, 1.8–7.8 MeV (LER), and 7.8–16.8 MeV (HER). 

In the HER, we used the Feldman-Cousins approach [48] to 
get the 90% C.L. upper limit ( N 90 ) on the antineutrino interac- 
tion rate for this energy region. Then the limit on the antineu- 
trino flux ( "lim ) is obtained by following the same approach as in 
subsection 3.4, Eq. 4 . The average IBD cross section < σ > con- 
sidered in this study is weighted over the undistorted spectrum of 
8 B neutrinos. 

The analysis in the LER is instead performed by applying the 
spectral fit procedure developed for geo-neutrino studies [32] . The 
fit is performed assuming contributions from (1) geo-, reactor and 
atmospheric neutrinos; (2) ν̄e -like background from accidental co- 
incidences, ( α, n ) reactions and cosmogenic isotopes; (3) 8 B an- 
tineutrino spectrum. Assuming that SFP probability is not energy 
dependent, the spectral shape of 8 B antineutrino coincides with 
the neutrino spectrum. 

In the HER we expect 0.3 background events in the region of 
interest, assuming the reactor background spectrum is normalized 
to the Daya Bay measurement [36] and the absence of the atmo- 
spheric neutrino background. Zero events observed in this region 
corresponds to N 90 = 2 . 15 , and a limit on the antineutrino flux 

φν̄ (E > 7 . 8 MeV ) < 138 . 0 cm −2 s −1 . (11) 
As the region above 7.8 MeV contains 36% of the 8 B flux, 
the limit in the whole energy range is correspondingly φν̄ < 
383 . 7 cm −2 s −1 (90% C . L . ) . Taking the Standard Solar Model (SSM) 
values of 8 B neutrino flux under assumptions of high (HZ) and 
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flux below 13.3MeV, but this limit is still an order of
magnitude larger than SRN model predictions. The upper limits
on the dark matter self-annihilation cross section to neutrino
pairs are the most stringent for dark matter particle masses
below 15MeV. Our results for the model-independent flux
limit (Table 4) can set limits on various astrophysical n̄e, for
instance, neutrinos from sterile neutrino decay (Hostert &
Pospelov 2021) and primordial black hole dynamics (Dasgupta
et al. 2020; Calabrese et al. 2021; Wang et al. 2021).

Further background suppression is necessary to improve the
solar 8B n̄e and SRN sensitivity. A future neutrino detector
at a deep underground site will suppress the spallation
background (Anderson et al. 2019; Guo et al. 2021). A larger
distance to nuclear power plants will reduce the reactor
neutrino component. More detailed measurements of the
high-energy reactor neutrino spectrum are necessary, including
the end point. The background arising from atmospheric
neutrinos is the most challenging. Pulse shape discrimination
(PSD) may reduce this contribution (Li et al. 2016) in a future
large neutrino detector such as JUNO (An et al. 2016). The
current KamLAND detector has the fast scintillation decay time
of the liquid scintillator cocktail and significant reemission,
however, PSD can be improved by the detector upgrades and
by introducing excellent timing resolution for PMTs in the
future. The KamLAND2 detector upgrade program intends to

use a linear-alkyl-benzene-based liquid scintillator, which
would realize the PSD owing to a slower scintillation
decay time compared to the current KamLAND liquid
scintillator (Asakura et al. 2015a; Obara et al. 2019; Nakamura
et al. 2020; Kamei 2020; Takeuchi & Kawada 2020).
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Figure 8. Model-independent upper limits on the n̄e flux (at 90% CL). This
work is compared to Borexino (Agostini et al. 2021) in the case including
atmospheric neutrino background, Super-K I/II/III (Bays et al. 2012), Super-K
IV (Zhang et al. 2015), and Super-K IV (Abe et al. 2021a). The black lines
show different theoretical SRN fluxes.

Table 4
The Obtained n̄e Upper Flux Limit (90% CL) Assuming That All n̄e Have a

Monochromatic Energy

Energy (MeV) Flux Upper Limit at 90% CL (cm−2 s−1 MeV−1)

8.3–9.3 98.1
9.3–10.3 9.5
10.3–11.3 23.8
11.3–12.3 11.2
12.3–13.3 19.8
13.3–14.3 8.4
14.3–15.3 7.3
15.3–16.3 12.8
16.3–17.3 11.2
17.3–18.3 10.1

Figure 9. Upper limits on the dark matter self-annihilation cross section at 90%
CL from KamLAND and Super-K (Palomares-Ruiz & Pascoli 2008). Two
benchmark cases for the angular-averaged intensity "ave are shown, " = 1.3ave
(dashed line) and 5.0 (solid line). The shadowed region corresponds to the
natural scale of the annihilation cross section as 3 × 10−26 cm3 s−1 (Steigman
et al. 2012).
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Location: LNGS, Italy 
Type: Liquid Scintillator 
Channel: νe̅ IBD 
Mass: 278 tons (∼231 t fiducial) 
Exposure: 546 kton·days 
Depth: 3800 mwe

Borexino
Location: Kamioka, Japan 
Type: Liquid Scintillator 
Channel: νe̅ IBD 
Mass: 1 kt (∼606 t fiducial) 
Exposure: 2454 kton·days 
Depth: 2700 mwe
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summary of the fit results for each theoretical model and
corresponding upper limit. For all tested models, the best-fit
number of SRN is 0, and NC background is 7.5. However, the
reported upper limit changes for each model owing to
differences in the underlying theoretical energy spectrum.

5.3. Model-independent Flux

We also present model-independent upper limits on the n̄e
flux assuming monochromatic neutrino energies. The flux
upper limits (f90) are calculated with

�
f

s
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, 13

p
90

90

IBD

where N90 is the 90% CL upper limit on the number of n̄e in a
1MeV wide bin using the Feldman & Cousins (1998)
approach, Np is the number of target protons, σ is the IBD
reaction cross section, òIBD is the detector efficiency, and T is
the detector live time. Figure 8 shows the resulting electron
antineutrino flux in comparison with results from
Borexino (Agostini et al. 2021), Super-K (Bays et al. 2012;
Zhang et al. 2015; Abe et al. 2021a), and various theoretical
SRN models (Kaplinghat et al. 2000; Horiuchi et al. 2009;

Nakazato et al. 2013, 2015). While our results do not yet
exclude SRN models, they provide the strictest flux limits for
Eν= [8.3, 13.3 MeV]. Table 4 shows a summary of the flux
upper limits per bin.

5.4. Dark Matter Self-annihilation

The n̄e flux upper limit per energy bin can be translated to a
dark matter self-annihilation cross section limit (Palomares-
Ruiz & Pascoli 2008). From Equation (4), we obtain an upper
limit of 〈σAv〉< (1–11)× 10−24 cm−3s−1 (90% CL) for the
benchmark case of " = 1.3ave (see Figure 9). This result is the
most stringent constraint on the self-annihilation cross section
for mχ< 15MeV.

6. Summary

We searched for astrophysical n̄e in the neutrino energy range
8.3−30.8MeV with 4528.5 live-time days of KamLAND data.
No significant excess was found over the expected back-
grounds. We presented the strictest upper limit on the
conversion probability of solar 8B neutrinos to antineutrinos,
3.5× 10−5 (at 90% CL). Assuming various model predictions,
the upper limit on the SRN flux translates to 60–110 cm−2 s−1.
We also give the strictest upper limit on the model-independent

Figure 7. Results for the solar n̄e fit for (a) the prompt energy spectrum and (b) the radial distribution. The filled histograms are the best-fit background contributions.
The red dashed lines show the 90% CL upper limit for solar 8B n̄e. All histograms are stacked. The top panels show residuals.

Table 3
Summary of Obtained SRN Flux and Number of Event Upper Limits (90% CL)

Model Reference N90 (Event) F90 (cm−2 s−1) Expected Flux (cm−2 s−1)

Kaplinghat+00 (Kaplinghat et al. 2000) 9.4 74.5 19.9
Horiuchi+09 (6 MeV) (Horiuchi et al. 2009) 10.2 61.6 5.8
Nakazato+15 (max, IH) (Nakazato et al. 2013, 2015) 9.3 108 5.1
Nakazato+15 (min, NH) (Nakazato et al. 2013, 2015) 8.9 105 2.2

Note. F90 and N90 are the 90% CL upper limits of flux and number of events, respectively. The expected flux is integrated over our analysis energy range
Eprompt = [7.5, 30 MeV].
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Figure 1: Schematic of the JUNO detector complex, which is composed of the Central Detector

(CD), water bu↵er, and the veto detectors. See the text for more details.

reactor antineutrinos, together with other physics program, including studies of neutrinos from the

Sun [20], the planet Earth [21], the atmosphere [22], and the core collapse SNe [23] as well as the

exploration of physics beyond the Standard Model [16].

JUNO is an underground LS detector of 20 kton with an overburden of around 700 meter of

rock (1800 meter water equivalent) for shielding of the cosmic rays. This results in a muon rate of

0.004 Hz/m2 and an average muon energy of 207 GeV at the detector location. The JUNO detector

complex is composed of the Central Detector (CD), water bu↵er, and the veto detectors, which are

illustrated in Fig. 1. From the inner to outer layers, the CD contains 20 kton LS filled in an acrylic

shell with an inner diameter of 35.4 m. It is immersed in a cylindrical water pool with the diame-

ter and height of both 43.5 m. There are 17,612 high-quantum-e�ciency 20-inch photomultipliers

(PMTs) closely packed around the LS sphere. Another 25,600 3-inch PMTs are installed in the gaps

between the 20-inch PMTs to further improve the neutrino energy measurements. The water bu↵er

is filled between the acrylic shell and PMTs supported with the stainless steel structure. The Veto

System is designed to tag muons with high e�ciency and precisely reconstruct their tracks for ef-

fective background reduction. The Veto System includes the water-Cherenkov detector surrounding

the CD to shield the neutrons and the natural radioactivity from the rock and the Top Tracker. The

water-Cherenkov detector contains 35 kton ultrapure water, which is supplied and maintained by

a circulation system. The Cherenkov light is detected by 2400 20-inch PMTs. Its muon detection

e�ciency is greater than 99%. The Top Tracker is made from the reused plastic scintillator from

the OPERA experiment. It covers half of the water pool on the top with a 3-layers configuration.

Each detector module is readout at both ends by multi-anode PMTs.
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illustrated for 10 and 20 years of data taking.
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predictions with (hE⌫i = 12 MeV, fBH = 0), (hE⌫i = 15 MeV, fBH = 0.27) and (hE⌫i = 18 MeV,

fBH = 0.40) respectively. The width of these three bands are taken with RSN(0) ranging from 0.5

to 2.0 ⇥ 10�4yr�1Mpc�3. The red and blue triangle points are shown for the DSNB flux limits

obtained from SK-I,II,III [6] and SK-IV [7] respectively. The pink square points are taken from

the KamLAND detection limits [13]. The orange diamond points are shown for the limits from

Borexino [15].

If there is no positive DSNB detection, JUNO can also significantly improve the current best

limits on the DSNB fluxes. Assuming the observation equals to the expected background, there are

two di↵erent and complimentary ways to report the exclusion limits.

The first method is to select a small energy window and directly derive the upper limit of the

DSNB flux in this window using the rate counting method and the Feldman-Cousins statistics [54].

In Fig. 10, we derive the 90% confidence level upper limits on the DSNB fluxes for 18 equal energy

bins from 12 to 30 MeV. The grey, red and blue bands with dashed lines are shown for the DSNB

flux predictions with (hE⌫i = 12 MeV, fBH = 0), (hE⌫i = 15 MeV, fBH = 0.27) and (hE⌫i = 18

MeV, fBH = 0.40) respectively. The width of these three bands are taken with RSN(0) ranging

from 0.5 to 2.0 ⇥ 10�4yr�1Mpc�3. The red and blue triangle points are shown for the DSNB flux

limits obtained from SK-I,II,III [6] and SK-IV [7] respectively. The pink square points are taken

from the KamLAND detection limits [13]. The orange diamond points are shown for the limits

from Borexino [15]. From the figure, we can observe that it is very promising for JUNO to reach

the parameter space of the DSNB model in the whole neutrino energy range from 12 to 30 MeV.

In the low energy part, it can improve the KamLAND and Borexino limits by around two orders

of magnitude. Compared to the SK limit, the improvement is also significant, from one order of

magnitude for low energy bins to around three times near the high energy boundary. It should be

noted that the advantage of this method is totally model-independent and much conservative, where

only the background budgets are required in the analysis.
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Analysis Highlights: 
• Very large mass LS detector 
• Exceptional coverage/

resolution, low threshold 
• Strong μ tagging capabilities 
• Powerful PSD and triple 

coincidence tagging capability 
• Minimal spallation 

backgrounds

JUNO Collaboration, 
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See also: Jie Zhao, "JUNO Status and Prospects," Session S7



Deep Underground 
≳ 4000 mwe

Theia100 Concept 
100 kton, 80 kton fiducial

DSNB In Theia 
Future Prospects
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Location: TBD, possibly SURF 
Type: Water-based Liquid Scintillator 
Channel: νe̅ IBD 
Mass: 50–100 kton 
Depth: ∼4000 mwe

THEIA 
future concept

EPJC 80:416 (2020)

If not stated otherwise, we refer to the fiducial DSNBmodel
throughout ourwork but comment on themodel dependence
of our results in Sec. VI.

IV. BACKGROUND MODELING

A variety of backgrounds besets the DSNB signal. They
can be divided into three categories:

(i) The terrestrial flux of ν̄e’s from reactors and
atmospheric neutrinos causes an irreducible back-
ground of real IBD coincidences and reduces
the detection window to the range of about 8 to
30 MeV.

(ii) Cosmic muons are penetrating the rock shielding
above the detector. In spallation processes, these
muons generate βn-emitting isotopes (e.g., 9Li) in
the target material as well as fast neutrons when
passing through the rock surrounding the detector.
Both can mimic IBD coincidence signals.

(iii) High-energy atmospheric neutrinos undergo neutral-
current (NC) interactions in the target medium. In
case neutrons are released in these reactions, they
can create coincidences with a prompt signal in the
visible energy range of the DSNB.

In the following, we give a detailed account of the modeling
of these background sources. The expected event rates are
listed in the first column of Table II, while Fig. 3 displays
the corresponding visible energy spectra.

A. Reactor and low-energy atmospheric neutrinos

1. Reactor neutrinos

ν̄e’s emitted by nuclear reactors provide a high back-
ground flux at energies below 10 MeV. The total reactor
neutrino rate (including its uncertainty) and the oscillated
energy spectrum are derived from [44]. For the Sanford
Underground Research Facility (SURF) in South Dakota,
we expect (2240! 112) events per 100 kt · yrs.

2. Atmospheric neutrinos

At low energies, the flux of atmospheric ν̄e’s increases
with energy and starts to surpass the DSNB signal at around
30 MeV. Since their flux depends on the geographic
(geomagnetic) latitude [45], we adopt the HKKM atmos-
pheric neutrino fluxes between 100 MeVand 104 GeV that
have been calculated for the DUNE experiment at the same
location [46]. For lower neutrino energies, we extrapolate
the FLUKA simulations performed for the location of the
Gran Sasso National Laboratories [47] that are at nearly
the same geographical latitude (42.5° N vs 44.4° N). The
FLUKA fluxes are scaled to match the atmospheric
HKKM spectrum between 100 MeV and 200 MeV.
Using the IBD cross section from [34], the rate of
atmospheric neutrino reactions below 100 MeV is calcu-
lated to ð48! 17Þ=ð100 kt · yrsÞ. The relative error of 35%
reflects the uncertainty of low-energy atmospheric flux
predictions [47,48].

B. Cosmogenic backgrounds

1. In situ production of 9Li

Cosmic muons create a variety of radioisotopes by
spallation on the oxygen (and carbon) nuclei of the
WbLS target. Of those, only βn emitters can mimic
the IBD signature and are thus potential contributors to
the background. The only isotope produced with a relevant
cross section and sufficiently high end point energy
(Q ¼ 13.6 MeV) to reach into the observation window
is 9Li. In ∼50% of all cases, 9Li decays to an excited state of
9Be that deexcites via emission of a neutron [49]. The decay
scheme of the β− decay of 9Li was implemented according
to [50,51]. Since this background scales to first order
with the muon flux, a deep location like SURF translates to
a substantial reduction in the 9Li production rate. We
estimate the expected background rate by adopting the
9Li yield measured for water and the organic component
of the WbLS in SK [52] and Borexino [53], respectively.
According to [54], we scale this rate to the lower muon
flux and higher muon mean energy at SURF, i.e.,
R9Li ∝ Φμ · hEμi0.75, assuming a muon flux of Φμ ¼
4.2 × 10−9 cm−2 s−1 and mean muon energy of hEμi ¼
293 GeV [55]. The resulting IBD-like background rate
is approximately ð530! 106Þ=ð100 kt yrÞ, the relative
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FIG. 3. The visible scintillation energy spectrum expected for
the DSNB signal and its ample backgrounds. The presented
spectra include reactor neutrinos, cosmogenic 9Li, fast neutrons
as well as atmospheric neutrino charged-current (CC) and
neutral-current (NC) interaction rates. We assume a basic event
selection of IBD-like coincidence signals (with only a single
accompanying neutron capture). The energy scale is based
on the number of scintillation photons detected. The upper axis
lists the corresponding visible scintillation energy. Expected rates
according to the three DSNB models are indicated in blue
(cf. Fig. 2).
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neutron in the final state) leaves behind a radioactive
isotope. In principle, its decay can be used to reject the
original IBD-like interactions by means of a delayed
coincidence tag. In water, the dominant isotope created
is 15O with a branching ratio of ∼49%. 15O undergoes
a βþ-decay with an end point of 2.8 MeV and a lifetime of
2.9 min [67]. For both detector configurations of Theia, this
will produce a sizable signal visible at high efficiency.
Given the relatively long lifetime of 15O and low decay

energy, a refined selection condition must be applied for the
delayed coincidence to prevent a high rate of accidental
coincidences of DSNB neutrino events with radioactive
decays intrinsic to the scintillator. In accordance with [16],
we assume a contamination of the water with elements of
the 238U=232Th chains on the level of 10−15 g=g. To reduce
the rate of accidental coincidences, we impose a maximum
delay time of 10 min (about 3 lifetimes of 15O) and a spatial
distance of 1 m between the vertices. This is sufficient to
reduce the probability of accidental coincidences of signal
events to 1%, while the veto efficiency for delayed-decay
NC interactions is still at 95%.
Beyond 15O and the low-yield isotope (in water) 12B,

none of the other isotopes created permits a similar vetoing
technique. While 14N, 13C, 12C, 10B, and 9Be are stable, 8Be
almost immediately decays into two alphas.
Arguably, WbLS can be regarded as the only technique

that will provide reasonably high efficiency for the delayed-
decay veto. For pure Cherenkov detectors, tagging effi-
ciency for 15O will be very low. In organic scintillators, the
main product of NC interactions on 12C is 11C. While these
decays are above the threshold, the lifetime is a long
∼30 min, making a veto based on the delayed decay as
proposed in [68] quite challenging.

VI. DETECTION POTENTIAL

The excellent background discrimination capabilities of
WbLS mean that a detector based on this technique can
hope for fast acquisition of statistics on the DSNB signal at
comparatively low background levels. Table III illustrates
the impact of the sequence of event selection cuts that have
been introduced in Sec. V. A great reduction of the overall
background levels is evident. This is especially true for the
rejection of the background by atmospheric-neutrino NC
interactions that is reduced by almost 2 orders of magni-
tude. At the same time, the DSNB signal acceptance is only
mildly affected.

A. Signal and background rates

Overall, ∼ð9# 2Þ background events per 100 kt · yrs
remain in the observation window, while the expected signal
rate is∼17þ34

−8 events per 100 kt · yrs. The range in the signal
corresponds to the uncertainty in the DSNB flux prediction.
The corresponding visible-energy spectrum of signal and
background events is shown in Fig. 8. The exact signal and

background numbers depend substantially on the C=S ratio
cut imposed. When comparing to the data sample left after
basic event selection, we find a final signal efficiency of
>80% and a background residual of 1.3%. The direct signal-
to-background (S∶B) ratio is 1.9 (1.8) for Theia100
(Theia25). As described in Sec. V C, we optimize the signal
significance over the background instead, which amounts to
S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
≈ 3.4 for an exposure of 100 kt · yrs.
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FIG. 8. The visible scintillation energy spectrum expected for
DSNB signal and backgrounds after all selection cuts. The
background components include IBDs from reactor and atmos-
pheric neutrinos as well as a residual of IBD-like NC interactions
of atmospheric neutrinos. The signal dominates with respect to
the backgrounds over the entire observation window (white
region). Expected rates according to the three DSNB models
are indicated in blue (cf. Fig. 2).

TABLE III. Integral rates of DSNB signal and backgrounds
within the observation window (8–30 MeV) for a live exposure
of 100 kt · yrs in Theia100 (Theia25). The first column represents
the rates applying the basic selection cuts described in Sec. VA,
where reactor and cosmogenic backgrounds have already been
reduced to a negligible level. The following columns correspond
to the selection of single rings, application of C=S ratio cut, and a
delayed-decay veto (Secs. V B–VD). Furthermore, the fraction
of DSNB event and the residual background retained in the
observation window, signal-to-background (S:B) ratio as well as
the signal significance over background S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, is given.

100 kt · yrs exposure

Spectral component
Basic
cuts

Single
ring C=S cut

Delayed
decays

DSNB signal 21.7 21.7 17.7 (17.4) 17.5 (17.2)
Atmospheric CC 2.0 2.0 1.7 (1.6) 1.7 (1.6)
Atmospheric NC 682 394 13.6 (14.6) 7.4 (7.9)
Fast neutrons 0.8 0.8 % % % % % %
Signal efficiency 1 1 0.82 (0.81) 0.81 (0.80)
Background residual 1 0.58 0.022 (0.024) 0.013 (0.014)
Signal-to-background 0.03 0.05 1.2 (1.1) 1.9 (1.8)
Signal significance 0.8 1.1 3.1 (3.0) 3.4 (3.3)
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contamination arises from NC reactions with one or more γ
rays in the final state (Sec. IV C). The prevalence of γ rays
of ∼6 MeV creates an easy-to-spot curved band in the
distribution of atmospheric NC events. The lower panel of
Fig. 6 represents a zoom-in of the signal region for C=S
values greater than 0.5. In this energy range, NC events
exhibiting only a single 6 MeV gamma ray feature a lower
C=S ratio and are thus automatically excluded. However, a
second population of events is discernible that likely
features two gammas. Moreover, there is a couple of events
at higher visible scintillation energies that are caused by
secondary interactions of high-energy neutrons with other
nuclei. Since both event populations are expected to create
more than a single Cherenkov ring, it is likely that these
events—though not discernible by their C=S ratio—could
be identified as background by Cherenkov ring counting
(see above). However, since the current study lacks a

sufficiently detailed modeling and reconstruction of these
events, we conservatively assume that they cannot be
discriminated.
In order to utilize the C=S ratio in the analysis, we define

an energy-dependent lower threshold for signal selection. It
is exemplified by the red line inserted in Fig. 6. The exact
threshold values imposed depend on the focus of the DSNB
analysis. Here, we optimize for the detection potential of
the DSNB; i.e., we apply an energy-dependent selection cut
that maximizes the significance of the DSNB signal S over
the NC background B, represented by the signal signifi-
cance S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
and visualized in Fig. 7. For the shown

configuration, we reach an optimum in DSNB signal
acceptance of 82%, leaving a residual of only 3.5% for
atmospheric NC background events and ∼1% for fast
neutron events (not shown).
Given the importance of this discrimination technique for

the DSNB detection, we also investigated its dependence on
the light collection. Since Theia25 plans for an initial
coverage of 25%, the number of photo electrons collected
would be reduced by a factor of 3 compared to 75%coverage
of Theia100.While the larger uncertainty in photon statistics
translates to a slight weakening of the discrimination power,
the effective S/B values are only mildly affected: for the
optimum threshold, the signal acceptance is 78% while a
background residual of 3.7% is permitted.

D. Delayed decays

As displayed in Table I, a significant fraction of the NC
reactions of atmospheric neutrinos on 16O (with a single
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as one of the two leading DSNB observatories, providing
both fast collection of signal statistics and excellent signal
significance. While HK-Gd will collect higher numbers of
events, Theia100 profits from the considerably better S:B
ratio. Depending on the relative starts of data taking,
Theia100 bears the promise of a speedy discovery of the
DSNB signal and an important contribution to the follow-
up phase of DSNB spectroscopy.
Even the smaller Theia25 will be able to make a relevant

contribution. Despite a relatively long ramp-up time
(>10 yrs), Theia25 will eventually surpass JUNO in
collected event statistics and approach the event numbers
of SK-Gd. The same is true for signal significance. Before
the arrival of HK-Gd, arguably the most likely scenario for
a further exploration of the DSNB is a combined analysis of
the data sets of all running experiments (i.e., SK-Gd and
JUNO for the ν̄e component). Especially in this scenario, a
contribution of Theia25 would prove very important, in
terms of both event statistics and understanding of the
crucial NC atmospheric background. While not as spec-
tacular as Theia100, Theia25 would thus provide a sub-
stantial improvement of global DSNB sensitivity.

VIII. CONCLUSIONS

As laid out in the present paper, WbLS will provide an
excellent target material for the detection of the DSNB. We
investigated this potential for two possible configurations
of the future neutrino observatory Theia. Performing a full
analysis including IBD event selection, basic discrimina-
tion cuts as well as a selection of events featuring single
rings, high C=S ratio, and no delayed decays of final-state
radionuclei, we find a remaining signal efficiency of >80%

and a background residual of 1.3% of the high-level
selection cuts. Based on a statistical analysis, we conclude
that an exposure of ∼190 kt · yrs will be sufficient to claim
a 5σ discovery of the DSNB under standard assumptions.
Longer measuring times may be required in case detector
uncertainties are unexpectedly large or the DSNB is best
described by a low-flux model [11].
While such comparisons are always difficult, we also

tried to evaluate the detection potential of a WbLS detector
in the context of other large-scale neutrino observatories
(present and future) that feature sensitivity for the DSNB.
We conclude that per unit detector volume, WbLS outper-
forms all other detection techniques. However, such an
evaluation must take into account as well the time scales on
which measurements can be performed and the target
masses that can be realized: if realized in the mid-2030s,
Theia100 would quickly emerge as a leading DSNB
observatory—only the considerably larger HK-Gd will
provide similar sensitivity. The more modest Theia25
would take another ten years before having collected
sufficient data to add significantly to a global analysis of
the DSNB flux and spectrum.
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FIG. 11. Projections for the signal rates (left panel) and signal significance (right panel) of the relevant DSNB observatories over
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Analysis Highlights: 
• WbLS provides efficient IBD neutron 

tag, Cherenkov ring counting, and 
sub-threshold NCQE tag 

• Tagging of long-lived low-E decays

Sawatzki, Wurm, Kresse, 
Phys. Rev. D 103, 023021 (2021)
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• A rich array of measurements ahead 
• Average supernova dynamics will provide 

crucial SNe physics context 
• Neutrino & SM/BSM physics: 

oscillations, properties, NSI, ... 

• The future is bright a dim but 
informative glow!

• Null results are closing in on the theory expectation 
• 3σ appears achievable within a few years in SK+Gd, JUNO 
• Optimistic scenarios, excesses already disfavored 
• Robust searches in νe, νe̅: Different detectors, channels, backgrounds, systematics, etc. 

• The DSNB signal remains elusive 
• Despite exceptional detectors and analysis, no detection yet 
• Measuring spectral features will require much larger statistics than a first detection 
• Promising path with new, next-generation detectors 
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Figure 10: 90% confidence level upper limits on the DSNB fluxes for 18 equal neutrino energy bins

from 12 to 30 MeV. The grey, red and blue bands with dashed lines are shown for the DSNB flux

predictions with (hE⌫i = 12 MeV, fBH = 0), (hE⌫i = 15 MeV, fBH = 0.27) and (hE⌫i = 18 MeV,

fBH = 0.40) respectively. The width of these three bands are taken with RSN(0) ranging from 0.5

to 2.0 ⇥ 10�4yr�1Mpc�3. The red and blue triangle points are shown for the DSNB flux limits

obtained from SK-I,II,III [6] and SK-IV [7] respectively. The pink square points are taken from

the KamLAND detection limits [13]. The orange diamond points are shown for the limits from

Borexino [15].

If there is no positive DSNB detection, JUNO can also significantly improve the current best

limits on the DSNB fluxes. Assuming the observation equals to the expected background, there are

two di↵erent and complimentary ways to report the exclusion limits.

The first method is to select a small energy window and directly derive the upper limit of the

DSNB flux in this window using the rate counting method and the Feldman-Cousins statistics [54].

In Fig. 10, we derive the 90% confidence level upper limits on the DSNB fluxes for 18 equal energy

bins from 12 to 30 MeV. The grey, red and blue bands with dashed lines are shown for the DSNB

flux predictions with (hE⌫i = 12 MeV, fBH = 0), (hE⌫i = 15 MeV, fBH = 0.27) and (hE⌫i = 18

MeV, fBH = 0.40) respectively. The width of these three bands are taken with RSN(0) ranging

from 0.5 to 2.0 ⇥ 10�4yr�1Mpc�3. The red and blue triangle points are shown for the DSNB flux

limits obtained from SK-I,II,III [6] and SK-IV [7] respectively. The pink square points are taken

from the KamLAND detection limits [13]. The orange diamond points are shown for the limits

from Borexino [15]. From the figure, we can observe that it is very promising for JUNO to reach

the parameter space of the DSNB model in the whole neutrino energy range from 12 to 30 MeV.

In the low energy part, it can improve the KamLAND and Borexino limits by around two orders

of magnitude. Compared to the SK limit, the improvement is also significant, from one order of

magnitude for low energy bins to around three times near the high energy boundary. It should be

noted that the advantage of this method is totally model-independent and much conservative, where

only the background budgets are required in the analysis.
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Thank You!

20Image: Cassiopeia A, Chandra X-Ray Observatory. X-ray: NASA/CXC/SAO; Optical: NASA/STScI; Infrared: NASA/JPL-Caltech/Steward/O.Krause et al.
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