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Final goal
Discovery of the Diffuse Supernova Neutrino Background
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Spallation event
Serous background for MeV region neutrino in SK/HK
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• Reduce ~10-2 by time-space correlation 
between muon track and candidate event 

• Reduce ~10-4 by neutron tagging

Comparable to the DSNB expectation

above about 6 MeV is due to the new spallation cuts,
as described in Sec. VA 4. In the lower energy regions,
tighter cuts are applied to remove more background events,
which was optimized by the cut point tuning in this
analysis.

B. Signal extraction

The observed number of solar neutrino signal events are
extracted from the final data sample using an extended

maximum likelihood function fit. The fit is made to the
angle, θSun, between the reconstructed event direction and
the Sun at the time of detection. This distribution is used
since neutrino-electron elastic scattering is peaked in the
forward direction, so the solar neutrino signal corresponds
to a peak on top of a uniform background. This extraction
method is similar to previous analysis [25] but in the SK-IV
2970-day analysis the binning with multiple scattering
goodness (MSG) parameter, defined in [25], is newly
considered.
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FIG. 26. The time variation of event rates in the 2970-day final
data sample. The vertical dashed line shows the threshold change
from 34 hits to 31 hits. The events below 5.49 MeV during
convection periods in 2018 are removed.
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FIG. 27. Reconstructed electron kinetic energy distribution of
the observed data after each reduction step. The square, triangle,
rhombus, cross, and circle correspond to after 1st reduction,
spallation cut, ambient cut, external cut, and tight fiducial volume
cut, respectively. The dotted lines correspond to the SK-IV 1664-
day final data sample in the previous analysis [25] and can be
compared to the circle markers.
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FIG. 28. Signal efficiency after each reduction step as a
function of the reconstructed electron kinetic energy. The
filled-square corresponds to the number of events after the trigger
cut in the 22.5 kt standard fiducial volume. Other markers are the
same as Fig. 27.
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Spallation event
Key for DSNB search in lower energy region
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110 Chapter 7. Search for Diffuse Supernova Neutrino Background in SK-Gd
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Figure 7.1: Correlation between end-point energies and half-lives
(left) and that between half-lives and yield (right) for spallation iso-
topes detected in the DSNB search window and generated by cosmic-
ray muons in water. Red circles in both figures represent undergoing
beta decay with neutrons. For the isotopes undergoing decay with
neutrons, the yield includes the fraction of decay with neutrons. The

fraction of these plots referred from [48].

Figure 7.2: Decay scheme of 9Li based on PDG [49].

7.3.2 Atmospheric Neutrinos

In this analysis, signals of a few tens of MeV from the atmospheric neutrinos signifi-
cantly contribute to the background. Specifically, the events described below can be
identified as a source of background:

• Decay electron from muons:
Muons with energy below the Cherenkov threshold, known as ‘invisible muons.’
decay into electrons or positrons with a lifetime of 2.2 µs(decay-e). This kind
of event cannot be identified by the parent muon event. Therefore, when at-
mospheric neutrino interactions yield invisible muons accompanied by neutrons,
these interactions become indistinguishable from IBD interactions. Figure 7.4
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Why not MC driven?
No reliable hadron simulations based on the experiment that produce 
long-lived (on the order of milliseconds) radioisotopes such as 9Li 
(beta decay with neutron) by pion oxygen spallation. -> WCTE

118 Chapter 8. Event reduction

due to spallation. All muon events from these two regions are compiled for all SHE
occurrences and labeled as ‘pre-’ and ‘post-’ samples.
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Figure 8.2: Illustration of muon concept for the spallation.

The spallation cut consists of five reduction contents.

• 1-ms cut: Filters out hadronic interaction events resulting from the particles
induced by muon spallation.

• Neutron cloud cut: Assess muon spallation events that occurred with neu-
trons along with the muon track.

• Multiple Spallation cut: Detects the presence of clustered low-energy events
in both space and time.

• Spallation likelihood cut: Compute the likelihood of a SHE event originat-
ing from muon spallation.

• Spallation Box cut: A more stringent cut than others, utilizing muon good-
ness, time variance, and spatial difference to eliminate sufficiently high-energy
spallation events.

8.2.1 1-ms cut

Muon spallation yields a cascade of particles, sometimes numbering in the thousands.
These particles, being highly energetic, can instigate subsequent hadronic nuclear
reactions, emitting gamma rays, neutrons, and more. Occasionally, these particles
might activate the SHE triggers, with neutrons potentially causing a delayed signal
due to neutron capture.

To filter out evident SHE events induced by the muon spallation, any SHE events
within 1 ms muon occurrences are excluded. Factoring in the 2 Hz muon rate, the
impact of this cut on signal efficiency is calculated as 1 ms/0.5 s = 0.2%.
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Figure 8.10: Illustration for variables related to spatial correlation

Estimated PDF f̂(x) is described as:
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1
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!
(8.4)

where the k(x) denotes Kernel function, n indcates the number of total entries, i
denotes the entry number, Xi represents the center value of the bin at i-th entry, and
h indicates the bin width of PDF histograms. A Gaussian function, characterized by
a mean of 0 and a variance of 1, utilized the Kernel function. The KDE methodology
is implemented, resulting in new PDFs for all variables. Figure 8.11 shows PDFs of
these variables for the single-through muon with dt < 0.05 s and `t < 300 cm for
`l, Qres, and Qµ, as an example. The clear contributions are seen as the difference
between spallation and random samples.

Lspall value for all muons are calculated for each SHE event. Lspall distributions
are organized into bins based on the energy of the SRN candidate (reconstructed
energy = 8–10, 10–12, 12–14, 14–16, 16–18, 18–20, 20–24 MeV) because the spallation
event rate from each isotope is highly correlated with its energy. Furthermore, as
the single-through and multiple muons are major types and it is required to review
more carefully, the cut criteria of Lspall are determined for each dt and `t binning;
dt binning is common for two muon types: 0–0.05, 0.05–0.5, 0.5–60 s, whereas `t
binning is divided for two types: 0–200, 200–300, 300–500, 500–1000, 1000–5000 cm
for single-through muon and 0–100, 100–200, 200–300, 300–500, 500–700, 700–1000,
1000–5000 cm for multiple muons, respectively. For the misfitted muon, only dt is
used to calculate Lspall, as the other variables are unreliable. Figure 8.12 presents the
likelihood distributions for different muon types, showcasing the dt = 0–0.05 s and
`t = 0–200 cm region for single-through muons, and dt = 0–0.05 s and `t = 0–100 cm
region for multiple muons are shown as examples.

8.2.5 Spallation Box Cut

The muon spallation sample is drastically decreased at the high-energy region be-
yond 16 MeV. Therefore, the accurate optimization of spallation likelihood criteria is
difficult. Thus, a series of strict cuts is applied primarily above 16 MeV.
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Figure 8.12: Spallation likelihood distributions of pre (blue) and post
(red) samples, for misfit (top, left), stop (top, right), single through-
going with dt = 0–0.05 sec (middle, left), and `t = 0–200 cm (middle,
right), and multiple muons with dt = 0–0.05 sec (bottom left), and
`t = 0–100 cm (bottom, right). These findings correspond to the

reconstructed energy in the 8–10 MeV region.

8.2.6 Spallation Cut Efficiency Estimation

Survival probabilities after whole spallation cuts are estimated for the remaining back-
ground and signal events. In this study, four types of efficiencies that the events re-
maining rate after spallation cut are evaluated: spallation event ("spall), random event
("random), solar event ("solar), and 9Li event ("li9).

0 <Δt < 50 msec
Likelihood distribution

10          100        1000       [msec]
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not measured. We also note that the two different measure-
ments on the 9Li yield in SK are in good agreement, and the
one with neutron tagging is better because of the strong
background suppression.
Since the production rates of the radioactive isotopes

depend on a power law of the muon energy [2], the measured
yields, especially the 9Li yield, can be directly applied to the
evaluation of the spallation background in SK and future
experiments, such as the Super-Kamiokande gadolinium
project (SuperK-Gd) [31], Hyper-Kamiokande [5], etc.
In SuperK-Gd, the neutron tagging efficiency will be

increased to about 80% (90% capture and 90%
reconstruction efficiencies) when 0.2% of Gd2ðSO4Þ3 by
mass is added into the SK water. Assuming 80% IBD
detection efficiency, we expect 0.5–8.1 SRN signal events
/22.5 kton/year in 9.5–29.5 MeV positron kinetic energy
range for various theoretical models [32–41]. From our
measurement on the 9Li yield, assuming 80% neutron
tagging efficiency and 0.5% probability of the muon-
induced 9Li event leakage after the spallation cuts, the
expected background events from the cosmogenic 9Li
would become 0.5# 0.1# 0.2 events/22.5 kton/year in
the same energy window.
Furthermore, as the spectral shapes of the 9Li back-

ground and the SRN signal differ—most of the 9Li events
are found in the bottom three 1 MeV bins, while the
predicted SRN spectra are much flatter—the signal to noise
ratio can be significantly optimized by adjusting the lower
edge of the allowed energy range upward slightly. Such an
energy cut will also serve to shield against occasional
highly upward-fluctuated reactor antineutrinos. The study
presented herein therefore demonstrates for the first time
that spallation-induced 9Li will have a negligible effect on
SuperK-Gd’s SRN search.

VII. SUMMARY

In summary, the first measurement of the yields of
radioactive isotopes produced by cosmic-ray muons in

an underground water Cherenkov detector was performed
using time distributions in SK-IV data. The path length
distribution of cosmic-ray muons, the relative time and
distance distributions between parent muons and daughter
isotopes, the energy distribution of 9Li β þ n decays, and
so on are expected to facilitate further insights into the
mechanism of spallation in water, which should be useful in
developing a more practically powerful tool to reject
cosmogenic backgrounds in solar, reactor and supernova
relic neutrino experiments. Finally, the yield of 9Li was more
precisely measured by tagging neutrons. This information
regarding an important potential background source could
aid in the design and optimization of future water Cherenkov
detectors that aim to search for SRNs. Agreement of the data
with theoretical calculations is in general much better in
water than in scintillator; only those isotopes produced as
a result of ejecting many nucleons of 16O significantly
deviate—by about a factor of 4—from predictions.
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TABLE VI. Measured spallation-induced radioactive isotope yields (Yi’s) in SK. The fitted yields of 8He=9C, 11Be, and 15C are
consistent with zero, so we set upper limits at 90% C.L. The yields from a theoretical calculation [13] are shown in the third column.
KamLAND’s experimental and simulation results [2] are listed in the fourth and fifth columns, respectively. The unit is
10−7 μ−1 g−1 cm2.

Isotope Yi in water Expected [13] Yi in scintillator [2] Expected [2]
12B 11.7# 0.1# 0.6 12 42.9# 3.3 27.8# 1.9
12N 1.6# 0.1# 0.1 1.3 1.8# 0.4 0.77# 0.08
16N 23.4# 1.9# 1.7 18 % % % % % %
11Be <10.0 0.81 1.1# 0.2 0.84# 0.09
9Li w/o n-tag 0.5# 0.2# 0.2 1.9
9Li w/ n-tag 0.51# 0.07# 0.09 1.9 2.2# 0.2 3.16# 0.25
8He=9C <0.9 1.1 0.7# 0.4=3.0# 1.2 0.32# 0.05=1.35# 0.12
8Li=8B, 4.9# 0.2# 0.2 18.8 12.2# 2.6=8.4# 2.4 21.1# 1.4=5.7# 0.4
15C <3.9 0.82 - -
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Overview

2Johannes Bernhard

Accelerator Complex and 
Beamlines at CERN

WCTE
Prototype IWCD in CERN test beam 
at East Area
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WCTE
Water Cherenkov Test Experiment at CERN
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• 30 ton water Cherenkov detector 

• Instrumented with 97 multi-PMTs 

• Instrumented with calibration systems 

• Receive from T9 beam line in East Area 

• Interested in e, π, μ, p, γ in the 
0.2-1.2 GeV/c range 

• Operation modes with pure water and 
loading of Gd2(SO4)3 

• Operated in 2024 and 2025.

multi-PMT



WCTE
Physics motivation
• Pions of ~500MeV/c or less are produced in neutrino interactions - we aim to study their 
hadronic scattering in water and apply data in T2K, SK and HK 

• Particle identification is critical for selection muon or electron neutrino candidates - will be 
studied in WCTE with same photosensors to be used IWCD 

• Neutron detection is avenue for neutrino/antineutrino separation in SK-Gd - will measure 
important effect of secondary neutron production 

• Neutrino interactions producing gammas are dominant background for electron neutrinos - 
will study capability to separate gamma and electron/positron events 

• Large samples of leptons and gammas in WCTE can be used to study scattering processes 
on nuclei that are related to neutrino-nucleus scattering 

• 9Li is background for DSNB searches and may be produced by pions produced in muon-
induced hadronic showers - measure 9Li production
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WCTE
Setup overview
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Beam Line

Water Cherenkov Detector

Water System



WCTE
Water system
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K.Hamaguchi (Okayama) joined the final setting work Jan.20~Feb.11, 2025



WCTE
Beam monitors
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Particle identification by TOF and Aerogel6

250MeV/c 

n=1.11
320MeV/c 

n=1.075

210MeV/c 

n=1.15

• 6 Aerogel Cherenkov counters (ACT)

- ACT0,1,2 are for electron tagging (veto)

- ACT3,4,5 are for Ã/¿ separation

• Excellent particle identification (PID) at low momentum

- PID works for any momentum for 200-350MeV/c

- Above 350MeV/c, the beam momenta are tuned for the aerogel index

e
µ

Ã

e

e

µ µ

Ã Ã

TOF (nsec)TOF (nsec)TOF (nsec)

A
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T
3
-
5
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h
a
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e

Good Particle Identification! 
using combination of time-of-

flight (TOF) and aerogel 
Cherenkov threshold (ACT) 

monitors

very preliminary!



WCTE
Event display
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very preliminary!

• Using beam monitor data, we can select electron, muon and pion-like event 

• See expected patterns for Cherenkov rings, including events consistent 
with pion hadronic scattering



WCTE
Gadolinium loading
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•Move 1.4m3 of water from the detector 
into the Gd mixing tank 
•Measure between 0.5 and 10kg of Gd2(SO4)3 
•Add the Gd2(SO4)3 to the mixing tank 
•Turn on the mixer and mix for 1-2 hours 
•When Gd2(SO4)3 is dissolved, move Gd loaded 
water back into the WCTE detector

Mixer

Gd2(SO4)3 : 20kg 
Gd concentration : 0.03% (same as SK-Gd)

Completed on May 23. 
(~ 2 days work)
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cluster_time_e
Entries  124439
Mean    64.17
Std Dev     47.15
Prob   0.2304
p0       06− 1.277e±06 −7.737e− 
p1        0.00011± 0.01615 

N40 Cluster Times, Positrons
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cluster_time_p
Entries  45137
Mean    48.74
Std Dev     47.66
Prob   0.1569
p2        0.00055± 0.01356 
p3        3.68± 71.58 

N40 Cluster Times, Proton

WCTE
Indication of neutron signal
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• Investigate 1000MeV data, looking at hit clusters with 10≦Nhits≦30 

• Fit proton sample with background model from positrons and exponential function 

• Clear excess in proton events, best fit with time constant (capture time) of 72±4 μs 

• Integral of fitted exponential gives 0.24 neutrons per proton

very preliminary!

Positron Proton



WCTE
Decommissioning
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9Li production study at WCTE

• Relic supernova neutrino signal; ¿�ep³e+n
- neutron tagging suppresses invisible ¿ decay

• 9Li (Ç=0.26sec) is one of the main background
- 9Li³9Be*³8Be+n Q³=10.8(16%)11.2(30%)MeV
- 9Li³9Be (49%)  Q³=13.6MeV

• Spallation production by Ã-?
- Ã- 16O³9Li 4He ppn 

• 9Li: 3p+6n: Ã- converts proton into neutron (

• 9Li (Ç=0.26sec) production at WCTE
- Search 9Li after CERN-PS 0.4sec spill 
- 9Li decay vertex provides pion interaction point

• determine pion energy at the interaction
- More data being taken with Gd loading

• 9Li³9Be*³8Be+n
140.4sec

0.5sec

beam spill 9Li search window

Ã-
9Li

9Li

³³WCTE
9Li production study

18

• Beta decay (τ=0.26sec.) with neutron (49.5%) 

• 9Li decay vertex provides pion interaction point 

• More data being taken with Gd loading for 
neutron tagging 

• Prepared a continuous trigger that runs after end 
of spill to collect data 0.5 sec of data after each 
spill 

• We’ve taken ~4days of 260, 280, 300, 320, 340, 
360MeV/c π- data 

• Start data analysis.



Status and the next
toward understanding spallation

• First look at the pure water data of pion beam in 9Li window. Please see 
the Hamaguchi-san’s poster. 

• Next, going to the Gd loading data. Neutron tagging is essential. This will 
be the same method as SK-Gd. Please see the Nishigami-san’s poster. 

• Tune the hadron interaction model based on this experiment, it will be 
installed to the SK-Gd analysis. 

• In future, hope to understand overall spallation mechanism using high 
energy muon beam ( >10 GeV).

19

Stay tuned!


