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The Super-Kamiokande Experiment
The Super-Kamiokande (SK) Neutrino Detector is a 50 kton water Cherenkov detector with 22.5 kton Fiducial
Volume.
It is located in the Kamioka mine in Japan, overburden with 1000 m of rock.

41 m

39 m

• Inner detector: currently has
around 11,000 20-inch
PhotoMultipliers Tubes
(PMTs).
• Outer detector (OD): water
layer ~2m thick, with ~1,885
8-inch PMTs, facing the
outside of the detector.
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More than 11,000
20-inch PMTs in the
inner detector.
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Super-Kamiokande is a Multi-purpose observatory:

Neutrinos with energies from a few MeV to few hundred of GeV are detected from different
sources, such as the Sun, Atmosphere, Supernovae, Relic Supernova, Reactors, beams from
T2K, etc.
§ 2015 Nobel Prize for T. Kajita for the discovery of neutrino oscillation.

T2K experiment scheme

Supernova

Scheme for atmospheric
neutrinos

Sun seen with neutrinos
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So far,
no Supernova neutrinos observed…
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The first and only observation of Supernova neutrinos was from a Supernova explosion known as
SN1987A in the Large Magellanic Cloud, almost 35 years ago.

Supernova 1987A, on February 23, 1987

Transient flux of neutrinos: O(10) MeV
Distance: ~50 kpc
It was observed by different experiments at the time: Kamiokande II (11 events), IMB (8 events),
Baksan (5 events), and Mont Blanc Liquid Scintillator (5 events).
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Super-Kamiokande with Gadolinium (SK-Gd)
Although nearby Supernova is a very rare event, in the entire Universe Supernova explosions are as frequent as
one per second. The neutrino emission from the Supernovae that have exploded in the Universe cumulate in what
is called Diffuse Supernova Neutrino Background (DSNB), known also as Supernova Relic Neutrinos (SRN).
The loading of Gadolinium to Super-Kamiokande was proposed in 2002 by J. Beacom and M. Vagins (GADZOOKS!),
with main motivation the detection of the DSNB. Even though the DSNB signal contains neutrinos from all flavors,
its detection in SK is only possible through Inverse Beta Decay (IBD) on Hydrogen for its bigger cross section
compared to other interactions at lower energies.
The products of the IBD, a prompt positron and a
delayed neutron, can be detected in coincidence
in SK. Positrons are detected through the
emission of Cherenkov photons, while neutrons
are captured by nuclei, emitting 𝛾-rays.
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The produced 𝛾-rays from the neutron capture have different energies depending on the nuclei, like
is shown below, which explains the motivation for loading gadolinium to Super-Kamiokande.
Isotope

n capture cross section

Energy

157Gd

255,000 barns

7.9 MeV from 𝛾-ray cascade

155Gd

61,000 barns

8.5 MeV from 𝛾-ray cascade

H

0.3 barn

2.2 MeV from single 𝛾-ray

The neutron capture on Gd has a bigger cross
section than on H and emits about 8 MeV 𝛾-ray
cascades, which are easier to see in SK.

The increased sensitivity to IBD helps not only the DSNB search but also other analyses, improving
the identification SN bursts and allowing the detection of neutrinos from pre-Supernova stars, giving
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the possibility to improve and create SN alarms in SK.

EGADS
To simulate the gadolinium sulfate loading in Super-Kamiokande,
the detector EGADS (Evaluating Gadolinium’s Action on Detector
System) has been used. EGADS was designed to be a small
prototype of SK-Gd, with only 200 tons of water, 227 PMTs
installed and same electronics.
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EGADS has also a standalone galactic
Supernova monitor, called HEIMDALL (High
Efficiency IBD Monitoring Detector and
Automated caLL).
It works independently from SK, looking for
IBD candidates in 10 second windows.

HEIMDALL status is available to anyone!
http://egads.epizy.com/SNmonitor.html?i=1
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Gadolinium Loading
From July 14th, 2020, Super-Kamiokande officially started its new phase, SK-VI, in which 13
tons of Gd2(SO4)3 · 8H2O were added to the water in the detector, achieving a concentration
of 0.01% Gd.

Scheme of the gadolinium sulfate loading in Super-Kamiokande
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Pre-Supernova Stars
The amount neutrino emission increases significantly as a massive star approaches the Core Collapse Supernova.
After the ignition of Carbon burning starts, the neutrino emission becomes the main cooling mechanism of the
star, reaching neutrino luminosities of ~10!" 𝐿⨀, while its photon luminosity is about 10$ 𝐿⨀.
The electron-positron annihilation process generating
thermal neutrinos becomes the star’s dominant form of
cooling.

The last stage of these stars before the core-collapse is the
Si-burning. Neutrinos emitted at the Si-burning stage have
an average energy of 1.85 MeV.
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About 1/3 of the produced anti-neutrino flux in pre-Supernova stars is of 𝜈%̅ . Odrzywolek et al. (Astropart.Phys.
21 (2004) 303-313) suggested that Si-burning neutrinos exceeding the IBD threshold could be detected in SK
with Gadolinium.

Carbon
Neon
Oxygen
Silicon

Burning Stage

Duration

Average 𝛎 energy

C

300 years

0.71 MeV

Ne

140 days

0.99 MeV

O

180 days

1.13 MeV

Si

2 days

1.85 MeV

Approximate duration of burning stages for a 20 M⨀ star and the fraction and
average energy of electron neutrinos emitted by pair-annihilation

Pre-Supernova 𝜈!̅ spectrum for a a 20 M⨀ star

Although the pre-Supernova neutrinos have lower energies than Supernova neutrinos, their emission is over a
very long timescale compared to the Supernova, which opens the possibility of creating an alternative
Supernova alarm.
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Pre-Supernova candidates

Nearby core collapse Supernova candidates. Colored labels show the star’s spectral Type. Masses and distances of the stars are
shown in parenthesis. From Mukhopadhyay, et al, 2020 ApJ 899 153.
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Pre-Supernova Neutrinos in SK-Gd

In 2019, the Super-Kamiokande Collaboration published an article presenting studies on the sensitivity of SK-Gd for
pre-Supernova neutrinos (C. Simpson et al 2019 ApJ 885 133).
Since then, optimizations were performed to study the viability of developing a alert system for the first SK-Gd
phase with 0.01% Gd.
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Initially, the sensitivity to pre-Supernova neutrinos at SK with 0.01% Gd was evaluated using MC and SK data to calculate
the contributions from different background sources, which later on were compared to SK-Gd data. The main backgrounds
are:
Accidental coincidences: intrinsic background coming from radioactive decays, dark noise and uncorrelated events that are
close in time and distance.
Radioactive Contaminations: with the loading of gadolinium, radioactive impurities are distributed in the detector. The
decay of radioisotopes 238U, 232Th and 235U will be responsible for different sources of background such as pairs of
neutrons and spontaneous fission.
Reactor and geoneutrinos: background due to Reactor active Japanese nuclear reactors.

Coincidence Time and Distance for simulated signal (black) and background (red)
With the use of Machine Learning techniques, in particular Boosted Decision Tree (BDT), great selection efficiencies were
achieved.
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Since the alarm would be an online system in SK, a BDT was created as a pre-selection to use only the available online
variables in order to carry less events through the data processing (BDTonline).
The BDTonline not only allows faster processing time, but also effectively remove busts of IBD-like event, which are presumably
from spallation.

Search for Coincidence Events:
DELAYED
CANDIDATE
IBD Pair
Candidate

DATA

PROMPT
CANDIDATE

Cuts:
Fiducial Volume
Coincidence (dR, dT)
BDTonline

Coincidence
Event

Further
Reduction

Search for a delayed candidate
-17 < TRIGGER < 290 μs

The BDTonline also improved the sensitivity for the pre-Supernova detection.
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Sensitivity to pre-Supernova
Analyzing 2000 hours of SK-VI data, a new selection was established and the backgrounds contributions were
re-evaluated in order to quantify the contributions from the different sources and better predict the
sensitivities for the current and future SK-Gd loading phases.
It showed the possibility of detecting pre-Supernova neutrinos in SK with 0.01% Gd and also the viability to
have the alert system.
35
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Evolution of the number of IBD events at Super-Kamiokande with 0.01% Gd as a massive star (d = 200pc) approaches the core-collapse. Solid lines show normal
neutrino mass hierarchy and dashed lines show inverted neutrino mass hierarchy. The considered fluxes are evaluated for stars with 15 M⊙ and 25 M⊙
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(Odrzywolek, et al 2010 Acta Phys. Pol. B 41, 1611). An alternative model (Patton, et al 2017 ApJ 851 6) is shown for 15M⊙ stars.
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Expected number of IBD events in Super-Kamiokande with 0.01% Gd as a function of distance. Solid lines show normal neutrino mass
hierarchy and dashed lines show inverted neutrino mass hierarchy. The considered fluxes are integrated over 7 hours preceding the corecollapse, for stars with 15 M⊙ and 25 M⊙ (Odrzywolek, et al 2010 Acta Phys. Pol. B 41, 1611). An alternative model (Patton, et al 2017 ApJ
851 6) is shown for 15M⊙ stars.
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Betelgeuse
Betelgeuse is the 10th brightest star in the sky. It is about
8 million years old, but had a very quick evolution and we
believe it is close to the core-collapse Supernova. It could
have a pre-Supernova neutrino emission observed in SK.
Expected Number of Events
Betelgeuse-like

Mass Hierarchy
NO

IO

Odrzywolek

30.10 - 30.70

8.54 - 8.71

Patton

41.15 – 41.96

12.20 – 12.44

24.07 - 24.54

6.83 – 6.97

15M☉, 150 parsecs

25M☉, 220 parsecs
Odrzywolek

Number of expected evets for Betelgeuse in Super-Kamiokande with 0.01% Gd in the last
seven hours before the core collapse Supernova. Results are shown for two 𝛾-ray emission
models.
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Future Gd loadings
After characterizing backgrounds with SK-VI data, a evaluation of the sensitivity for the future Gd loading
concentrations was performed.
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Expected number of IBD events in Super-Kamiokande with 0.03% Gd and 0.10% Gd as a function of distance. Solid lines show normal
neutrino mass hierarchy and dashed lines show inverted neutrino mass hierarchy. The considered fluxes are integrated over 5 hours
preceding the core-collapse, for stars with 15 M⊙ and 25 M⊙ (Odrzywolek, et al 2010 Acta Phys. Pol. B 41, 1611). An alternative
model (Patton, et al 2017 ApJ 851 6) is shown for 15M⊙ stars.
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Alert System
The preSN alarm is an online system based on the detection of pre-Supernova neutrinos, sending alerts to the
community in case of a potential core-collapse Supernova. The alert system has its an organizer, sorting the
candidates of IBD pairs by their absolute time.

WIT
PCs

Location of the pre-Supernova alarm in the SK DAQ.

The system receives constantly sub-sets of events, which go through reduction and the number of candidate
events selected from the sub-set is saved. All the selected events inside a specific time-window is accounted and
the system performs a statistical evaluation to give an alarm decision. The latency time average is 12 minutes.
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The preSN alarm became part of SK on October 22nd. The expected warning hours are:

0.01% Gd
20

Warning Hours

15

Optimistic warning for Betelgeuse:
• 9 hours (NO)
• 4 hours (IO)
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Expected warning hours as function of distance for a 3σ detection by the pre-Supernova alert system for Super-Kamiokande with
0.01% Gd. Solid lines show normal neutrino mass hierarchy and dashed lines show inverted neutrino mass hierarchy. The
considered fluxes are evaluated for stars with 15 M⊙ and 25 M⊙ (Odrzywolek, et al 2010 Acta Phys. Pol. B 41, 1611). An
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alternative model (Patton, et al 2017 ApJ 851 6) is shown for 15M⊙ stars.

List of pre-Supernova candidates with estimated masses, distances and the estimated number of events integrated in the last seven hours before
the core-collapse Supernova. The warning hours for a 3σ detection for the pre-Supernova alert system is also shown. References are in backup.
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The estimated alert system sensitivities for the future SK-Gd phases are:
0.03% Gd

25

0.10% Gd
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Expected warning hours as function of distance for a 3σ detection by the pre-Supernova alert system for Super-Kamiokande
with 0.03% Gd and 0.10% Gd. Solid lines show normal neutrino mass hierarchy and dashed lines show inverted neutrino mass
hierarchy. The considered fluxes are evaluated for stars with 15 M⊙ and 25 M⊙ (Odrzywolek, et al 2010 Acta Phys. Pol. B 41,
1611). An alternative model (Patton, et al 2017 ApJ 851 6) is shown for 15M⊙ stars.
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Comparison to KamLAND
KamLAND has also a pre-Supernova alarm. Based on K. Asakura et al 2016 ApJ 818 91, the
compared sensitivity for the current SK-Gd phase is:
0.01% Gd SK + KamLAND
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Expected number of IBD events in Super-Kamiokande with 0.01% Gd and for KamLAND as a function of distance. Solid lines show normal neutrino mass
hierarchy and dashed lines show inverted neutrino mass hierarchy. The considered fluxes are integrated over 7 hours preceding the core-collapse for SK-Gd
and 48 hours for KamLAND, for stars with 15 M⊙ and 25 M⊙ (Odrzywolek, et al 2010 Acta Phys. Pol. B 41, 1611). An alternative model (Patton, et al 2017
29 ApJ
851 6) is shown for 15M⊙ stars.

Summary
• Super-Kamiokande is a neutrino observatory running since 1996 and it has recently moved
to the SK-Gd phase, achieving a concentration of 0.01%;
• The enhanced neutron capture by gadolinium, emitting 𝛾-ray cascades of ~8 MeV allows
SK-Gd to detect neutrinos never observed before from different astronomical sources;
• Neutrinos from pre-Supernova stars, with average energy of 1.85 MeV in the Si-burning
phase, can be detect in SK-Gd, giving evidence for neutrino mass order hierarchy, for
optimistic ranges of about 600 parsecs;
• Their detection can also give early warnings for potential Supernova events. Betelgeuse,
for example, would have an optimistic warning of 9 hours before the explosion. This
showed the possibility of developing a Supernova alarm based on the detection of preSupernova neutrinos;
• The Pre-Supernova alert system is running in Super-Kamiokande since October 22nd.
Future phases of Gd loading will extend the detection ranges and increase alert hours.
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BACKUP
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PMTs and Cherenkov effect
The overall detection in Super-Kamiokande
is done by the use of PhotoMultiplier Tubes
(PMTs), which are photo-sensors installed in
the walls of the detector. The PMTs detect
photons emitted by charged particles
moving faster than the phase velocity of
light in water, known as Cherenkov
Radiation.
The photons are emitted in a cone, with an
open angle of ~42°.
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2020

History of Super-Kamiokande
1996

SK-I, 1996-2001
11,146 ID PMTs
(with 40% coverage)

Gd

2002

2006

2008

2019

SK-II, 2002-2005
5,182 ID PMTs
(with 19% coverage
+ FPR)

SK-III, 2006-2008
11,129 ID PMTs
(again, 40% coverage)

SK-IV, 2008-2018
11,129 ID PMTs
(upgraded electronics)

SK-V, 2019-2020
11,129 ID PMTs
(refurbished for Gd and
with Hyper-K33PMTs)

Supernova
A core-collapse Supernova occurs at the end of the life of a massive star, which is a star with
at least eight solar masses, when the core of the star goes through a gravitational collapse.
This process releases an energy of ~10#$ ergs, in which about 99% is released by neutrinos.

After the explosion, this energy
spreads through the universe, which
is fundamental for the evolution of
galaxies, planets, and other stars,
making the Supernova phenomena an
object of huge interest to cosmology.

Supernova Classification
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Supernova Cooling Mechanism
After all the burning stages of a star, i.e. nuclear fusion of hydrogen, carbon, oxygen, neon and
silicon, the star is left with an iron core of about 1 solar mass, surrounded by shells of these
elements with decreasing atomic mass. This structure is sustained by the pressure of
degenerated electrons, which started to be reduced by their capture by nuclei,
𝑒 % + N Z, A → N Z − 1, A + 𝜈&
The generated neutrinos leaves the center carrying most of the energy. When the electrons
can no longer sustain the structure, the core-collapse starts.
For a different density throughout the star’s volume, two cores, inner and outer, are created
for a few seconds. A shockwave propagates from the inner to the outer core, disassociating
nuclei on its path, causing electron captures which produces a large neutrino flux.

After the shock breakout, neutrinos are emitted in what is called neutronization burst.
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The high density of inner core traps neutrinos, which are further released in form of neutrinospheres for different neutrino flavors, as they interact differently with matter. These neutrinos
are produced through different processes in the inner core.

These interactions in the dense core produces pairs of neutrino and anti-neutrinos from all
three flavours. It is produced around 3×10#$ ergs of gravitational energy, in which 99% goes
into neutrinos, 0.01% into photons, and 1% into kinetic energy ejecting material.

Neutrino burst ~10s
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Wide-band Intelligent Trigger (WIT)
WIT does not apply any threshold to the minimum number of hits recorded by the PMTs. The
system was design to process all acquired data, extracting and reconstructing very low energy
events with efficiency close to 100% in real time, with the use a great amount of parallel
computing.
The figure shows the trigger efficiency of WIT,
which is 100% for electrons with total energy
over 4 MeV, but drops significantly below this
energy.

WIT is installed and integrated in the online
DAQ system in Super-Kamiokande. It has a
great importance for this project as the alert
system described later is integrated to it.
WIT trigger efficiency
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Event Selection
The goal of this work is the creation of an online alert system, so that the event selection had
to be built around the best possible system efficiency and processing speed.
RON
T
I
S
O
P

SKDETSIM
COINCIDENCES
SIMULATION

IBD
Simulation
NEU
TRO
N

ANNRI/
GLG4SIM

SKDETSIM

SINGLE
NEUTRON
SIMULATION

64 different positions

The pre-Supernova alert system will work with an online search of coincidence events
throughout WIT data. Single neutron events take more time for processing, so they will be only
used as cross-check for the alert system. For this reason, improved techniques for event selection
are for the DC channel and the updated results of sensitivity for pre-Supernova neutrino
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detection in SK-Gd will be given for only coincidence events.

Preparation for the Alert System
Evolution of IBD rate before BDT cut

Evolution of IBD rate after BDT cut
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The BDTonline also effectively remove busts of IBD-like event, which are presumably from spallation.
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Backgr rejection (1-eff)

ROC curves
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ROC curves for previous used BDT and the new BDTs, online and offline.
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SK-Gd data: what we’ve learned
Analyzing 2000 hours of SK-VI data, a new selection was established and the backgrounds contributions were
re-evaluated in order to quantify the contributions from the different sources and better predict the
sensitivities for the current and future SK-Gd loading phases.
Simulations were updated for current recent dark rates.
•

The reactor background was calculated by updating the 2019
spectrum from geoneutrinos.org (most current) by adding the
contributions from Takahama 3 & 4, Ohi 3 & 4, and Mihama 3;

•

Applying the selection to SK-IV and SK-V to estimate accidental
coincidences, the rates are very low, close to zero;

•

To remaining difference between data and MC, it was calculated
the real rates from pairs of neutrons and spontaneous fission
backgrounds.

Events per kt per day vs the positron energy for Reactor and Geo neutrinos,
updating the 2019 reactor rates with information from 2021.
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0.03% Gd + KamLAND
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Expected number of IBD events in Super-Kamiokande with 0.03% Gd and for KamLAND as a function of distance. Solid lines show
normal neutrino mass hierarchy and dashed lines show inverted neutrino mass hierarchy. The considered fluxes are integrated
over 5 hours preceding the core-collapse for SK-Gd and 48 hours for KamLAND, for stars with 15 M⊙ and 25 M⊙ (Odrzywolek, et
al 2010 Acta Phys. Pol. B 41, 1611). An alternative model (Patton, et al 2017 ApJ 851 6) is shown for 15M⊙ stars.
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0.10% Gd + KamLAND
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Expected number of IBD events in Super-Kamiokande with 0.10% Gd and for KamLAND as a function of distance. Solid lines show
normal neutrino mass hierarchy and dashed lines show inverted neutrino mass hierarchy. The considered fluxes are integrated
over 5 hours preceding the core-collapse for SK-Gd and 48 hours for KamLAND, for stars with 15 M⊙ and 25 M⊙ (Odrzywolek, et
al 2010 Acta Phys. Pol. B 41, 1611). An alternative model (Patton, et al 2017 ApJ 851 6) is shown for 15M⊙ stars.
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