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Super-KamiokandeSuper-Kamiokande
50,000 tons of Water Cherenkov detector
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Cherenkov light measurement of neutrino interactions using 50,000 t Pure Water



History of “Kamiokande”Three generation of “Kamiokande”
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Kamiokande 
(1983-1995)

Super-Kamiokande (1996-) Hyper-Kamiokande (~2027-)

Kam-II  (11 evts.) 
IMB-3  (8 evts.) 
Baksan (5 evts.) 

24 events total 

SN1987A

SK-Gd (2020-)

Construction started in 2020 
Volume : SK x 8 

Improvement of neutron  
detection efficiency 



Multi-messenger for Transient events

Alert publication  
Supernova  

• 100% efficiency for events in our galaxy  

• Latency of alert from neutrino burst: ~10min (→ 1min) 

Follow-up observation 
Coincidence event search with the events 

• GRBs  

• Blazar TXS0506+056 (IceCube) 

• Solar flares 

• GW  GW150914+GW151226, GW170817, GW in O3a
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World-best sensitivity

Off-line

O1 O2

On-time analysis

Case study 2

Since 2015, the LIGO/Virgo Collaboration (LVC) is detecting and sending alerts for
gravitational waves from the merger of binary objects.

• Binary Neutron Star (BNS): may produce short
Gamma-Ray Bursts (GRB) with neutrino production

• Binary Black Hole (BBH): neutrino production in the
accretion disks of the black holes

• Neutron Star - Black Hole (NSBH)

Detecting coincident neutrinos from these objects would allow better understanding of the
mechanisms behind them.

Foucart, F., et al (2016). Low mass binary neutron star mergers: Gravitational waves and neutrino emission. Physical Review D, 93(4).

10.1103/PhysRevD.93.044019

Caballero, O. L., et al (2016). Black hole spin influence on accretion disk neutrino detection. 10.1103/PhysRevD.93.123015



Follow-up “observation” by SK
Operation  

24 hour operation (only ~5% dead time) 
4π acceptance (2π for Up-going muon)  

Statistics 
Very small effective area 
  ~ 10-4 cm2 @ Eν = 1 GeV 
  ~ 10 cm2 @ Eν = 1 TeV
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SK available for all transient events !! 
SK do not need to have a special operation when an alert was received.  
Only analyze the data corresponding to the event time.  

⇔ Telescopes: Pointing, Weather condition, Moon ….

😊

😥

• Difficult to enlarge detector 
• Reduce background 



Event Categolies

6

The di↵erent samples 5
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Four samples cover-
ing the neutrino energy
range from few MeV to
O(TeV):

- low-energy (LOWE)
- fully-contained events (FC)
- partially-contained events (PC)
- upgoing muons (UPMU)

LOWE is usually used for so-
lar/supernova analyses.

The other samples are mainly
used for atmospheric analysis.
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Low Energy Fully Contained Partially Contained Upgoing Muon

Background : Atmospheric neutrino (~10 events/day) 

Background :  
  Rn, Interaction  
  of CR muon, etc. 
  (a few events / hour) 

Direction: 
   No sensitivity  
   (except e- scattering)

Direction: 
~ 10 degrees a few degrees

Acceptance:
4π 2π



Transient follow-up system
1. Receive a GW alert (Notice) via NASA-GCN. 
2. Wait until realtime reduction data becomes available.   
3. Process the analysis  

 - Search the event in the time window (GW: ±500 sec) 
 - P-value estimation  
 - Flux upper limit 
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GW alert Notice receiver 

Event database

Watcher

SK data

Realtime  
Reduction 

Event search 
p-value estimation 
etc.

GW alert treatment Analysis process

watch

wait

append

SK realtime process

Report the result  
via GCN circular  

~one day 

Dedicated  
realtime  
process  

     < 40 minutesTODO
- Improve the process time 
- Define the criteria for publishing 

the results to outside.  
Not activated yet



Coincidence event 
search with GW in O3a

The Astrophysical Journal, Volume 918, Number 2 (2021), arXiv:2104.09196

https://arxiv.org/abs/2104.09196


GW events: GWTC-2
Third GW operation (O3) from April 2019 to March 2020 
→ 56 alerts published via GCN notice  

GWTC-2 covers the first half of O3 (April - September) 
→ 39 confirmed events including some new events from the 
realtime alerts   
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GWTC-2 catalogue 3

• LIGO-Virgo Third Observing Run (O3) covered April 2019 to March 2020
) 56 alerts provided in realtime through GCN ( see 10.5281/zenodo.4073262

• GWTC-2 covers the first half of O3 (April 2019 - September 2019)

) 39 confirmed detections ( focus of this talk

For each GW, we have:

• time of the event

• sky localisation

• estimated distance

• estimated masses of the two objects

• can be roughly classified based on masses
(m < 3M�=NS, m > 3M�=BH)

GWTC-2 catalogue 3
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Coincident event search 
Search window: ±500 sec on GW event time 
Search neutrino candidate events in four samples 
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Follow-up strategy with Super-Kamiokande 6

• Define a ±500 s centered on GW time

• Search for events within this time window, in the four SK samples

• Compare observation with expected background and extract neutrino flux upper limits

and compute eventual signal significance by comparing neutrino directions and GW
localisation (only for high-energy SK samples)

Low-energy sample
High-energy samples

FC PC UPMU

Standard solar/SRN selection
+ 7MeV energy threshold Standard atmospheric selection
to ensure stable bkg rate

expected background
in 1000 seconds

= 0.729 0.112 0.007 0.016

Low-energy sample:   Comparing the result with the expected background  

High-energy sample:  Check the reconstructed neutrino direction and  
                                   GW event localization (GW skymap)



Nevents in each GW event
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Results of the follow-up 7

Performed the analysis for the 39 GW in GWTC-2. Three of them were associated to SK
downtime (due to calibration) (one less for low-energy due to HV issues).

Preliminary
In total:

Sample Nobs Nexp

LOWE+ 24 24.97

FC? 8 3.95
PC? 0 0.26

UPMU? 2 0.58

Preliminary

No significant excess was observed in the follow-up analysis.

Low energy Fully Contained Up-going Muon

• 3 of 39 events were  
in SK down time (for calibration)

Results of the follow-up 7

Performed the analysis for the 39 GW in GWTC-2. Three of them were associated to SK
downtime (due to calibration) (one less for low-energy due to HV issues).

Preliminary
In total:

Sample Nobs Nexp

LOWE+ 24 24.97
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PC? 0 0.26
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Preliminary

No significant excess was observed in the follow-up analysis.



Event direction and GW skymap
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Ten SK high-energy events in time coincidence 8
GW190424 180648 GW190426 152155 GW190513 205428 GW190527 092055

GW190602 175927 GW190620 030421 GW190728 064510 GW190814

GW190910 112807 GW190924 021846 All plots are Preliminary

Skymaps in equatorial coordinates
Red: GW localisation and 90% contour

Blue: SK FC events with 1� angular uncertainty

Green: SK UPMU events.

Shaded area: SK upgoing sky.



Significance of each event
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Observation significance 9

Test statistic (TS) has been built to separate signal (point-source) from background (full-sky).
It is used to compute p-values (compared observed TS to background distribution).

Preliminary

The most significant GW+⌫ coincidence is
for GW190602 175927:

p = 0.22%

Considering the number of trials (N = 36
follow-ups), we get a post-trial p-value:

P = 7.8%

(more details in arXiv:2104.09196)
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Observation significance 9

Test statistic (TS) has been built to separate signal (point-source) from background (full-sky).
It is used to compute p-values (compared observed TS to background distribution).

Preliminary

The most significant GW+⌫ coincidence is
for GW190602 175927:

p = 0.22%

Considering the number of trials (N = 36
follow-ups), we get a post-trial p-value:

P = 7.8%

(more details in arXiv:2104.09196)

• Define the test statistics for separating signal (GW location) and  
background (uniform) and compute p value

No significant event was found in this search



Flux limit  
Compute the flux upper limit at the observation site. 

assumed the neutrino spectrum of E-2 
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Super-Kamiokande GW Follow-up 11

Figure 3. Obtained 90% C.L. upper limits on E2dn/dE for ⌫µ and for the di↵erent GW triggers, using the methods presented
in section 4.2.1 (sample-by-sample) and section 4.2.2 for the combined analysis. The complete figure set (4 images, one per
considered neutrino flavor) is available in the online journal.

4.2.2. Combination of the samples (using test statistic)

As the neutrino spectrum is expected to span the full range from 0.1GeV to 105 GeV, it is worth combining the
di↵erent samples that have varying sensitivities (in energy, flavor and direction). The method initially presented in
Veske et al. (2020) was implemented using the test statistic defined previously.
Signal simulations were performed, assuming E�2 spectrum and that at most two signal neutrinos are detected in

SK; the source direction is chosen randomly based on GW sky map PGW and the distribution of signal toy events
between the samples is done according to the relative e↵ective areas. As with the background toys in section 4.1, this
allows computing the pdf PnS (TS) for a given number of signal events nS = 0, 1, 2.
Assuming that at most two signal neutrinos will be observed for a given GW trigger, the following flux likelihood is

defined, based on the observed test statistic and GW sky map:

L(�0;TSdata,PGW ) =

Z 2X

k=0

h (c(⌦)�0)
k

k!
e�c(⌦)�0 ⇥ Pk(TSdata)

i
⇥ PGW (⌦) d⌦, (11)

where c(⌦) =
P

s c
(s,f)(⌦) is the total detector acceptance (summing all samples) assuming E�2 spectrum and the

other quantities have already been defined above. The likelihood is composed of a sum of Poisson terms that quantify
the relation between number of events and the flux, weighted by the probability to observe the measured test statistic
given the di↵erent signal hypotheses.
The 90% C.L. upper limit on �0 = E2

⌫dn/dE⌫ is then simply obtained as in Equation 10. The procedure can
be repeated independently for each neutrino flavor or also combining flavors, e.g., ⌫µ + ⌫̄µ (in the latter case, both
PnS (TS) terms and c(⌦) are computed assuming equally distributed flux between the di↵erent flavors). The results
are presented in Figure 3 and Table 3 for the two examples mentioned above, and in Table 4 for all the events.
The combined limits are usually close to the limits obtained by the most constraining individual sample. If the

UPMU sample is used (GW localized mainly below the horizon), the combined limit is similar to the UPMU limit.
Otherwise, it is consistent with the result of FC+PC. In the case of GW190602 175927, the combined limit is slightly
worse than the individual UPMU because of the observed FC event in the same direction as the GW, which gives
higher TSdata and thus impact Pk(TSdata) used in the Equation 11.

4.3. Flux limits using Low-energy sample

The flux limit calculation for the low-energy sample is similar to HE-⌫, except that the e↵ective area is parameterized
as in Abe et al. (2018). As there is no direction dependence of the latter and there is only one LE-⌫ sample, there is
no need to define a likelihood in order to perform a combination or to marginalize over the sky like in the HE-⌫ case.

Events in Up-going muon acceptance



Eiso limit 
Eiso: Total energy of neutrino emission at the source 
       assuming isotropic emission.
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14 The Super-Kamiokande collaboration

(a) Limits on E
⌫µ
iso (b) Limits on Eall�flavors

iso

Figure 4. 90% C.L. upper limits on the isotropic energy emitted in neutrinos for the 36 GW triggers followed up by SK, as a
function of source distance. The distance and its error, as well as the source type (indicated by the di↵erent colors and markers),
are provided using the data from Abbott et al. (2020b) (m < 3M� = NS, m > 3M� = BH). The limits are following two lines
E90%

iso / distance2 based on geometrical considerations, one of the lines shows events dominated by UPMU ⌫⌫/⌫̄µ contributions
(giving more stringent limits) while the other line contains GW triggers that are less constrained. The two GW used in Table 3
are labelled in the plots. The complete figure set (5 images, one per considered neutrino flavor + all-flavors) is available in the
online journal.

A more realistic toy scenario would be that the neutrino emission scales with the total mass Mtot of the binary
system: E⌫

iso = f⌫ ⇥Mtot. One can then use the following likelihood to constrain f⌫ :

L
Pop(f⌫ ; {TS

(i)
data}, {V

(i)
GW }, {M(i)

tot}) =
NY

i=1

Z
M

(i)
tot ⇥ L(f⌫M

(i)
tot;TS

(i)
data,V

(i)
GW )⇥ pGW(M(i)

tot)⇥ dM(i)
tot, (17)

where f⌫ , in erg/M� is to be constrained (simplifying the units, f⌫ can be expressed as the proportion of the total

mass converted in neutrinos: e.g. f⌫ = 1054 erg/M� = 62%), and pGW(M(i)
tot) is the posterior distribution of the total

mass of the binary system, as obtained from the LVC data release.
Figure 5 presents the results for the three categories defined above: 1 BNS candidate4, 2 NSBH (GW190426 152155

and GW190814), 33 BBH (all other events in O3a). The all-flavor limit values are indicated on the figures, with the
most constraining results obtained for the BBH population: Eiso < 4.16⇥ 1055 erg assuming all objects have similar
emission. This turns to Eiso < 9.73⇥ 1056 erg for E�3 spectrum.
Despite the objects being closer, the BNS and NSBH limits are worse than the ones for BBH because of the limited

statistics for these two samples and of the fact that the three corresponding GW events have localization above the
SK horizon.

5.2. Low-energy neutrino emission

As for the flux limits, the low-energy case is much simpler. Eiso limits are directly obtained by scaling the flux
limits using the source distance estimate. In case per-flavor limits are combined, the limit on the total energy emitted
in all flavors, assuming equipartition, is, however, dominated by the ⌫̄e limit. To cover the distance uncertainty, the
following likelihood was defined:

L(Eiso;Nobs, Nbkg) =

Z 1

0

�
Nbkg + cLE(r)⇥ Eiso

�Nobs

Nobs!
e�(Nbkg+cLE(r)⇥Eiso) ⇥ pGW(r)dr, (18)

4
In this case, the result is the same as using directly GW190425 event, as it is the only identified BNS in O3a

Super-Kamiokande GW Follow-up 15

(a) Limits on Eiso assuming same emission (b) Limits on f⌫ assuming scaling with total mass

Figure 5. 90% C.L. upper limits on the isotropic energy emitted in neutrinos by combining GW triggers with the same nature,
for ⌫µ, ⌫µ + ⌫̄µ, ⌫e + ⌫̄e and all-flavor emission (assuming equipartition). The left panel shows the results assuming that all
selected sources are emitting the same Eiso while the right panel is assuming that neutrino emission is scaling with the total
mass of the binary system.

where Nobs and Nbkg are the observed and expected number of LE-⌫ events, cLE(r) is the conversion factor from Eiso

to number of signal events assuming Fermi-Dirac spectrum and source at distance r, pGW(r) is the p.d.f. of distance
estimation provided by LIGO-Virgo (Singer et al. 2016). Detailed results for selected triggers are shown in Table 3.

6. DISCUSSION AND CONCLUSIONS

The results of the follow-up of LVC O3a gravitational waves with the SK detector have been presented. In the ±500 s
time windows centered on the triggers, no excess with respect to the background hypothesis was observed in any of the
four considered samples (three for HE-⌫, one for LE-⌫). Upper limits on the incoming neutrino flux were computed
for the di↵erent neutrino flavors. For HE-⌫, E�2 spectrum was assumed, while for LE-⌫ limits, Fermi-Dirac emission
with average energy of 20MeV was considered. In both cases, detailed results are presented in the Table 4. Assuming
isotropic emissions and equipartition between the di↵erent flavors, upper limits on the total energy as neutrinos Eiso

were derived, both individually for each trigger and by combining the di↵erent triggers of the same type, assuming
the same emission or that the neutrino emission is scaling with the total mass of the binary system.
For low-energy neutrino emissions, the upper limits on the isotropic energy are not yet constraining enough to probe

existing models such as Foucart et al. (2016) (predicted luminosity Lmodel
iso ⇠ 4–7⇥ 1053 erg s�1), even though the

exact shape of the neutrino spectrum (beyond the assumed simple Fermi-Dirac distribution with hE⌫i = 20MeV) may
modify slightly the obtained upper limits.
For high-energy neutrino emissions, the obtained limits on Eiso assuming E�2 spectrum are barely covering the

nonphysical region where the total mass of the binary system is converted to neutrinos (f⌫ . 1054–1056 erg/M� '

60� 6000%), while the region currently probed by IceCube is f⌫ . 1%) (Aartsen et al. 2020). However, this depends
greatly on the assumed spectrum; if the latter happens to be di↵erent from the E�2 standard scenario or features
a cuto↵, the limits would be changed as illustrated in section 5.1 for the E�3 spectrum. A larger GeV component
would favor detection and precise reconstruction of such neutrinos at SK as compared to larger neutrino telescopes
like IceCube (Abbasi et al. 2021).
Even though the present paper has focused on the O3a catalog and the analysis was performed o✏ine, the selections

and techniques could also be used for real-time follow-up in the O4 observation period and beyond. With these
constantly increasing statistics, it may finally be possible to probe the GW+⌫ source population and better understand
the underlying mechanisms.

Combined result  
for each GW type 

For each GW event



Prospects of realtime followup by SK

The realtime process was established in GW-O3. 
New process to minimize the process time is under 
development. 
 Defining the procedure to publish the results   

Followup program was under discussion: 
GW-O4:  ~1 event per day  
GRB: ~1 event per day   
High-energy neutrino event by IceCube  
Novae 
Solar flare 
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Any suggestions are welcome !!



Summary
Searched the neutrino events coincident with 39 
GW events in GWTC-2. 

The observed events are equivalent to backgrounds. 
Flux and Eiso upper limited was estimated for each 
events and total for each GW event categories.    

SK realtime system for follow-up is basically 
ready for any type of alerts in GCN notice 

Improvement of process time from ~ 1 day to one hour 
Define the filter of events for GW in O4 and GRB
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