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Vital role of SK in Supernova (SN) Observation

• SN 𝝂 detection
• SN direction 

determination
with the 
best possible 
pointing accuracy

• Alert issue
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(neutronization burst)

Introduction and Motivation

𝑡~1 s



SK-Gd Project (2020-)
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2.2 MeV

Neutron 
capture 
on proton

8 MeV

Neutron 
capture
on Gd

uGadolinium loading to SK water
For enhancing neutron detection efficiency
→ easier to distinguish 

events with/without neutron capture 
→ better to determine supernova direction

Beacom & Vagins. 
PRL 93 (2004) 171101

Fukuda, S., et al. Nucl. Instrum.
Methods Phys. Res. A 501.2-3 
(2003): 418-462.

Introduction and Motivation



SN 𝜈 observation @ SK (~5-30 MeV)
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Cross section vs. Neutrino energy

u Interactions between SN 𝝂 and SK water 
Inverse Beta Decay (IBD) 

�̅�! + p → e" + n
Neutron 
capture

8 MeV

16O interactions
e.g.  

�̅�! + 16O → e# + 16F

uMotivation
• Understanding the Gd-loaded SKʼs response for various SN models
• Investigating whether SK-Gd achieves the goal of pointing SN within 3° accuracy  

ES

IBD

16O

easier to distinguish IBD and ES 
→ better pointing accuracy

1996- 2020-

Introduction and Motivation

Forward scattering
→SN direction info.

Elastic Scattering (ES)
𝜈 + e# → 𝜈 + e#



Event Selection and Neutron tagging in SNWATCH
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• To extract ES events: 
Neutron tagging to identify IBD

• A speed-oriented simple algorithm 
① Selection of 

prompt candidates ≧7MeV
② Selection of delayed candidates 
③ Neutron tagging

pair of events with 
Δ𝑇 < 500 µs & Δ𝑅 < 300 cm

delayed candidates

prompt candidates

Algorithm



Determination of Supernova Direction in SNWATCH
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Abe, K., et al. Astroparticle
Physics 81 (2016): 39-48.

(We want to determine)

(MC input)

Algorithm

IBD
ES peak 
cos 𝜃12 ~1

reconsructed
supernova direction 

3𝒅$%&!'(

(Next slide)𝛥𝜃

𝜈
𝑒!

true 
supernova direction

3𝒅$%)&*!

recoil 
electron

SK

Supernova

𝜃12
1𝒅125678

cos 𝜃!" = &𝒅!"#$%& ( &𝒅'

1𝒅9

• Maximum Likelihood Fit 
• The likelihood function for the 𝑖-th event

𝐿9 =6
:

𝑁:,< 𝑡:(𝑓9) 𝑝:(𝐸9, ?𝑑9; ?𝑑1268=>)

• Likelihood

ℒ = exp 6
<,:

𝑁:,< F
9

𝐿9

• Maximized by
𝜕ℒ
𝜕𝑁:,<

=
𝜕ℒ

𝜕 ?𝑑1268=>
= 0

PDF function 
(determined by SK MC)

energy

tagging efficiency term

reaction 
(IBD, ES, 16O CC)

energy bin

# of event



Pointing Accuracy in SNWATCH
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Abe, K., et al. Astroparticle
Physics 81 (2016): 39-48.68%

model
model
model

distribution of ∆𝜽

• Derived by ∆𝜃 distribution
cos(∆𝜃) = )𝑑)*+,-. + )𝑑)*,./0

• Pointing accuracy at 1𝝈 is the value of ∆𝜃
at which the integral of the histogram includes 
68% of the 1000 MC samples

Algorithm

(using 3000MC)

Nakazato model(1)
Nakazato model(2)

Nakazato model(1): 𝟐𝟎𝑴⨀, 𝒁 = 𝟎. 𝟎𝟐
Nakazato model(2): 𝟏𝟑𝑴⨀, 𝒁 = 𝟎. 𝟎𝟎𝟒

• SK-Gdʼs goal: 3° accuracy (Wilson model)



Supernova Models
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• Five 1D models + one 3D model
• After the data format unification

Wilson[1] Nakazato[2] Mori[3] Hüdelpohl[4] Fischer[5] Tamborra[6]
Summary of Supernova models.  Core bounce occurs at 0 s.

SASI
(Standing 
Accretion-Shock 
Instability)

Electron capture
Supernova

(O-Ne-Mg core)

Reference [1] Totani, T., et al. ApJ 496.1 (1998): 216 
[2] Nakazato, K., et al. ApJS 205.1 (2013): 2
[3] Mori, M., et al. PTEP 2021.2 (2021): 023E01
[4] Hüdepohl, L., et al. PhRvL 104.25 (2010): 251101
[5] Fischer, T., et al. A&A 517 (2010): A80
[6] Tamborra et al. PRD 90.4 (2014): 045032.

Method



6 models
until 0.12s   
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Luminosity 
vs. time

Mean energy  
vs. time

�̅�. 𝜈1𝜈.

𝜈1�̅�.𝜈.

Wilson
Nakazato
Mori
Hüdelpohl
Fischer
Tamborra

Neutronization 
burst

(𝜈! burst ≦0.1 s)

Method



6 models
until 20s   
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Luminosity 
vs. time

Mean energy  
vs. time

Wilson
Nakazato
Mori
Hüdelpohl
Fischer
Tamborra

𝜈1

𝜈1

�̅�.

�̅�.

𝜈.

𝜈.



6 models
until 5s   
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Mean 
energy 
vs. time

𝜈"
�̅�"
𝜈#

Wilson Nakazato Mori

Hüdelpohl Tamborra
(until 0.6s)

Fischer

signal modulation 
due to SASI



• “Nakazato format” 

• Converting non-“Nakazato format” data to “Nakazato format”
• time-integrated SN 𝜈 flux [MeV?@ M kpc?A]

Data Format Unification
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Nakazato, K., et al. ApJS 205.1 (2013): 2
http://asphwww.ph.noda.tus.ac.jp/snn/

time 𝑡+

energy
𝐸,

differential 𝜈 number flux 
∆𝑁#,%" 𝑡& /∆𝐸# [s

'() MeV'(]
differential 𝜈 luminosity 
∆𝐿#,%" 𝑡& /∆𝐸# [erg ) s

'( ) MeV'(]

𝑑#$ : distance to the supernova [kpc]
𝐸%!,'(')* : total energy emitted by 𝜈+ [MeV]
𝐸%! : average energy of 𝜈+ [MeV]
𝑓(𝐸%) : normalized distribution function

• ignore the distance term 
• replace 𝐸-!,)()/0 [MeV] with 𝐿-! 𝑡 [erg J s#1]
• assume Fermi-Dirac distribution as 𝑓(𝐸-)

𝐿-! 𝑡 and 𝐸-! 𝑡 are usually available in every model   

Method

http://asphwww.ph.noda.tus.ac.jp/snn/


Detector Response and Pointing Accuracy for SN at 10 kpc
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Supernova 
Model

Distance
10 kpc 

Neutrino
Oscillation 

Supernova
Position

Pointing Accuracy

1000 MC samples
(generated)

SN 𝜈 event generator

SNWATCH
SKʼs SN 

monitoring 
system

Supernova Direction Fitter

Detector simulator

1000 MC samples
(reconstructed)

Reformat Process

Input 
parameters

Adding realistic noise etc.

• No Osc.
• NMO 
• IMO

Three oscillation assumptions
Arbitrarily selected 
RA = 1241343.56
Dec = 0°39712.7′5

• Wilson
• Nakazato
• Mori
• Hüdelpohl
• Fischer
• Tamborra

Data format unification

Result

Gd concentration
0.033%

SK MC
for

supernova
simulation

in SK



Average # of events generated by SKSNSim (32.5k m3)
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Tamborra

Result

FischerHüdelpohl

Wilson Nakazato Mori



Average # of reconstructed events (22.5k m3)
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Result

Wilson Nakazato Mori

Hüdelpohl Fischer Tamborra



Time Evolution until 0.12 s (SN@10kpc, NMO)
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IBD ES • Wilson
• Nakazato
• Mori
• Hüdelpohl
• Fischer
• Tamborra

• Wilson
• Nakazato
• Mori
• Hüdelpohl
• Fischer
• Tamborra

Result

Difference in time structure can be 
used in model discrimination

• Neutronization burst feature appeared 
as an ES event peak in Mori Model
• possibly detectable for a closer SN



Reconstructed Energy (SN@10kpc, NMO)
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IBD ES
• Wilson
• Nakazato
• Mori
• Hüdelpohl
• Fischer
• Tamborra

• Wilson
• Nakazato
• Mori
• Hüdelpohl
• Fischer
• Tamborra

↓7 MeV ↓7 MeV

Result

• Reconstructed e+ energy
• Higher mean energy in

Wilson model and Tamborra model

• Reconstructed e- energy



Angular Distribution of Events: cos 𝜃!" (SN@10kpc, NMO)
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IBD • Wilson
• Nakazato
• Mori
• Hüdelpohl
• Fischer
• Tamborra

• Wilson
• Nakazato
• Mori

• Hüdelpohl
• Fischer
• Tamborra

• 𝜃12 : between true SN direction and e+

• Almost flat distribution 
• Forward inclination 

due to higher energy �̅�8 (e+)

Result

• 𝜃12 : between true SN direction and e-

• Peak at cos 𝜃12~1

ES



Detection of Neutronization Burst 
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Result

• Appeared as an ES event peak

• Wilson
• Nakazato
• Mori
• Hüdelpohl
• Fischer
• Tamborra
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No Osc.
IMONMO

18

→ A closer supernova
might enable SKʼs response 
to distinguish NMO/IMO 
using ES events peak

No Osc. NMO IMO
10.9±0.10 1.32±0.04 4.28±0.07

(Mori model) # of ES events excess 
over flat components [events]

ES 
excess 



∆𝜽 vs.
# of MC
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Wilson Nakazato Mori

Hüdelpohl Fischer Tamborra

Result

• SN@10kpc

• 𝜈 oscillation
• No Osc.
• NMO
• IMO

• For 
determining 
pointing 
accuracy
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Pointing 
Accuracy
at 1σ[°]

• Better pointing 
accuracy with 
Higher ES/IBD ratio.

• For SN at 10 kpc:
3-7°
• 3° accuracy 

is achieved 
in Wilson model
(SK-Gdʼs goal)

Wilson

Tamborra

Nakazato

HüdelpohlMori

Fischer

Tamborra

Wilson Nakazato

HüdelpohlMori

Fischer

ES/IBD 
Ratio

Result



uSummary
• First systematic study on SKʼs response and pointing accuracy since SK-Gd 
• SKʼs responses to SN at 10kpc are simulated using six SN models by data format unification 

• SKʼs response varies in models, reflecting the 𝑡, 𝐸 structure difference among models
• indicating that SN model discrimination using SKʼs response is possible

• Pointing accuracy for SN at 10kpc varies in 3-7°
• Wilson model achieves 3° accuracy (SK-Gdʼs goal)
• Other models do not achieve it due to small statistics → need efforts to improve S/N ratio

uProspects
• Quantitative discrimination of SN models using SKʼs response
• Exploring SKʼs response with more variety of SN models
• Improvements in pointing accuracy

• by modifying the event reconstruction/neutron tagging algorithm.
• Can SK-Gd discriminate these SN candidatesʼ explosion?

Summary and Prospects
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Mukhopadhyay, M., et al. 
ApJ 899.2 (2020): 153

Kasiwagi et al. in prep.



Back up (2023/3/3)
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SNWATCH: real-time supernova monitoring system @ SK
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• Event reconstruction
• Event vertex reconstruction
• Event direction reconstruction
• Event energy reconstruction

• Determination of SN direction
• Dividing events into 

prompt/delayed candidates
• Neutron tagging to flag IBD events
• Maximum Likelihood Fit

• Alert Issue
• SNWATCH aims to release the alert 

within less than ~1 min 
from the 𝜈 burst detection in SK

Block diagram of SNWATCH.

Next slide



Event Selection and Neutron tagging in SNWATCH
• A speed-oriented

simple algorithm

① Selection of 
prompt candidates
② Selection of 
delayed candidates
③ Neutron tagging
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①

③
②

7 MeV threshold
for selecting 

prompt candidates



• Maximum Likelihood Fit 
• Likelihood function for the 𝑖-th event

• Likelihood

• Maximized by

• For ES, cos 𝜃)* peaks at cos 𝜃)*~1 

Determination of Supernova Direction in SNWATCH
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peak at 
cos 𝜃12 ~1

Abe, K., et al. Astroparticle
Physics 81 (2016): 39-48.

𝑟: reaction (IBD, ES, oxygen CC), 𝑘: energy bin
𝑁,,-: number of event 𝑘-th energy bin for reaction 𝑟
𝑡, 𝑓+ : tagging efficiency term, 𝐸+: energy
𝑝 𝑟 : PDF function (determined by SK MC)

(MC input) reconsructed
supernova direction 

3𝒅$%&!'(

(Next slide)𝛥𝜃

𝜈
𝑒!

true 
supernova direction

3𝒅$%)&*!

recoil 
electron

SK

Supernova

𝜃12
1𝒅125678

cos 𝜃&' = &𝒅&'()*! ( &𝒅+

1𝒅9



Neutrino Oscillation in SKSNSim
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Neutrino oscillation in NMO Neutrino oscillation in IMO

• Matter effect for 3-flavor 𝜈 oscillation inside the supernova 
• 𝑁Z7

[\]: the # of 𝜈9 (𝑖 = e, 𝑥, 𝑥 = 𝜇 𝐨𝐫 𝜏) generated in a collapsing star 
• 𝑁Z7

^_:: the # of 𝜈9 (𝑖 = e, 𝑥, 𝑥 = 𝜇 𝐚𝐧𝐝 𝜏) at the stellar surface

Normal Mass Ordering: 𝑚1
8 < 𝑚8

8 ≪ 𝑚9
8 Inverted Mass Ordering: 𝑚9

8 ≪ 𝑚1
8 < 𝑚8

8

Oscillation parameter: sinA 𝜃@A = 0.307 (cosA 𝜃@A = 0.693)



Alert issue in SNWATCH
• Three types of alarm

• golden: event cluster >7MeV, with uniform vertex distribution, cluster size≧100
• normal: event cluster >7MeV, with uniform vertex distribution, 25≦cluster size<100
• silent: event cluster >7MeV, with uniform vertex distribution, cluster size<25

• SNWATCH sends the golden alarm to:
• SNEWS 1.0 (SuperNova Early Warning System 1.0)

P. Antonioli et al., New Journal of Physics 6 (2004) 114.
K. Scholberg, Astronomische Nachrichten: Astronomical Notes 329 (2008) 337‒339.

• IAU CBAT (International Astronomical Union Central Bureau for Astronomical Telegrams)
http://www.cbat.eps.harvard.edu/

• ATEL (Astronomerʼs telegram) http://www.astronomerstelegram.org/
R. E. Rutledge, Publication of the Astronomical Society of the Pacific 110 (1998) 754.

• GCN (The Gamma-ray Coordinates Network) h"p://gcn.gsfc.nasa.gov
S. D. Barthelmy et al., in AIP Conference Proceedings , vol. 526, pp. 731‒735, American Institute of Physics. 2000

• False alarm rate
• once in 9.0×10, years (=90 million years) for golden alarm
• once in 4.7×10" years (=470 thousand years)  for normal alarm
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http://www.cbat.eps.harvard.edu/
http://www.astronomerstelegram.org/
http://gcn.gsfc.nasa.gov/


• For realistic SN simulation, 
noise is added in mccomb_sn,
resulting in a loss of 
original information 
generated in SKSNSim.
• To identify 

which type of interaction 
the reconstructed event was,
𝑡5678 − 𝑡68=> < 0.02 µs is used.

• Association
= identification of interaction type

• Average association efficiency: 93% 
other than NC (Nakazato model)

• If the 𝜈 does not deposit enough energy, 
it is difficult to know the true interaction type.

Difficulty in Performing Realistic SN simulation
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Association
𝑡)&*! − 𝑡&!'( < 0.02 µs

time

true 
ES(𝜈!)

true 
IBD true 16O 

CC (𝜈!)
true 16O 
NC (𝜈!)

𝑚-th
reco.  event 

(ES (𝜈.))

< 0.02 µs

Identified as ES(𝜈!)!

> 0.02 µs < 0.02 µs

𝑛-th
reco.  event 
(16O NC (𝜈.))

Misidentified as 16O CC (𝜈!)!

> 0.02 µs



SN detection prospects
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Nakamura, Ko, et al. MNRAS 461.3 (2016): 3296-3313.

• SK-Gd has been aimed to determine 
SN direction with ~3° accuracy

• Large telescopeʼs FOV (field of view)
e.g., 
• Subaru(8.2 m in diameter)

Hyper Supreme-Cam: ~1.5 °
• Vera C. Rubin Observatory

LSST (8.4 m in diameter): ~3.5 °



SN Distance vs. Pointing Accuracy
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made by 
Guillaume-san
(SK Collaboration meeting 
2022 Autumn) 

Nakazato model (𝟐𝟎𝑴⨀, 𝒁 = 𝟎. 𝟎𝟐) ML fitter:
Maximum Likelihood Fitter

HP fitter: 
HEALPix Fitter



Results (Back up)
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cos 𝜃!" with tagging inefficiency (Nakazato SN@10kpc NMO)
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• Neutron tagging efficiency 
in SNWATCH:  45.63%

• (100-45.63)=54.37% of 
IBD events are not flagged
→ worsening pointing accuracy

• Improvement of 
neutron tagging efficiency 
in SNWATCH is needed.



Reconstructed energy vs. cos 𝜃!" (Nakazato SN@10kpc NMO)
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Pointing Accuracy at 1σ (SN @10kpc)
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Reconstructed ES/IBD event ratio (SN @10kpc)
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• selection criteria
• 𝑡)&*! − 𝑡&!'( < 0.02 µs

Satisfying 



Observed events vs. Pointing Accuracy (10kpc, No Osc./NMO/IMO)
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Observed events vs. Pointing Accuracy (10kpc, No Osc.)
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Observed events vs. Pointing Accuracy (10kpc, NMO)
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Observed events vs. Pointing Accuracy (10kpc, IMO)
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Prospects (Back up)
• SN model discrimination
• Identification of Nearby SN candidates
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Model Discrimination using Likelihood
• Employ the method of

Abe, K., et al. ApJ 916.1 (2021): 15.

• Using simulated SN 
with a fixed # of total events
• Calculate the difference of 

log-likelihood 
for models A and B:

∆𝐿 = 𝐿- − 𝐿.

𝐿 = D
+/%

0012

ln D
1

𝑁+,1

• 𝑖: (time, energy) bin index
• 𝛼: interaction channel index

• If |∆𝐿| > 5, it is judged as a 
successful discrimination 
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SN model discrimination with Hyper-K
Abe, K., et al. ApJ 916.1 (2021): 15.

∆𝐿
∆𝐿
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Extracted from Fig. 4. ∆𝐿 = 𝐿;0/'< − 𝐿&!=

given data set generated from model B



Identification of Nearby SN candidates
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Mukhopadhyay, M., et al. ApJ 899.2 (2020): 153

Average minimum separation: 1.4 [deg]
70% of total candidates have their nearest neighborhood within 12.8 [deg]

デネブ



Pre-SN 
candidates
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Mukhopadhyay, M., et al. ApJ 899.2 (2020): 153



Minimum
Angular 
Separation
between 
Pre-SN
candidates
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Mukhopadhyay, M., et al. ApJ 899.2 (2020): 153


