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Pre-supernova neutrino
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▸ Thermal pair production

▸ Nuclear weak interactions

Pre-supernova neutrino (Pre-SN 𝜈)

Motivation for detecting Pre-SN 𝜈

Alarm system to CCSNe
(Pre-SN 𝝂 alarm)
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Pre-SN 𝜈 flux is calculated from star 
evolution simulations(Pre-SN model)

Average energy of pre-SN ഥ𝝂𝒆

Neutrino number of pre-SN ഥ𝝂𝒆

All flavor neutrinos are predominantly emitted 
during the last stage of massive (M > 8 M⊙) stars 



Pre-SN alarm
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Nakamura et al. 2016

• Pre-SN 𝜈 are emitted before core collapse

• Alarm distance ≲ 1 kpc 

▸ restrict number of CCSN candidate stars to ~ 30 

▸ ν and GW detectors prevent CCSN data unavailability 

due to maintenance or calibration works

▸ EM detectors observe stars before and during core 

collapse due to stelar evolution

Pre-SN 𝜈 issues alarm to neutrino, gravitational wave (GW) and electromagnetic (EM)

CCSN observations

Mainak Mukhopadhyay et al 2020 ApJ 899 153
Mainak Mukhopadhyay et al 2020 ApJ 899 153

▸ All CCSN candidate is covered by aligning telescope 

worldwide with these star

https://watermark.silverchair.com/stw1453.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA2cwggNjBgkqhkiG9w0BBwagggNUMIIDUAIBADCCA0kGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMXh1cV7n40_UzJNzoAgEQgIIDGgapbHVXlnR0DAJvMr8UaBKbHZAuuVJMf76s8BwO9tSQHjpU7ZZOdf67axlSQpwMNWzDuY0Y-uv3B6qba4lxxEt-3p2sKOUCNsQ6MnwjlJXarPnlPu342O9pTxxq-fxfiqLuZQx4wBjEj29qzlIIG7VBtX9-txfXjLUCqhPHa8vAR7lojsP2OuRJA_ECWXjIKPTXTeqTDubkrL23trNU_IZzHn5bEtrMBI117faTl6pt7PLIrzJ1ucDOHoVPGzQiwtgURYObCOAcqHNvYDsRTT5Kbt9kZseEGnBjopDJOtTq7EnvSbVDtnjM7CN9nToepGJMl-BFAlhF6iCsDZsYrC9QaVZIwLo1QuX7iVXmABT1Etm62_8JxS_opBwHdkMv1_AXZjaCZeqO0pfnVrcAblj_j48UWe3HTOFJClttMTi3FA74xAde4tnCRbQya4fmarZn5WM_IYkU4JS5_Og1SIr20HxM9DPZW_qHD5fIx3Qsw239Dsl0zLvjoyBWkx0BLL-O3K7rHaQ0aaO_KbR9T4e3wMNfE9zjrtFKTdz1Zw6mA8xa-2lBCHnbm2M5lY-pYt_fFZInzcGFyI4GGe_x9bWnh7FKx7BjnXqCXXl8TSDwa5DL5xAiPQdhbiIRHtxBC8TpQJCN-HnGlApw3iBYGMg0HWj7u1bkgOgdCQbgOmZc1cI4-P7s0jXXqKKSwkd_D7m2nZdiPsusQzgRFJYmkilOySt-GYiuFU_oPSZ9vQ3kf5eNN1xVrT_Jpm03uaN_HAorzBHv9u4RCK_FQFP03VlyPowpDuO41X4_JJKdzVHBmyCy1hvqCcxdNpuZziPdSO8hw4M6WY1gNI7fDaF8qVQyvsr1egOXhV8zRWHYBr28CH6hUKltq0QEhS0g33LjcimMldEhwmCYTeFmhYQldpMMrR7iRfoIbaBoDPVpGxcHIcmWcrigph5AG87dAcKVFnZXiDhi79icjtUwcq4gpTXkvqiVHisEFwcsqiSJb61P93DTPH4b6bFMTSbmjirkJaqXUEq_NXmNbir7ROG3WnjDW9upkN9Ntwu2
https://iopscience.iop.org/article/10.3847/1538-4357/ab99a6
https://iopscience.iop.org/article/10.3847/1538-4357/ab99a6


KamLAND
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KamLAND is a large liquid scintillator 𝜈 detector located at Kamioka mine in 

Gifu prefecture

(Kamioka Liquid scintillator Anti Neutrino Detector)

1 kton liquid scintillator
1325 17inch + 554 20inch PMTs 

Inner detector
Event detection

Outer detector
Shield + Active veto

3.2 kton water Cherenkov detector
140 20inch PMTs



Detection channel of pre-SN ത𝝂𝐞
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KamLAND has potential to detect pre-SN തνe via inverse beta decay 

(തνe + p → 𝑒+ + 𝑛)

Delayed coincidence

• Time/Spatial correlation between

prompt & delayed signals

→ Low background(BG) rate: 0.22 /day

𝑒+
𝑒−

𝑝

𝑛

𝑝

ҧ𝜈e

𝑑

2.2 MeV

Delayed signal

Neutron capture γ

Prompt signal

positron & annihilation γ
• Energy threshold

→ Low energy threshold: 𝐸ν ≳ 1.8 MeV

Assumption: Reactor in Wakasa-bay & Korean

are operating

BG rate depends on reactor’s operational status



Goal of my study
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Conventional alarm method

Significance evaluation based on statistical excess of observed event rate 

from background one (Rate analysis)

Not sensitive to Betelgeuse, inverted mass ordering (IO)

√

√

Goal of my study

Issue alarm for Betelgeuse (Pre-SN candidate star)

Alarm method incorporating time evolution of observed pre-SN തν𝑒 rate 
(Rate+Time analysis)
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Note: Time evolution of real pre-SN തν𝑒 rate does not 

always match that calculated from pre-SN model

Does Rate+Time analysis issue earlier than Rate analysis 

if pre-SN തν𝑒 signal differ from reference pre-SN model?

Reference Pre-SN തν𝑒
time profile

time

Observed

time

?

Alarm system

Alarm

Time evolution of expected pre-SN തν𝑒 rate

Rate+Time analysis requires pre-SN time profile calculated 

from pre-SN model

Pre-SN model dependence
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Alarm methodology(1/2)
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Rate+Time analysis is based on hypothesis test using log likelihood ratio (LLR)

LLR = log
LikelihoodBG+Signal(𝑛, τ𝑖)

LikelihoodBG Only(𝑛, τ𝑖)

Likelihood = PDF(𝑛)ෑ

𝑖=1

𝑛

PDF(τ𝑖)

Expected event number and trend of increasing 

event time depend on pre-SN model

(Reference model) 

Poisson PDF

(𝜆=expected number

of event within 200 hour)

P
D
F
(τ

𝑖)

τ𝑖 [hour]

Patton NO

15𝑀⨀ star at 150 pc

Event time PDF

(right bottom figure) 

0τ1 τ2 τ𝑛

𝑛 events

Time

200 hour
Observation

time



Alarm methodology(2/2)
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𝑛 & τ𝑖 generated using Monte Carlo method (MC) are substituted into LLR function and create LLR
distribution

LLR

LLR distribution when pre-SN തν𝑒s absent 

LLR distribution when pre-SN തν𝑒s
arrive in addition to background events

𝑩(𝐋𝐋𝐑)

𝑺(𝐋𝐋𝐑)

Median of 𝑺(𝐋𝐋𝐑)

Significance is calculated from p-value

LLR = log
Likelihood(BG + Signal)

Likelihood(BG Only)

p-value

p-value quantifies the strength of evidence to reject hypothesis of BG only



Alarm system 
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Pre-SN തν𝑒 events

Patton NO Patton IO Odrzywolek NO Odrzywolek IO Kato NO Kato IO

When any alarm rejects hypothesis of 

BG only at 3σ level (99.7%), 

alarm is triggered

Alarms using various reference model are set in parallel

• Using log likelihood function with specific reference model

• Assuming 15𝑀⨀ star at 150 pc

System design
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Alarm time
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Evaluation of significance using MC simulated events

Alarm threshold

Alarm time:

Rate+Time:

Rate: -12.3 hour

-20.5 hour

Time until alarm rejects hypothesis

of BG only at 3σ level (99.7%)

Signal model
(Target pre-SN model for significance evaluation):

Rate+Time analysis issues earlier than Rate analysis

Patton NO, 15𝑀⨀ at 150 pc 

Time evolution of significance



Pre-SN model robustness(1/2)
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Signal model

Patton Odrzywolek Kato

Reference model NO IO NO IO NO IO

Patton NO -20.5 -7.3 -82.5 -7.3 -36.5 -2.2

IO -20.3 -7.3 -71.4 -6.8 -34.7 -1.8

Odrzywolek NO -18.2 -5.4 -97.5 -7.9 -37.0 -1.7

IO -19.2 -6.3 -95.4 -8.3 -36.9 -1.8

Kato NO -19.7 -6.4 -94.5 -7.9 -38.3 -2.7

IO -20.1 -6.9 -87.9 -7.4 -37.1 -2.7

Rate analysis -12.3 -2.5 -81.6 -4.8 -26.7 -0.1

Alarm is issued at the earliest when reference model = signal model

Signal model: Target for significance evaluation

Reference model: Characterize the shape of likelihood function

Alarm significance evaluation from various reference and signal model

Both model assumes

15 𝑀⨀ star at 150 pc 

Alarm time [hour] (Red: the earliest alarm time in particular signal model)



Pre-SN model robustness(2/2)
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Signal model

Patton Odrzywolek Kato

Reference model NO IO NO IO NO IO

Patton NO -82.5 -7.3 -36.5 -2.2

IO -71.4 -6.8 -34.7 -1.8

Odrzywolek NO -18.2 -5.4 -37.0 -1.7

IO -19.2 -6.3 -36.9 -1.8

Kato NO -19.7 -6.4 -94.5 -7.9

IO -20.1 -6.9 -87.9 -7.4

Rate analysis -12.3 -2.5 -81.6 -4.8 -26.7 -0.1

Rate+Time Analysis with reference model ≠ signal model 

issues earlier than Rate analysis

Alarm time [hour] (Red: the earliest alarm time in particular signal model)

Alarm significance evaluation with reference model ≠ signal model

Real pre-SN തν𝑒 signal may not match the same time evolution as reference model 



Contents

2025/3/3 11th Supernova Neutrino Workshop  18

1. Pre-supernova neutrino and KamLAND

2. Alarm methodology

4. Significance evaluation of Betelgeuse

3. Alarm performance

5. Summary and prospect



Alarm significance of Betelgeuse(1/2)
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Time evolution of expected pre-SN തν𝑒 event rate

𝑀, 𝑑 = 18 𝑀⊙, 153.2 pc , (21 𝑀⊙, 195.6 pc)

Alarm significance evaluation 

from two typical case (from Kato simulation)

▸ Initial mass 𝑀 [1]: 18 –21𝑀⊙

▸ Distance from Earth 𝑑 [1]: 168.1−14.9
+27.5 pc

[1]Joyce et al. (2020)
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Betelgeuse

https://iopscience.iop.org/article/10.3847/1538-4357/abb8db/pdf


Signal model

𝟏𝟖 𝑴⊙, 𝟏𝟓𝟑. 𝟐 𝐩𝐜 (𝟐𝟏 𝑴⊙, 𝟏𝟗𝟓. 𝟔 𝐩𝐜)

NO IO NO IO

Patton NO -17.9 -2.5 -23.5 -1.1

IO -16.9 -2.6 -23.6 -1.0

Odrzywolek NO -18.4 -1.0 -22.1 -0.3

IO -18.7 -1.7 -22.8 -0.5

Kato NO -19.1 -1.6 -23.0 -0.8

IO -18.1 -2.0 -23.3 -1.1

Rate analysis -11.6 N/A -18.6 N/A

Alarm Significance of Betelgeuse(2/2)
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Alarm time [hour] (Red: the earliest alarm time in particular signal model)

• Rate+Time analysis issue alarms for Betelgeuse with IO, unlike Rate analysis

• Rate+Time analysis is expected to alarm at least 1.1 hours before Betelgeuse’s

core collapse

Reference model

(15 𝑴⨀ star at 150 pc)
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Summary
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Accomplishments

Development of alarm method incorporating time evolution of observed pre-SN തν𝑒 rate 

(Rate+Time analysis)

Rate+Time analysis issue alarms for Betelgeuse with IO unlike Rate analysis

Pre-SN neutrino

• produced before a few days from supernova explosion

• alarm to neutrino, gravitational wave and electromagnetic wave detector

Implementable when KamLAND data taking restarts from 2027

✓ check pre-SN model robustness Alarm threshold



Prospect
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• Application of Rate+Time analysis to SK-Gd

• Using energy spectrum

ℒ = PDF Rate × PDF(Time) × 𝐏𝐃𝐅(𝐄𝐧𝐞𝐫𝐠𝐲)
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Energy spectrum

Core collapse before

1 hour

7 hour

25 hour

Does pre-SN ഥ𝝂𝒆 come?

Yes No

Does alarm 

trigger?

Yes FAR

No

• Alarm sensitivity evaluation with false alarm rate

(FAR)

• Alarm sensitivity evaluation for other stars 

(Mainak Mukhopadhyay et al) 

https://iopscience.iop.org/article/10.3847/1538-4357/ab99a6/pdf
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