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Helium-burning star

Degenerate iron core:
r  109 g cm-3

T      1010 K
MFe 1.5 Msun
RFe  8000 km

SN burst neutrinos from CCSN
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Proto-Neutron star:

r ~ rnuc = 3 1014 g cm-3

T ~ 30 MeV

Grav. binding energy Eb3  1053 erg
99%   Neutrinos

1%    Kinetic energy of explosion
(1% of this into cosmic rays) 

0.01%  Photons, outshine host galaxy

1. > 8 Solar Masses
2. Collapse→Bounce
3. Shock wave halted
4. ν energy deposited
5. Final SN explosion

From G. Raffelt

The delayed neutrino-driven explosion mechanism
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SN 1987A
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 The first and the only observation of SN 
neutrinos from SN 1987A in the Large 
Magellanic Cloud~ 51kpc lasting for 
~10s with no accurate energy spectra

 ~3 CCSNe per century in our galaxy

 A promising high-statistics observation 
of SN burst neutrino in future neutrinos 
detectors.

 The extraction of energy spectra of 
different flavor neutrinos will be helpful

 SN neutrino production

 Flavor conversion

 SN explosion mechanism



SN burst neutrino detection
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Higher statistics for 
the next galactic SN 



SN neutrinos in LS detectors
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SN at 10kpc, 20kt LS 

Lu, Li, Zhou, PRD, 2016

 Full flavor detection and low energy threshold ~0.2MeV in LS
 Unique opportunity to detect 𝝂𝒙 via pES
 PSD method to distinguish events from eES and pES

Goal: to reconstruct the energy spectra of each flavor with the detected 
information of IBD, pES and eES in liquid scintillator detectors.



The observed spectra
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SN neutrino 𝐸𝜈

Recoiled proton energy 𝑇𝑃

Visible energy 𝑇𝑞

Neutrino detection 

in LS

Unfolding

Unfolding belongs to the linear 
inverse problem:

𝐴𝑥 = 𝑏 → 𝑥 = 𝐴−1𝑏
 Usually direct inverse result has 

large fluctuations and is  unstable.
 Regularization: SVD unfolding 

method

Observed energy 𝐸𝑜
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pES for example:

No  flavor conversion considered



The combined method
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Cross section && Detector effects SN neutrinos 
spectra

Observed 
spectra

Model independent response matrix 

Energy spectra of different 
flavor neutrinos

Detected spectra of 
different channels

unfold
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It can be easily appended to 
other type detectors, i.e. WC 
and LAr-TPC.

Li, Huang, Li, Wen, Zhou, PRD, 2019



Response matrix
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 Flat model, 0.2 billion events
 0.2MeV energy threshold,
 3% energy resolution



Reconstructed spectra 

1kpc
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Ethr=0.2MeV

 A lower energy threshold can give more 
information about 𝜈𝑥 and 𝜈𝑒 spectra.

 There is a strategy in progress in JUNO to 
record all the information even the hits 
information below 0.2MeV, reserving 
space for new physics in the future. 

H.Li @ Erice



Check of model independence 
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Response matrix from each model

12 Japan models, SN@1kpc Nakazato et.al, http://asphwww.ph.noda.tus.ac.jp/snn/

Response matrix from Flat model
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Summary & Outlook

 The combined approach is model independent and robust. 
It is possible to reconstruct full flavor energy spectra of SN 
neutrinos in one large LS detector.

 The combined approach is promising to be appended to 
other type of detectors, e.g. WC (Super-K) and LAr-TPC
(DUNE),  to do a global analysis in the future.

 Along with other neutrino detectors, gravitational-wave 
detectors, and observations in various electromagnetic 
channels, a detailed and complete astrophysical multi-
messenger picture will emerge for next galactic SNe.
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Thank you!
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Backup



Detection channels of SN neutrinos  in LS
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 𝜈𝑒

p

n p

𝑒+ 𝑒−

(IBD)  𝝂𝒆 + 𝑝 → 𝑒+ + 𝑛

Prompt signal 2γ

Delayed signal 2.2MeV γ
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For all flavor neutrinosOnly for  𝝂𝒆

Detected spectra True spectra of different channels Energy spectra for each flavor
Unfolding Separation

Phys. Rev. D 97, 063014
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Analytical SN neutrino model
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𝑑𝐹𝛼

𝑑𝐸𝛼
=

3.5 × 1013

𝑐𝑚2𝑀𝑒𝑉
⋅

1

4𝜋𝐷2

휀𝛼

𝐸𝛼

𝐸𝛼
𝛾𝛼

Γ(1 + 𝛾𝛼)

1 + 𝛾𝛼

𝐸𝛼

1+𝛾𝛼

𝑒𝑥𝑝 −(1 + 𝛾𝛼)
𝐸𝛼

𝐸𝛼

Neutrinos before detector

No flavor conversion 
considered.
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SVD unfolding method
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SVD unfolding method is to minimize the following chi-square equation to 
extract the true distribution:

𝜒2 =  𝐴𝑤 −  𝑏
𝑇  𝐴𝑤 −  𝑏 + 𝜏(𝐶𝑤)𝑇(𝐶𝑤)

Response matrix

Observed spectrum

𝒘𝒋 =  𝒙𝒋 𝒙𝒋
𝒊𝒏𝒊 ，𝒙𝒋

𝒊𝒏𝒊 is 

defined by the user

Penalty term

Second derivative（curvature）

Regularization parameter 𝝉 = 𝒔𝒌
𝟐

Except the penalty term, the intrinsic operation of the unfolding procedure 
is a linear inverse problem.

𝐴𝑥 = 𝑏 → 𝑥 = 𝐴−1𝑏
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H.-Th.Janka, et al, 

PTEP 2012 (2012) 01A309
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Messengers from CCSN 
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MNRAS 461, 3296–3313 (2016)

These information can be used for early warning of SN, e.g. SNEWS



The JUNO Experiment 

19

Jiangmen Underground Neutrino Observatory

Top Tracker

Acrylic Sphere
D=35.4m

Water 
Cherenkov

Multipurpose neutrino experiment 

 700m underground
 20 kiloton LS detector
 3% energy resolution @ 1MeV
 Operation in 2021

 Physics:
 Neutrino mass hierarchy
 Precise neutrino oscillation 

parameters
 Supernova neutrinos & DSNB
 Solar neutrinos 
 Atmospheric neutrinos
 Geoneutrinos
 Proton decay and exotics 

PMT:
~18,000 20”
+~25,000 3”

Coverage ~77.5%
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JUNO Location
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