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2Supernova Relic Neutrinos

• Neutrinos from all past CCSNe are accumulated to form an integrated flux.  

 = Supernova Relic Neutrinos (SRNs) or Diffuse Supernova Neutrino Background (DSNB) 

• Various factors affect the SRN flux on Earth.  
• Neutrino oscillation (mass hierarchy) 
• Galactic evolution (star formation rate, initial mass function, binary interactions, etc) 
• Black hole formation rate (metallicity, equation-of-state, etc) 
• etc

cosmological parameters
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4Previous Searches 

• Signal in experimental searches = inverse beta decay (νe + p → e+ + n) 
• Most sensitive searches have been performed at Super-Kamiokande and KamLAND.  

• Search at SK (water) 
• SK-I/II/III (spectral fitting analysis): fitting by atmospheric spectra for Eν > 17.3 MeV  
• SK-IV (neutron tagging analysis): low energy threshold, tagging efficiency ~20% 

• Search at KamLAND (oil) 
• very low energy threshold,  

tagging efficiency ~ 100%

Nakazato+15 maximum
Nakazato+15 minimum

K. Nakazato et al., ApJ 804, 75 (2015)



5Super-Kamiokande

• A water Cherenkov detector located 1,000 m under the mountain.  
• Fiducial volume: 22.5 kton  
• Inner detector: 11,129 20-inch PMTs 
• Outer detector: 1,885 8-inch PMTs, used for cosmic muon veto  
• Operated since 1996 in five periods. 

• This work uses data from SK-IV (2008–2018). 
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6Signal 

• Inverse beta decay of electron antineutrinos (νe + p → e+ + n) is searched.  
• Larger than the other mode by >2 orders of magnitude.  
• Search region: Erec > 7.5 MeV (Eν > 9.3 MeV) 

• Signal: “β+n” events 
• Prompt signal = β  
• Delayed signal = 2.2 MeV γ from neutron capture



• Other interactions (CC & NC1π)  
• (invisible muon →) decay electron (+ n) 
• dominant above ~20 MeV 
• Michel spectrum >30 MeV  

7Background: Atmospheric Neutrinos
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• Neutral-current quasielastic (NCQE) interactions 
• de-excitation γ-ray (+ n) 
• dominant below ~20 MeV
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8Background: Spallation Products
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16O

• Cosmic-ray muon spallation  
• ~2 Hz cosmic-ray muons at SK.  
• Radioactive isotopes are produced by muons, some of which decay into β/γ(+n).   
• Estimated with data-driven method.  

• Spallation 9Li  
• Most annoying background in the analysis.  
• Up to Erec ~ 14 MeV

β or γ only 
β+n



9Background: Others

• Reactor neutrinos    
• Only below Erec ~ 10 MeV (lowest region in the analysis window).  
• Estimated with the IAEA Database.  

• Accidental coincidence    
• β-like + neutron-like  
• Primary = spallation, solar neutrinos, etc  
• Delayed =  PMT noise, radioactive γ, etc 
• Estimated with the background data and BDT. 



10Data Reduction

1. Noise reduction 
• Bad runs, calibration runs, poor quality events, etc 

2. Spallation cut 
• Use correlations between each low energy event and preceding muons.  
• Events close to muons in time and space are likely to be spallation.  

3. Positron identification 
• Wall-originated events removed.  
• Decay-e events are searched seeing pre or post activities.  
• Cherenkov angle cut (signal = 38~50 deg) 

4. Neutron tagging 
• Utilize boosted-decision-tree (BDT) to separate fake coincidences from the signal. 

relic candidate

position where  
dE/dx is largest

dlt

dll

muon track

θC
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12Two Analysis Streams 

A. Model-independent differential upper limit  
• Differential upper limits calculated for each 2-MeV bin.  
• Eν = [9.3, 31.3] MeV  
• Less sensitive to spectral shape uncertainties.  
• Atmospheric non-NCQE estimated by fitting MC to data for >30 MeV.  
• Atmospheric NCQE estimated referring to the T2K results.  

B. Spectral fitting  
• Unbinned maximum likelihood fit by signal + atmospheric background PDFs.  
• Fitting done separately for signal models.  
• Eν = [17.3, 81.3] MeV (w/ ntag), Eν = [21.3, 81.3] MeV (w/o ntag) 
• Combined with the SK-I/II/III results. PDF region
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13(A) Observation vs. Prediction
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14(A) Observation vs. Prediction
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15(A) Differential Upper Limit

Totani+96

Kaplinghat+00

Horiuchi+09

Ando+03, Kresse+20



16(B) Fitted Spectrum [Ando+03] A. Giampaolo & S. El Hedri



17(B) Combined Results A. Giampaolo & S. El Hedri



18(B) Upper Limits for Signal Models 

Galais+10 (NH)  

A. Giampaolo & S. El Hedri

Φν [cm–2 sec–1] (for Eν>17.3 MeV)



19Next Generation Detectors  

0.01% Gd 䠖~50%
capture efficiency
=Gd2(SO4)3 10t 

0.1% Gd 䠖~90%
capture efficiency
=Gd2(SO4)3 100t 

Gd rate in water [%]
0.1 10.010.0010.0001

C
ap

tu
re

 e
ffi

ci
en

cy
 o

n 
G

d 
[%

]

20

40

60

80

100

SK-Gd (“Detection”)
Hyper-Kamiokande (“Measurement”)

H: ~0.3 barn, 2.2 MeV γ 
Gd: ~50 kbarn, ~8 MeV γ

Fiducial mass: ~8.4 times larger than SK 
Better photosensor: higher ntag efficiency 
More spallation because of less overburden

SK ntag efficiency ~ 20%

J. Beacom and M. Vagins, PRL 93, 171101 (2004) 

K. Abe et al. (HK Proto-Collaboration), arXiv:1109.3262



20“Demons” to be slain …
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21Summary

• The latest SRN search result from Super-Kamiokande is shown.  
• Most optimistic models are disfavored by both analysis methods.  
• Many models are within a factor of ~2 and reachable at SK-Gd.  
• Spectral shape would be measured at further future detectors.  

• A presentation focusing on atmospheric background to be at the Jan 12–13th atmospheric 

neutrino workshop (https://indico.cern.ch/event/873509/overview). 

https://indico.cern.ch/event/873509/overview
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Supernovae

no hydrogen hydrogen

no siliconsilicon

no heliumhelium

Type-Ia Type-Ib Type-Ic Type-II
thermonuclear core-collapse

23Supernova Explosion

• A Star which is more than ~8 times heavier than the Sun ends its life by an explosion.  
• kinetic energy: ~1051 erg  (1 erg = 1 × 10–7 J = 6.2 × 1011 eV) 
• luminosity: ~galaxy  
• rate: 1–3/century/galaxy  

• Classification by spectral characteristics 
• Ia, Ib, Ic, II   

• Classification by explosion mechanism  
• thermonuclear (= Ia) 
• core-collapse (= Ib, Ic, II) 

 → neutrino emission 

Crab Nebula by NASA
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24Neutrinos from Core-Collapse Supernovae

e–+p→νe+n

e++n→νe+p
e–+e+→ν+ν

e–+p→νe+n



25Neutrinos from Core-Collapse Supernovae

���
��

���
��

�
��
����
��

�����
���

�
	�

�
��
��
��
��
�
� �� �� �� ��

����
�� ��
�����

�� ��
������

�� ������
� ����

�� ��
¾Ĥ

�� ��� ��� ��� ���

• Experiment  There is only one observation of neutrinos from a supernova (“SN1987A” in 

the Large Magellanic Cloud).  

• Theory  There are many numerical simulations about CCSNe, but the explosion mechanism 

is not completely revealed. 
K. Nakazato et al., ApJ Suppl. 205, 2 (2013)

K. Hirata et al., PRD 38, 2 (1988)
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27Spallation
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low energy

low energy

very short lifetime

low energy

Not direct backgrounds in SK 
• stable (no decay) 
• long lifetime  
• invisible decay  
• very low energy



28Spallation Cut: Likelihood Cut

relic candidate

position where  
dE/dx is largest

dlt

dll

muon track

• Two samples  
• Pre sample (–30 ~ 0 sec.) 
• post sample (0 ~ +30 sec.) 

• Five discriminating variables => make spallation likelihoods  
• dt: time difference between the relic candidate and muon 
• dlt: transverse distance 
• dll: longitudinal distance 
• resq: dE/dx related variable  
• muqismsk: total change deposit by muon 

t
SHE eventmuon

Pre region Post region

±0 sec.–30 sec. +30 sec.



29Neutron Tagging: The 22 Variables by Alberto



30Neutron Tagging: The 22 Variables by Alberto
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31Particle Identification

• Particle ID is possible using “Cherenkov opening angle”.  
• cosθC = 1/nβ (n ~ 1.33: refractive index) 
• θC ~ 42 deg. for relativistic particles 
• θC becomes larger for multiple γ-rays  

• This Cherenkov opening angle is reconstructed using triplet combinations of PMTs.  
• In the SRN search, 38 < θC < 50 deg. is required to select e-like events. 

θC



32Flux: Atmospheric vs. T2K

 [GeV]νE
0 2 4 6 8 10

-P
O

T]
21

/5
0-

M
eV

/1
0

2
Fl

ux
 [/

cm

310

410

510

610
µν 
µν 
eν 
eν 

T2K Run 1-9 Flux at SK (FHC)

 [GeV]νE
0 2 4 6 8 10

-P
O

T]
21

/5
0-

M
eV

/1
0

2
Fl

ux
 [/

cm
210

310

410

510

610
µν 
µν 
eν 
eν 

T2K Run 1-9 Flux at SK (RHC)

Atmospheric Neutrino Flux

~600 MeV

~600 MeV

~600 MeV

neutrino beam

antineutrino beam
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33Background & Systematics 

• Atmospheric-ν non-NCQE (19% syst.) 
• Fitting Monte-Carlo prediction to data in the sideband region (>30 MeV) 

• Atmospheric-ν NCQE (60~80% syst.) 
• Xsec scaled by the T2K NCQE result (~25% syst) 
• Neutron multiplicity error estimated by the T2K Ntag result (~40% syst) 
• Spectrum shape error estimated by smearing method (30~60% syst) 
• Uncertainties from flux, flux shape, reduction etc (~20% syst) 

• Spallation 9Li (60% syst.) 
• Production rate taken from the 9Li paper (22% syst) 
• Error on reduction (10~20% syst) 
• Study from Δt fit with no spacut + ntag (~50% syst) 

• Reactor-ν (100% syst.) 
• Estimated referring to the IAEA Database  

• Accidental coincidence (6% syst.) 
• Estimated using the T2K dummy trigger data



34SK-I~IV Fit Results A. Giampaolo & S. El Hedri


