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Galactic SN 1054

Distance: 6500 light years (2 kpc)
Center: Neutron Star  ( R~30 km)
Progenitor :  M ~ 10 solar masses

Red：Optical (Hubble)

Blue：X-Ray (Chandra)



Main-sequence star

Hydrogen 
Burning

Helium
Burning

Hydrogen
Burning

Helium-burning star

Degenerate iron core:
r  109 g cm-3

T      1010 K
MFe 1.5 Msun
RFe  8000 km

Proto-Neutron star:

r ~ rnuc = 3 1014 g cm-3

T ~ 30 MeV

Grav. binding energy Eb3  1053 erg
99%    Neutrinos

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

0.01%  Photons, outshine host galaxy

1. > 8…10 Solar Mass
2. Collapse → Bounce
3. Shock wave halted
4. ν energy deposited
5. Final SN explosion

Stellar Collapse and SN Explosion 1

© G. Raffelt



Supernova 1987A
23 February 1987

Sanduleak - 69 202

Large Magellanic Cloud SN 1987A

Hirata et al., PRD 38 (1988) 448

Neutrinos from SN 1987A 2

 𝝂𝒆 + 𝒑⟶ 𝒏+ 𝒆
+



Detection of SN Neutrinos 
3

Scholberg, 
@SNOBS 2017

Super-Kamiokande

Hyper-Kamiokande

LAr-TPC DUNE



Under construction

Summary of SN Neutrino Detectors
4

Scholberg @SNOBS 2017



Current & Future Scintillator-based Detectors 
5

LVD, 1 kt KamLAND, 1 kt Borexino, 0.3 kt
Daya Bay, 0.16 kt

Baksan, 0.33 kt

MiniBooNE, 0.7 kt

NOvA, 15 kt

LENA, 50 kt

SNO+, 1 kt

JUNO, 20 kt



The JUNO Experiment
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NPP Daya Bay Huizhou Lufeng Yangjiang Taishan

Status Operational Planned Planned Under construction Under construction

Power 17.4 GW 17.4 GW 17.4 GW 17.4 GW 18.4 GW

Yangjiang NPP

Taishan NPP

Daya Bay NPP

Huizhou

NPP

Lufeng

NPP

53 km

53 km

Hong Kong

Macau

Guang Zhou

Shen Zhen

Zhu Hai

2.5 h drive
Kaiping,
Jiangmen City,
Guangdong Province 

Previous site candidate
Overburden ~ 700 m

by 2020: 26.6 GW



The JUNO Experiment
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KamLAND Borexino JUNO

LS  mass 1 kt 0.3 kt 20 kt

Energy Resolution 6%/ 𝐄 5%/ 𝐄 3%/ 𝐄

Light yield 250 p.e./MeV 511 p.e./MeV 1200 p.e./MeV

 𝝂𝒆 + 𝒑⟶ 𝒏+ 𝒆
+

Prompt signal:

𝑒+𝑒−⟶ 2𝛾

Delayed capture on H;
2.2 MeV γ

Jiangmen Underground Neutrino Observatory 

• 20 kiloton LS detector

• 3% energy resolution@ 1 MeV

• 700 m underground

• 18,000 20’’ +25,000 3’’ PMTs

• 53 km to the NPPs

Data taking in 2020; Mass hierarchy @ (3~4)σ by 2026 

Top tracker

Steel support

structure

Acrylic sphere

d = 35.4 m

Water

Cherenkov

Neutrino Physics 
with JUNO, JPG, 16



SN Models & Neutrino Spectra
8

27 solar masses
Garching Group



SN Neutrino Event Rates
9

27 solar masses
Garching Group

Neutrino Physics 
with JUNO, JPG, 16



SN Neutrinos @ LS Detectors
Reaction channel Interaction type Sensitive to

 𝝂𝒆 + 𝒑 → 𝒆
+ + 𝒏 CC  𝝂𝒆

𝝂 + 𝒑 → 𝝂 + 𝒑 NC 𝝂𝒙

𝝂 + 𝒆− → 𝝂 + 𝒆− CC+NC 𝝂𝒆

 𝝂𝒆 +
12C → 𝒆+ + 12𝐁

(14.39 MeV, 20 ms)

CC  𝝂𝒆

𝝂𝒆 +
12C → 𝒆− + 12𝐍

(17.34 MeV, 11 ms)

CC 𝝂𝒆

𝝂 + 12C → 𝝂 + 12𝐂∗ NC 𝝂𝒙

Reaction channel Interaction type Sensitive to

 𝝂𝒆 +
13C → 𝒆+ + 13𝐁 CC  𝝂𝒆

𝝂𝒆 +
13C → 𝒆− + 13𝐍 CC 𝝂𝒆

𝝂 + 13C → 𝝂 + 13𝐂∗ NC 𝝂𝒙

Natural abundance of 𝟏𝟑𝐂 is about 1.1% 

Fukugita et al., PLB, 90; Suzuki et al., PRD, 12

• Elastic ν-p scattering important

• Advantage of LS: low threshold

Beacom, Farr, Vogel, PRD, 02; 
Dasgupta, Beacom, PRD, 11

Event Spectra 
@ JUNO

Lu, Li, Zhou, PRD, 16

Average E (𝝂𝒆,  𝝂𝒆 , 𝝂𝒙)
(12, 14, 16) MeV

10



Elastic ν-p Scattering in LS Detectors
11

Beacom, Farr, Vogel, PRD, 02; Dasgupta, Beacom, PRD, 11; Lu, Li, Zhou, PRD, 16

Quenching effects on the proton recoil energy Tp ≤ 2 E2/mp

Eth # of events

0.1 MeV 2800
0.2 MeV      1600
0.5 MeV      500
0.7 MeV      250 

• Elastic ν-p scattering important

• Advantage of LS: low threshold



SN Neutrinos @ LS Detectors

Laha et al., 1412.8425; Lu et al., PRD, 2016

• IBD for  𝝂𝒆 + sub-leading effects from 12C CC

• Elastic ν-e scattering for 𝝂𝒆 + 12C CC

• Elastic ν-p scattering for 𝝂𝒙 + eES

• A global analysis of all reaction channels?

12



SN Neutrinos @ LS Detectors
13

1.4%

5
.4

%

12% 4.6%

2
4

%

2
7

%

Errors @ 90% C.L.

Laha et al., 1412.8425; 
Lu et al., PRD, 2016



Test of Energy Equipartition Hypothesis
14

Normal 

Hierarchy

Inverted

Hierarchy

Including only the MSW matter effects in the SN

Lu, Li, Zhou et al., PRD, 2016

For collective flavor conversions, talk by M.R. Wu



Total Gravitational Binding Energy
15

Normal 

Hierarchy

Inverted

Hierarchy

Including only the MSW effects in the SN, and fixing the spectral indices at γ =3

• With a high-statistics measurement of a galactic SN: time & energy spectra, all flavors, …

• More works need to be done: collective flavor conversions, explosion mechanisms, …

Lu, Li, Zhou et al., PRD, 2016

14% @ 1σ C.L.
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 photon reheating

γγee -   @ T < me
γ

1/3

ν T
11

4
T 








=

 Basic properties of CνB

 T0 = 1.95 K and <p> = 3T0 = 5 x 10-4 eV

 number density n = 56 cm-3 per species

Formation of Cosmic ν Background 
16
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 Acceleration in the neutrino wind

Hagmann, 99 

Shvartsman et al., 82; Smith, Lewin, 83; Duda et al., 01

Ringwald, 05

Target mass

de Broglie 

wavelength

Current Sensitivity

10-13 cm s-2

 Resonant absorption of EHE neutrinos
Weiler, 82; Eberle et al., 04; Ringwald, 09

Eberle et al., 04 
 Sources of EHE neutrinos

 Nearly-degenerate masses

 Z-burst for EHE CR events

Prospects for CνB Detection
17



At least 2 ’s cold today NON-relativistic ’s!

Relic neutrino capture on -decaying nuclei 

no energy threshold on incident ’s mono-
energetic outgoing electrons

(Irvine & Humphreys, 83; Cucco et al., 07)

1962

Prospects for CνB Detection
18



Prospects for CνB Detection
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prototype

3H → 3He + e- +  νe

νe + 3H → 3He + e-

PTOLEMY

Princeton 
Tritium 
Observ. for 
Light, 
Early-Univ., 
Massive-ν
Yield 

Betts et al, arXiv:1307.4738

★ first experiment

★ 100 g of tritium

★ graphene target 

★ planned energy resolution 0.15 eV

★ CB capture rate

D = Dirac 

M = Majorana

At least 2 ’s cold today NON-relativistic ’s!

Relic neutrino capture on -decaying nuclei 

no energy threshold on incident ’s mono-
energetic outgoing electrons

(Irvine & Humphreys, 83; Cucco et al., 07)

1962



Prospects for CνB Detection
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Capture rate of a polarized neutrino state νj(sν) on a free neutron

𝝈𝒋 𝒔𝝂 𝒗𝝂𝒋 =
𝑮F
𝟐

𝟐𝝅
𝑽𝒖𝒅

𝟐 𝑼𝒆𝒋
𝟐
𝑭(𝒁, 𝑬𝒆)

𝒎𝒑

𝒎𝒏
𝑬𝒆𝒑𝒆𝑨(𝒔𝝂)(𝒇

𝟐 + 𝟑𝒈𝟐)

𝑨 𝒔𝝂 ≡ 𝟏 − 𝟐𝒔𝝂𝒗𝝂𝒋 =  

𝟏 − 𝒗𝝂𝒋 , 𝒔𝝂 = +𝟏/𝟐

𝟏 + 𝒗𝝂𝒋 , 𝒔𝝂 = −𝟏/𝟐

RH Helicity

LH Helicity

In the limit 𝒗𝝂𝒋⟶ 𝟏, the state of 𝒔𝝂 = +𝟏/𝟐 cannot be captured

In the limit 𝒗𝝂𝒋⟶ 𝟎, both RH and LH helical states do contribute 

𝚪CνB = 

𝒋

𝝈𝒋 +
𝟏

𝟐
𝒗𝝂𝒋𝒏𝒋 𝝂𝐡𝐑 + 𝝈𝒋 −

𝟏

𝟐
𝒗𝝂𝒋𝒏𝒋 𝛎𝐡𝐋 𝑵𝑻Total Rate

Long, Lunardini, Sabancilar, 14; Lisanti, Safdi, Tully, 14 



Prospects for CνB Detection
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Dirac Majorana

Decoupling

Nowadays

𝒏 𝝂𝐋 = 𝒏 𝒛
𝒏  𝝂𝐑 = 𝒏 𝒛

𝒏 𝝂𝐋 = 𝒏 𝒛
𝒏 𝝂𝐑 = 𝒏 𝒛

𝒏 𝝂𝐡𝐋 = 𝒏𝟎
𝒏  𝝂𝐡𝐑 = 𝒏𝟎

𝒏 𝝂𝐡𝐋 = 𝒏𝟎
𝒏 𝝂𝐡𝐑 = 𝒏𝟎

𝚪CνB
𝐃 =  𝝈𝒏𝟎𝑵𝐓

𝚪CνB
𝐌 = 𝟐 𝝈𝒏𝟎𝑵𝐓

 𝝈 ≈ 𝟑. 𝟖 × 𝟏𝟎−𝟒𝟓 𝐜𝐦𝟐

Capture rate of a polarized neutrino state νj(sν) on a free neutron
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𝑮F
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𝟐
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Prospects for CνB Detection
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Neutrino Clustering
Ringwald, Wong, 04

Clustering in the Milky Way

At the Earth, larger by a factor of 1 to 20

de Salas, Gariazzo, 

Lesgourgues, Pastor, 

1706.09850

mν = 0.15 eV



Particle Physics with CνB
21

Energy 

resolution

High precision 

for absolute 

neutrino 

masses

𝚪𝑫 = 𝟒 𝐲𝐫
−𝟏 𝚪𝑹 = 𝟓. 𝟏 𝐲𝐫

−𝟏 𝚪𝑴 = 𝟖 𝐲𝐫
−𝟏

28%

 Nominal setup for PTOLEMY: 100 g 3H, Δ = 0.15 eV 

 Absolute masses, Dirac vs. Majorana, Extra ν’s, …



Summary and Outlook
22

• The next galactic core-collapse SN will be measured by a number of neutrino detectors, and
a high-statistics real-time measurement is helpful in understanding explosion mechanisms
and probing the intrinsic properties of massive neutrinos

• Give the priority to Diffuse SN Neutrino Background, a guaranteed source of SN neutrinos.
We have SK with Gd doping, and JUNO (available within 3 years) also has a good chance.

• Very promising to detect the relic neutrinos from the Big Bang in the PTOLEMY experiment.
It is time to have a serious look at theoretical predictions for local number densities, the
detection rates and physics potentials for elementary particles and cosmology

Neutrino Physics 
with JUNO, JPG, 16
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