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Outline

1) neutrino oscillations in matter & Mikheyev-Smirnov-Wolfenstein effect

2) process of supernova explosion

3) neutrino detection channels in JUNO – Jiangmen Underground Neutrino 
Observatory

4) search for observables suitable to distinguish between different supernova 
models and/or neutrino mass hierarchies 



Neutrino oscillations in vacuum

flavor eigenstate basis:       𝜈𝑓 𝑓 = 𝑒, 𝜇, 𝜏

mass eigenstate basis:        𝜈𝑖 𝑖 = 1,2,3

  𝜈𝑓 =  

𝑖=1

3

𝑈𝑓𝑖
∗   𝜈𝑖

𝑈 =

𝑐13𝑐12 𝑐13𝑠12 𝑠13𝑒−𝑖𝛿

−𝑠23𝑠13𝑐12𝑒𝑖𝛿 − 𝑐23𝑠12 −𝑠23𝑠13𝑠12𝑒𝑖𝛿 + 𝑐23𝑐12 𝑠23𝑐13

−𝑐23𝑠13𝑐12𝑒𝑖𝛿 + 𝑠23𝑠12 −𝑐23𝑠13𝑠12𝑒𝑖𝛿 − 𝑠23𝑐12 𝑐23𝑐13

𝑠𝑖𝑗 = sin(𝜗𝑖𝑗)

𝑐𝑖𝑗 = cos(𝜗𝑖𝑗)

Schrödinger equation in mass eigenstate basis
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Schrödinger equation in flavor eigenstate basis
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Neutrino oscillations in matter

Due to the charged-current interaction between 𝜈𝑒,  𝜈𝑒 and 𝑒− in ordinary matter, 
an additional potential 𝑉 adds to the hamiltonian.

𝑉 =
2𝐺𝐹𝑁𝑒 ℏ𝑐 3 0 0

0 0 0
0 0 0

Final hamiltonian in flavor eigenstate basis:
𝐻neutrino = 𝑈𝐻mass𝑈

† + 𝑉

𝐺𝐹 Fermi constant
𝑁𝑒 electron number density

𝐻antineutrino = 𝑈𝐻mass𝑈
† − 𝑉



Models of supernova explosion

An 8.8 𝑀⊙ supernova simulation of neutrino luminosties and mean energies.

(L. Hudepohl et al., Neutrino signal of electron-capture supernovae from core collapse to cooling, 
Phys. Rev. Lett. 104 (2010) 251101)



Models of supernova explosion

Neutrino mean energies according to three representative SN models.

𝜈𝑥 = 𝜈𝜇, 𝜈𝜏,  𝜈𝜇 or  𝜈𝜏

(L. Hudepohl et al., Neutrino signal of electron-capture supernovae from core collapse to cooling, 
Phys. Rev. Lett. 104 (2010) 251101)

(K.C. Lai et al., Probing neutrino mass hierarchy by comparing the charged-current and neutral-
current interaction rates of supernova neutrinos, J. Cosmol. Astropart. Phys. 7 (2016) 039)

(G. Fogli et al., Collective neutrino flavor transitions in supernovae and the role of trajectory averaging,
J. Cosmol. Astropart. Phys. 12 (2007) 010 )

typical ordering: 𝐸𝜈𝑒
≤ 𝐸 𝜈𝑒

≤ 𝐸𝑣𝑥



Density profile of supernova & MSW effect

Typical density profile of supernova matter:          𝜌 𝑟 = 1013 g cm−3 10 𝑘𝑚

𝑟

3

starting point for numerical solution of Schrödinger equation.
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In this region occurs oscillation between
neutrino flavors due to MSW effect.

𝑖ℏ𝑐
𝜕

𝜕𝑡

𝜓𝑒

𝜓𝜇

𝜓𝜏

= 𝑈𝐻mass𝑈† ± 𝑉
𝜓𝑒
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(for neutrino energies higher than 1 MeV)

region of collective
neutrino oscillations

NEUTRINO OSCILLATIONS 
DEPEND ON MASS HIERARCHY



MSW effect: neutrinos & normal hierarchy

Electron neutrino goes out from 
supernova as the heaviest mass 
eigenstate   𝜈3 .

𝑟 m

𝑃𝜈𝑒⟶𝜈𝑒

  𝜈2

  𝜈1

  𝜈3
𝐸𝜈𝑒

= 10 MeV

𝐸𝜈𝑒
= 20 MeV

𝐸𝜈𝑒
= 30 MeV

𝐸𝜈𝑒
= 50 MeV



MSW effect: antineutrinos & normal hierarchy

Electron antineutrino goes out 
from supernova as the lightest
mass eigenstate   𝜈1 .

𝑟 m

𝑃 𝜈𝑒⟶ 𝜈𝑒

  𝜈2

  𝜈1

  𝜈3
𝐸 𝜈𝑒

= 10 MeV

𝐸 𝜈𝑒
= 20 MeV

𝐸 𝜈𝑒
= 30 MeV

𝐸 𝜈𝑒
= 50 MeV



MSW effect: neutrinos & inverted hierarchy

  𝜈2

  𝜈1

  𝜈3

𝑃𝜈𝑒⟶𝜈𝑒

𝑟 m

Electron neutrino goes out from 
supernova as the heaviest mass 
eigenstate   𝜈2 .

𝐸𝜈𝑒
= 10 MeV

𝐸𝜈𝑒
= 50 MeV



MSW effect: antineutrinos & inverted hierarchy

𝑟 m

Electron antineutrino goes out 
from supernova as the lightest
mass eigenstate   𝜈3 .

𝑃 𝜈𝑒⟶ 𝜈𝑒
  𝜈2

  𝜈1

  𝜈3

𝐸 𝜈𝑒
= 10 MeV

𝐸 𝜈𝑒
= 50 MeV



Time-integrated anti/neutrino spectra before and after MSW effect 

Normal hierarchy

𝐸𝜈𝑒
= 10 MeV 𝐸 𝜈𝑒

= 15 MeV 𝐸𝜈𝜇
= 𝐸𝜈𝜏

= 𝐸 𝜈𝜇
= 𝐸 𝜈𝜏

= 24 MeV

Initial mean energies:

 𝜈𝑒 spectrum without oscillations
 𝜈𝜇,  𝜈𝜏 spectrum without oscillations

 𝜈𝑒 spectrum after MSW effect
 𝜈𝜇 spectrum after MSW effect

 𝜈𝜏 spectrum after MSW effect

𝜈𝑒 spectrum without oscillations
𝜈𝜇, 𝜈𝜏 spectrum without oscillations

𝜈𝑒 spectrum after MSW effect
𝜈𝜇 spectrum after MSW effect

𝜈𝜏 spectrum after MSW effect

total released energy: 𝐸𝑡𝑜𝑡 = 3 ⋅ 1046 J

(equally distributed between neutrinos and antineutrinos of all flavors)

distance: 𝑅 = 10 kpc

𝑗𝛼 𝐸 =
𝐿𝛼

4𝜋𝑅

2

3𝜁 3 𝑇𝛼
3

𝐸2

1 + exp
𝐸
𝑇𝛼
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180𝜁 3
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Time-integrated anti/neutrino spectra before and after MSW effect 

Inverted hierarchy

𝐸𝜈𝑒
= 10 MeV 𝐸 𝜈𝑒

= 15 MeV 𝐸𝜈𝜇
= 𝐸𝜈𝜏

= 𝐸 𝜈𝜇
= 𝐸 𝜈𝜏

= 24 MeV

Initial mean energies:

total released energy: 𝐸𝑡𝑜𝑡 = 3 ⋅ 1046 J

(equally distributed between neutrinos and antineutrinos of all flavors)

𝜈𝑒 spectrum without oscillations
𝜈𝜇, 𝜈𝜏 spectrum without oscillations

𝜈𝑒 spectrum after MSW effect
𝜈𝜇 spectrum after MSW effect

𝜈𝜏 spectrum after MSW effect

 𝜈𝑒 spectrum without oscillations
 𝜈𝜇,  𝜈𝜏 spectrum without oscillations

 𝜈𝑒 spectrum after MSW effect
 𝜈𝜇 spectrum after MSW effect

 𝜈𝜏 spectrum after MSW effect

distance: 𝑅 = 10 kpc

𝑗𝛼 𝐸 =
𝐿𝛼

4𝜋𝑅

2

3𝜁 3 𝑇𝛼
3
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1 + exp
𝐸
𝑇𝛼

𝐸𝛼 =
7𝜋4

180𝜁 3
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𝐿𝛼 =
𝐸𝑡𝑜𝑡

6 𝐸𝛼



Detection of SN neutrinos in JUNO

The aim of this study is:

Investigation of the possibilities of JUNO experiment to determine fluxes and 
spectra of neutrinos coming from a supernova explosion

Detection of supernova neutrinos has the potential to supply information about:

1) neutrino mass hierarchy
(neutrino flavor oscillations due to MSW effect are different in the case of normal
and inverted hierarchy) 

2)   the process of supernova explosion
(especially if neutrino mass hierarchy is already known)



JUNO experiment

muon tracker

outer vessel

water pool

20 kton pure water

20” PMTs

veto PMTs

20 kton liquid scintillator: linear alkylbenzene

1,5 ∙ 1033 target protons

8,8 ∙ 1032 target 12C nuclei



Detection channels in JUNO

In this study we will focus on charged-current detection channels.



Ratio of 𝜈𝑒 and  𝜈𝑒 spectra coming to Earth

NO, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 10,15,24 MeV

NO, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 12,15,18 MeV

NO, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 9.4,11.44,11.44 MeV

INV, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 10,15,24 MeV

INV, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 12,15,18 MeV

INV, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 9.4,11.44,11.44 MeV

𝑑𝑁𝜈𝑒
𝐸 /𝑑𝐸

𝐸𝑎𝑟𝑡ℎ
/ 𝑑𝑁 𝜈𝑒

𝐸 /𝑑𝐸
𝐸𝑎𝑟𝑡ℎ

𝜈𝑒 + 6
12C → 7

12N + 𝑒− threshold 



Relations between neutrino fluxes: NORMAL hierarchy

𝑑𝑁𝜈𝑒
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Relations between neutrino fluxes: INVERTED hierarchy
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𝐸
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Ratio of 𝜈𝑒 and  𝜈𝑒 spectra coming to Earth

NO, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 10,15,24 MeV

NO, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 12,15,18 MeV

NO, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 9.4,11.44,11.44 MeV

INV, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 10,15,24 MeV

INV, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 12,15,18 MeV

INV, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 9.4,11.44,11.44 MeV

INVERTED hierarchy:

𝑑𝑁𝜈𝑒
𝐸

𝑑𝐸
𝐸𝑎𝑟𝑡ℎ

𝑑𝑁 𝜈𝑒
𝐸

𝑑𝐸
𝐸𝑎𝑟𝑡ℎ

≅
2

3
+

1

3

𝑑𝑁𝜈𝑒
𝐸

𝑑𝐸
𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑑𝑁 𝜈𝑥
𝐸

𝑑𝐸
𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑑𝑁𝜈𝑒
𝐸 /𝑑𝐸

𝐸𝑎𝑟𝑡ℎ
/ 𝑑𝑁 𝜈𝑒

𝐸 /𝑑𝐸
𝐸𝑎𝑟𝑡ℎ

𝑑𝑁𝜈𝑒
𝐸

𝑑𝐸
𝐸𝑎𝑟𝑡ℎ

𝑑𝑁 𝜈𝑒
𝐸

𝑑𝐸
𝐸𝑎𝑟𝑡ℎ

≅

𝑑𝑁𝜈𝑥
𝐸

𝑑𝐸
𝑖𝑛𝑖𝑡𝑖𝑎𝑙

2
3

𝑑𝑁 𝜈𝑒
𝐸

𝑑𝐸
𝑖𝑛𝑖𝑡𝑖𝑎𝑙

+
1
3

𝑑𝑁 𝜈𝑥
𝐸

𝑑𝐸
𝑖𝑛𝑖𝑡𝑖𝑎𝑙

NORMAL hierarchy:

𝜈𝑒 + 6
12C → 7

12N + 𝑒− threshold 



Ratio of total numbers of 𝜈𝑒 and  𝑣𝑒

INV, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 10,15,24 MeV

INV, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 12,15,18 MeV

INV, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 9.4,11.44,11.44 MeV

Ratio of numbers of 𝜈𝑒 and  𝜈𝑒 coming to Earth and having energy in one of the energy intervals marked by 
vertical dashed lines: 1,8 – 17,34 MeV, 17,34 – 40 MeV and 40 – 100 MeV

In the energy interval 17,34 – 40 MeV all SN models predict almost the same value 𝑁𝜈𝑒
/𝑁 𝜈𝑒

ratio 

regardless of neutrino mass hierarchy. 

A value of 𝑁𝜈𝑒
/𝑁 𝜈𝑒

far from 1 in the energy interval 17,34 – 40 MeV would suggest that a physical

process occurs during the SN collapse that is not included in current SN models. 

NO, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 10,15,24 MeV

NO, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 12,15,18 MeV

NO, 𝐸𝜈𝑒
, 𝐸 𝜈𝑒

, 𝐸𝜈𝑥
= 9.4,11.44,11.44 MeV



Charged-current reactions on 12C

Nuclear masses:

𝑚C = 𝑚C
𝑎𝑡𝑜𝑚 − 6𝑚𝑒 = 11174,86 MeV

𝑚B = 𝑚B
𝑎𝑡𝑜𝑚 − 5𝑚𝑒 = 11188,74 MeV

𝑚N = 𝑚N
𝑎𝑡𝑜𝑚 − 7𝑚𝑒 = 11191,69 MeV

Atomic masses:

𝑚B
𝑎𝑡𝑜𝑚 = 12,014352658 u

𝑚C
𝑎𝑡𝑜𝑚 = 12,000000000 u

𝑚N
𝑎𝑡𝑜𝑚 = 12,018613187 u

1u = 931,494 MeV

𝜈𝑒 + 6
12C → 7

12N + 𝑒− followed by      7
12N → 6

12C + 𝑒+ + 𝜈𝑒

 𝜈𝑒 + 6
12C → 5

12B + 𝑒+ followed by     5
12B → 6

12C + 𝑒− +  𝜈𝑒

𝐸𝜈𝑒
thr =

𝑚N + 𝑚𝑒
2

− 𝑚C
2

2𝑚C
= 17,35 MeV

𝐸 𝜈𝑒

thr =
𝑚B + 𝑚𝑒

2
− 𝑚C

2

2𝑚C
= 14,40 MeV



Delayed beta decays

7
12N → 6

12C + 𝑒+ + 𝜈𝑒

5
12B → 6

12C + 𝑒− +  𝜈𝑒

𝜏1/2 7
12N = 11,00 ms

𝜏1/2 5
12B = 20,20 ms

𝑇𝑒
max =

𝑚N
2 + 𝑚𝑒

2 − 𝑚C
2

2𝑚N
− 𝑚𝑒 = 16,30 MeV

𝑇𝑒
max =

𝑚B
2 + 𝑚𝑒

2 − 𝑚C
2

2𝑚B
− 𝑚𝑒 = 13,36 MeV

𝑄𝛽+ = 𝑚N − 𝑚C − 𝑚𝑒 = 16,32 MeV

𝑄𝛽− = 𝑚B − 𝑚C − 𝑚𝑒 = 13,37 MeV

positron annihilation

Δ𝐸 = 1,022 MeV



Distribution of deposited energy – delayed beta decays

7
12N → 6

12C + 𝑒+ + 𝜈𝑒

5
12B → 6

12C + 𝑒− +  𝜈𝑒



Distribution of deposited energy – delayed beta decays

theoretical spectrum: 𝛽 𝐸 = 𝜃𝛽12𝑁 𝐸 + 1 − 𝜃 𝛽12𝐵 𝐸

𝐸 MeV 𝐸 MeV

5
12B → 6

12C + 𝑒− +  𝜈𝑒

7
12N → 6

12C + 𝑒+ + 𝜈𝑒



Distribution of deposited energy – delayed beta decays

theoretical spectrum: 𝛽 𝐸 = 𝜃𝛽12N 𝐸 + 1 − 𝜃 𝛽12B 𝐸

 𝜃 = 0,77  𝜎 𝜃 = 0,09

𝜃 = 0,62

decay MC ML estimate

12N 119 150 ± 20

12B 74 44 ± 20

fixed total number of events 𝑁𝑡𝑜𝑡 = 193

𝐸 MeV 𝐸 MeV

ML:

5
12B → 6

12C + 𝑒− +  𝜈𝑒

7
12N → 6

12C + 𝑒+ + 𝜈𝑒



Distribution of deposited energy – delayed beta decays

theoretical spectrum: 𝛽 𝐸 = 𝜃𝛽12N 𝐸 + 1 − 𝜃 𝛽12B 𝐸

decay MC ML estimate

12N 119 150 ± 20

12B 74 44 ± 20

fixed total number of events 𝑁𝑡𝑜𝑡 = 193

𝐸 MeV𝜃

log 𝐿

 𝜃 = 0,77  𝜎 𝜃 = 0,09

𝜃 = 0,62

ML:



Thank you for your attention



Normal hierarchy 𝑃𝜈𝜇⟶𝜈𝑒

𝑃𝜈𝜇⟶𝜈𝑒

𝑟 m



Distribution of deposited energy – delayed beta decays

theoretical spectrum: 𝛽 𝐸 = 𝑁12N 𝛽12N 𝐸 + 𝑁12B 𝛽12B 𝐸

decay MC ML estimate

12N 119 150 ± 20

12B 74 44 ± 20

total number of events 𝑁𝑡𝑜𝑡 = 𝑁12N + 𝑁12B is a free parameter

𝐸 MeV 𝐸 MeV



Distribution of deposited energy – delayed beta decays

𝐸 MeV 𝐸 MeV

theoretical spectrum: 𝛽 𝐸 = 𝜃𝛽12𝑁 𝐸 + 1 − 𝜃 𝛽12𝐵 𝐸



Distribution of deposited energy – delayed beta decays

theoretical spectrum: 𝛽 𝐸 = 𝜃𝛽12N 𝐸 + 1 − 𝜃 𝛽12B 𝐸

 𝜃 = 0,59  𝜎 𝜃 = 0,08

𝜃 = 0,61

decay detected estimated

12N 142 140 ± 20

12B 92 95 ± 20

fixed total number of events 𝑁𝑡𝑜𝑡 = 234

𝐸 MeV 𝐸 MeV



Distribution of deposited energy – delayed beta decays

theoretical spectrum: 𝛽 𝐸 = 𝜃𝛽12N 𝐸 + 1 − 𝜃 𝛽12B 𝐸

 𝜃 = 0,59  𝜎 𝜃 = 0,08

𝜃 = 0,61

decay detected estimated

12N 142 140 ± 20

12B 92 95 ± 20

fixed total number of events 𝑁𝑡𝑜𝑡 = 234

𝐸 MeV

log 𝐿

𝜃


