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Introduction



Introduction

Delayed ν-driven explosion[1]

1. Instability & collapse
2. Bounce & shock propagation
3. Shock stallation
4. Accretion
5. Cooling

1H. A. Bethe and J. Wilson, R. Astrophys. J. 295, 14 (1985).
2Image from Leonhard Scheck and H.-Thomas Janka.
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Introduction

Theoretical outcomes

• ∼ 10 s signal
• ∼ 1053 erg

(gravitational)
• 99% in ν

• Equipartition?

νe
νe
νx=νμ,νμ,ντ,ντ
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Total energy E ⇔ normalization
Mean energy ⟨E⟩ ⇔ 1st moment

Pinching α ⇔ width
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Introduction

SN 1987A

• Large Magellanic Cloud (51.4 kpc)
• 25 νe neutrino events
• Good agreement with predictions [3]

• Eē ∼ 5 × 1052 erg ± 10%
• ⟨Tē⟩ ∼ 4 MeV + 50%− 20%

• νe, νx still missing
• Future detection is crucial to prove equipartition hypothesis

3F. Vissani, J. Phys. G 42, 013001 (2015).
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Introduction

Lu et al. [4]

• JUNO detector
• Importance of combining channels

• Eē up to 5% @ 90% C.L.
• ⟨Eē⟩ up to 1% @ 90% C.L.

with oscillation (MSW)
w/o equipartition

Etot known up to 13%
but for spectral shape fully known

⋄ equipartition
⋄ no oscillation
⋄ pinching known

4Lu et al. Phys. Rev. D 94, 023006 (2016)
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Introduction

H. Minakata et al. [5]

• Hyper-Kamiokande
• IBD only
• Pinching known

• Eē acc. 15% @ 3σ
• ⟨Eē⟩ acc. 2% @ 3σ

• Pinching unknown
• Eē acc. 50% @ 3σ
• ⟨Eē⟩ acc. 4% @ 3σ
• Parameters degeneracy

JC
A

P
12(2008)006

Parameter degeneracy in flavor-dependent reconstruction of supernova neutrino fluxes

Figure 5. Best-fit point (star) and 2σ CL and 3σ CL projections over
the displayed parameters for free pinching parameters in the Garching
parameterization.
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5H. Minakata et al., JCAP 0812, 006 (2008)
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Introduction

This work

• Importance of adding channels
• Full 3 × 3 analysis

• Ansätze released
• No equipartition
• Pinching unknown
• (and oscillation)
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Hypotheses and method

Supernova

• Distance D∗ = 10 kpc
• Total energy E∗ = 3 × 1053 erg

Super-Kamiokande

• 22.5 kton of fiducial mass
• 5 MeV threshold
• 100% efficiency
• Channels

• Inverse Beta Decay (IBD)
• Elastic scattering on e− (ES)
• Neutral-currents on 16O (OS)
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Hypotheses and method

Fluences

• Quasi-thermal alpha-fit
• Oscillations: MSW effect (NH)
• Self-interaction neglected

νe
νe
νx=νμ,νμ,ντ,ντ

0 10 20 30 40
0.0

0.5

1.0

1.5

2.0

2.5

Neutrino energy [MeV]

T
im
e
in
te
g
ra
te
d
fl
u
x
[1
01
0
M
eV
cm

-
2
]

F0
i (Eν) =

d Fi
d Eν

=
Ei

4πD2
Eαi
ν e−Eν/Ti

Tαi+2
i Γ (αi + 2)

(i = νe, νe, νx){
Fe = F0

x

Fē = |Ue1|
2 · F0

ē + (1 − |Ue1|
2) · F0

x
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Hypotheses and method

3 × 3 parameters

• Energy emitted Ei

⇒ E∗
i = 0.5 × 1053 erg

⇒ Initial equipartition hypothesis
• Mean energy ⟨Ei⟩ = (αi + 1)Ti

⇒ ⟨Ee⟩
∗ = 9.5 MeV

⇒ ⟨Eē⟩
∗ = 12 MeV

⇒ ⟨Ex⟩
∗ = 15.6 MeV

• Pinching parameter αi

⇒ α∗
i = 2.5

10



Hypotheses and method

Monte Carlo

• Expected: N∗
IBD = 4572 — N∗

ES = 213 — N∗
OS = 555

• Extracted: nIBD = 4706 — nES = 207 — nOS = 554

Caveat on OS

• Signal in window of 4 ÷ 9 MeV
• Cannot disentangle from IBD and ES
• Cross section uncertainty

• σOS(Eν) ≈ ε · σ0 · (Eν/MeV − 15)4

• systematic ∼Gauss(ε∗ = 1, σε = 0.1)
⇒ 10th parameter ε

11



Hypotheses and method

Likelihood

Lj (param.) ∝
Nbin∏
i=1

ν
ni
i

ni
e−νi with j = IBD, ES

LOS (param.) ∝ exp
[
− (nOS − NOS)

2

2NOS
− (ε− 1)2

2σ2
ε

]

Analysis

1. IBD (L = LIBD)

2. IBD + ES (L = LIBD × LES)

3. IBD + ES + OS (L = LIBD × LES × LOS)
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Hypotheses and method

Prior

0.2 × 1053 erg ≤ Ei ≤ 1.0 × 1053 erg
5.0 MeV ≤ ⟨Ei⟩ ≤ 30 MeV

1.5 ≤ αi ≤ 3.5
0.8 ≤ ε ≤ 1.2

Condition

logL ≥ logLmax −
1
2Adof,CL with

∫ A

0
χ2

dof(z) d z = C.L.
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Parameter degeneracy in flavor-dependent reconstruction of supernova neutrino fluxes

Figure 4. Comparison between the 2σ CL and 3σ CL determination of the
astrophysical parameters for the cases of fixed and free pinching parameters,
displayed in terms of ⟨Eν̄e⟩–⟨Eνx⟩ (left panel), ⟨Eν̄e⟩–Etot

ν̄e
(middle panel), and

⟨Eνx⟩–Etot
νx

(right panel). The solid and the dashed ellipses indicate the cases in
which βν̄e and βνx are fixed to βν̄e = 5 and βνx = 4. The star represents the
best-fit point, which, in this case, coincides with the input values. The constraint
τ ≡ ⟨Eνx⟩/⟨Eν̄e⟩ ≥ 1 has been imposed. The corresponding 2σ CL and 3σ
CL determinations for the case of free pinching parameters are denoted by the
(dark/red) and (light/yellow) regions. See the text and table 1 for more details.

Before closing this section let us mention that a similar analysis could be performed in
the case of inverted mass hierarchy. However, in this case one should take into account the
possible modulations induced by the shock wave passage, as well as by collective effects
such as the spectral split in ν̄e [41] or the effect of the second-order difference between the
νµ and ντ refractive indexes [42]. This comparative study lies however beyond the scope
of this paper.

4. Degeneracy in fitted parameters

4.1. Continuous degeneracy in the fit parameters

Let us start with the analysis with the Garching parameterization of the SN ν fluxes
assuming the values for the initial ν spectra given in table 1. To understand the effect
of varying pinching parameters let us first assume that the βνα parameters are known.
In figure 4 we represent by the dashed (solid) blue ellipses the regions allowed at 2σ
(3σ) CL in the space spanned by ⟨Eν̄e⟩–⟨Eνx⟩ (left panel), ⟨Eν̄e⟩–Etot

ν̄e
(middle panel), and

⟨Eνx⟩–Etot
νx

(right panel). In each panel, the best-fit point is also indicated by a star, which
of course reproduces the input value. It can be seen how we can determine ⟨Eν̄e⟩, ⟨Eνx⟩,
Etot

ν̄e
, and Etot

νx
with an accuracy of roughly 2%, 4%, 15%, and 30%, respectively, at 3σ

CL. These results are in good agreement with our previous work [19] apart from small
differences due to different assumptions on the initial spectra and the detector (now with
slightly smaller volume). It is remarkable that the non-vanishing mixing angle θ12 allows
us to obtain information about νx flux parameter events though only ν̄es are directly
detected. This is a direct consequence of equation (7).

However, once we allow the pinching parameters βνα to vary freely, the accuracy in
the determination of the flux parameters is significantly reduced. This is represented in

Journal of Cosmology and Astroparticle Physics 12 (2008) 006 (stacks.iop.org/JCAP/2008/i=12/a=006) 11

Validation
Good agreement with Minakata et al. (2008)
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Results

IBD+ES+OS, 10 param., no equipartition, 3σ C.L.
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Results

IBD
IBD+ES
IBD+ES+OS

8 10 12 14 16 18
0.00

0.05

0.10

0.15

0.20

0.25

0.30

〈Ee_〉 reconstructed [MeV]

Pr
ob

ab
ili

ty
〈Ee_〉 — C.L. = 3σ

νe ⟨E⟩ [MeV] Acc. %

IBD 12.9 ± 1.5 12
IBD+ES 12.2 ± 0.8 7
IBD+ES+OS 12.3 ± 0.7 6

IBD
IBD+ES
IBD+ES+OS

5 10 15 20
0.00

0.05

0.10

0.15

〈Ex〉 reconstructed [MeV]

Pr
ob

ab
ili

ty

〈Ex〉 — C.L. = 3σ

νx ⟨E⟩ [MeV] Acc. %

IBD 13.0 ± 2.6 20
IBD+ES 14.3 ± 2.0 14
IBD+ES+OS 14.6 ± 1.9 13
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Results: total energy

Total energy reconstruction

• Point P within a certain C.L.
• Etot|P = Ee,P + Eē,P + 4Ex,P

Warning
For IBD only Ee,P not measured
⇒ random uniform in prior [0.2, 1]× 1053 erg
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Results: total energy

Prior
IBD
IBD+ES
IBD+ES+OS

2 3 4 5 6
0.00

0.05

0.10

0.15

0.20

0.25

ℰtot reconstructed [1053erg]

Pr
ob

ab
ili

ty

C.L. = 1σ
Prior
IBD
IBD+ES
IBD+ES+OS

2 3 4 5 6
0.00

0.05

0.10

0.15

0.20

ℰtot reconstructed [1053erg]

Pr
ob

ab
ili

ty

C.L. = 3σ

1σ C.L. 3σ C.L

E [1053 erg] ∆E/E E [1053 erg] ∆E/E

IBD 3.53 ± 0.84 24% 3.50 ± 0.85 24%
IBD+ES 3.05 ± 0.28 9% 3.13 ± 0.38 12%
IBD+ES+OS 3.00 ± 0.26 9% 3.06 ± 0.36 12%
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Results: total energy

IBD
IBD+ES
IBD+ES+OS

2.8 3.0 3.2 3.4 3.6
0.00

0.05

0.10

0.15

0.20

0.25

0.30

ℰtot reconstructed [1053erg]

Pr
ob

ab
ili

ty

C.L. = 1σ (equipartition)
IBD
IBD+ES
IBD+ES+OS

2.6 2.8 3.0 3.2 3.4 3.6 3.8
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35

ℰtot reconstructed [1053erg]

Pr
ob

ab
ili

ty

C.L. = 3σ (equipartition)

Equipartition 1σ C.L. 3σ C.L

E [1053 erg] ∆E/E E [1053 erg] ∆E/E

IBD 3.20 ± 0.24 7% 3.20 ± 0.25 8%
IBD+ES 3.12 ± 0.07 2% 3.11 ± 0.10 3%
IBD+ES+OS 3.08 ± 0.06 2% 3.08 ± 0.09 3%
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Summary

• Ansätze of crucial importance
• Parameters

7 If pinching is unknown it remains unknown
7 νe properties undetermined
3 ⟨Eē⟩, ⟨Ex⟩ known within ∼ 10% @ 3σ C.L. (IBD+ES+OS)

• Total energy
3 Known within ∼ 10% @ 3σ C.L. (IBD+ES+OS)
3 1% goal achievable if equipartition holds

• Next: Hyper-K, JUNO, …
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