How to interpret supernova neutrino data without
knowing the source in detail
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Motivation

SN neutrinos are often presented as a uniquely informative signal.

A nearby event could reveal the explosion physics, flavor evolution, and neutrino properties.

But high statistics do not automatically imply high information.

The bottleneck is often interpretation, not detection.

Source uncertainties can dominate the inference.

Emission spectra, luminosities, and time evolution are model dependent.

This leads to both overclaims and excessive skepticism.

The goal is to find observables that remain meaningful under minimal source assumptions.



Imagine Betelgeuse goes supernova

o For a Betelgeuse-like source at D ~ 0.2 kpc, we use a Garching 20 M flux model.

e JUNO would collect an enormous IBD sample.
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Imagine Betelgeuse goes supernova

e Suppose the blue curve is the observed JUNO spectrum.
e The black curve is only one reference source model.

* Without detailed source knowledge, this mismatch may not look especially suspicious.
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But the mismatch was not source physics

e The blue curve is the standard signal after pseudo-Dirac oscillations during propagation.
e The effect does not appear as a dramatic spectral feature.

o A flexible source fit would hide the most important piece of information.
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It can get worse

» |[f the oscillations are fast enough, the detector cannot resolve the wiggles.
e The spectrum keeps almost the same shape, but with roughly half the normalization.

* Then even the spectral clue disappears.
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The favorable case

The orange curve is the favorable case: the oscillation minimum falls in the high-statistics region.
Then the spectral distortion is large enough that it would be hard to miss.

But this is not generic; many propagation effects look like modest source changes or smooth
normalization shifts.

LN I L L L LA B BRI NNLENLENLENL I BNLNNLINL L BN LA L
— Standard

—— m*=10"" eV?
— m?=5x10"18 eV? 1
——= m225x107D eV?

oo

(@}

W

()

JUNO IBD events per 1 MeV bin [10°]

-
I.'“I
1
T
N

I R R L L L I R !
15 20 25 30 35 40 45 50 55 60
Reconstructed visible energy E,;, [MeV]

)




Outline

Supernova basics:

Core collapse and the main phases of neutrino emission.

Neutronization burst

A clean early v,-dominated phase with weak dependence on later source evolution.

Flavor composition at Earth

How to extract flavor information without detailed source modeling.

Gamma-ray echo

An astrophysical near detector for Galactic neutrino propagation.

What makes an observable robust?

Predictions set by simple physics, not by detailed source modeling.



Core collapse supernovae
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e 99% of the gravitational binding energy is emitted as neutrinos ( ~ 103 erg).
e ~|% goes into the kinetic energy of the ejecta.

e ~0.01% is released in photons (the visible supernova).



SN 1987A: the first supernova seen in neutrinos
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Located in the Large Magellanic Cloud,
~ 51 kpc away.
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Detected by Kamiokande-Il, IMB, and Baksan.

.w | IMB

Only ~ 24 neutrino events observed.

Confirmed the basic SN-neutrino paradigm:
energy scale, duration, and luminosity.
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The neutronization burst



Phases of supernova neutrino emission
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What is the neutronization burst?

* Core bounce launches an outward-moving shock wave that heats the matter and dissociates
heavy nuclei into free nucleons.

* As the shock crosses the v, neutrinosphere, electron capture — especially on newly freed protons —
produces v, that can escape.
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Why is the neutronization burst robust!?

It happens before the explosion becomes complicated.

The shock has just formed, and the outer stellar layers are still essentially intact.

Its origin is a basic weak process.

The shock dissociates nuclei into free nucleons, enabling rapid electron capture on free protons and
producing a short v, flash.

Its timing is set by shock breakout through the v, nheutrinosphere.

This short crossing produces a ~ 10 ms v, flash.

It is less sensitive to detailed source modeling.

Compared with accretion and cooling, it depends weakly on progenitor structure, turbulence, and
shock revival.
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Flavor composition



Where flavor conversion happens

Supernova envelope )
* Close to the v-sphere, neutrino—
neutrino interactions can dominate.
* The outcome depends on local SN
conditions that are difficult to
Fast self-induced reconstruct.
conversions Slow self-induced
conversions
;k | T * Flavor conversion there can affect
~80 km ~200 km ~1500 km . .
v-sphere heating, Y, and nucleosynthesis.

MSW
resonances

The theoretical picture is still unsettled.
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Flavor composition as an averaged outcome
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Flavor composition as an averaged outcome

* At the input to the MSWV region, the matter potential singles out the v, direction, while the
U — 7 sector remains effectively symmetric:
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* Phase and trajectory averaging suppress coherence:

(fVe 0 0)
p = 0 fyﬂ 0
\0 0 fUT)

* Because 0,; ~ 45%, v, and v, project almost equally onto the same two matter eigenstates:
v, +u, v,— U,
u ’ be ™
V2 V2

* After averaging, the two matter eigenstates in the y — 7 sector are populated similarly, which
constrains the flavor composition at Earth:

1
NO < 0.5, 10
fye ~ fye 3

Capanema, YP, Saez, arXiv:2403.14762 (2024)



Measuring flavor composition requires many detectors

* No single detector measures all flavors.

* Different channels project the fluence with different flavor weights:

Npr~ @, DUNE
Nip ~ ©;, water/scintillator
Nne~ @, +Q; +@, + O NC-like

Ngg ~ @, +0.42d, +0.18®, +0.15,  ES

* The measurement becomes possible because the flavor weights are different.



Measuring flavor composition requires many detectors

* No single detector measures all flavors.

 Different channels project the fluence with different flavor weights:

Npr~ @, DUNE
Nipp ~ ©;, water/scintillator
Nxe ~ @, + @ +AD, + BD, NC-like

Ngg ~ @, +0.42®, +0.184d, +0.1580,  ES

* The measurement becomes possible because the flavor weights are different.

*  Where we have used ®, = A®, and ; = BO, .

* The parameters A and B encode the flavor composition:

1 1

f’“e:1+A’ f’je:1+B'

* In the expected regions:

1
LPS05SeAzl,  fPxseAx2



But detectors do not measure bare A and B

* The clean A, B system is only meaningful inside a broad time/energy bin:
A = AFE X At, O, (E,1) ~ A\, (E, 1), O; (E, 1) = B\D; (E,1).

* Real event rates are predicted by folding these fluences through each detector response:

NPY(A, By) = Z[ dE,dtdE,; K. (E,;

vis “Mja\vis?
a ‘A

E, 1), (E,T).

+ DUNE and IBD anchor ®, and @; ; ES and NC-like channels then constrain A, and B,.



How SNO solved the solar neutrino problem

SNO combined channels with different flavor sensitivities: CC measured @, , while NC fixed
the total active flux.
Nee ~ @, v,+d—>p+p+e”

Nye~ @, + @, v,+d—>p+n+y,
Ngs ~ @, + ().15CI>DM v,+e =y, +e”

The combined CC, NC, and ES result showed that the missing solar v, flux reappeared as non-
electron active flavors.
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Gamma ray echo



Gamma-ray echo:a delayed 51| keV signal

The SN 7, burst crosses the
hydrogen-rich outer envelope.

A small fraction undergoes
IBD near the stellar surface,
producing positrons:

Direct path 0'\
D /N

Observer

U,+p—on+et.

Positron annihilation
generates a delayed 51 | keV
echo:

ete”™ = 2y (511keV).

The delayed 511 keV emission appears from different regions of the visible stellar disk at
successive times.

Lunardini et al., arXiv:2312.13197




The echo measures the surface I?e fluence

The echo is produced after flavor conversion inside the supernova.

But it is produced before neutrino propagation from the star to Earth.

Therefore it probes the post-conversion v, fluence at the stellar surface:

D Aeff surf
N}/ — 4]ZD2 C]/ dEydt GIBD(EI/)¢176 (Ey, t) .

C, encodes the envelope composition, photon escape, and positron-annihilation physics.
n, n, 1

2 n, oc

¢

This makes the gamma-ray echo an astrophysical near detector for CI)%‘e“f.



The far detector measures the propagated burst

Terrestrial IBD detectors measure the v, flux after propagation from the stellar surface to Earth:

IBD

NpGIBD

JdEydt oiap(E,)S(E,) D" (E,. 1) .

Here S(£ ) describes any propagation effect between the star and Earth.

If the propagation effect leaves a resolved spectral distortion, it may be seen directly in the

IBD spectrum.

If it averages out, it becomes an energy-smooth depletion — degenerate with the unknown

emitted fluence.
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Comparing the near and far v, fluence

Nigp AetCy
N}@ NpGIBD

K

Standard propagation gives k ~ 1.

A fully averaged pseudo-Dirac depletion gives k ~ 1/2.
The figure shows when k = 1/2 can be distinguished from xk = 1 at 3.

For N},ea ~ 3(), resolving k = 1/2 requires echo calibration at the ~ 25 % level.

This makes the test experimentally feasible for very nearby SNe, roughly within ~ 1 kpc for
planned MeV telescopes.
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Discussion/Conclusion



Discussion/Conclusion

The observables discussed here are designed as consistency checks with minimal dependence
on detailed supernova modeling.

If these robust checks fail, the next Galactic supernova could provide evidence for unexpected
neutrino physics even with limited knowledge of the source.



Thank you!



Backup slides



Our approach: exploiting yi—t symmetry

Since y and 7 leptons are absent in the SN environment, the p—t sector is
symmetric, and the choice of basis is arbitrary.

1 N[ % 0 0
o= 0 B2 Bive
ﬁk’)’ke Vi

Assume that the off-diagonal terms vanish in an arbitrary basis:

~ Zﬂk’)’ 0k

In this case, after rotating to the flavor basis, we obtain

1N a? 0 0
RS Ol (N TR P
k=1 \ 0 35s20(B2 — ) s5B:2 + cgi?
N
S»g parametrizes the p'—t" mixing rotation,and X = — Z (ﬂkz — ykz) encodes the
k=1

u'—1’ population asymmetry.



Our approach: exploiting yi—t symmetry

N

1 , ,
. Assume 5,9 € [—1,1]and X = — Z (ﬂk2 — ykz) € [—1,1] are uniformly

N k=1

distributed. Then the product s,,X is most likely close to zero.

p P(s20X)

~

-0.5 -0.2 +0.2 +0.5

* Thus, even if decoherence occurs in a rotated basis, coherence in the flavor basis is
most likely suppressed.



Our approach: ensemble — flavor ratios

Assuming off-diagonal terms to vanish, we can write the state of the ensemble at
the boundary as:
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Thus, the ensemble can be summarized by the flavor ratios (a, b, ¢).



Normal Ordering (NO)

Assuming NO and adiabatic propagation, we have v, — v;:

(1,0,0)s5 = ([Vesl®, [Vl Uz _ -
Conversely, for the non-electron flavors,
(0,1,0)SN or (0,0,1)5_]\] —
1
) (|U61|2 T |U62|2 ) |Uul|2 + |Uu2|2 ) |UT1|2 T |UT2|2)€B -

For any initial combination (a, b, ¢)qy, we obtain on Earth the v, fraction:

Ueal” + |Ue2)® | U’ + |Ue2|?
+c :
2 2
From the unitarity of the PMNS matrix and a + b + ¢ = 1, it simplifies to

1 a
o= (1 _ |U63|2) +2 (3|U63|2 _ 1) |

NO _ a|U63|2 -|-b|

Ve

Adopting | U ;|* ~ 0.02 < 1, we obtain

1 —a

fiVO ~ 5 O.5+0'06

—0.08



Inverted Ordering (10)

« For IO, it is analogous to the NO case, but with U,; <> U,,

1,2 = % (1 — |Ue2|2) + % (3 Ugo|® — 1)

. Assuming | U, |* = 1/3, we have

f ~ 1/3%01.

+ Consistent with flavor equipartition.

Normal Ordering (e¢=0) Inverted Ordering (e¢£=0)




Shock waves

Gravitational instability
of stellar core

» Shock waves can disrupt the SN
envelope and affect adiabaticity of
the H resonance early on

(Ue3 < UeZ)'

* For NO: adiabaticity is broken,

1
for©(non-ad H) ~ 3 -

Sheekmevival

* For IO: unaffected, remains

1
£.€ (non-ad H) = 3

Explosion

7 ¥

Explosion and
nucleosynthesis

g

Neutrino-

Proto-neutron star driven “wind”

Shock wave propagation and revival (Janka et al. 2012)



Results
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* Red regions: Flavor composition under adiabatic evolution.

« Maroon regions: Flavor composition under non-adiabatic transitions (H-resonance
+ shock wave).

 Pink regions: Flavor composition if if the 4 — 7 symmetry is broken.



