Oscillation-Independent Probes of
Non-Standard Neutrino Interactions from

Supernovae

Anna M. Suliga
with Angela Beatty and Volodymyr Takhistov

Neutrino Theory Network Fellow
New York University

NYU

CETUP* Lead, July 8, 2026



Why is studying astrophysical neutrinos crucial?
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Free neutrino sources spanning nearly 25 decades in energy
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https://arxiv.org/abs/1910.11878

Established track record of neutrino discoveries
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Significant progress, but still room for new discoveries
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https://arxiv.org/abs/1910.11878

Why is studying astrophysical neutrinos crucial?

Benefits to the field of neutrino physics

® free sources spanning nearly 25 decades in energy
® established track record of neutrino discoveries
e test of physics in conditions not accessible on Earth

® complements terrestrial neutrino experimental efforts
Benefits to the field of multimessenger astrophysics

¢ unveils physics of the sources

¢ experimentally and observationally timely
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Established track record of neutrino discoveries: SN 1987A
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Established track record of neutrino discoveries: SN 1987A



https://hubblesite.org/contents/media/images/2017/08/3987-Image.html 
https://webbtelescope.org/contents/media/images/2023/136/01H8Q02S452MC9CAF0VSJ3ZTFX
https://arxiv.org/abs/2403.04386
https://www.science.org/doi/abs/10.1126/science.1136351
https://academic.oup.com/mnras/article/399/2/515/1058572

Established track record of neutrino discoveries: SN 1987A
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Courtesy of G. Raffelt

e Neutrino detection from SN 1987A:

¢ confirmed the core-collapse scenario
® 99% of the energy emitted in neutrinos
® best limit at the time on the v mass
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https://slideplayer.com/slide/7049276/

Towards Precise Neutrino Properties Measurements
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https://arxiv.org/pdf/2212.00809.pdf

Towards Precise Neutrino Properties Measurements
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https://arxiv.org/pdf/2212.00809.pdf

How to achieve full picture of neutrinos? All hands on deck!

XLZD, DARWIN (20XX)

® Many new experiments

comimg online soon
Rubin Observatory, Chile (2025)

«® variety of approaches —
superb sensitivity

¢ Complementarity with:
® reactor and accelerator searches
® electromagnetic surveys
® other astrophysical messengers

IceCube, South Pole
- 6/20


https://www-sk.icrr.u-tokyo.ac.jp/en/hk/
https://icecube.wisc.edu/science/icecube/
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=http://juno.ihep.cas.cn/&ved=2ahUKEwjKjtviiLKLAxXkK1kFHRUiAYQQFnoECA0QAQ&usg=AOvVaw3vPbp4-Mv7fjnU5qd_1BwD
https://darwin.physik.uzh.ch/darwin.html
https://rubinobservatory.org/
https://www.dunescience.org/

Neutrinos from Core-collapse
Supernovae



Why are neutrinos important for a core-collapse supernova?

Neutrinos:

® ~ 10°® of them emitted from a single core collapse
® only they can reveal the deep interior conditions

® only particles detectable from the collapse to a black hole
Neutron

Black

hole //v/

. neutrinos
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Different Phases of Supernova Explosion

¢ Infall phase, ® Accretion phase, ¢ Cooling phase,
v, burst ~ 40 ms ~ 100 ms ~10s
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http://inspirehep.net/record/747694?ln=en

Why core-collapse supernovae are good physics probes?

Advantages
® extreme physical conditions not accessible on Earth
¢ within the reach of existing and upcoming detectors

What can we learn with a variety of detectors?

® explosion mechanism Bethe & Wilson (1985),
Fischer et al. (2011)...

nucleosynthesis Woosley et al. (1994),
Surman & McLaughlin (2003)...

compact object formation Warren et al. (2019),
Li, Beacom et al. (2020)...

N . ..
neutrino mixing Balantekin & Fuller (2013),

Siwach, AMS, Balantekin (2022)...

non-standard physics
AMS, Tamborra, Wu (2020),

AMS et al. (2024) ... 9720


https://ui.adsabs.harvard.edu/abs/1985ApJ...295...14B/abstract
https://arxiv.org/pdf/1011.3409.pdf
https://arxiv.org/pdf/1303.3874.pdf
https://inspirehep.net/literature/2182461
https://ui.adsabs.harvard.edu/abs/1994ApJ...433..229W/abstract
https://inspirehep.net/literature/624747
https://arxiv.org/abs/1912.03328
https://inspirehep.net/literature/1811107
https://inspirehep.net/literature/1792755
https://inspirehep.net/literature/2836619

Why core-collapse supernovae are good physics probes?

Advantages
® extreme physical conditions not accessible on Earth
¢ within the reach of existing and upcoming detectors

What can we learn with a variety of detectors?

® explosion mechanism Bethe & Wilson (1985),
Fischer et al. (2011)...

nucleosynthesis Woosley et al. (1994),
Surman & McLaughlin (2003)...

compact object formation Warren et al. (2019),
Li, Beacom et al. (2020)...

N . ..
neutrino mixing Balantekin & Fuller (2013),

Siwach, AMS, Balantekin (2022)...
® non-standard physics CETUP crew ++
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https://ui.adsabs.harvard.edu/abs/1985ApJ...295...14B/abstract
https://arxiv.org/pdf/1011.3409.pdf
https://arxiv.org/pdf/1303.3874.pdf
https://inspirehep.net/literature/2182461
https://ui.adsabs.harvard.edu/abs/1994ApJ...433..229W/abstract
https://inspirehep.net/literature/624747
https://arxiv.org/abs/1912.03328
https://inspirehep.net/literature/1811107

Neutrinos from Supernovae as
Probes of New Physics




Different Phases of Supernova Explosion

¢ Infall phase, ® Accretion phase, ¢ Cooling phase,
v, burst ~ 40 ms ~ 100 ms ~10s

H. T. Janka (2017)
Shock revival

']

Shock
wave

wave

Proto-neutron star & Proto-neutron star

New neutrino physics affects the core-collapse supernovae:

L

¢ change diffusion time — possible change in the star’s fate
¢ changed diffusion time — changed duration of the neutrino signal

® new cooling channel — affects explosion probability

astrophysical feedback often ignored
10/20


http://inspirehep.net/record/747694?ln=en

How astrophysical feedback affects
the bounds on new physics?




Can we detect non-standard
neutrino-quark interactions in
supernova neutrino signal?

In collaboration with A. Beatty and V. Takhistov

Phys.Rev.D Lett. 114 (2026) 2, L021301



https://inspirehep.net/literature/2968032

Neutrino Trapping and S—equilibrium in the core

Neutrino trapping
AN,Z)+v —A(N,Z)+v
p-equilibrium

e +p=r.+n

er+n="0,+p
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Neutrino Trapping and S—equilibrium in the core

Post-bounce time [ms]

Neutrino trapping
AN,Z)+v —A(N,Z)+v
B-equilibrium
e +tp=rv.+n

er+n="0,+p
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Neutrino Trapping and S—equilibrium in the core
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Sullivan et al. (2016)
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https://iopscience.iop.org/article/10.3847/0004-637X/816/1/44/pdf

Supernova-ready supergiant stars within ~1 kpc of Earth

Nearby Galactic CCSN Candidates: Marker Area o (Source Distance) 2
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® ~40 supernova-ready stars within 1 kpc

® best-known Betelgeuse at ~ 0.2 kpc

SNEWS 2.0 (2021)
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https://iopscience.iop.org/article/10.1088/1367-2630/abde33/pdf

Non-standard neutrino-quark interactions

New Interaction Lagrangian

Lns1 = —ZﬁGPSQVa(%W” Var) (Ff)

cu(d) — Ege(d)V _ Ezgf)v _ Eg(TdW
New Cross Sections

1. Coherent Elastic Neutrino-Nucleus Scattering

o ~ SR (1 - BE)P(Q),
Qw = —[N — Z(1 — 4sin?(y)]

with NSI Qw — Qjy = Qw + QN
QNSL = 2[Z (2" + &) + N(e* + 2e)]
2. Elastic Neutrino Proton Scattering

doy
aE, ~ szZ (BEZ +C(Ey — Ep)* — DmpEp)

B=(cy +ca)®, C=(cv —ca)?, D= (3 +c34)
with NSI ¢y — ¢}, = cy + &P
D. Z. Freedman (1973), L. Wolfenstein (1977), B. Dev et al. (2016), Huang et al. (202112 /20



https://inspirehep.net/literature/85292
https://inspirehep.net/literature/122259
https://inspirehep.net/literature/1742302
https://iopscience.iop.org/article/10.3847/2041-8213/ac4014/pdf

Cross-Section Changes
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® Extreme changes for CEvNS

® Moderate changes for v-p scattering
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Changes in the neutrino signal: GR1D simulations
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e Significant change in the luminosity pre-bounce

® Pre-bounce - heavy nuclei in the core

e Post-bounce - nucleons in the core
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Changes in the neutrino signal: GR1D simulations
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e Significant change in the luminosity pre-bounce

® Pre-bounce - heavy nuclei in the core

e Post-bounce - nucleons in the core
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Rates in JUNO and DM detectors for the Betelgeuse

JUNO (2025) DARWIN (future)
A 4 LZ and XENONNT follow up

ARGO (future)
DarkSide-20k follow up RES-NOVA (future)

Pb-based crystals
Detector holders

Cu structure

Total Pb volume (60 cm)
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dR,,/dt [ms™]

® JUNO - rate changed for the infall signal
® DARWIN - rate changed always
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® approximately opposite effects

dRyxe/dt [ms™!]

—10 0 10 20

Residuals

Rates in JUNO and DM detectors for the Betelgeuse

— SM
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NSI model [Xe]

w 7 =0

tph [ms]

Detector Volume | Energy Range
(Target) (tons) (keV)
DARWIN (xenon) | 40 1-50
RES-NOVA (lead)| 465 1-50
ARGO (argon) 300 25-1,000
JUNO (protons) | 20,000 | 200-10,000
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Statistical Analysis

(NPM (14 %) (1 +y) = NFH2 (NS (1 + ) (1 +2) — NN§E)
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Conclusions

Core-collapse supernovae

® can serve as powerful testing grounds in constraining standard and
new physics
® reliable limits, only when the sources are accurately modeled

Detection of astrophysical neutrino fluxes

® brings us closer to fully understanding the physics inside the sources

® help us to probe potential new physics scenarios

Exciting times ahead

Thank you for the attention!
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Core-Collapse Supernova Light Curve

Nakamura et al. (2016)
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https://arxiv.org/abs/1602.03028
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dR,a/dt [ms™1]

Residuals

103

10t

T
F—— SM model [Ax]
NST model [Ar] w/c},,

=0

NSI model [Ar] w/c}
d

tph [ms]

—
[em)
7

—_
[en]
o

dR,py/dt [ms™]

———TT T
—— SM model [Pb]
NSI model [Pb] w/c},,
=0

NSI model [Ph] w/d,
d




	Neutrinos from Core-collapse Supernovae
	Neutrinos from Supernovae as Probes of New Physics
	How astrophysical feedback affects the bounds on new physics?
	C
	Appendix
	Backup


