
Astrophysical Neutrinos Uncover Neutrino

Properties and Decode New Physics

Anna M. Suliga

Neutrino Theory Network Fellow

New York University

Kent State University, April 9, 2026



Data interpretation 101 by W. Pauli



Alpha decay
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Wikipedia

A
ZX → A−4

Z−2Y+α
Rutherford (1899), Gamow (1928)

https://chemed.chem.purdue.edu/genchem/history/rutherford.html
https://inspirehep.net/literature/45454
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Beta decay
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Wikipedia Rutherford (1899)

https://chemed.chem.purdue.edu/genchem/history/rutherford.html


Beta decay - spectrum
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Meitner, Ellis, Chadwick, Mott (1920-1927)

https://academictree.org/physics/publications.php?pid=52601


Beta decay - explanation of the spectrum
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Wikipedia

Pauli (1930),
Beta+ decay Joliot, Joliot-Curie (1934)

https://inspirehep.net/literature/45454
https://www.nobelprize.org/prizes/chemistry/1935/summary/


How to detect a ghost?



Neutrino factories

Kurzgesagt, Wikipedia
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http://www-numi.fnal.gov/public/story.html
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http://www-numi.fnal.gov/public/story.html


Homestake experiment - solar neutrino detector
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1 BIG detector

2 isolate from other particles

• 378,000 l of perchloroethylene
(C2Cl4 ”dry-cleaning fluid”)

• 1.5 km underground

pp-chain

p + p  → 2H + e+ + υe p + p + e-  → 2H + υe 

 2H + p  → 3He + γ 

 3He + 4He  → 7Be + γ 

 3He + 3He  → 4He + 2p 3He + p  → 4He + e+ + υe 

 7Be + p  → 8B + γ 7Be + e-  → 7Li + υe 

 7Li + p 2→ 4He   8B  → 8Be* + e+ + υe 

99.76% 0.24%

83.30%

16.70%

~2x10-5%

99.88% 0.12%
ppI

ppII ppIII

hep

8Be* 2→ 4He  

Bahcall (1964), Davis(1964)

Fermilab picture archive

https://inspirehep.net/literature/42450
https://inspirehep.net/literature/42451
http://www-numi.fnal.gov/public/story.html
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1 BIG detector

2 isolate from other particles
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Homestake experiment - solar neutrino detector
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1 BIG detector

2 isolate from other particles

• 378,000 l of perchloroethylene
(C2Cl4 ”dry-cleaning fluid”)

• 1.5 km underground

10 of
90000000000000000000000000000000

Fermilab picture archive

37Cl + νe → 37Ar + e−

http://www-numi.fnal.gov/public/story.html


Solar neutrino problem

The number of detected neutrinos ∼ 3x smaller than expected

Comic
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https://astrodidyouknow.blogspot.com/2011/
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Plausible Solutions:

• Incorrect calculation

• Faulty detector

• New Physics

https://astrodidyouknow.blogspot.com/2011/


Solar neutrino problem

The number of detected neutrinos ∼ 3x smaller than expected
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Plausible Solutions:

• Incorrect calculation

• Faulty detector

• New Physics

https://astrodidyouknow.blogspot.com/2011/


Neutrino properties



Neutrino flavors
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The Particle Zoo

https://www.particlezoo.net


Neutrino flavors

7 / 55
The Particle Zoo

https://www.particlezoo.net


Neutrino flavors

7 / 55
The Particle Zoo

https://www.particlezoo.net


Neutrino flavors

7 / 55
The Particle Zoo

https://www.particlezoo.net


Neutrino flavors

7 / 55
The Particle Zoo

https://www.particlezoo.net


Neutrino flavors
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The Particle Zoo

https://www.particlezoo.net


Neutrino mass and flavor states
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mass states
̸= flavor
states



All-neutrino-flavor sensitive detector
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Sudbury Neutrino Observatory (SNO)

• 2.1 km underground

• filled with 1000 tonnes
of heavy water

• sensitive to all neutrino
flavors

SNO

νe + D → p + p + e−

νx + D → p + n + νx

νx + e− → νx + e−

http://www-numi.fnal.gov/public/story.html
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Sudbury Neutrino Observatory (SNO)

• 2.1 km underground

• filled with 1000 tonnes
of heavy water

• sensitive to all neutrino
flavors

SNO

νe + D → p + p + e−

νx + D → p + n + νx

νx + e− → νx + e−

SNO Collaboration (2002)

http://www-numi.fnal.gov/public/story.html
https://arxiv.org/abs/nucl-ex/0204008


Neutrino flavor and mass states
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νe

νµ

ντ

 = U

ν1

ν2

ν3


flavor basis mass basis

beam,
atmospheric

beam,
reactor

solar,
reactor

U =

1 0 0
0 c23 s23

0 −s23 c23


 c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13
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0 0 1
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electron muon
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E. Lisi

is νs (ν4) missing?

Pontecorvo (1957), Maki, Nakagawa, Sakata (1962)

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
http://inspirehep.net/record/42736?ln=de
http://inspirehep.net/record/3540?ln=de


Neutrino oscillations in vacuum
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Pνe→νe = 1 − sin2 2θ sin2 ∆m2L
4E
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∆m2 = 7.24 · 10−5 eV2, sin2(2θ) = 0.86, E = 2MeV

2ν mixing = easy dependence on

• mixing angle

• mass squared difference



Towards precise neutrino properties measurements
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Past measurements

• large mixing angles

• non-zero masses

Remaining questions

• Majorana vs Dirac

• absolute masses

• degree of CP violation

• some low-energy ν fluxes

How to achieve it? All hands on deck

• Many new experiments comimg online soon, DUNE, JUNO, HK,
SBND, DARWIN-LZ...

• variety of approaches → superb sensitivity

P. Denton (2025)

https://arxiv.org/abs/2501.08374


Why is studying astrophysical neutrinos crucial?
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Free neutrino sources spanning nearly 25 decades in energy
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Vitagliano et al. (2019)

https://arxiv.org/abs/1910.11878


Established track record of neutrino discoveries

Significant progress, but still room for new discoveries
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Vitagliano et al. (2019)

https://arxiv.org/abs/1910.11878


How to achieve full picture of neutrinos? All hands on deck!
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• Many new experiments
comimg online soon

• variety of approaches →
superb sensitivity

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

IceCube, South Pole

Hyper-Kamiokande, Japan (2027)

JUNO, China (2025) XLZD, DARWIN (20XX)

Rubin Observatory, Chile (2025)

DUNE, USA (2030)

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/


Core-collapse supernovae and
neutrinos



Established track record of neutrino discoveries: SN 1987A
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Established track record of neutrino discoveries: SN 1987A
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Hubble (2017)

JWST (2023)

• Neutron star remnant
Fransson et al. (2024)

• Binary system
Morris & Podsiadlowski (2007), (2009)

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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IMB
USA

Baksan
Russia Kamiokande 

Japan

• Neutrino detection from SN 1987A:
• confirmed the core-collapse scenario
• 99% of the energy emitted in neutrinos
• best limit at the time on the ν mass

Courtesy of G. Raffelt

https://slideplayer.com/slide/7049276/


Why are neutrinos important for a core-collapse supernova?
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H
He

Fe

Neutron 
star

Black 
hole

neutrinos

neutrinos

photons

Neutrinos:

• ∼ 1058 of them emitted from a single core collapse

• only they can reveal the deep interior conditions

• only they are emitted from the collapse to a black hole

Earth image: Kurzgesagt

https://kurzgesagt.org/


What can we learn with a variety of detectors?

Advantages
• extreme physical conditions not accessible on Earth:

very high densities, long baselines etc.
• within our reach to detect (SK, JUNO, XENON, PandaX...)

Why such an exciting problem? Synergy between many fields

• explosion mechanism

• yields of heavy elements

• compact object formation

• neutrino flavor evolution

• non-standard physics
18 / 55

Bethe & Wilson (1985),
AMS et al. (2022)...

Balantekin & Fuller (2013),
Siwach, AMS, Balantekin (2022)...

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

Warren et al. (2019),
Li, Beacom et al. (2020)...

AMS et al. (2020),
AMS, Tamborra (2020) ...

https://ui.adsabs.harvard.edu/abs/1985ApJ...295...14B/abstract
https://inspirehep.net/literature/2144179
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/1826617


Different phases of supernova explosion
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• Infall phase,
νe burst ∼ 40 ms

• Accretion phase,
∼ 100 ms

• Cooling phase,
∼ 10 s

H. T. Janka (2017)

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


Neutrinos from Supernovae as
Probes of New Physics



How new physics affects core-collapse supernovae?
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How past works were setting limits on new physics?

• change diffusion time → possible change in the star’s fate

• changed diffusion time → shorter neutrino signal

• new cooling channel → affects explosion probability

Astrophysical feedback often ignored!

My personal motivation:
During my PhD I showed that supernova bounds on sterile neutrinos are relaxed by
several orders of magnitude once astrophysical feedback is included in calculations
AMS, Tamborra, Wu (2019) and (2020)

https://inspirehep.net/literature/1751959
https://inspirehep.net/literature/1792755


How astrophysical feedback affects
the bounds on new physics?



LNV neutrino self-interactions in
supernova explosion?

In collaboration with P. Cheong, G. Fuller, J. Froustey,

L. Graf, K. Kherer, S. Shalgar, O. Scholer

PRL 134 (2025) 24, 24

https://arxiv.org/abs/2410.01080


Do neutrinos have self-interactions?

21 / 55Zofia Białynicka-Birula (1964)

https://inspirehep.net/literature/48215


Lepton number violating neutrino self-interactions
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Motivation - to be taken with a grain of salt:

• lepton number conservation - accidental symetry

• potential cosmological hints
Barenboim et al. (2019), Song, Gonzalez-Garcia, Salvado (2018), ..

• strong impact on core-collapse supernova
Kolb et al. (1982), Fuller et al. (1988), Farzan et al. (2018), AMS, Tamborra (2020), ...

New Interaction Lagrangian

Lϕ = gϕ,αβ ϕ νL,α ν
c
L,β

Probability of the New Interaction

σνSI ≈
G2
νSI

8π
E1
νE2

ν(1 − cos θ)

https://arxiv.org/abs/1903.02036
https://arxiv.org/abs/1805.08218
https://ui.adsabs.harvard.edu/abs/1982ApJ...255L..57K/abstract
https://ui.adsabs.harvard.edu/abs/1988ApJ...332..826F/abstract
https://inspirehep.net/literature/1654924
https://arxiv.org/abs/1805.08218


Neutrino trapping and β−equilibrium
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Neutrinosphere

νe νe

νe

Neutrino trapping by ”sevens”

νν

ν + A(Z,N) → ν + A(Z,N)

β-equilibrium

e− + p ⇌ νe + n

e+ + n ⇌ ν̄e + pImplementation:
Thermalize the population of ν and ν̄ once ρ ∼ 1011 − 1012g cm−3

νe ⇌ νe, ν̄e, νµ, ν̄µ, ντ , ν̄τ , νe ⇌ νe, ν̄e, νx, ν̄x, νe ⇌ νe, ν̄e



LNV νSI in supernovae illustrated by cats

Without LNV νSI
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Pics credit: Tony Zhou who was courageously cat sitting Aurora and Beetle



LNV νSI in supernovae illustrated by cats

With LNV νSI
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Pics credit: Tony Zhou who was courageously cat sitting Aurora and Beetle



Static, Homogenous and Isotropic Boltzmann Equation

Boltzmann Equation

dfν
dt

= (1 − fν)jν − fνχν ,

Electron fraction evolution - weak rates

dYe

dt
= Rνe − Rν̄e − Re− + Re+ ,

Temperature and chemical potential evolution for leptons

dTi

dt
=

(
∂ρi

∂µi

dni

dt
− ∂ni

∂µi

dρi

dt

)
/

(
∂ni

∂Ti

∂ρi

∂µi
− ∂ni

∂µi

∂ρi

∂Ti

)
,

dµi

dt
=

(
∂ρi

∂Ti

dni

dt
− ∂ni

∂Ti

dρi

dt

)
/

(
∂ni

∂µi

∂ρi

∂Ti
− ∂ni

∂Ti

∂ρi

∂µi

)
.
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e− + p ⇋ νe + n

e+ + n ⇋ ν̄e + p

+BBAL (1979) EOS

https://inspirehep.net/literature/2836619


Evolution of Thermodynamical Quantities
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• new interactions quickly equilbrate νe and ν̄e seas

• enhanced νe and e− captures heat up the matter

• similar results for all flavors equilibration



Composition and pressure support of the core
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Astrophysical feedback is clear:

• entropy generation shifts composition towards no heavy nuclei

• enhanced deleptonization changes the pressure support of the core



Sensitivity limits on LNV νSI
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• impossible to see in SN 1987A neutrino signal

• complementarity with future accelerator-based experiments

• multi-flavor neutrino burst? 1st order phase transition 2510.23713?

https://arxiv.org/abs/2510.23713


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

In collaboration with A. Beatty and V. Takhistov

arXiv: 2509.07856

https://inspirehep.net/literature/2968032


Neutrino trapping
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Neutrinosphere

νe νe

νe

Neutrino trapping by ”sevens”

νν

ν + A(Z,N) → ν + A(Z,N)

Coherent Elastic
Neutrino-Nucleus Scattering

(CEvNS)



Neutrino trapping
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Neutrino trapping by ”sevens”

νν

ν + A(Z,N) → ν + A(Z,N)

Coherent Elastic
Neutrino-Nucleus Scattering

(CEvNS)
−20 0 20

Post-bounce time [ms]

0

100

200

300

400

500

600

L
β

[1
051

er
g/

s]



Supernova-ready supergiant stars within ∼1 kpc of Earth

• ∼40 supernova-ready stars within 1 kpc

• best-known Betelgeuse at ∼ 0.2 kpc

30 / 55
SNEWS 2.0 (2021)

https://iopscience.iop.org/article/10.1088/1367-2630/abde33/pdf


Non-standard neutrino-quark interactions
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New Interaction Lagrangian
LNSI = −2

√
2GFε

fV
αα(ναLγ

ρναL)(fγρf )

εu(d) = ε
u(d)V
ee = ε

u(d)V
µµ = ε

u(d)V
ττ

• Extreme changes for CEνNS

• Moderate changes for ν-p

D. Z. Freedman (1973), L. Wolfenstein (1977), B. Dev et al. (2016), Huang et al. (2021)

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


Changes in the neutrino signal: GR1D simulations
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• Significant change in the luminosity pre-bounce

• Pre-bounce - heavy nuclei in the core

• Post-bounce - nucleons in the core



Rates in JUNO and DM detectors for the Betelgeuse
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• JUNO - rate changed for the infall signal

• DARWIN - rate changed always

• approximately opposite effects



Statistical analysis and sensitivity limits to NSI
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• opposite responses of the detectors - robust against astro uncertainty

• sensitivity limits at the level of terrestrial limits



Diffuse supernova neutrino
background



Why focus only on a single rare event?
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Single galactic SN event
• rare event

• precise infromation about one star

Multiple SN events (larger distances)
• accumulation of events

• will detect in coming years

Images: Kurzgesagt

https://kurzgesagt.org/


Diffuse supernova neutrino background
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cosmological 
supernovae rate

fraction of neutron-
star-forming 
progenitors

fraction of black-
hole-forming 
progenitors

neutrino flux from 
a single star

The DSNB is sensitive to:

• RSN, fBH−SN

• neutrino flavor evolution

• equation of state

• mass accretion rate in BH-SN

• non-standard physics redshift0

Guseinov (1967), Totani et al. (2009), Ando, Sato (2004), Lunardini (2009), Beacom (2010),..
Recent reviews: Kresse et al. (2020), AMS (2022), Ando et al. (2023), ...

https://inspirehep.net/literature/399909
https://inspirehep.net/literature/660930
https://inspirehep.net/literature/810340
https://arxiv.org/abs/1004.3311
https://arxiv.org/abs/2010.04728
https://inspirehep.net/literature/1116373
https://inspirehep.net/literature/2672628


Diffuse supernova neutrino background: current limits
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SK collab. (2021)

DSNB limits:

• ν̄e ≈ 3 cm−2 s−1 for Eν > 17.3 MeV SK collab. (2021), SK collab. (2023)

soon detected by SK (Gd) Beacom, Vagins (2004) and JUNO JUNO collab. (2021)

• νe ≈ 19 cm−2 s−1 for Eν ϵ [22.9, 36.9 MeV] SNO collab. (2020)

possibly detectable by DUNE Møller, AMS, Tamborra, Denton (2018), Zhu et al. (2019)

https://arxiv.org/pdf/2108.08527.pdf
https://arxiv.org/abs/2109.11174
https://arxiv.org/abs/2305.05135.
https://arxiv.org/abs/hep-ph/0309300
https://www.sciencedirect.com/science/article/pii/S0146641021000880?via%3Dihub
https://arxiv.org/abs/2007.08018
https://inspirehep.net/literature/1667039
https://inspirehep.net/literature/1704306


The fraction of black-hole-forming progenitors
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SFHo CC-SN, fast BH-SN

Fraction of black-hole-forming progenitors influences the highly
energetic part of the DSNB, above ∼ 15 MeV.

C. Lunardini (2009)

Keehn, Lunardini (2010), Lunardini, Tamborra (2012), Priya, Lunardini (2017), Møller, AMS
et al. (2018), Nakazato et al. (2018) Kresse et al. (2020), ...

1D SN models
Garching group
archive

https://inspirehep.net/literature/810340
https://arxiv.org/abs/1012.1274
https://inspirehep.net/literature/1116373
https://arxiv.org/abs/1705.02122
https://inspirehep.net/literature/1667039
https://inspirehep.net/literature/1667039
https://arxiv.org/pdf/1503.01236.pdf
https://arxiv.org/abs/2010.04728
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/


Expected 1σ uncertainty: fraction of BH forming progenitors
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• DUNE is sensitive to neutrinos →
helps to reduce the uncertainty

Møller, AMS, Tamborra, Denton (2018)

https://inspirehep.net/literature/1667039


Expected 1σ uncertainty: local supernova rate
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• DUNE is sensitive to neutrinos →
helps to reduce the uncertainty

• Relative error of 20%-33%
comparable to current
electromagnetic limits

Møller, AMS, Tamborra, Denton (2018)

https://inspirehep.net/literature/1667039


Astrophysical uncertainties affecting the DSNB
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• Neutrino Flux from an ”Average Supernova”
Lunardini (2009), Lunardini & Tamborra (2012), Horiuchi et al. (2018), Kresse et al.

(2018), ...

• Cosmological Supernovae Rate
Beacom (2010), Horiuchi et al. (2011), Ando et al. (2023), ...

• Initial Mass Function
Ziegler, Edwards, AMS, Tamborra, Horiuchi, Ando, Freese (2022)

• Fraction of Black-Hole-Forming Progenitors
Lunardini (2009), Lien et al. (2010), Keehn & Lunardini (2012), Priya & Lunardini (2017),

Møller, AMS, Tamborra, Denton (2018), Horiuchi et al. (2018), Kresse et al. (2018), ...

• Binary Interactions
Horiuchi, Kinugawa, Takiwaki, Takahashi (2021)

Non exhaustive list of references

https://arxiv.org/abs/0901.0568
https://inspirehep.net/literature/1116373
https://inspirehep.net/literature/1624522
https://arxiv.org/abs/2010.04728
https://arxiv.org/abs/2010.04728
https://inspirehep.net/literature/852339
https://inspirehep.net/literature/889192
https://arxiv.org/abs/2306.16076
https://arxiv.org/abs/2205.07845
https://arxiv.org/abs/0901.0568
https://inspirehep.net/literature/843168
https://inspirehep.net/literature/879889
https://inspirehep.net/literature/1598238
https://inspirehep.net/literature/1667039
https://inspirehep.net/literature/1624522
https://arxiv.org/abs/2010.04728
https://inspirehep.net/literature/1836902


Towards probing the DSNB in all
flavors

In collaboration with J. Beacom, and I. Tamborra

Phys.Rev.D 105 (2022) 4, 043008



Can we detect the x-flavor DSNB? Maybe
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Vitagliano et al. (2019), Honda et al. (2011), Newstead et al. (2020)

• Favor-blind channel: potential detection window ∼ 18 − 30 MeV

• Current limit: νx ≈ 750 cm−2 s−1 for Eν > 19.3 MeV Lunardini, Peres (2008)

DSNB modeling:
Møller, AMS,
Tamborra, Denton
(2018)

https://arxiv.org/abs/1910.11878
https://arxiv.org/abs/1102.2688
https://arxiv.org/abs/2002.08566
https://arxiv.org/pdf/0805.4225.pdf
https://inspirehep.net/literature/1667039
https://inspirehep.net/literature/1667039
https://inspirehep.net/literature/1667039


Maybe: Coherent elastic neutrino-nucleus scatterings (CEνNS)
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νν

ν + T(A,Z) → ν + T(A,Z)
0 20 40 60 80 100
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σ
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2 ]

ν + Xe
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IBD

Cross section

dσSM
dEr

=
G2

FmT
4π Q2

w

(
1 − mTEr

2E2
ν

)
F2(Q), Qw =

[
N − Z(1 − 4 sin2 θW)

]
• coherently enhanced by the square of the neutron number

• flavor insensitive

• coherent up to ∼ 50 MeV Freedman (1974)

https://inspirehep.net/literature/85292


Current and future CEνNS detectors
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RES-NOVA

Pattavina et al. 2020
Menget al. 2021

Aalbers al. 2016

PandaX-4T, PandaX-xT

fiducial volumes: few - hundreds ton
target materials: Xe, Pb
thresholds: O(1) keV
efficiency: ∼ 80-100%

Scattering rate

XENONnT, DARWIN

dRνN

dErdt
= NT ϵ(Er)

∫
dEν

dσνN

dEr
ψ(Eν , t) Θ(Emax

r − Er), Emax
r =

2E2
ν

mT + 2Eν

https://arxiv.org/abs/2004.06936
https://arxiv.org/abs/2107.13438
https://arxiv.org/abs/1606.07001


Event rate in the xenon-based detector
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• The potential energy window displayed by the bare fluxes disapears

• Reason: Low energy recolis are most probable for all neutrino energies

• Detection of the x-flavor DSNB seems out of reach, BUT...



Can we improve the limits on the x-flavor DSNB? Yes
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• XENON1T, PandaX-4T: limits comparable to the SK νx DSNB limit

• Constant energy window: limits can improve O(10%) for wider
windows at small exposures and narrower windows at large exposures



Distinctive nuclear signatures of
low-energy atmospheric neutrinos

In collaboration with J. Beacom

Phys.Rev.D 108 (2023) 4, 043035



Grand Unified Neutrino Spectrum - Detected Fluxes
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Vitagliano et al. (2019)

https://arxiv.org/abs/1910.11878


Diffuse Supernova Neutrino Background (DSNB)
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• DSNB →
isotropic and stationary
guaranteed neutrino flux
Guseinov (1967), Totani et al. (2009),

Ando, Sato (2004), Lunardini (2009),

Beacom (2010),..

• mitigating uncertainties in the
atmopsheric neutrinos helps
the discovery limits

https://inspirehep.net/literature/1116373
https://inspirehep.net/literature/399909
https://inspirehep.net/literature/660930
https://inspirehep.net/literature/810340
https://arxiv.org/abs/1004.3311


Direct Dark Matter Detection Experiments - Neutrino Fog
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O’Hare (2020)

• neutrino floor/fog →
barrier for dark matter
direct detection experiments
Vergados & Ejiri (2008), Strigari

(2009), Baudis et al. (2013), ...

• mitigating uncertainties in the
atmopsheric neutrinos helps
the discovery limits

https://arxiv.org/pdf/2002.07499.pdf
https://arxiv.org/abs/0805.2583
https://arxiv.org/abs/0903.3630
https://arxiv.org/abs/0903.3630
https://arxiv.org/abs/1309.7024


Low-energy Atmospheric Neutrino Flux
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Primary production channels
π+ → µ+ + νµ; µ

+ → e+ + ν̄µ + νe

π− → µ− + ν̄µ; µ
− → e− + νµ + ν̄e

blop
Non-oscillated flavor ratio
νe : νµ : ντ = 1 : 2 : 0
blop
Sources of uncertainty
solar wind modulations
Earth’s geomagnetic field
blop
Oscillated flavor ratio
νe : νµ : ντ ≈ 1 : 1 : 1

Past measurements: energies > 100 MeV
Neutrino flux: Zhuang (2021)
Mixing: NuCraft

https://arxiv.org/abs/2110.14723
https://arxiv.org/abs/1409.1387


Distinctive nuclear channels
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Energy
→
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15.11 MeV signal

Background

Neutral current channels

ν + 12C → ν + 12C∗

12C∗ → 12C + γ,

ν̄ + 12C → ν̄ + 12C∗

12C∗ → 12C + γ,

• instantaneous decay of 12C∗

• emission of a monoenergetic γ



Distinctive nuclear channels
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Charged current channels: νe

νe +
12C → e− + 12Ng.s.

12Ng.s. → 12C + e+ + νe,

ν̄e +
12C → e+ + 12Bg.s.

12Bg.s. → 12C + e− + ν̄e.

• coincidence detection of e+ and e−

• difference in 12Bg.s. and 12Ng.s. lifetimes → νe vs. ν̄e distinction



Distinctive nuclear channels
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Charged current channels: νµ

νµ + 12C → µ− + 12Ng.s.

12Ng.s. → 12C + e+ + νe

µ− → e− + ν̄e + νµ,

ν̄µ + 12C → µ+ + 12Bg.s.

12Bg.s. → 12C + e− + ν̄e

µ+ → e+ + νe + ν̄µ.

• coincidence detection of µ, its decay e and β-decay e

• difference in 12Bg.s. and 12Ng.s. lifetimes → νµ vs. ν̄µ distinction

• triple vs. double coincidence detection → νe vs. νµ distinction



The Jiangmen Underground Neutrino Observatory (JUNO)
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• large-scale carbon-based liquid scintilator detector

• already operational since 2025

• excelent energy resolution ≲ 3%

• excelent spatial resolution ≲ 10 cm

• low backgrounds in the considerd channels
JUNO collabortation (2015), Sitsi (2022)

JUNO inclusive studies:
Cheng et al. (2020),
Cheng et al. (2020),
JUNO Collaboration
(2022)

https://arxiv.org/pdf/1507.05613.pdf
https://agenda.infn.it/event/30418/contributions/170630/attachments/95799/131781/JUNO_MonicaSisti_NOW2022.pdf
https://arxiv.org/pdf/2008.04633.pdf
https://arxiv.org/abs/2009.04085
https://arxiv.org/abs/2103.09908
https://arxiv.org/abs/2103.09908


Cross section: elementary particle treatment (EPT)
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• superallowed transitions from 0+ to 1+ states in A=12 triad

• the exclusive ν - 12C cross sections measured only at low energies

• experimental data agrees well with the EPT treatment

• 5-40% difference with respect to, e.g., RPA calculations

Fukugita et al. (1988), Pourkaviani & Mintz (1990), Kubodera & Nozawa (1993), Engel et al. (1996), Kolbe (1996), Samana et al. (2010)

https://www.sciencedirect.com/science/article/abs/pii/0370269388905138?via%3Dihub
https://iopscience.iop.org/article/10.1088/0954-3899/16/4/007
https://arxiv.org/abs/nucl-th/93100147
https://arxiv.org/abs/nucl-th/9606031
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.54.1741
https://arxiv.org/abs/1005.2134


Atmospheric neutrino detection in JUNO
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Some More of My Favorite Astroparticle Topics
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Conclusions
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Astrophysical sources of MeV neutrinos

• can serve as powerful testing grounds in constraining 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 rule out potential new physics scenarios

Exciting times ahead, a truly high statistic era of neutrino physics!

Thank you for the attention!



Backup Slides



Why studying astrophysical neutrinos is crucial?

Benefits to the field of neutrino physics

• free sources spanning over 20 decades in energy

• test of physics in the conditons not acessible on Earth

• established track record of neutrino discoveries

• complements terrestrial neutrino experminetal efforts

Benefits to the field of multimessenger astrophysics

• unveils physics of the sources

• experminetally and observationally timely



LNV νSI
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Fast LNV νSI - Approximate Evolution

LNV νSI timescale much faster than weak timescale →
a single ν species evolution

∑
α

(
dnνα

dt + dnν̄α
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)
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sum over charged-current
weak interactions



All flavors LNV νSI
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• new interactions quickly equilbrates all 6 neutrino seas

• temperature and entropy increase



Non-standard neutrino-quark interactions

New Interaction Lagrangian
LNSI = −2

√
2GFε

fV
αα(ναLγ

ρναL)(fγρf )

εu(d) = ε
u(d)V
ee = ε

u(d)V
µµ = ε

u(d)V
ττ

New Cross Sections
1. Coherent Elastic Neutrino-Nucleus Scattering
dσνX
dEr

≈ G2
FmX
4π Q2

W(1 − mXEr
2E2

ν
)F2(Q), QW = [N − Z(1 − 4sin2(θW)]

with NSI QW → Q′
W = QW + QNSI

W
QNSI

W = −2[Z(2εu + εd) + N(εu + 2εd)]

2. Elastic Neutrino-Proton Scattering
dσνp
dEp

≃ G2
Fm2

p

2πE2
ν

(
BE2

ν + C(Eν − Ep)
2 + DmpEp

)
B = (cV + cA)

2, C = (cV − cA)
2, D = (c2

V + c2
A)

with NSI cV → c′V = cV + εp

D. Z. Freedman (1973), L. Wolfenstein (1977), B. Dev et al. (2016), Huang et al. (2021)

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


Standard Model Electron Capture Uncertainty Effects

Sullivan et al. (2016)

https://iopscience.iop.org/article/10.3847/0004-637X/816/1/44/pdf


Sterile neutrino conversions in the stellar core

1st Resonance

2nd Resonance

Neutrinosphere

νe νe

νe

νs

MSW

ντ − νs mixing: only 1 resonance

Veff =
√

2GFnB

[
1
2

Ye + Yνe + Yνµ + 2Yντ − 1
2

]
νe − νs mixing: multiple resonances

Veff =
√

2GFnB

[
3
2

Ye + 2Yνe + Yνµ + Yντ − 1
2

]

1D SN model
Garching group
archive

Collisions

Γνs =
1
4
sin2 2θ̃ Γνactive

L. Stodolsky (1987), H. Nunokawa et al. (1997), K. Abazajian et al. (2001)...

Yi =
ni − n̄i

nB

https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.36.2273
https://arxiv.org/abs/hep-ph/9702372
https://arxiv.org/pdf/astro-ph/0101524.pdf


The sterile-tau neutrino mixing: growth of the asymmetry

Only active neutrinos

Yντ (r, t) ≡ 0

● chemical potentials sterile neutrinos 

feedback

MSW effect

collisional 
decoherence

The active neutrinos after being converted to sterile ones effectively disappear; 

since they were strongly coupled to the rest of the particles in the medium,
a new equilibrium state forms.

The change imposed on the SN medium is referred to as the dynamical feedback.Active + sterile neutrinos

Yντ (r, t) =
1

nb(r)

∫ t

0
dt′

d (Pντ→νsnντ (r, t′)− Pν̄τ→ν̄snν̄τ (r, t′))
dt′

AMS et al. (2018)

https://inspirehep.net/literature/1751959


The sterile-electron neutrino mixing: dynamical feedback

● temperature
● entropy 

● chemical potentials
sterile neutrinos 

feedback

MSW effect

collisional 
decoherence

e++p ↔ νe+n and e−+n ↔ ν̄e+p .

β equilibrium

µe(r, t) + µp(r, t) + mp = µνe(r, t) + µn(r, t) + mn ,

Lepton number conservation

Ye(r, t) + Yνe(r, t) + Yνs(r, t) = const. ,

Baryon number conservation

Yp(r, t) + Yn(r, t) = 1 ,

Charge conservation

Yp(r, t) = Ye(r, t) ,

Entropy change

dS =
dQ
T

+
P
T

dV −
∑

i

µi

T
dYi .

AMS et al. (2020)

https://inspirehep.net/literature/1792755


Supernova bounds on the mixing parameters
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• The inclusion of feedback greatly reduces the excluded region.

• CC-SNe cannot exclude any region of the DM parameter space.

AMS et al. (2020), (2019)

https://inspirehep.net/literature/1751959
https://inspirehep.net/literature/1792755


Changes in the neutrino signal: GR1D simulations
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• Significant change in the luminosity pre-bounce

• Pre-bounce - heavy nuclei in the core

• Post-bounce - nucleons in the core



Cosmological supernovae rate

The supernovae rate influences the normalization of the DSNB.
Ando, Sato (2004), Beacom (2010), Horiuchi et al. (2011), Møller, AMS, Tamborra, Denton
(2018), Nakazato et al. (2018), ...

Petrushevska et al (2016)

∼ 1 SNe/s

https://inspirehep.net/literature/660930
https://arxiv.org/abs/1004.3311
https://iopscience.iop.org/article/10.1088/0004-637X/738/2/154
https://inspirehep.net/literature/1667039
https://inspirehep.net/literature/1667039
https://arxiv.org/pdf/1503.01236.pdf
https://arxiv.org/abs/2205.07845


Cosmological supernovae rate

The supernovae rate influences the normalization of the DSNB.
Ando, Sato (2004), Beacom (2010), Horiuchi et al. (2011), Møller, AMS, Tamborra, Denton
(2018), Nakazato et al. (2018), ...

Petrushevska et al (2016)

∼ 1 SNe/s
Much smaller uncertainty with
Vera Rubin LSST survey (z≲ 1)?

https://inspirehep.net/literature/660930
https://arxiv.org/abs/1004.3311
https://iopscience.iop.org/article/10.1088/0004-637X/738/2/154
https://inspirehep.net/literature/1667039
https://inspirehep.net/literature/1667039
https://arxiv.org/pdf/1503.01236.pdf
https://arxiv.org/abs/2205.07845


Astrophysical uncertainties affecting the DSNB

Kresse et al. (2020)

• models with the extreme combinations of parameters are disfavoured
• large emission from black-hole-forming collapses and their fraction

https://arxiv.org/abs/2010.04728


The fraction of black-hole-forming progenitors
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fBH-SN = 0.21
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Fraction of black-hole-forming progenitors influences the highly
energetic part of the DSNB, above ∼ 15 MeV.

Ertl et al. 2015, Sukhbold et al.2015, Adams et al. 2016, Heger et al. 2001,
Kochanek et al. 2001, Basinger et al. 2020, ...

https://arxiv.org/abs/1503.07522
https://arxiv.org/abs/1510.04643
https://arxiv.org/abs/1610.02402
https://arxiv.org/abs/astro-ph/0112059v1
https://arxiv.org/abs/0802.0456
https://inspirehep.net/literature/1809753


Current and future CEνNS detectors

RES-NOVA (arXiv: 2004.06936)

fiducial volume: 2.4 - 456 ton
target material: Pb
threshold: 1 keV
efficiency: 100%

Scattering rate

DARWIN (arXiv: 1606.07001)

fiducial volume: 40 ton
target material: Xe
threshold: 1 keV

efficiency: XENON1T - 100%

dRνN

dErdt
= NT ϵ(Er)

∫
dEν

dσνN

dEr
ψ(Eν , t) Θ(Emax

r − Er), Emax
r =

2E2
ν

mT + 2Eν

https://arxiv.org/abs/2004.06936
https://arxiv.org/abs/1606.07001


Sensitivity bounds on the x-flavor DSNB
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• Simple DSNB: all supernovae emit the same Fermi-Dirac νx spectrum

• Potential handle on the normalization and mean energy of the SN νx

• 1000 ton yr: limits comparable with current SK limit on ν̄e DSNB



Varying Initial Mass Function
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Note that this plot only shows
uncertainties arising from a varying IMF.

SIG+BG: Varying IMF

SIG+BG: Salpeter-like IMF

BG

• larger fraction of stars may evolve to
black holes at high redshift

• changed rate of the core-collapse
supernovae

Ziegler, Edwards, AMS, Tamborra, Horiuchi, Ando, Freese (2022)

https://arxiv.org/abs/2205.07845


Binary interactions

Majority of massive stars have stellar companions
and experience binary interactions Sana et al. 2012, Zapartas et al. 2020

Mass transfer Mergers

Images: iflscience, Wiki

https://www.science.org/doi/10.1126/science.1223344
https://www.aanda.org/articles/aa/abs/2021/01/aa37744-20/aa37744-20.html
https://en.wikipedia.org/wiki/VFTS_352


Binary interactions

Majority of massive stars have stellar companions
and experience binary interactions Sana et al. 2012, Zapartas et al. 2020

Mass transfer Mergers

Images: iflscience, Wiki

Effects on the stellar population Horiuchi et al. 2021

• change in mass due to mass transfer

• reduced progenitor counts

• increased progenitor counts

https://www.science.org/doi/10.1126/science.1223344
https://www.aanda.org/articles/aa/abs/2021/01/aa37744-20/aa37744-20.html
https://en.wikipedia.org/wiki/VFTS_352
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.103.043003


Binary interactions: impact on DSNB

Horiuchi et al. 2021

αλ - measure how hard it is

to unbind the envelope

• enhancement ⩽ 75% compared to estimate w/o binary considerations

• core mass increases due to rotational effects

• more studies needed

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.103.043003


Can we improve the limits on the x-flavor DSNB? Yes
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• Potential for an imporevement by ≳ 1 − 2 orders of magnitude



Atmospheric neutrino measurements
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Vitagliano et al. (2019)

Data points from:

• Super-Kamiokande (SK)
SK Collaboration (2015)

• Ice-Cube (IC)
IC Collaboration (2015)

No measurements
below 100 MeV

https://arxiv.org/abs/1910.11878
https://arxiv.org/abs/1510.08127
https://arxiv.org/abs/1504.03753


Atmospheric neutrino oscillations

0 45 90 135 180
θz

0.0

0.5

1.0

1.5

2.0

f α

Eν = 10 MeV

νe
νµ

ντ

0 45 90 135 180
θz

0.0

0.5

1.0

1.5

2.0

f α

Eν = 100 MeV

νe
νµ

ντ

0 45 90 135 180
θz

0.0

0.5

1.0

1.5

2.0

f α

Eν = 1000 MeV

νe
νµ

ντ



Relative uncertainty of atmospheric neutrinos

Cheng et al. (2022)

https://arxiv.org/pdf/2008.04633.pdf


EPT cross sections

σ(Eν) =
3G2

F
2π

F2
A(E

′
ν)

2I , σ(Eν) =
3G2

F
π

cos θ2
CF2

AEepeIF±(Z,Ee) , (2)

I =
1
2

∫ 1

−1
dzf (q2) (A + B + C) , (3)

f (q2) =

(
FA(q)

FA

)2

=

(
1 − 1 − ρ

6(b|q|)2

)2

exp

(
−(b|q|)2

2

)
, (4)

A = 1 − z
3

± 4
3
(Eν + E′

ν)(1 − 2 sin2 θW)(1 − z)
FM

FA
, (5)

B =
2
3
(
E′
νEν(1 − z2) + (1 − z)q2) (1 − 2 sin2 θW)2

(
FM

FA

)2

, (6)

C = −2
3
∆M(1 + z)

FT

FA
+

1
3
(1 + z)q2

(
FM

FA

)2

. (7)

Fukugita et al. (1988)

https://www.sciencedirect.com/science/article/abs/pii/0370269388905138?via%3Dihub


CQRPA cross sections

Samana et al. (2010)

https://arxiv.org/abs/1005.2134


Limits from the SN 1987A
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DSNB variability
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Sensitivity of the limits to a detection window
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Event rate: lead detector
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Event rate: lead crystals detector
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Which part of the spectrum are CEνNS detectors sensitive to?

0 10 20 30 40
E ′ν [MeV]

0

2

4

6

8

10

12

E
r

[k
eV

]

↑Eth
r

10−2 10−1 100

log10 (Normalized d2Ni/dEν/dEr)


	Data interpretation 101 by W. Pauli
	How to detect a ghost?
	Neutrino properties
	Core-collapse supernovae and neutrinos
	Neutrinos from Supernovae as Probes of New Physics
	How astrophysical feedback affects the bounds on new physics?
	C
	LNV Neutrino Self-Interactions

	C
	Diffuse supernova neutrino background
	C
	Abbb
	Appendix
	Backup Slides


