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Overview

Why is studying astrophysical neutrinos crucial?

Core-collapse Supernovae as New Physics Probes

Diffuse Supernova Neutrino Background

Low-energy Atmospheric Neutrinos

¢ Summary and Outlook
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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

We known now: 0.8
0.2
® Jarge mixing angles 4
1
® Non-zero masses 0.45
.. . 0.15
Remaining questions 10
. . 2
® Majorana vs Dirac 0.04
® absolute masses (2)
® degree of CP violation {
. ‘98 2000 2005 2010 2015 2020
® BSM ConneCtlon Snowmass Neutrino Frontier Report (2022)
Fermions b 1
eam, solar,
c";... . ?,. atmospheric reactor
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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
- 7140


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),
AMS et al. (2022)...

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 et al. (2020),

AMS, Tamborra (2020) ... 10/40


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

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 e


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

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?

IL NUOVO CIMENTO Vor. XXXIII, N. 5 1o Settembre 1964

Do Neutrinos Interact between Themselves ?

Z. BIALYNICKA-BIRULA

Institute of Physics, Polish Academy of Sciences - Warsaw

(ricevuto il 26 Giugno 1964)

1. — Introduetion.

The neutrino is the only elementary particle, which, according to our present
knowledge, does not take part in other than weak and gravitational interactions.
Its role in nature is not yet fully understood and its interaction properties are
only partially known.

The purpose of this note is to answer the following question: Do the present
experimental data allow for the existence of interactions between neutrinos
much stronger than their weak interactions? The answer to this question is positive.
It turns out that such interactions even if they were 108 times stronger than weak
interactions could not be detected with the present experimental accuracy.

Zofia Biatynicka-Birula (1964) 12/40


https://inspirehep.net/literature/48215

Lepton number violating neutrino self-interactions

Motivation - to be taken with a grain of salt:

® Jepton 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

L= 8408 OVLa Vi g

Probability of the New Interaction
(;2
Ous1 X SL;IEiEiu — cosf)
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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 S—equilibrium

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

e +p=r.+n

er+n="0,+p

Implementation:

Thermalize the population of v and # once p ~ 10!! — 10*2g cm~3

Ve = Ve, Vg, Vi, Uy, Vr, Ur, Ve = Ve, Vg, Vx, Uy, Ve = Ve, Ve
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Static, Homogenous and Isotropic Boltzmann Equation

Boltzmann Equation

dfy
= (U= fiv —foxw

Electron fraction evolution - weak rates

ay,
dtezRVe_RDe_R67+Re+7 €++1’l‘:,ﬁg+p/

e +tp=rv,+n

Temperature and chemical potential evolution for leptons
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https://inspirehep.net/literature/2836619

Evolution of Thermodynamical Quantities
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® new interactions quickly equilbrate v, and 7, seas
® enhanced 1, and e~ captures heat up the matter
¢ similar results for all flavors equilibration
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Composition and Pressure Support of the Core
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® s;, - entropy generation shifts composition towards no heavy nuclei

Xpg o sy VnZnl exp(Ey/Te)

® enhanced deleptonization changes the pressure support of the core
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Fast LNV vSI - Approximate Evolution

LNV vSI timescale much faster than weak timescale —
a single v species evolution

dny, dnya _ ony
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All flavors LNV vSI
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® new interactions quickly equilbrates all 6 neutrino seas

® temperature and entropy increase
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¢ regardless of the final T, the new equilibrium has a very low Y,
He = 5mnp —Teln (%)r with Y, = W%p fooo dpe P?fe(Eev Te, tte)

® complementarity with future accelerator-based experiments

e multi-flavor neutrino burst?
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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 and S—equilibrium

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

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

600 50 Base(EO 100
550 x40 x0.25— 90 i i
200 x40 X025 — Neutrino trapping
450

o 400 ZQ(PV;ZZ>-+'V — /a(PJ,ZZ)-+'V

> 350

< 300

= B-equilibrium

3 250

c

E 200 B

3 150 ! e +tp=v,+n
100 ﬂ
so /7 e 10 tin=0+p

-10-5 0 5 101520253040 60 80 100 1200

t-t, (MS)

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

IR 861
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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

Lnst = —ZﬁGPEQL(%LV” Vor) (FYof)
cid) — s?e(d)v _ gzgfl)v _ ngt(Td)V
New Cross Sections

1. Coherent Elastic Neutrino-Nucleus Scattering

o o QR (1 WEOFA(Q),  Quw = [N = Z(1 — 4sin?(0w)]
with NSI Qw — Qjy = Qw + Q!

QN = —2[Z(2e" + &) + N(e" + 2¢)]

2. Elastic Neutrino-Proton Scattering

do, G m
i, =~ 22 P (BE, + C(Ey — Ep)* + DmpEp)

B=(cv+ca)® C=(cy —ca)’, D= (% +3)
with NSIL ¢y — ¢}, = cy + &P

D. Z. Freedman (1973), L. Wolfenstein (1977), B. Dev et al. (2016), Huang et al. (202212 /40


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
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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

I —— SM model [p| 1 —— SM model [Xe]
— o NSI model [p] 1 = 2 NSI model [Xe]
|m 7500 . — “V/(JV' =0 ] ",/_3 10 — “'/Q{’;w =0
=, I NSI model [p] =R NSI model [X
= 5000 | w/cl, =0 i§ WwiQee =0 J \S—mmTo T
~ [ ~
[ D)
S ' 5
< 4 L ot
= 2500 N ~

Residuals
Residuals

tpny [ms] tpny [ms]
® JUNO - rate changed for the infall signal
® DARWIN - rate changed always
® approximately opposite effects

27/40



Statistical Analysis
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Diffuse supernova neutrino
background




Why focus only on a single rare event?

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,g 49


https://kurzgesagt.org/

Diffuse supernova neutrino background

cosmological fraction of black-
supernovae rate hole-forming
progenitors
(& N /
P, (E) = E)/df"f/dz% [foc—snFus.co—sn(E', M) + fen_snFuspa-sn(E', M)]
fraction of neutron- 7 \leutrino flux from
star-forming a single star

progenitors

The DSNB is sensitive to:

® RsN, fBH-SN
¢ neutrino flavor evolution <
® equation of state

® mass accretion rate in BH-SN

0 redshift

¢ non-standard physics >

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), ... 30/40


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

SK collab. (2021)

—a— KamLAND (This work)
1 - Borexino(2020)

10* o —s— Super-K |I1II(2012)
E| —=— Super-K IV(2015)

q —— Super-K Iv(2021)
10° = o ——— SRN (Kaplinghat+00)
3 -~ SRN (Heriuchi+09, 6MeV)
A ey — - SRN (Nakazato+15, maxiH)
102 o S - - - - SRN (Nakazato+15, minNH)

¥, flux upper limit (cm? s MeV™)

10 20 30
DSNB 1im1ts* Neutrino Energy (MeV)

e i, ~27cm 2s ! forE, > 17.3 MeV SK collab. (2021), SK collab. (2023)
soon detected by SK (Gd) Beacom, Vagins (2004) and JUNO JUNO collab. (2021)

® 1, ~19cm~2s ! for E, € [22.9,36.9 MeV] SNO collab. (2020)
possibly detectable by DUNE Meller, AMS, et al. (2018), Zhu et al. (2019)

e 1, <100 cm~2 s~ ! for E, > 19.3 MeV AMS, Beacom, Tamborra (2021)
31/40


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
https://inspirehep.net/literature/1992973

Tension from zero assumption QK d

Spectral-fitting analysis

Spectrum fitting analysis to extract significance

Total 6779 days of SK (5823 d pure-water and skviavi 56 days 10 excess
956 d Gd-water) combined
Analysis threshold: Ev> 17.3 MeV 5823 days .

s 50 excess

Suppress uncertainty of background prediction
by fitting both Nn=1, Nn#1

6779 days
skivi 2.30 excess
y 1/ DSND modt Jman)
" SKPhase mme, L
8 fi:. /// DSNB flux [cm? s
SK-1IT //
KIL‘.E ok |— s // Highlight:
5 o e //( Z. Sensitivity of SK-Gd ~1000 days exposure is already
e comparable level it with ~6000 days of pure-water SK
2 D _— Best fit of whole SK observation is 1.4+08.06 cm2s1
N %;' = K M. for EV}; 1137t3 l\ge\gl )
- ~
4 DsNE flux [em exhibit ~2.3 o excess!!

Best fit: 1.4

(Rogly, poster 79) 17

Slide credit: Masayuki Harada talk at Neutrino 2024
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How to measure low-energy
atmospheric neutrinos?

In collaboration with J. F. Beacom

PRD 108 (2023) 4, 043035



https://arxiv.org/abs/2306.11090

Diffuse Supernova Neutrino Background (DSNB)

AMS (2022)
T T T
10 g
i ® DSNB —
D isotropic and stationary
ks | guaranteed neutrino flux
-U —1 Guseinov (1967), Totani et al. (2009), Ando, Sato (2004),
L 10
= Lunardini (2009), Beacom (2010),..
=, §o)
P g ® mitigating uncertainties in the
10 5 =
S8 17} . .
| & S atmospheric neutrinos helps
e S| = . .
1 | - = the discovery limits
10—,5 I I 1

0 10 20 30 40
Neutrino energy [MeV]
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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

Exposure [ton-year]

10° 107 1w 10°

h | | Xenon { ® neutrino floor/fog —
=10 sk fy = 100 Gev | barrier for dark matter
g direct detection experiments
5 10— 3 : Vergados & Ejiri (2008), Strigari (2009), Baudis et al.
;é (2013), ...
g - 1 ® mitigating uncertainties in the
2 ) atmospheric neutrinos helps
= o O'Hare (2020) the discovery limits

101 i 10! 107 jng 10* 10° ’

Number of atmospheric neutrino events
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https://arxiv.org/pdf/2002.07499.pdf
https://arxiv.org/abs/0805.2583
https://arxiv.org/abs/0903.3630
https://arxiv.org/abs/1309.7024
https://arxiv.org/abs/1309.7024

-energy Atmospheric Neutrino Flux

) AMS & Beacom (2023)
Primary production channels 0 : T T T
at =t v pt et o, +

7T_—>/L_-|-ﬁ,u; /J_—>€_—|-V,u+ﬂg vy + 1,

—_
T
1

Non-oscillated flavor ratio

VetV :vp=1:2:0

E,x d¢/dE, [cm~?s7Y]

Sources of uncertainty

solar wind modulations
Earth’s geomagnetic field

Oscillated flavor ratio

Veivy:vp=1:1:1

E, [MeV]
. Neutrino flux: Zhuang (2021)
Past measurements: energies > 100 MeV  Miing NuCraft
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https://arxiv.org/abs/2110.14723
https://arxiv.org/abs/1409.1387
https://inspirehep.net/literature/2669859

Distinctive nuclear channels in JUNO

AMS & Beacom (2023)
Neutral current channels

v+ 12C -y 4 12C A
12C* N 12C + ~,

Events

15.11 MeV signal

p+12C 5 pg 2

12~ 12
C"— “C + 7, Background

>
Energy

® instantaneous decay of >C*

® emission of a monoenergetic
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Distinctive nuclear channels in JUNO

AMS & Beacom (2023)
Charged current channels: v,

ve+2C—e +™Ngs
12Ng.s. —PC+et + Ve, T

> z
2 |z z
=] = —

g .20
7+ 2C—et +Bgs E| |2 2
o s
— £ g
12Bg,s, - 12C+e +1,. g Tg
Q.

N2

Time
e coincidence detection of et and e~

e difference in uBg,s, and 12Ng,s, lifetimes — v, vs. v, distinction

36/40


https://inspirehep.net/literature/2669859

Distinctive nuclear channels in JUNO

AMS & Beacom (2023)
Charged current channels: v,

/4

v+ 12C — =+ Ngs. .

ity

7% A
PNgs. = PCHet +u, £
= w
poo— e ety _ A3 :
< = —
22 2
N =
_ 2, % =
P+ 12C = it + 2By BE 3
= P2 . .

2Bys. - 12C+e™ + 1

7
N n B Time
pt = et F v+ vy,

® coincidence detection of y, its decay e and (-decay e
e difference in uBg,s, and 12Ng,s, lifetimes — v, vs. v, distinction

e triple vs. double coincidence detection — v, vs. v, distinction
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https://inspirehep.net/literature/2669859

The Jiangmen Underground Neutrino Observatory (JUNO)

‘— Muon Tracker

- Outer Vessel

| — Water Pool
- 20 kton pure water
- 6 kton mineral oil

20” PMTs

1 Veto PMTs

® Jarge-scale carbon-based liquid scintilator detector
. JUNO inclusive studies: Cheng et al.
® already operational (~ 2025) (2020), Cheng et al. (2020), JUNO
. Collaboration (2022)
¢ excellent energy resolution < 3%
¢ excellent spatial resolution < 10 cm
[ ]

low backgrounds in the considerd channels
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https://arxiv.org/pdf/2008.04633.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)

40 v,y NC — 2cx 100 Ve, Ve CQ = Xys. 100 v,y CC = Xy
$ KARMEN HH LSND v,
) B 80F B 80 F .
= S A g ol g ok v, +12C ]
= = 40 T = 40F v+ C A
S S ¥ -~ w+tcC S
w0} ?(,«
20 7,/ ELSNDwy, ] 20 b
) . A'/’*f, ‘{4 KARMEN v, .
10 10? 10° 10 10% 10% 102 10°
E, MeV] E, [MeV] E, MeV]
AMS & Beacom (2023)

e superallowed transitions from 0 to 17 states in A=12 triad

e the exclusive v - 2C 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)
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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
https://inspirehep.net/literature/2669859

Atmospheric neutrino detection in JUNO

NC channel detection: single events 60 : : :
. ROI
Irreducible BG: solar and DSNB v »
5 ]
Reducible BG: atm. v - p scattering .
1 40 ]
=
85 kton yr exposure — 25(40)% =
. . =30 ]
uncertainty of the atmospheric v rate g
Ve, 7 CC = X, S ]
%4 i ‘ ‘ ‘ ] 10k DSNB]
= Ve AMS & Beacom (2023)
= 1 0 o
<7 f- 140 145 150 155 160
= \V:\‘__ Eqet [MeV]
= L ==
0 250 500 750 1000

CC channel detection: coincidence events

Irreducible BG: accidental coincidences
1 Rate per 85 kton yr: ~0.0004

essentially background free channels

AN /dT,, [10-2 MeV—1]

1000
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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

Weak reaction rates
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1076 107 10~ 1073 10-6 1077 104 1073
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® initial increase in v, +n, v, + Aande™ + A
® enhanced v, and e~ captures heat up the matter

¢ similar results for all flavors equilibration



Partial Derivatives for the Fermi-Dirac distributions

The partial derivatives for the Fermi-Dirac distributions are
given by EscuderoAbenza (2020)
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Proxy ”“Internal Deleptonization”
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M. Rampp et al. (2002)


https://arxiv.org/pdf/astro-ph/0203493

LS 220 Equation of State: impact of o particles

Chemical potential [MeV]
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Exotic Supernovae as Probes of
Neutrino Physics



QCD phase diagram

Jakobus et al. (2022)
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® Does the protocompact star contain non-leptonic degrees
of freedom other than neutrons and protons?

® How to identify the presence of quark matter in
astrophysical objects?


https://arxiv.org/pdf/2204.10397.pdf

Different phases of core-collapse supernova explosion

¢ Infall phase, ® Accretion phase, ¢ Cooling phase,
v, burst ~ 40 ms ~ 100 ms ~10s
H. T. Janka (2017)

Shock revival

7 3N
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What drives the supernova supernova explosions?

® neutrino heating Colgate & White (1966), Bethe & Wilson (1985)

L

® magneto-rotational mechanism LeBlanc and Wilson (1970), Takiwaki et al. (2009)

® particles beyond the Standard Model Fuller et al. (2008), AMS et al. (2020) ...
® phase transition to quark matter Sagert et al. (2008)...


https://ui.adsabs.harvard.edu/abs/1966ApJ...143..626C/abstract
https://ui.adsabs.harvard.edu/abs/1985ApJ...295...14B/abstract
https://ui.adsabs.harvard.edu/abs/1970ApJ...161..541L/abstract
https://arxiv.org/abs/0712.1949
https://arxiv.org/abs/0806.4273
https://inspirehep.net/literature/1792755
https://arxiv.org/abs/astro-ph/0102015
http://inspirehep.net/record/747694?ln=en

Different phases of core-collapse supernova explosion

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

H. T. Janka (2017)

Shock revival

J
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wave

Proto-neutron star

wave

1\ Proto-neutron star A Proto-neutron star

What drives the supernova supernova explosions?
® neutrino heating Colgate & White (1966), Bethe & Wilson (1985)

® magneto-rotational mechanism LeBlanc and Wilson (1970), Takiwaki et al. (2009)

® particles beyond the Standard Model Fuller et al. (2008), AMS et al. (2020) ...
® phase transition to quark matter Sagert et al. (2008)..


https://ui.adsabs.harvard.edu/abs/1966ApJ...143..626C/abstract
https://ui.adsabs.harvard.edu/abs/1985ApJ...295...14B/abstract
https://ui.adsabs.harvard.edu/abs/1970ApJ...161..541L/abstract
https://arxiv.org/abs/0712.1949
https://arxiv.org/abs/0806.4273
https://inspirehep.net/literature/1792755
https://arxiv.org/abs/astro-ph/0102015
http://inspirehep.net/record/747694?ln=en

Neutrino Emission Properties from the QHPT CCSN

+ 1D SN model Fischer, Bastian, Wu et al.
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_ (2017)
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¢ second sharp neutrino burts dominated by 7,

* non-exploding models can explode
Pitik, Heimsoth, AMS, Balantekin (2023)
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Neutrino Event Rates

10" — 3 . .
" o Impact of neutrino conversions
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¢ Event rate in the antineutrino
S0 3 detectors comparable for both

10 ) .

conversion scenarios
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Pitik, Heimsoth, AMS, Balantekin (2023)
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Determination of the Supernova Localization

_ No conversion
75

HK-DUNE

RA [deg]
Pitik, Heimsoth, AMS, Balantekin (2023)

® improvement by 4.5-10 times compared to neutronization burst
¢ comparable results for black hole forming supernovae

® not far off from elastic scattering on electrons


https://inspirehep.net/literature/2708784

Sensitivity to the Absolute Neutrino Mass
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Pitik, Heimsoth, AMS, Balantekin (2023)
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® up to ~ 10x improvement compared to neutronization burst

® more stringent limits than from the laboratory experiments (0.4 eV)


https://inspirehep.net/literature/2708784

Timing the Neutrino Signal

HK: No conversion

———T T
60 F —— Fit
Simulation Detectors No conversion Full conversion
50 F B, [ms]

1C-HK —0.32+0.10  —0.32£0.10
IC-DUNE  —0.11 +0.48 —0.27 £ 0.20
HK-DUNE  0.22 + 0.50 0.05 + 0.22

§(0;;) (min, max) [deg|

IC-HK (0.30, 5.00) (0.29,4.90)
IC-DUNE  (1.00,10.67)  (0.41,6.90)
HK-DUNE (2.27,12.85)  (1.00,8.54)
95% C.L. upper limit on m,, [eV]

0.0

Counts/ bin
w
o
T

[N}
S
T

ic 0217
C an+0.07
10 bUNE o5l
() L 1 1 1 1 ]
1.225 1.226 1.227 1.228 1.229 1.230 r—1)-n D::icos 6
Time [s] At?rue _ (r; ]) _
4 ¢ c
R., ift <ty Agmeasured _ A ytrue | p
Rexp = ij ij ij

Ry +a(t —tg), otherwise ’

Fit: Halzen and Raffelt (2009)
Pitik, Heimsoth, AMS, Balantekin (2023)


https://inspirehep.net/literature/828754
https://inspirehep.net/literature/2708784

Astrophysical neutrino fluxes

Supernova neutrinos
o large flux for Galactic SN
e transient event

Solar neutrinos

8B — 8Be* + et + 1,

SHe +p — *He + et + 1

e neutrino energies up to ~15 MeV

Atmospheric neutrinos

mt = ut fy,and T = pT 47,
pt—et+u,+reand pm — e +v, 40
e the highest neutrino energies among
the considered sources

e small normalization

fluxes: E. Vitagliano et al. (2019), M. Honda et al. (2011), J. L. Newstead et al. (2020)
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Non-standard coherent neutrino-nucleus scatterings

> o | o .o .
\/“\w-u\/'.“‘r &q,i8v,i = 0 ‘

new vector mediator new scalar mediator
Z/ 0]
Lagrangian terms
L7 =87 Z), A v + Z),7" 8.2/ Line = 8uobTRVL + 684,04
ﬁva = 8u,oPVVL + 484,61

D. G. Cerdeno et al. (2016), Y. Farzan et al.(2018), D. Aristizabal Sierra et al. (2019)
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Non-standard coherent neutrino-nucleus scatterings
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Cross sections
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D. G. Cerdeno et al. (2016), Y. Farzan et al.(2018), D. Aristizabal Sierra et al. (2019)
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Non-standard coherent neutrino-nucleus scatterings
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Event rates for supernova neutrinos

Supernova neutrinos 1D SN models
CC-SN

— voctor scalar Garching group
n SM Pb hi

g 102k, g=2 UV':‘,m/r,, 1 MeV b archive
= .., 9=5-10"mzp, =1 MV ‘\\ N

8 s — SMXe L s

= 10 —— =210 mp = 1 MeV \\\ 3

£ .

; wf g=5-10",mz4 =1 MeV ] i \\ ]

£ ; \S

= 10/ E E NS E

o 1 \S

2 ekt AN

S failed SN calar

— 10° Ve (,‘ml scalar

[

§ 10%E k! B k|
— .

> E \\\\\ E

é \\‘\

8 E| E \ E|

‘;ﬁ 3 3 3

s E D

= -2k A D L -

10° 10! 10% 10° 10! 10%
E, [keV] E, [keV]

¢ Failed SN: hotter neutrino spectrum — longer recoil spectrum

® Heavier target: higher number of events but shorter recoil spectrum


https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/

Sensitivity bounds: supernova neutrinos
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failed SN: higher number of events — better constraints

RES-NOVA-3 drives the limits due to higher volume

vector mediator small unconstrained region due to the interference term

limits on the vector mediator better for low mediator masses



Sensitivity bounds: solar and atmospheric neutrinos
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Vector mediator

® Solar neutrinos: bounds driven by Xe based detector

¢ Atmospheric neutrinos: bounds driven by Pb detector
Scalar mediator

¢ Bounds driven by Pb detector

104



Non-standard coherent scattering in the supernova core
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Comparison of limits from specific new physics models
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Comparison of limits from specific new physics models
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Limits from SN1987A on v,
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