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Could be DM mediators — information on DM-SM cross sections (pospelov et al. Phys.
Lett. B662 (2008) 53, Knapen et al. Phys. Rev. D 96 (2017) 115021 etc.)

9?;1 tb)e top-down inspired (Hook et al. Phys.Rev.Lett. 124 (2020) 22, 221801, Di Luzio et al. Phys.Rept. 870 (2020)
- elc.

Relation to particle-physics conundra (neutrino masses, secret v interactions,

g, — 2, string theory etc.) (chen et al. Phys. Rev. D95 (2017) 115005, Svrcek & Witten JHEP 06 (2006) 051,
Akanitaki et al. Phys. Rev.D 81 (2010) 123530)

FIPs can have couplings to different SM particles (e.g. Bauer et al. JHEP 12 (2017) 044)
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Light masses (DM candidates), mgp S 1 keV

Stellar bounds still the most constraining in large part of the parameter
space

Heavy(ish) masses (DM mediators), mgp 2 1 keV

Look for other observables in other cases—decays!

Best bounds on new feebly interacting particles coupling to photons,
charged leptons, or neutrinos

Supernovae and neutron star mergers can produce particles up to the
GeV scale—cover the gap between beam dumps and cosmology




Cooling bounds (30+
years old)




Protoneutron star, it has

o T irface = O(10 MeV)
y Tcore > Tsurface

- p=3x10"g/cm’

And produce many neutrinos,
. L,=3x10erg/3s

* Energy deposited: 1%

« Signal duration 7 ~ 10 s

MASTER FIGURE

Mantle

Neutrinosphere

(Analogous to photons in the Sun)

1



We can get a feeling without simulations of the signal

The expected energy, flux, and duration r?lf the neutrino signal can be evaluated
roughly:

2
GM? M 10k
=1.60x 10> erg | — =
R M, R
2
M~14M R =15km - T = §<Ekm> ~ 17 MeV

tye = R?/] ~ O(10s) with caveats

Ebinding =

| W

Therefore: 0.5 X 10°3 erg for each neutrino species, with energies
O(10 MeV) and a signal of O(1 — 105s)
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Tables available to produce your own GUNS plot on arXiv & supplemental material
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Credit: Anglo-Australian Observatory
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Several neutrino experiments were able to see events

Cherenkov detectors: Irvine-Michigan-Brookhaven (IMB) and Kamiokande Il

Scintillator detectors: Baksan Scintillator Underground Telescope (BUST), Liquid
Scintillation Detector (LSD)
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AStar Explodes, Providing New Clies
To the Nature of the Universe
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2002 Nobel prize to Masatoshi
Koshiba (Kamiokande)

2015 Nobel prize winner Takaaki
Kajita was a postdoc there

New comparisons to SN simulations

from several groups

» Li, Beacom, Roberts, Capozzi
(2023)

» Fiorillo, Heinlein, Janka, Raffelt,
Vitagliano, Bollig (2023)
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New comparisons to SN simulations from several groups
 Li, Beacom, Roberts, Capozzi (2023)
« Fiorillo, Heinlein, Janka, Raffelt, Vitagliano, Bollig (2023)

15
10
BUST
S —— Kam-II+IMB |
— Joint
IMB
05 10 15 20 25 30

Average 7, energy [MeV]

Fiorillo, Heinlein, Janka, Raffelt, Vitagliano, Bollig (2023)

Event rate [s7]

. . ~ Kam-Il .
101 h —— >20PMTs —— DD2
- >30PMTs —— L1S220
SFHo
100, SFHx
Background

H
S
L

—
9
DO

1073F

Time [s]
Fiorillo, Heinlein, Janka, Raffelt, Vitagliano, Bollig (2023)

Good overall agreement in total and average neutrino energies,
but puzzling results concerning event timing
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The existence of a feebly interacting particle can affect the duration of the neutrino
signal of a supernova

Mantle

The environment is so dense neutrinos
are trapped and cannot escape freely,
until they reach the neutrinosphere

Neutrinosphere

.....
------
% L]
.

As new particles are produced in the
core, they take away energy from the
cooling porto-neutron star

Less energy available to neutrinos!
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» The emission of new particles affect the
cooling time of the protoneutron star

» Several papers in the 1980s (1D
simulations with an energy sink) found
the relative cooling time (right figure,
axion-nucleon coupling).

Observable: duration of the neutrino
signal at IMB and KiIlI

 All simulations on a common footing:
new particle emission should not exceed

= 10"erg g~ 's™!, orin terms of the
total energy

2

o :.. e
g F .
= 8 —
] - -
= C .
° .6 —
1) L ]
© - ]
) — —
24 -
= [ Free T
g — Streaming Trappi -]

ing
Axion-— Nucleon Couphng 9a

Fig. 13.1. Relative duration of neutrino cooling of a SN core as a function
of the axion-nucleon Yukawa coupling g,. In the free-streaming limit axions
are emitted from the entire volume of the protoneutron star, in the trapping
limit from the “axion sphere” at about unit optical depth. The solid line is
according to the numerical cooling calculations (case B) of Burrows, Turner,
and Brinkmann (1989) and Burrows, Ressell, and Turner (1990); the dotted
line is an arbitrary completion of the curve to guide the eye. The signal
duration is measured by the quantity Atggy, discussed in the text; an average
for the IMB and Kamiokande detectors was taken.

Raffelt (1994)

| L, SL(1s)=3%x10"7ergs™!
| Computed at T = 30 MeV and p = 3 x 10" gcm™3
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» The emission of new particles affect the
cooling time of the protoneutron star

Several papers in the 1980s (1D
simulations with an energy sink) found
"=~ time (right figure,

the relative
axion-nucle
Observabl
signal at I

All simulations

4
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10—12

new particle em|SS|on S

= 10"erg g~ 's™!, orin terms of the

total energy

line is an arbitr

duration is measured by the quanti

Free
Streaming Trapping —]

10710 10‘8 107¢
Axion—Nucleon Coupling g,

IS this the pe est we can ¢
0?

for the IMB and Kamiokande detectors was taken.

IIIIIIIIIIlIIIl

-~ as a function
1g limit axions
in the trapping

[he solid line is

iurrows, Turner,

1990); the dotted
eye. The signal
e text; an average

Raffelt (1994)

Computed at 7= 30MeV and p = 3 X

SL(ls)y=3X% 10°%erg s~!

101 gcm™
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New bounds on
photon, charged
lepton, neutrino
coupling




Supernovae (and other transients) are far (a long baseline for conversion or decay)
and hot/dense (they can produce heavy feebly interacting particles)

Axion-like particles with a coupling to photons at tree-level or at one-loop

P
&
.

% Car FF
int a

Mantle
Neutrinosphere

Can decay outside
of the mantle

]
------

Can decay inside

the mantle
24



Supernovae (and other transients) are far (a long baseline for conversion or decay)
and hot/dense (they can produce heavy feebly interacting particles)

Mantle

Neutrinosphere

mmEn
......
. -

.
.....
-------

Gamma-ray decay observed by the
Gamma-Ray Spectrometer (GRS) on
board the Solar Maximum Mission (SMM)
satellite that operated 02/1980-12/1989

Oberauer et al. Astropart.Phys. 1 (1993) 377-386

Chupp et al. Phys.Rev.Lett. 62 (1989) 505-508

Jaeckel et al., Phys.Rev.D 98 (2018) 5, 055032

Caputo, Raffelt, Vitagliano, Phys.Rev.D 105 (2022) 3, 035022
Hoof and Schulz (2022)

They also create a diffuse from all the
SNe in the history of the universe

Calore et al. Phys. Rev. D 102 (2020) 123005
Caputo, Raffelt, Vitagliano, Phys.Rev.D 105 (2022) 3, 035022

BUT...

25



The bounds from decay to
gamma-ray do not apply
everywhere!

For a large region of masses
and couplings, axions form a
fireball

The expected flux is at much
smaller frequencies

New bounds from Pioneer
Venus Observatory

ALP-photon coupling, gq, [GeV™Y]

~-rays SN 1987A
(SMM)

109

10104 Diffuse ~-rays

Low-energy supernovae

100

10" 107
ALP mass, m, [MeV]
26



107 :
Excluded by GW170817 data SN cooling
__ 108 \ Low energy SNe
% X Fireball
O, 1079 \.formation
210 L
— -t | Fircbal &
X/,Ail,a.\vl\ SN 1987A - — 1.35-1.35 M, SFHo .
- -+ 1.35—1.35 M, DD2 >
107125 AT 2 3 S [ ]
1 10 Mass, m, [Mel\(;] 10 % 1054L X-rays at Earth ~-rays from decay |
3 E E
Diamond, Fiorillo, Marques-Tavares, Tamborra, Vitagliano, 3 ’ ]
Phys.Rev.Lett. 132 (2024) 10, 10 = Reprocessed by !
%10 fireball
* Neutron star mergers produce a heavy mass g 5
NS remnant without a mantle! £ 10”
2, i ]
* Huge temperature and densities = 107
2 ' CALET CGBM Fermi-LAT
£ 10% A

« Extremely sensitive measurements by X-ray
detectors of GW 170817

BB U A
Photon energy, w,, [MeV]

« Fresh bounds on m_, > 1 MeV axions

27




Mantle radius

Caputo, Raffelt, Janka, Vitagliano, Phys.Rev.Lett. 128 (2022) 22, 221103

Typical SN explosion energy 1-2 B
1 B (bethe) = 10°! erg

Neutron star binding energy 200-400 B

Some SNe have very small observed
explosion energies < 0.1 B

New restrictive limits from
low-energy SNe

1077

1078

Gayy[GeV™"]

107°

10710

T

T T TTTTH

T 1 Illllll

T llm‘l'
L

SN
-~

e
-
)
.

Diffuse y-rays

)
~
b
~
~a

llll

SN 1987A
y-rays
| 1 11

=TT

10

m, [MeV]

102



10716
10—17
10718

Globular clusters

Solar v/

basin

= %
SN1987A (v)

Credit: Ciaran O’Hare

LEP

Belle IT

Low-E SNe

Diffuse-7

Wiy

StAB
Solar SN19g~ . ')
%
A )

PVO

Heats up the mantle

of low-energy SNe

(see Caputo, Raffelt, Janka,
LHC (pp) Vitagliano, Phys.Rev.Lett. 128

| __— (2022) 22, 221103)

GW170817

(see Diamond, Fiorillo, Marques-
Tavares, Tamborra, Vitagliano,
Phys.Rev.Lett. 132 (2024) 10, 10)

. SN 1987A at SMM and
PVO

10_19 | BSLLALILLLLL S SLALALLALY IR |
103102101 10°

LU |

10!

LSULLLLLL SLLLLL S LALALLALY S SUAALLLL SRLLL ESURALLL AL

102

103

104 10° 10°

m, [eV]

107

108

10° 10

LILALILLALL LA |

1011 1012 (see Diamond, Fiorillo, Marques-

Tavares, Vitagliano, Phys.Rev.D 107
(2023) 10, 103029)

Cosmo bounds lowest

(see Langhoff, Outmezguine, Rodd
Phys.Rev.Lett. 129 (2022) 24, 241101)

29



10716
10—17
10718

Globular clusters
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Credit: Ciaran O’Hare
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Resonant production and subsequent decay for
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104 10° 10°

m, [eV]

107

some specific couplings and masses

see e.g. Axions from Hypernovae,
Caputo, Carenza, Lucente, Vitagliano et al. Phys.Rev.Lett. 127 (2021) 18, 181102

108

10° 10

LOLALILLALL LA |

1011 1012

Heats up the mantle

of low-energy SNe

(see Caputo, Raffelt, Janka,
Vitagliano, Phys.Rev.Lett. 128

| __— (2022) 22, 221103)

GW170817

(see Diamond, Fiorillo, Marques-
Tavares, Tamborra, Vitagliano,
Phys.Rev.Lett. 132 (2024) 10, 10)

. SN 1987A at SMM and

PVO

(see Diamond, Fiorillo, Marques-
Tavares, Vitagliano, Phys.Rev.D 107
(2023) 10, 103029)

Cosmo bounds lowest

(see Langhoff, Outmezguine, Rodd

Phys.Rev.Lett. 129 (2022) 24, 241101)
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New bounds on
photon, charged
lepton, neutrino
coupling
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Caputo, Raffelt, Vitagliano, Phys.Rev.D 105 (2022) 3, 035022

See also Ferreira et al. JCAP 11 (2022) 057 for the electron coupling 3



I IIIlIIII I IIIIIIII' I Illlllll IIIIII?
10_3E E " Heats up the
= ’ gu—2 Explosion P mantle of the
10"‘% Diffuse gamma rays energy SN
10‘5é
10-6,;— , .
< E SN 1987A neutrinos < Coollng bound
10_7|§—
10— Gamma-ray
10 SN 1987A < from SN 1987A
gamma rays at SMM
10710
Diffuse gamma rays
-11] Lol L il L1l 111 | I -
1015 ul, uly 1 N Diffuse gamma
Ma [MeV] ray background
Caputo, Raffelt, Vitagliano, Phys.Rev.D 105 (2022) 3, 035022 from past SNe

See also Ferreira et al. JCAP 11 (2022) 057 for the electron coupling
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New bounds on
photon, charged
lepton, neutrino
coupling




Many BSM particles have coupling to neutrinos:

. gauge bosons from U(l)L ., Up_p-.
symmetries

 Scalar and pseudo scalars, e.g. Majorons
related to the neutrino mass generation

Fiorillo, Raffelt, Vitagliano, Phys.Rev.Lett. 131 (2023) 2, 021001

To simplify things, we will assume an extremely simple case: (pseudo)scalars
coupling diagonally to all neutrino flavors

What we say applies also to the other cases
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Looking for high-energy events (100 MeV) at Cherenkov detectors in 1987, IMB and

Kamiokande I

: 36
32
: 28
§0.75 gég
= 16 &~
' 12
, 8
4
. Mo

10~ 10 10
|

t[s

(Trapped)

' 140 IMantle _
‘ 120 Neutrino sphere
_ 100 P aaiaae Standard neutrinos
: 80 é 0" .
60 & s
40 H :
: 20 : :
0 “‘ ¢ 0..
: 10~ 10 10! ., K
t [s]

Neutrinos from ¢

Neutrinos escape Majorons produced in the
at the neutrino core, trapped)
sphere, Ey~p, ~ 100 MeV
E, ~ 10MeV then decay back to high-  Fiorillo, Raffelt, Vitagliano, Phys.Rev.Lett. 131 (2023) 2, 021001

energy neutrinos

The cross section in the detector is 0, ~ GI%ED2 much larger for
high-energy neutrinos from ¢ decay
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10—6 Fiorillo, Raffelt, Vitagliano, Phys.Rev.Lett. 131 (2023) 2, 021001
; Schematic BBN Allowed regions possible?
20 [ bounds Decay within neutrinosphere
> 1077E
-
=)
éo 10_8 SN 1987A energy loss
o,
-
o
)
= 1077
S
§ No high-E v
10—10_ : |||||||I_ L vl Ll R | L
10~2 107! 1 10 10

Majoron mass, mg [MeV]

See also our new results in Fiorillo, Raffelt, Vitagliano Phys.Rev.Lett. 132 (2024) 2, 021002

37



SN '1987A constraints (95% C.L:)
/
= (AJ s
% > 15 visible u* —6
< -10 J 2
g 10 9"&\6
00 N Q&Qp
Projected constraints (95% C.L.)
10711 r T T T
1072 1071 100 101 102

Majoron mass, my [MeV]

Telalovic, Fiorillo, Martinez-Miravé, Vitagliano, Bustamante i
e-Print: 2406.15506 [hep-ph] 10

Projected discovery at 95% C.L.:
X True value

Bl QEe* +Inv. u*

Bl Vis. pu*

* A new observable: time spread of neutrinos at neutrino
and dark matter detectors from the next galactic SN
(useful only when combined with the spectrum)

* Worst case scenario: HyperK will improve bounds by
orders of magnitude

—
|

—_

[e]

» Best case scenario: we could be able to reconstruct
mass and couplings to different flavors if a high-energy
neutrino flux is observed

Majoron coupling, gm [MeV]

10! 102

Majoron mass, mg [MeV]

(see also Kensuke Akita poster)



New bounds on
millicharged particles




10%5 —— Hot model

—_ —_ —_
(@) o o
[ [ 5l
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Luminosity at 1 s, L, [erg/s]
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o
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o0
£
g —
£ 8 Z
172} ‘% %
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& o E
=To} f=J 20
b B g
S 8 = S
107 S a8 g
10710 1079 1078 1077 10~

Fiorillo & Vitagliano, e-Print: 2404.07714 [hep-ph]

—— Cold model

Neutrino luminosity, L,

Dimensionless charge, @

Be careful with self-interacting DM models!

Because of self-interactions, they form a fluid upon exiting the SN

Use fluid-dynamics to describe the evolution of the outgoing flux,
kinetic theory not appropriate

Millicharged particles coupling constraints moved by one order of
magnitude compared to Chang, Essig, Mcdermott (JHEP 01 (2017)
107)

Can also deposit energy (new bounds from low-energy SNe)

1055 L

1054 L

Luminosity, L, [erg/s]

1053 L

—

o
—
T

Fluid temperature, T' [MeV]

10 15 20 2

Radius, r [km]
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Cinarilla Q@ Vitamliana A Drint: 2ANA N7714A4 Than nhi

(A similar story applies to self interacting neutrinos)

Fiorillo, Raffelt, Vitagliano, Phys.Rev.D 109 (2024) 2, 023017
Fiorillo, Raffelt, Vitagliano, Phys.Rev.Lett. 132 (2024) 2, 021002

Steady outflow Fireball expansion

Neutrino front

Lab frame
ot o —

vT1,, ~ const

tpb > Rpns

CoM frame

T, xr?

=5
G
N
e

Decoupling

Time evolution

107)

Can also deposit energy (new bounds from low-energy SNe)

Radius, r [km]



Conclusions




Sub-GeV particles can be probed with astrophysics (axion, majoron, ALP...).
Astro bounds cover the gap between beam dumps and cosmology

Novel observables have been proposed in the last ~2 years
* Energy deposited in the mantle of low-energy SNe

* Fireballs from SN and NS mergers

*  Energy spectrum of the neutrino flux from galactic Supernovae

* Time and flavor information of the detected events can be used to reconstruct the model




Sub-GeV particles can be probed with astrophysics (axion, majoron, ALP...).
Astro bounds cover the gap between beam dumps and cosmology

Novel observables have been proposed in the last ~2 years
* Energy deposited in the mantle of low-energy SNe

* Fireballs from SN and NS mergers

*  Energy spectrum of the neutrino flux from galactic Supernovae

* Time and flavor information of the detected events can be used to reconstruct the model

Ongoing
* Robustness of SN 1987A QCD axion bounds
* QCD axion bounds from cooling Neutron Stars

* Trapping regime

Apply these bounds to your favorite model!
New gauge bosons, dark photons, sterile neutrinos, scalars...
And let us hope for a discovery!
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Some extra physics with other couplings!



Raffelt, Lect. Notes Phys. 741 (2008) 51 [hep-ph/0611350]

Burst duration calibrated by early numerical studies

“Generic” emission rates inspired by OPE rates

f,24x10%GeV and m, S 16 meV (KSVZ, based on proton coupling)

Chang, Essig & McDermott, JHEP 1809 (2018) 051 [1803.00993]
Various correction factors to emission rates, specific SN core models
£, 2 1x10%GeV and m, S 60 meV (KSVZ, based on proton coupling)

Carenza, Fischer, Giannotti, Guo, Martinez-Pinedo & Mirizzi,

JCAP 10 (2019) 016 & Erratum [1906.11844v3]

Beyond OPE emission rates, specific SN core models: similar to Chang et al.
f,24x10%GeV and m, S 16 meV (KSVZ, based on proton coupling)

Carenza, Fore, Giannotti, Mirizzi & Reddy [arXiv:2010.02943]
Including thermal pions 7— + p = n + a (factor 3 larger emission)

f,25x10°GeV and m, S 11 meV (KSVZ, based on proton coupling)

Bar, Blum & D'Amico, Is there a supernova bound on axions? [1907.05020]
Alternative picture of SN explosion (thermonuclear event)

Observed signal not PNS cooling. SN1987A neutron star (or pulsar) not yet found.
(but see “NS 1987Ain SN 1987A”, Page et al. arXiv:2004.06078)
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nHz mHz Hz kHz MHz GHz THz

CASPEr-comag. & -

Torsion balance

NASDUCK

Neutron star cooling

10-12 Bushmann et al., Phys.Rev.Lett. 128 (2022) 9, 091102 =
I

1013 o
10714 E
©

10-15 o
1016 %
10—17 ©
22 N 0 49 A% 4T 46 A5 Ah D A2 4 A0 9 8 T 6 5 & 3 2

107107107407 407407 407107 A0 A0 A0 A0 40 A0 40T A0 40 A0 A0 40 40
mg [eV]

(Complementary to neutron star cooling
observations for hadronic couplings)
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nHz mHz Hz kHz MHz GHz THz

NASDUCK

S AL

2N )\ 9 A% AT A6
A0 40740407407 40740

= = ! - G — —

&) JL \ 0O 9 L) 7 ()
10740740107 A0 10740 407 40 40 40" 40

mg [eV]

—

10 10

(Complementary to neutron star cooling
observations for hadronic couplings)
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Trapping in SNe




What happens for MFP < Rpng? Trapping regime is notoriously complicated

Two examples: axions and majorons

« Trapping well known since early days and treated as the emission from
\9‘5‘ a Stefan-Boltzmann sphere (Turner, Phys.Rev.Lett. 60 (1988) 1797,
see also Burrows et al. Phys.Rev.D 42 (1990) 3297-3309)

More recently, Chang, Essig, Mcdermott (JHEP 09 (2018) 051)
introduced a modified luminosity criterion (MLC) to account for opacity

3 ° This criterion has been applied also to axion-photon couplings
20\ (Carenza et al., JCAP 10 (2019) 10, 016), finding two different results
for SB emission and MLC. Why?

2022 * One need to account for angle averages! SB and MLC equivalent for
axions with photon couplings as shown in Caputo, Raffelt, Vitagliano
(JCAP 08 (2022) 08, 045)
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Further in the trapping regime: detecting QCD
axions from SN 1987A in the detector

« Proposed already by Engel, Seckel and
Hayes (Phys.Rev. Lett. 65 (1990) 960)

« Recently revisited by Lella et al.
(2306.01048)

-« Problem: when MFP =~ Rpyg, SN profiles
should be modified

« Solution: use stars that have larger MFP!
Ongoing work on neutron stars (Bottaro,
Caputo, Fiorillo, Vitagliano)

Mantle

Neutrino sphere

P
. LY

. .
------

Standard neutrinos
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Trapping regime is notoriously complicated also for neutrino secret interactions. Claimed strong
sensitivities. Is it true?
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Small effects on the neutrino signal when solving all steps in the development of the neutrino fluid
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