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DEATH OF STARS AND BEYOND

Also good probes for the dark

sector!




MESSENGERS FROM SUPERNOVAE

One example. Not exhaustive!

— == V. [CCSNe] —— Ve [Merger]

- GW [Merger] Galactic rate: ~1 every 40
years

Numerous messengers

AN

shock breakout

1580) emizsion [CCoNe! On top of that, we can have
Jlateau dark scale sector
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log(time relative to event [s])

Adapted from Cusinato et al. Eur. Phys. J. A (2022) 58: 99, and Nakamura et al. MNRAS,
Volume 461, Issue 3, 21 September 2016, Pages 3296-3313
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Axion-Like Particles

e Share properties with QCD axions but have free mass and coupling
parameters

e \Weak coupling to SM particles —) suppressed at high-energy scales

e Viable DM candidates / mediators between DM and SM

 ALPs can be produced via nucleon-nucleon bremsstrahlung or pion-
nucleon processes

* They can escape the SN, carrying away energy —, this can have an
impact on the neutrino lightcurve



ALPs + neutrino lightcurve

It ALPs would be produced, they could take away
energy that would otherwise go to neutrinos —)
dampening the neutrino emission

This could allow us to indirectly detect ALPs during
the next Galactic CCSNe

0.05
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ALPs + neutrino lightcurve

It ALPs would be produced, they could take away
energy that would otherwise go to neutrinos —)
dampening the neutrino emission

This could allow us to indirectly detect ALPs during
the next Galactic CCSNe

What if we could detect ALPs directly?

This work is an based on the work by P.

Carenza, D. Alonso-Gonzélez, A. Lella and
more

0.05
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Time-delay

ALPs from CCSNe can be massive —) eV to few
hundred MeV
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Ti me-delay Time of flight delays at d=10 kpc

m=1e-06 MeV
m=0.001 MeV
m=0.1 MeV
m=1.0 MeV
m=10 MeV

1 hr

1 day

1 month

ALPs from CCSNe can be massive —) eV to few - ey o
hundred MeV
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Time-delay

SNO
2 \\\ SN1987A (events)

AN I i L 2222

N

SN1987A
(cooling)

o
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ALPs from CCSNe can be massive —) eV to few Dl 2 10t 100
hundred MeV m, [eV]

However, very light ALPs have been
constrained with SN 1987A

A Lella et al., 2024 Phys. Rev. D. 109, 023001
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Time-delay

SNO

5 A SN1987A (event:

N

SN1987A
(cooling)

ALPs from CCSNe can be massive —) eV to few
hundred MeV

However, very light ALPs have been
constrained with SN 1987A

A Lella et al., 2024 Phys. Rev. D. 109, 023001
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ALP fluxes

e High flux / luminosity

* Produced at the same time
as neutrinos



ALP fluxes

e High flux / luminosity

* Produced at the same time
as neutrinos

<
My p < 1 MeV M, p > 1MeV

See talk by A. Lella DM parallel session 1B

—m, = O MeV
—m, = 90 MeV
—m, = 180 MeV

107°% 1077 107° 107> 1074
gap

40 00
Egarth [ Mev]
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ALP fluxes

e High flux / luminosity

* Produced at the same time
as neutrinos

<
My p < 1 MeV M, p > 1MeV

See talk by A. Lella DM parallel session 1B

Two aspects:

—m, = O MeV
e oy 1. Could be
Cs. —m, = 180MeV produced
A copiously
2. Could be

separated from
neutrino signal

1077 107° 107> 1074

Zap due to time delay

20 40 60
EZeth [MeV]
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ALP fluxes

My p < 1 MeV We consider this flux to do some very
preliminary estimates

40 60
Egarth [ MeV]
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ALP direct detection

Like any particle that weakly interacts, we would need a very large
detector volume —) More chances of interaction with targets

e \Water/ice —) cheap medium
e ALPs could interact with O'° and protons (and other nucleons).

. a+016_>016*_>ol6+y
*at+p-opty

21



ALP direct detection

Total ALP interactions in IceCube for 016 and proton

Like any particle that weakly I _ Pproton Target
detector volume —) More chisis Oxygen Target

e Water/ice —) cheap mediu |
e ALPs could interact with O'

*at+p-opty

Energy [MeV]

At d=1 kpc
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ALP direct detection

Like any particle that weakly interacts, we would need a very large
detector volume —) More chances of interaction with targets

e \Water/ice —) cheap medium
e ALPs could interact with O'° and protons (and other nucleons).

Can produce e* via:
16
*a+0 >

016* . 016 @
e« Pair-production
‘a+pﬁp{: ) ~ 0O

e Compton

e Photoelectric

l

N Cherenkov radiation



ICECUBE NEUTRINO OBSERVATORY

| ocated at the South Pole 5160 sensors buried in 1km® of ice

Depth = 2450 m {

We detect Cherenkov light produced when charged particles pass through ice

24



Cherenkov light

Depending on

INnteraction type

Single

o,
-
S
4
D
D,
C

Inverse beta decay

Main process
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We need a burst
CCSNe model at d = 10 kpc

)
-
-
o

lceCube —  Sukhbold (2015), 27 Mg
Preliminary Sukhbold (2015), 9.6 M

Background: 1.4 MHz

Signal: 2.2 MHz
Noise rate ~ 72000 hits in 50 ms
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ALP Interaction Cross Sections

From ALP to detectable signal

We simulate the detector response for
both O16 and proton interactions.

(-
o
N

We fold in the cross section to obtain a
gamma-ray spectrum.
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Cross Section [ 10~%* cm?]
o
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)
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+5)

75 100 125 150 175 200
E, [MeV]
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From ALP to detectable signal

- a N
We simulate the detector response for TP PTY

both O16 and proton interactions.

We fold in the cross section to obtain a
gamma-ray

>
Q
=
—~
i
>
L)
S
=
<
S
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From ALP to detectable signal

16 16% 16
- a+0 -0 -0+
We simulate the detector response for /
bOth 01 6 and proton interactions Total Gamma Yield from ALP-O16 Interactions

We fold in the cross section to obtain a
gamma-ray

29



From ALP to detectable signal
a+p—>p+y
We simulate the detector response for
both O16 and proton interactions.

We fold in the cross section to obtain a
gamma-ray spectrum .

We simulate the production of leptons in ice

>
QL
=
~
o
LL]
O
~

Q
<
O

—— gay=2.3-10"° ((E)=13.5 MeV)
gany=9.4-1077 ((E)=17.5 MeV)

101
Lepton energy E. [MeV]
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From ALP to detectable signal

We simulate the detector response for
both O16 and proton interactions.

1 16% 1
a+O6—>O6 —>O6+}/

-
-
[ —
W

We fold in the cross section to obtain a
gamma-ray spectrum .

o

-
=
—

We simulate the production of leptons in ice

-
-
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>
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~
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LL]
O
~

Q
<
O

—— gay=2.3-1075 ((E)=2.4 MeV)

gay =9.4-1077 ((E)=2.4 MeV)

10’
1071 10° 101 10°

Lepton energy E. [MeV]
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From ALP to detectable signal

Significance vs. Distance

We simulate the detector response for

both O16 and proton interactions. — ALP+pgay=9.4-107"

ALP+p g,y =2.3-107°
---- Threshold =5

We fold in the cross section to obtain a
gamma-ray spectrum .

(-
-
p—t

We simulate the production of leptons in ice

SV,
QL
O
-
©
O

=
-

=2

U

10 20 30 40
Distance [kpc]

Preliminary: Without t.o.f effects, for

the given fluxes/models, we could
directly detect ALPs up to the Galactic 0.5 - 7Kpc

Center
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From ALP to detectable signal

Significance vs. Distance

We simulate the detector response for both  ALP4O16 g 94107

O16 and proton interactions. ALP4O16 gy = 2.3 101
--=- Threshold =5
We fold In the cross section to obtain a

gamma-ray spectrum.

We simulate the production of leptons in ice

o)
O
O
-
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O

=
-

L2)

vy

(-
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N

200 400 600 800 1000
Distance [kpc]

Preliminary: Without t.o.f effects, for the 65 - 1000 kpc
given fluxes/models, we could directly
detect ALPs up to the Galactic Center
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From ALP to detectable signal

Significance vs. Distance

—— ALP+016 g,y=9.4-10""7

ALP+016 g,y=2.3-107>
-- Threshold = 5

-
-
~

Note: We only looked at the
trapped regime

-
-
NN
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=

The free-streaming regime will

likely have detection horizon In
O(10 kpc)
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65 - 1000 kpc
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Summary

e ALPs could be produced copiously in CCSNe and they could couple to
matter, interacting at Earth in water/ice producing gamma-rays. |hese
could produce e~ which could produce Cherenkov light.

o Use large-scale Cherenkov neutrino detectors to observe this.

* \WWe presented preliminary estimates of the detection horizon for
lceCube.

e Preliminary results show that we could potentially observe ALPs from
Galactic CCSNe and beyond, with O16 interaction yielding the longest
detection horizon.

e Future: enhancements to our simulations, include t.o.t delay and test
for more models (mass/coupling). Stay tuned for more!
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GALACTIC SENSITIVITY

Huedepohl - Black Hole

I\/I||I<iy Way(center) Garching 19 Mg Burrows 27 Mg

Milky Way(edge)

Blindness cut

10 20 30 40
Distance [kpc]

Credit: R. Abbasi at al., IceCube Collaboration, 2024, ApJ 961, 84
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MEV NEUTRINO CROSS SECTION
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Credit:_Scholberg In: Annu. Rev. Nucl. Part. (2012), 62, 81-103
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