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Relative abundance

Introduction

Thermal freeze-out stands out as a plausible mechanism to generate the
DM 1n our Universe (analogous to photon decoupling, neutron decoupling)
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Some simple models

e Gauge bosons of a spontaneously broken SU(2) symmetry, with no fermion

- : Hambye ‘08;
Interactions Arina, Hambye, Al, Weniger ‘09

Al — A 4 290t — e*Cal AY, A
8(x) = B(x) + 50 (2)79(x)
Lagrangian:

L5~ P Fl, o+ (D) (D'0) — 1366 — Ay (616)°

A, stable due to an accidental SO(3) symmetry
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Lo = F Fl,+ (D) (D"6) = 13 616 — Ay (679)°

A, stable due to an accidental SO(3) symmetry
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e Scalars S, ¢, and a Z3 symmetry. Belanger, Kannike, Pukhov, Raidal’12
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Annihilation signals
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The semi-annihilation XX — X ¢ produces
a dark matter particle with T, = m, /4.
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4 Outline: R

* Semi-annihilations in the MW center
* Semi-annihilations at high-redshift

* Semi-annihilations in dark matter spikes
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Boosted dark matter from semi-annihilations
in the Milky Way center
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However, much larger fluxes expected at Earth from
the motion of DM particles in the halo



Boosted dark matter from semi-annihilations

in the Milky Way center
For example, take m, = 100 MeV

d(I)halo 6 —2 1 -1 TX TX
~ 3.7 % 10 MeV -
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Much smaller fluxes...



Boosted dark matter from semi-annihilations

in the Milky Way center
For example, take m, = 100 MeV

d(I)halo 6 -2 _1 -1 TX TX
~ 3.7 x 10 MeV _
dT, © TS e 2.7 x 10-5Mev ) “P\ 2.7 x 10-5 MeV
dPnw —4 —2 —1 —1 Tx
—1.3x 10 MeV—L s 1
dT, AU oemes e 25 MeV

Much smaller fluxes... But at very different kinetic energies



Boosted dark matter from semi-annihilations

in the Milky Way center
For example, take m, = 100 MeV

d(I)halo 6 -2 _1 -1 TX TX
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Much smaller fluxes... But at very different kinetic energies

e Current detectors using xenon as target can detect
nuclear recoils with 7 > few keV , which

requires v 2 0.07 ¢

e At the peak of the distribution v ~ 7.3 x 10" * ¢
which 1s undetectable.

e In fact, the velocity distribution 1s truncated
at Vege >~ 1.8 X 1073 ¢

A 100 MeV dark matter particle moving
in the MW halo is undetectable
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A 100 MeV dark matter particle moving
in the MW halo is undetectable




Boosted dark matter from semi-annihilations

in the Milky Way center
For example, take m, = 100 MeV
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Much smaller fluxes... But at very different kinetic energies

e Current detectors using xenon as target can detect
nuclear recoils with 7> > few keV , which
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] rA 100 MeV dark matter particle from
L and could be detected

A 100 MeV dark matter particle moving
in the MW halo is undetectable
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Boosted dark matter from semi-annihilations
in the Milky Way center
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Boosted dark matter from semi-annihilations

in the Milky Way center
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Boosted dark matter from semi-annihilations
in the Milky Way center
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Boosted dark matter from semi-annihilations
in the Milky Way center
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No sensitivity to very small masses.

Nuclear recoils below the detection
threshold.



Boosted dark matter from semi-annihilations
in the Milky Way center

No sensitivity to large cross-sections
DM particles are stopped by rock and
don’t reach the detector
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Boosted dark matter from semi-annihilations
at high redshift

z=0 (t=13.6Gyr) z=14 (t=47Gyr)

z— 183 (L=021Gyr)

Millenium simulation



Boosted dark matter from semi- anml«:lat:ons
at high redshift

e Number of BDM particles produced at redshift z

per unit volume, unit time and unit kinetic energy: “g:loS
R
1 Pi(z) My -
QCOSIHO(TZ?Z) — 5 <0-2—>1U> mi G(Z) 0 ( z T)

17 10!
(1+2)  Lopez-Honorez et al, 13
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Boosted dark matter from semi- anml«:lat:ons
at high redshift

e Number of BDM particles produced at redshift z
per unit volume, unit time and unit kinetic energy:
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¢ Flux of BDM particles at redshift z from annihilations at higher redshift:
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1) Sizable flux at high z. Implications for structure formation?
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Boosted dark matter from semi-annihilations
at high redshift

1) Implications for structure formation?
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Boosted dark matter from semi-annihilations
at high redshift

1) Implications for structure formation?
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Boosted. dark matter from semi-annihilations
at high redshift

2) Implications for direct search experiments?
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Boosted. dark matter from semi-annihilations
at high redshift

2) Implications for direct search experiments?
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Boosted dark matter from semi-annihilations
in Active Galactic Nuclei?

Most galaxies contain a supermassive black hole at its center.

The adiabatic growth of the black hole produces a “spike” in the dark matter
distribution Gondolo, Silk’99, Peebles ‘72, Quinlan, Hernquist, Sigurdsson ‘95

Rsp)7/3

r

70
p(r) ~ po <7> — Psp ~ PR(

spike

100,

-3 . . .
10 107 104 10T 102
r [kpc]

Enhancement in the (semi-)annihilation rate.

Why should AGNss be a better target for indirect searches
than the Milky Way center, which 1s much closer?




Boosted dark matter from semi-annihilations
in Active Galactic Nuclei?

The Milky Way 1s known to contain stars orbiting very close to the supermassive
black hole. Stellar heating significantly softens the spike.
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R.A. {(mas)
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PeiBker ct al, arXiv:2008.04764 =" S5 Bertone, Merrit astro-ph/0501555

The spike on the MW i1s for sure affected by stellar heating.
What would happen if the spike in AGNs remains intact?

Akita, Al, Zimmermann, 2507.16539



A dark matter signal from NGC 1068?

IceCube has detected a 4.2c neutrino excess in the range 1.5-15 TeV 1n the
direction of the Seyfert galaxy NGC 1068, located at 14.4 Mpc from the Earth.

MESSIER 77

* NGC1068

Declination [deg]
=)

43 42 41 40 39 38
Right Ascension [deg]




A dark matter signal from NGC 1068?

I IceCube (this work) {  Electromagnetic observations (26)
Theoretical v model (44,45)  + 0.1 to 100 GeV gamma-rays (41,42)
Theoretical v model (46) > 200 GeV gamma-rays (43)
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A dark matter signal from NGC 1068?

I IceCube (this work)
Theoretical v model (44,45)  + 0.1 to 100 GeV gamma-rays (41,42)

Theoretical v model (46)

{  Electromagnetic observations (26)

> 200 GeV gamma-rays (43)
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A signal of DM annihilation from NGC 1068?
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Boosted dark matter from semi-annihilations
in Active Galactic Nuclei?

Dark matter proﬁles of NGC 1068 and the MW
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The spike of the MW 1s for sure affected by stellar heating. We assume
that the spike of NGC 1068 1s not.



A dark matter signal from NGC 1068?

1

Neutrino Flux £2 - dpyip/dE, [GeV cm 2g ]
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Akita, Al, Zimmermann

* Dark matter annihilations in the spike of NGC 1068 could produce a
neutrino flux detectable at Earth as a point source (for reasonable
values of the cross-section).

* The neutrino flux produced in the Milky Way center 1s below the
sensitivity of current experiments, due to the effect of the stellar
heating on the spike.

NGC 1068 (an other nearby active galaxies) are potentially interesting
targets for dark matter annihilation.




Boosted dark matter from semi-annihilations
In NGC1068?
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Boosted dark matter from semi-annihilations

In NGC10638?
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Boosted dark matter from semi-annihilations

In NGC10638?
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Conclusions

e The dark matter semi-annihilation xx — x“¢ is well motivated
theoretically and constitutes a source of boosted dark matter.

e Annihilations in the Milky Way increase the sensitivity of current
direct detection experiments to sub-GeV DM by orders of magnitude.

e Neutrino detectors such as MiniBooNe and DUNE cannot detect DM
in the MW halo, but can detect signals from semi-annihilations.

e Other sources of boosted dark matter further increase the sensitivity
of experiments to semi-annihilations. For small annihilation cross-sections,

semi-annihilations in NGC1068 may provide the largest contribution to
the boosted DM flux.
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