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Most of the Universe is Dark

FAvgQ: what'’s the difference

between DM and DE?
69 %

DM behaves like matter

- overall it dilutes as volume expands
- clusters gravitationally on small scales
-w = P/p =0 (NR matter)

(radiation has w = —1/3)

DE behaves like a, constant

- it does not dilute
- does not cluster, it is prob homogeneous

s o~ —1
= /IO a 47TGN

- pulls the acceleration, FRW eq. — = — g
a

(1 —3w)p



At the time of CMB formation (380 Ky)
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On top of the SM, add one extra scalar singlet S
and a symmetry S — —S
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Sub-GeV DM
& ‘MeV (scalar) DM’

In conclusion, scalar Dark Matter particles can be significantly lighter than
a few GeV’s (thus evading the generalisation of the Lee-Weinberg limit for

weakly-interacting neutral fermions) if they are coupled to a new (light) gauge
boson or to new heavy fermions F' (through non chiral couplings










Sub-GeV DM

2 2
o o
¢ WIMPless Dark Matter  (6,,,V) ¥ — ~ —
M?  TeV?
a.k.a. hidden sector DM 053
~secluded DM (O,V) R —
m

if g, is small,
m ‘naturally’ small

(but nothing points to a precise value)

Production mechanism:

just thermal freeze-out
of these annihilations



Sub-GeV DM

& ‘SIMP miracle’:

DM
scalar DM with relic abundance set by & -> & processes 5 DM
points to Keff DM
DM

mom ~ et (T2, Mp1) ' ~ 100 MeV

‘naturally realized’ in a dark-QCD-like setup
A =0() 1.e. g . ~4xn
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iverse full of Hel
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N astro je ne saws pas quot: a baryo: citne SM:

- BBN computes the abundance of He in terms

-

- 8445 of primordial baryons:
too much baryons => Universe full of Helium
- Blaek Holss - CMB says baryons are 4% max

- browwn dwarves

strong

I
|
I
I
I
|
|
|
|
|
I
I
|
|
I
/ |
lensing :

A loophole: Primordial Black Holes!

- produced before BBN
- with masses too small/large to lens
- perhaps GW observatories are seeing them?




huge range of sizes: M ~ 102(#/10=% sec) g (with many constraints)
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window still open?

MACHO or PBH mass M in solar masses
10-20 10-15 10-10 103 10°

I L e 0T T wl I
| GRB | :

. lens

1

: lntegpai

[ T TTTTTI I
PBH evaporated by now

evaporation today

microlensing
Subaru HSC

A
4
@)
S~
=
@]
=
O
<
=

EDGES FO~7

NANOGrav
GW

qIND spods UOTIAIO0®

neutral 4

1015 1020 1025 1030 1035 1040 CO].d. l:} »
stable &
feebly int. {4

- Voyager

MACHO or PBH mass M in grams




A matter of perspective: plausible ma.ss ranges

Fields Particles Macroscopic objects

Ultra—light é ermal
scalars Z Irelics PBHs

e
1030 20 -0 eV 1019 1020 kg 1010 1020 10p0 1040

Hubble B ow weak scale Planck scale Solar mass

90 orders of magnitude!
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direct detection
Xenon, Lz, Darkside, CDMS (Dama/Libra?)

production at colliders -
LH

”Y from annihil in galactic center or halo
and from synchrotron emission

Fermi, HiEoo, X-ray satellites, radio telescopes

indirec from annihil in galactic halo or center
AMS, Fermi

from annihil in galactic halo or center

J from annihil in galactic halo or center .
GAP

from annihil in massive bodies
lcecube, KmoNet
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SI interactions
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direct detection
Xenon, Lz, Darkside, CDMS (Dama/Libra?)

production at colliders -
LH

”Y from annihil in galactic center or halo
and from synchrotron emission

0 = 2 0 O o B P P WG 2 VA S 2 R 2N MR 2 2IABAMNEIIRIVAIAlgISTS
- Ty NI A B e ’- Lo o R TP P R e L a7 PR «,.'

indirectd ¢ ' from annihil in galactic halo or center
“ AMS, Fermi
from annihil in galactic halo or center

4

GAPS

V, I/ from annihil in massive bodies
lcecube, KmdéNet



Indirect Detection: basics

rand - from DM annihilations in halo

Sagittarius Arm  ° _ ' Local Arm
n .



Indirect Detection: basics

and from DM annihilations in halo

Galactic Bulge Norma Arm
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Indirect Detection: basics

and from DM annihilations in halo

Galactic Bulge ° Norma Arm

Scutum Arm o
. , IL* Crux Arm

P

Carina Arm

[

-
’@‘ . i

Perseus Arm

Local Arm

Sagittarius Arm  * : |
Sun

1.diffusion (on magnetic field granularities)
2.energy losses (ICS, bremsstrahlung, synchrotron)

3.convection
4.spallations
5.solar influence



Antiprotons
Varying prop parameters Varying halo profile
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Almost 2 orders of magnitude Almost 1 order of magnitude

Bottom line: Antiprotons are quite affected by propagation,
but spectral shape somewhat preserved




Positrons
Varying prop parameters Varying halo profile
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From factor 10 to no effect

Bottom line: Positrons are affected by propagation,
mainly at low energy




direct detection
Xenon, Lz, Darkside, CDMS (Dama/Libra?)

production at colliders -
LH

y and from synchrotron emission
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indirect{-" from galactic halo or center
AMS, Fermi
from annihil in galactic halo or center

J from annihil in galactic halo or center .
GAP

V, I/ from annihil in massive bodies
lcecube, KmdéNet



Basic picture
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Basic picture

~ from DM annihilations in galactic center
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Basic picture: targets

~ from DM annihilations in dwarf galaxies

Galactic Bulge kf\ w.: Norma Arm

Scutum Arm

Perseus Arm |

Sagittarius Arm ' . ' Local Arm
Sun .

Dl LW, Z,b, 77t b~ eT, P D ... and7y
~_ ., EEEE L ) (2
DM SWT. Z, bt ,t,h...~e~, P, D ..

: a,ndfy




Basic picture: targets

~ from DM annihilations in galaxy clusters
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All Indirect Detection constraints
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A matter of perspective: plausible mass ranges
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electron recoil interactions

e/ ec’/Z‘ron

Direct Detection constraints on SI electron scattering
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Indirect Detection: charged CRs

and from DM annihilations in halo




Indirect Detection: charged CRs

and from DM annihilations in halo
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Problem:
sub-GeV charged CRs do not penetrate the heliosphere,
experiments cannot collect



Indirect Detection: charged CRs

and from DM annihilations in halo

Galactic Bulge Norma Arm
Scutum Arm .*

N\

N\

Perseus Arm

Sagittarius Arm °* Local Arm

~ Voyager|

Problem: /)
sub-GeV charged CRs do not p netra,te the hehosphere
experiments cannot collect... with one exception!




/ SPI-INTEGRAL

J
‘ COMPTEL

A~ |

, Past/current experlments:

CTA North Integral’ Comptel’ Ferml

IBIS/ISGRI ‘ (2002—) (1991-2000) (2009—>)

JEM-X L/ HiSCORE

Planned/proposed experiments:

N e-Astrogam?, Compair?, Amego!
Energy (MeV)

AMEGO satellite HEP detectors ~-rays 0.2 — 10 GeV
COMPAIR satellite HEP detectors Y-rays 0.2 — 500 MeV
SKA S.Africa+Australia Os? radio telescop« radio 50 MHz — 30 GHz

INO-ICAL India )7 calorimeter neutrinos 1 100 GeV
E-ASTROGAM satellite HEP detectors y-rays 0.3 MeV — 3 GeV
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How to do better?
ICS & X-rays!



Secondary emission

7y from Inverse Comptonon ¢ in halo
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- upscatter of CMB, infrared and starlight photons on energetic €~
- probes regions outside of Galactic Center
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Secondary emission

7y from Inverse Comptonon ¢ in halo
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- upscatter of CMB, infrared and starlight photons on energetic e™
- probes regions outside of Galactic Center



7Y from Inverse Compton on in halo
Star Light
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- upscatter of CMB, infrared and starlight photons on energetic ¢~
- probes regions outside of Galactic Center



Constraints on sub—GeV annihilating Dark Matter

I T T T T 1Tl I T T 1T T TTI I T T T TTI
X/y—rays e* cosmo

YY —
etes ———
Tt —

A A VT T AT

\IIIIIII CTTIT T 1T\ T T T TTrimr T T T T T T T 1T

N
~—
o
=
Q
a
. v—
>
b
a
o
=
Q
O
N
N
N
o
o
Q
g
o
=
av)
—
=
< v—
a
<
<

I 1 AT AN

10 102 103
DM mass in MeV

[




A matter of perspective: plausible mass ranges
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oterile neutrino decay

m, = (.1 KeV

T ~ 10" sec
sin® 20 ~ few 10!

Excluded X Excluded

Mixing angle 6
S
A

S
&
Exclude'a by the Tremaine—Gunn bound

Thermal DM gives
too much free—streaming

Sterile neutrino mass M in keV

M. Cirelli, A. Strumia, J. Zupan 2406.01705
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Constraints on Primordial Black Holes

DM could consist of PBHSs

MACHO or PBH mass M in solar masses
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A matter of perspective: plausible ma.ss ranges

Fields Particles Macroscopic objects
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90 orders of magnitude!

Thermal DM? still motivated, frontier Ls heavy DM
Sub-GeV DM ? why wnot? Challenging detection
PBH DM? old Loea with new vibes
KeV DM? phenomenological

Ultralight DM®? old iLdea with new vibes



