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Boltzmann equation
in the Early Universe:
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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
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¢ 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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Direct Detection constraints on SI scattering
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deposited energy is
below threshold for typical
nuclear recoil experiments
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DM mass in GeV

- electron recoil signal
- Migdal effect
- new experimental strategies
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Missing L signature is challenging for
LHC experiments

- fixed target / beam dump experiments

- search for associated states,
i.e. particles of a new ‘dark sector’
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Indirect Detection: charged CRs

and from DM annihilations in halo

Galactic Bulge Norma Arm
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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!




H+  VOYAGER-1

Voyager-1 left the heliosphere in 08.2012

First ever measurement of sub-GeV et+e-

V1 HET 2 PENH (daily average rate)
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Electron+positron measurements by Voyager I

b
O
r—{

[
-
®n

™

l
=
©

L
[
A,
KA
o™
€2
»
o

e

=

e
—

-
<
|

—
o
&

—— Propagation A —— NFW

—— Propagation B

Voyagerl
AMS-02

<(m> =3 X 10—26 emS g ]
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Propagation A = strong reacceleration
Propagation B = weak/no reacceleration



Electron+positron measurements by Voyager I
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Planned/proposed experiments:
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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!






Annihilation channels
DM DM — efe™
DM DM — utu
DM DM — 'tz

DM DM —> 1* 1™, mpy = 150 MeV Ib|<15°, |/|<30°
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Annihilation channels
DM DM — e'e™
DM DM — utu
DM DM — 'tz
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Annihilation channels
DM DM — e'e™
DM DM — utu
DM DM — 'tz

‘Prompt’ emission: DM DM —> p* ™, mpw = 150 MeV IbI<15°, ]<30° -
=3107%° cm°ss, NFW
Final State Radiation (FSR) "
Radiative y decay
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Annihilation channels

DM DM — e"e™

DM DM — utu~

DM DM — 7t7 ICS y
‘Prompt’ emission: DM DM —> p* 1™, mpy = 150 MeV IbI<15°, |<30° -

ov =310 cm3/s, NFW

Final State Radiation (FSR)
Radiative y decay
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Secondary emission

7y from Inverse Comptonon ¢ in halo
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- probes regions outside of Galactic Center
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Secondary emission
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Annihilation channels
DM DM — e'e™
DM DM — utu
DM DM — 'tz

DM DM —s u* ™, mpy = 150 MeV b|<15°, |/|<30°

ov =3 107%° cm?s, NFWI
|
@ INTEGRAL 1 |
Ng " III II|1I|
> I
z
Key message: z |
w Wl
|CS allows to probe PR

SU b_G ev D M Wlth 07 - hgrd X-rays — —— soft y-rays

10-3 102 107" 1

X' I"a)’ data Photon Energy E [MeV]




Integral-SPl 201 | data
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Integral-SPl 201 | data

latitude binned data, central MW

remove Gal Plane

5 energy bands
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Integral-SPl 201 | data

latitude binned data, central MW E

remove Gal Plane

5 energy bands

Test Statistics:
exclude if DM exceeds data

by more than ~20 global.
More precisely: 2=3 = (Max[(@pyy, ((ov)) = ¢,).01)*

o2
bands i€{bbins} -




Bounds on annihilating Dark Matter

%)
\
™
=
L,
C
Q
et
(@)
()
w
(7))
(72}
®)
e
(@)
c
Q
et
©
=
C
C
<

102
DM mass [MeV]

Bounds on all 3 channels



Bounds on annihilating Dark Matter
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Bounds on annihilating Dark Matter
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Bounds on annihilating Dark Matter
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ICS allows to improve Essigt+ 2013 at large mipy,
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Bounds on annihilating Dark Matter
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Bounds on all 3 channels

ICS allows to improve Essigt+ 2013 at large mipy,
Voyager | bounds stronger/weaker dep. on data
CMB bounds depend on s-/p-wave annihilation
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Bounds on annihilating Dark Matter
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Bounds on all 3 channels
ICS allows to vastly improve at large mipy,
But not deeper than the s-wave CMB bounds



Bounds on decaying Dark Matter
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Bounds on all 3 channels
ICS allows to vastly improve at large mipy,
Dominant bounds above ~300 MeV
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Bounds on annihilating Dark Matter

=== This work (v 4 = 13.4 km/s, XMM-Newton)
—-= This work (v4 = 0 km/s, XMM-Newton)
-==-= (Cirelli+2023 (XMM-Newton)

Updated with a refined propagation (incl reacceleration)



Application to specific realistic models of sub-GeV DM

VeCtO I"-POI"taI, kinetic-mixing , my =3 mpy
kinetic mixing P e

thermal relic

terrestrial
DM £

_7"CO/MPTEL, conservative (|b| > 4°)
~ —-- COMPTEL, optimistic (|b| > 4°)
—— INTEGRAL, conservative (|b| > 4~)
——~- INTEGRAL, optimistic (|b| >4~)
- Fermi-LAT, conservative (|b| >4°)

Photon bounds




Application to specific realistic models of sub-GeV DM

Scalar-portal, | higgs-portal , ms = 0.5 mon
higgs Portal e tChNeIEr;maI religg |
DM £

8spm \
DM f

INTEGRAL, conservative (|b| > 4°)
INTEGRAL, optimistic (|b| > 4°)

Fermi-LAT, conservative (|b| > 4°)

Photon bounds
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DM DM — * ™, mpy = 150 MeV b]<15°, |/|<30°

SUb‘Gev :)M iS iIlteI’eStiIlg e ov=3107° cm’s, NFWII
and emerging: Why not«t SRR
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Bounds on annihilating Dark Matter
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DM DM — ytu-

Impose stringent
constraints

Annihilation cross section (ov) [cm®/s]

DM mass mpy [MeV]




Bounds on decaying Dark Matter

Sub-GeV DM is interesting
and emerging: Why not?!
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