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Boltzmann equation
in the Early Universe:

6 1027 cm>s—1

(T

Qxﬁ

Relic 2pym >~ 0.23 for

(Tann) = 3 - 107 ¢ C1 .

10 100
x=m,/T (time -)

Weak cross section:

o o

(Cann) ~ ﬁwz = TewV2 = x ~ O(few 0.1) (WIMP)
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new physics at thermal
the TeV scale freeze-out

R ...

LHC Fermi, AMS, PandaX...
lceCube...
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A matter of perspective: plausible mass ranges

Fields Particles Macroscopic objects

L

Ultra—light - 2 thermal
scalars E 2 Z relics PBHs

1030 10-20 1010 1020 kg 1010 1020 1080 1040
Toow weak scale Planck scale Solar mass
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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



Sub-GeV DM

& ‘MeV (SC&I&I‘) DM’ (for the Integral 511 KeV excess?)

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




09.07882

k 17



Sub-GeV DM
& ‘SlTlp].lﬁed (].lght) DM models’ Knapen, Lin, Zurek 1709.07882

scalar DM and Y 4
b 1 2 2 1 2 2 1 2 _

hlad roplgllllc £ —gmix® = 5m3d? — Syxmadn® — yndiin. i
scalar mediator




Sub-GeV DM
¢ ‘simplified (light) DM models’

scalar DM and : : :
hlad roplgllllc LD —omix® = 5mgd® = Syxmydx* — yndin.
scalar mediator

constraints on the mediator

5th force

SN1987a

1072 107!
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¢ ‘simplified (light) DM models’

scalar DM and
hadrophilic
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Sub-GeV DM

¢ ‘simplified (light) DM models’

scalar DM and
hadrophilic
scalar mediator

1 1 1

LD —gmix* = gmgd? — Syxmydx” — yndiin,

2

1073 1072 107!

scalar DM and
leptophilic
scalar mediator

1 _
YN BXE — yede.

Fifth force

SN1987a

fermionic DM and
vector mediator
(e.g. dark photon)

1 1
L= —SmA A A = JFE, — SFE -y AL

my << eV

myx [MeV]
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deposited energy is
below threshold for typical
nuclear recoil experiments
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- 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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Indirect Detection: charged CRs

and from DM annihilations in halo

Galactic Bulge Norma Arm

Scutum Arm .*

Pt

7
’@‘ N i

Perseus Arm

Sagittarius Arm  °* . ' Local Arm
Sun _

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\

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!




Electron+positron measurements by Voyager I
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Propagation A = strong reacceleration
Propagation B = weak/no reacceleration



Electron+positron measurements by Voyager I

Xx—e e Voyagerl | Propagation B
dp =830 MV AMS-02 ' NFW
b= 830 MV
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/ SPI-INTEGRAL

//
COMPTEL
A |
' EGRET Past/current experiments:
TS TR Integral, Comptel, Fermi
BISKGRL (2002—)  (1991-2000) (2009—)

TEM-X /,v"' HiSCORE

Planned/proposed experiments:
e-Astrogam!?, Compair?,
Energy (MeV) Am €go ?, COSI?

AMEGO satellite )20s7 HEP detectors ~-rays 0.2 — 10 GeV
COMPAIR satellite )20s HEP detectors Y-rays 0.2 — 500 MeV
SKA S.Africa+Australia 2020s? radio telescops radio b0 MHz — 30 GHz

INO-ICAL India 2020s? calorimeter neutrinos 1 100 GeV
E-ASTROGAM satellite )30s” HEP detectors y-rays 0.3 MeV — 3 GeV



/ SPI-INTEGRAL
J

COMPTEL
A/

EGRET

HAWC
IBIS/ISGRI

JEM-X

,CTA North

Past/current experiments:

Integral, Comptel, Fermi
(2002—>)  (1991-2000) (2009—)

HiSCORE

Planned/proposed experiments:

" e-Astrogam?!, Compair?,

Energy (MeV) Am €go ?, COSI?

AMEGO
COMPAIR

~ \ 1

E-ASTROGAM

satellite 2020s? HEP detectors ~N-rays 0.2 — 10 GeV

satellite 2020s? HEP detectors Y-rays 0.2 — 500 MeV

: \ustrali 020s ra tel D 10 b0 MH 0 GH
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neutcri

l1a U205 ‘ I'l ! - 00 Ge\
satellite )30s’ HEP detectors y-rays 0.3 MeV — 3 GeV
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EGRET

HAWC  CTA North
IBIS/ISGRI ’

JEM-X L/ HiSCORE

Energy (MeV)

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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%)
~
N
&
O
~
>
O
=,
X
=
L
N
W

<€— hard X-rays — — soft y-rays ———»»
1072 10" 1 10 102 103
Photon Energy E [MeV]




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

DM DM —> 1* 1™, mpy = 150 MeV Ib|<15°, |/|<30°
ov =3 1072 cm3/s, NFW

INTEGRAL I |II|
' | II Ill

%)
~
N
&
O
~
>
O
=,
X
=
L
N
W

gap

<€— hard X-rays — ——{Soity-rays————»
1072 10" 1 10 102 103
Photon Energy E [MeV]




Annihilation channels
DM DM — efe™
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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?/ NFW
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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

INTEGRAL I 1||
I ! I I I I |

Secondary emission:

|CS: inevitably associated R
to annihil to charged states T ': -

E? Flux [MeV/cm?/s]

Photon Energy E [MeV]



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

27-49 keV XX~>U U™
|/|<23.1O mpm = 150 MeV

latitude binned data, central MW
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Integral-SPI 201 | data ST o

|/|<23.1O mpm = 150 MeV

latitude binned data, central MW
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I n te I"a. I s S I I 2 O I I d ata 2raskey S X
. |/|<231O MmMpym = 150 MeV . |/|<231o Mom = 150 MeV

Flux [cm=2s™"sr™"]
Flux [cm=2s~"sr™"]

latitude binned data, central MW

latitude b [degrees]

100-200 keV XX=H* 200-600 keV XX=U ™
|/]<23.1° mpm = 150 MeV |/|<23.1° mpum = 150 MeV
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remove Gal Plane

600-1800 keV XX
|/]<60° mpw = 150 MeV

5 energy bands

Flux [cm™2s'sr™"]

latitude b [degrees]




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



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



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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NuSTAR 2015-2020 data

Ann: DM DM = 1™, mpy = 150 MeV  NuSTAR/FPMA
ov=2.1x10"%° cm®/s, NFW (Bmin> Bmax) = (1.5°, 3.5°)
FPMA Daii/\

ICS SL

E? Flux [MeV cm=2s~'sr™!]

107" 1 10 102
Photon Energy E [MeV]

Rather

complex
field of
view...

i

15:00:00

0.032 0.097 0.23

102
DM mass [MeV]




Suzaku 2009 data

Decay: DM - u* i, mpy = 300 MeV Suzaku GB field

1=2.4x10% s, NFW b, ]) = (64.9°, 75.9°)

FOV =17.8"x 17.8'
Suzaku Data

E? Flux [MeV cm=2s~'sr™]
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XM M 5 N eWtO n I 999-20 I 8 data Decay: DM - t7t”, mpy = 300 MeV  XMM-Newton/MOS

T=1.5x 1026 s, NFW (emin’ emax) = (120’ 180)
|| < 2° excluded

MOS Data
U

XMM_BSO_DATA

Packages
Processed blank-sky data from the XMM-Newton Space Telescope. No packages published
MOS 2.5-8 keV Flux PN 2.5-7 keV Flux

Contributors 3

3 nickrodd Nick Rodd

cdessert Chris Dessert

% bsafdi Safdi

XMM-Newton (MOS) Ring 30 (174°-180°)

Ring 15 (84°-90°)

Ring 1 (0°-6°)

Annihilation cross section ov [cm?®/s]

102
DM mass [MeV]



XMM-Newton 1999-2018 data

Decay: DM - t7t”, mpy = 300 MeV  XMM-Newton/MOS
T=1.5x 1026 s, NFW (emin’ emax) = (120’ 180)
|| < 2° excluded

MOS Data

/|

oo

XMM-Newton (MOS) . XMM-Newton (MOS) Ring 30 (174°-180°)

Ring 15 (84°-90°)

Ring 1 (0°-6°)

Ring 1 (0°-6°)

Decay half-life [s]

Ring 15 (84°-90°)

Ring 30 (174°-180°)

DM — e*e” DM DM — e*e”
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DM mass [MeV] DM mass [MeV]




Decay: DM - u*u~, mpy = 300 MeV
1=2.4x 10% s, NFW

Suzaku GB field
(b, ) = (64.9°, 75.9°)
FOV =17.8'x 17.8'

Suzaku 2009 data

Suzaku Data

E? Flux [MeV cm=2s~'sr™]
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NuSTAR 2015-2020 data 1o

1

Ann: DM DM = 1™, mpy = 150 MeV  NuSTAR/FPMA
ov=2.1x10"%° cm®/s, NFW (Bmin> Bmax) = (1.5°, 3.5°)
FPMA Daiy\
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Integral-SPl 201 | data
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Decay: DM - u*u~, mpy = 500 MeV

INTEGRAL/SPI

r=1.5x10% s, NFW |b|<15°, |/|<30°

ICSIR ™,
\
~" \ICSCMB '

\ A
A L L lleaAlll L\/\HHH [ N

e I T O A A

1076
10~

10 1072 10" 1 10 102

Photon Energy E [MeV]

103

Annihilation cross section ov [cm®/s]

INTEGRAL

600-1800 keV
200-600 keV
100-200 keV

49-90 keV
27-49 keV

DM DM — e*e”

10 102 103

DM mass [MeV]




Annihilation

DM — e*e”

z
0
>

2

Decay half-life [s]

Annihilation cross section ov [cm?®/s]

T | mm\

10 102 103 1 10 102 103

DM mass [MeV] DM mass [MeV]

XMM-Newton

|

L L \H\HHH RN

INTEGRAL

ﬂ

Annihilation cross section av [cm?®/s]

NuSTAR

|

\

//

\

Decay half-life [s]

10—28
DM DM — 5t

DM DM — utu-

L 10—30 ! L1
103 102 103

10729

DM mass [MeV] DM mass [MeV]




Bounds on annihilating Dark Matter
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Bounds on all 3 channels
ICS allows to vastly improve at large mipy,
Deeper than the s-wave CMB bounds



Bounds on decaying Dark Matter
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Bounds on decaying Dark Matter

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