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Boltzmann equation
in the Early Universe:
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Relic 2pym >~ 0.23 for
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|. even without a larger framework, WIMPs are still appealing
2. the three search strategies are complementary
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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
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Sub-GeV DM
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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



NON10O’ 1206.2644
c. Kouvams J. Pra.dler ‘Probmg i
C. McCabe ‘New constraints and d:1
R. Essig, T. Volansky, T.-T. Yu ‘New
J.H. Davis ‘Probing Sub-GeV Mass
R. Bernabei et al. ‘On electromagne , o N
R. Essig, J. Pradler et al. ‘Rela-.tioii ) - : 1C nduc_tors’ 1908.10881
R. Essig et al. ‘Direct Detection of sub— [ 4 T
Y. Hochberg et al. ‘Directional Detec
S. Derenzo et al. ‘Direct Detectlono
Y. Hochberg et al.  ‘Detection of sub- MeV '
S. Knapen et al. ‘Detection of Light Da.r
S. Griffin et al. ‘Directional Detection of
S. M. Griffin et al. ‘Multichannel dlrect detec
T. Trickle et al. ‘Multi-Channel Direct Detee’t
P. W. Graham et al. ‘Semiconductor Probes of
E. Andersson et al. ‘Projected sen81t1v1ty to st
SENSEI collaboration Single-electron and singl
DAMIC collaboration  Constraints on Light Dark Ma
Y. Hochberg et al. Superconducting Detectors for S
Y. Hochberg et al. Detecting Superlight Dark Matte
W. Guo et al. Concept for a dark matter detector u:
S.Knapen et al.  Light Dark Matter in Superfluid Helium
S. Hertel et al. Direct detection of sub-GeV dark matte- <
F. Acanfora et al. Sub-GeV Dark Matter in Superfluid He
H. J. Maris et al. Dark Matter Detection Using Helium Ev

' 1703.00910
01484

~1203.2531
' 2001.08910.
ev. Lett. 119 (2017) 131802  1706.00028
1C at SNOLAB  1907.12628
(2016) 011301  1504.07237
2016) 057  1512.04533
01  1302.0534
~ Phys. Rev. D 95 (2017) 056019  1611.06228
v. D 100 (2019) 092007  1810.06283
. Phys. J. C 79 (2019) 549  1902.02361
s. Rev. Lett. 119 (2017) 181303  1706.00117

Y. Hochberg et al. Directional detection of dark matter witl -dime: s. Lett. B 772 (2017) 239-246  1606.08849

Y. Hochberg et al. Detecting Sub-GeV Dark Matter with Sup'e':ec i1 = eif Lett 123 (R019) 151802 1903.05101

R. Essig et al. Detection of sub-GeV Dark Matter and Solar Nen;tmpgs’ nic ea,klng Phys. Rev. D 95 (2017) 056011 1608.02940
Budnik et al. DD of Light Dark Matter and Solar Neutrinos via Co uct: a.Is Phys. Lett. B 782 (2018) 242-250, 1705.03016

S. Knapen et al. Detection of Light Dark Matter With Optical Phon
S. Griffin et al. Directional Detection of Light Dark Matter with P
S. Baum et al. Searching for Dark Matter with Paleo- Detectors__ !
P.C. Bunting et al. Magnetic Bubble Chambers and Sub-GeV Dark
C. Blanco et al. Dark Matter-Electron Scattering from Aromatic
R. Essig et al. DD of Spin-(In)dependent Nuclear Scattering of Sub-G’
N. A. Kurinsky et al. Diamond Detectors for Direct Detection of Su

~ Phys. Lett. B 785 (2018) 386-390 1712.06598
: S. Rew. D 98 (R018) 118034 1807.10291
‘(21020) 135325 1806.05991
- Phys. Rev. D 95 (2017) 095001 1701.06566
Phys Rev. D 101 (2020) 056001 1912.02822
L ular Excitations Phys. Rev. Res. 1 (R019) 033105, 1907.07682
&I8 Phys Rev. D 99 (R019) 123005 1901.07569



‘Reflected DM’

light DM upscattered by hot e in the

Sun gives signal above threshold
(DM-e scattering, twice)
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original idea with DM-nucleon scattering:

‘CR DM’
DM upscattered by HE CRs gives signal
above threshold in DD even if light
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improvements:
another incarnation: lisht DM produced in spallations of CR on atmosphere
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Missing £ signature is below threshold 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

Salati, Chardonnay, Barrau,

spectrum Donato, Taillet, Fornengo, Maurin,
af/ 8 8 Brun...“90s, ‘00s

" _ K(Ehe b(E e ) = Qinj — 2hd(2)'spa

L K(B) V3 = o (ME)) + 5 (Vef) = Qung — 200(:) sy

diffusion energy loss convective wind source spallations



Indirect Detection: charged CRs

and from DM annihilations in halo

»gi 5

Perseus Arm

Sagittarius Arm ' . ' Local Arm
n |



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

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 ]

op =830 MV
m, = 10 MeV

" xx — bb "\
. m, =10GeV

0.1 T 10
Energy E [GeV]

Propagation A = strong reacceleration
Propagation B = weak/no reacceleration



Electron+positron measurements by Voyager I
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E-ASTROGAM satellite HEP detectors y-rays 0.3 MeV — 3 GeV
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How to do better?
ICS & X-rays!
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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
Final State Radiation (FSR) ” INTEc;mRASL \ 'I|
|

1]

' II|| Fermi

€-0-0-0-0-0-9. o
0o
-o-
~e-

o
~~
N
&
O
=
>
)
=3
x
=)
LL
N
LL

-« hard X—rays — —— soft y-rays —»»
10‘2 1 10 102 103 10*
Photon Energy E [MeV]




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

‘Prompt’ emission: DM DM —> p* ™, mpw = 150 MeV IbI<15°, ]<30° -
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Final State Radiation (FSR) "
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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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Secondary emission
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Annihilation channels
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Annihilation channels
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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
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Bounds on annihilating Dark Matter
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Bounds on all 3 channels
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[Planck 2015, 1502.01589]
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