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 DM exists
 it’s a new, unknown particle
 makes up 26% of total energy

                  82% of total matter
 neutral particle
 cold or not too warm
 very feebly interacting

 stable or very long lived
 possibly a relic from the EU

dilutes as 1/a3 with  
universe expansion

‘dark’...

p/m <<1 at CMB formation

-with itself 
-with ordinary matter 
  (‘collisionless’)

(notice error!)

⌧DM � 1017sec

⌦DMh2 = 0.1199± 0.0027

Mass??
Charge?? Interactions??

no SM particle  
can fulfill

Executive summary
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as big as a 

dwarf galaxy

DM de Broglie wavelength

λ = 2π/Mv ≲ 1 kpc

DM mass

M ≲ 104 M⊙
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 WIMPless Dark Matter ⟨σannv⟩ ≈ α2
w

M2 ≈ α2
w

TeV2

⟨σannv⟩ ≈ α2
x

m2

Feng & Kumar 0803.4196

a.k.a. hidden sector DM 
    secluded DM∼

Production mechanism:
just thermal freeze-out  
of these annihilations

�

�̄

�, Z�

� �, Z

e+

e�

µ�

µ+

g0

g0

if       is small, 
     ‘naturally’ small 
(but nothing points to a precise value)

gx
m

Theory

Sub-GeV DM



 ‘SIMP miracle’:  
  scalar DM with relic abundance set by 3 -> 2 processes 

   points to 

Hochberg et al 1402.5143

DM

DM

DM
DM

DM

αeff

‘naturally realized’ in a dark-QCD-like setup
αeff = *(1) i . e . gx ∼ 4π

Theory

Sub-GeV DM
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constraints on the mediator constraints on the DM
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 WIMPless Dark Matter 
 ‘SIMP miracle’ 
 Asymmetric DM 
 ‘MeV (scalar) DM’ (Integral 511 KeV excess) 
 ‘simplified (light) DM models’  
 …

Theory

Sub-GeV DM?  Why not! 
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    and      from  DM annihilations in halop̄ e+

Indirect Detection: charged CRs

Problem:  
sub-GeV charged CRs do not penetrate the heliosphere, 
experiments cannot collect… with one exception!

Voyager1
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Indirect detection: photons

-INTEGRAL

adapted from 1611.02232

MeV 
gap

How to do better?
ICS & X-rays!

Cirelli, Fornengo, Kavanagh, Pinetti 2007.11493 
Cirelli, Fornengo, Koechler, Pinetti, Roach 2303.08854

-INTEGRAL
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DM can NOT be:
an astro  je ne sais pas quoi:

- gas 

- Black Holes  
- brown dwarves

strong  
lensing



MACHOs or PBHs as DM

��-�� ��-�� ��-� ��-� ��-� ��-� �� ���
�%

��%

��%

��%

��%

��%

��%

�	
�� 
��� � �� ����� 
�����

��
��
���
�
��
�
	�

�
�
��
�
��
��
��
���


��
�
�
�
�
�
�

�	
��

����

����� ����

��% ����

����-�
����

��% ����

����-� +
�	
��� ����

��% ����

 �!���
����
��%

�"#��" ��

���$
��%

����-�
+�	
��

����



DM can NOT be:
a baryon of the SM:an astro  je ne sais pas quoi:

- gas 

- Black Holes  
- brown dwarves

strong  
lensing



a baryon of the SM:an astro  je ne sais pas quoi:

strong  
lensing

- BBN computes the abundance of He in terms 
of primordial baryons:  
too much baryons => Universe full of Helium 

- CMB says baryons are 4% max

DM can NOT be:

- gas 

- Black Holes  
- brown dwarves



DM can be:
a baryon of the SM:an astro  je ne sais pas quoi:

strong  
lensing

- BBN computes the abundance of He in terms 
of primordial baryons:  
too much baryons => Universe full of Helium 

- CMB says baryons are 4% max

A loophole: Primordial Black Holes!
- produced before BBN 
- with masses too small/large to lens 
- perhaps LIGO-VIRGO have seen them?

- gas 

- Black Holes  
- brown dwarves
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PBHs as DM

M. Cirelli, A. Strumia, J. Zupan to appear

window still open?
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Constraints on Primordial Black Holes

DM could consist of PBHs

huge range of sizes:

constraints 

M ≃ 1015(t/10−23 sec) g
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Constraints on Primordial Black Holes

DM could consist of PBHs

huge range of sizes:

constraints 

‘small’ PBHs emit today by
Hawking evaporation

M ≃ 1015(t/10−23 sec) g

T = 1
8π GN M

dM
dt

≃ − 5 × 1025 f (M ) ( g
M )

2
g/s

dN
dt dE

= 27
2π

G2M2E2

eE/T + 1

rate

spectrum

PBHs as DM
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Constraints on Primordial Black Holes

DM could consist of PBHs

huge range of sizes:

constraints 

‘small’ PBHs emit today by
Hawking evaporation

M ≃ 1015(t/10−23 sec) g

T = 1
8π GN M

dM
dt

≃ − 5 × 1025 f (M ) ( g
M )

2
g/s

dN
dt dE

= 27
2π

G2M2E2

eE/T + 1

rate

spectrum

PBHs as DM
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KeV DM?



X-ray line

Text

Bulbul et al., 1402.2301

Boyarsky, Ruchayskiy, 
1402.4119

3.55 - 3.57 ± 0.03  KeV 
73 clusters 

z = 0.01 - 0.35

3.5 KeV 
Andromeda galaxy  

+ Perseus cluster 

z = 0 and 0.0179

& 4�

4.4�

(Chandra & XMM-Newton)

(XMM-Newton)
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Axions
Theoretically motivated: 

one can add to the SM 

which induces 

but experimentally 

so why is                       ? 

Perhaps because      is dynamical (a field)  

and driven to (almost) zero by its potential  
(symmetrical under U(1)PQ ). 

In this case 

ℒ = ℒSM − θ
g2

3
64π2 Ga

μνG̃a
μν

(G̃a
μν ≡ 1

2 ϵμναβGa
αβ)

dn ≈ θ e m2
π /m2

N ≈ 10−16 θ e cm

|dn | ≲ 3 10−26 e cm

|θ | ≲ 10−11

θ

ma ≈ 0.6 meV 1010 GeV
fa
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90 orders of magnitude!

A matter of perspective: plausible mass ranges
Candidates
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Sub-GeV DM?
PBH DM?

Thermal DM?

Ultralight DM?
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