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' 5 Just coincidence? Or: signal of a link?

Possibly a common production mechanism:

Baryogenesis: ‘Darko’genesis:

⌘B =
nB � nB̄

n�
= 6 · 10�10 ⌘DM =

nDM � nDM

n�
= ⌘B
?

BBN, CMB...

A variety of specific models/ideas:

cfr J. March-Russell

transferring or co-genesis

DM stores the anti-B number
via leptogenesis

connection to neutrino masses

Asymmetric DM:  
a completely different relic 
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Figure 1: Illustrative plots of the solutions of
the evolution equations in the case of annihila-
tions only (top left panel, discussed in Sec. 3.1),
annihilations with oscillations (top right panel,
Sec. 3.3) and in the case which includes elastic
scatterings (bottom left panel, Sec. 3.4). The
blue (magenta) line represents the comoving
population of n+ (n�), the black line their sum.
The arrow points to the value of the primordial
asymmetry, the green band is the correct relic
abundance (± 1⇥).

neglected. As anticipated, therefore, in this typical aDM configuration the most relevant
parameter is the initial asymmetry �B: it sets the asymptotic number density 4 and thus,
in order to obtain the correct ⇤DM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).

For illustration one can also define the sum and the di⌅erence of the comoving number
densities

⇥(x) = Y +(x) + Y �(x), �(x) = Y +(x)� Y �(x), (15)

In terms of these quantities, the Boltzmann equations read
⇧
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⇥ ⇥(x) = �2
⇤⇥v⌅ s(x)

x H(x)

⇤
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⇥2(x)��2(x)
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� Y 2

eq(x)

⌅
,

�⇥(x) = 0,

(16)

which clearly shows that the di⌅erence � between the populations remains constant and
equal to the initial condition �0; on the other hand, the total population of + and � particles
decreases, due to annihilations. At late times, Yeq is negligible and ⇥ is attracted towards
� = �0.

3.2 Oscillations only

We consider next the restricted case in which there are only DM ⇥ DM oscillations in the
system, without annihilations nor scatterings with the plasma. Eq. (11) reduces in this case

4Note that we are assuming that any process changing the DM-number (such as e.g. weak sphalerons,
in models in which the DM-number is related to the ordinary baryon number) is already switched o� by
the time of freeze-out, so that we can consider �0 as an actual constant in the subsequent evolution. This
could be invalid for very large DM masses (� 10 TeV), for which freeze-out happens early.
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population of n+ (n�), the black line their sum.
The arrow points to the value of the primordial
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in order to obtain the correct ⇤DM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).
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neglected. As anticipated, therefore, in this typical aDM configuration the most relevant
parameter is the initial asymmetry �B: it sets the asymptotic number density 4 and thus,
in order to obtain the correct ⇤DM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).
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4Note that we are assuming that any process changing the DM-number (such as e.g. weak sphalerons,
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Candidates

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



Candidates

Sub-GeV DM
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MACHOs or PBHs as DM
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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 is seeing them?

- gas 

- Black Holes  
- brown dwarves



Constraints on Primordial Black Holes

DM could consist of PBHs

huge range of sizes:
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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 

M ≃ 1015(t/10−23 sec) g

PBHs as DM

slivers still open?
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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
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dM
dt
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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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Possible challenges: 
- EU production? 
- Perseus flux too large?

m⌫ = 7.1 KeV
⌧ ' 1029 sec
sin2 2✓ ⇠ few 10�11



X-ray line
Sterile neutrino decay

Caveat: 
- no line seen with Chandra in the Galactic Center (but conclusion depends on how one models the local background) 

- no line seen in dSphs  (but results are not conclusive) 

- no line seen in other galaxies  (but errors might be underestimated? says Boyarski’s group) 

- no line seen in other clusters   (but seen in Perseus with Suzaku! maybe it’s proper of Perseus?) 

- morphology incompatible with DM 
- but seen in Milky Way halo with NuStar, and Chandra!  
    

Riemer-Sørensen, 1405.7943

Malyshev et al., 1408.3531

Anderson et al., 1408.4115

m⌫ = 7.1 KeV
⌧ ' 1029 sec
sin2 2✓ ⇠ few 10�11

Urban, Strigari et al., 1411.0050

Perhaps reconciled  
if it is excited DM? 
Cline & Frey, 1410.7766

Possible challenges: 
- EU production? 
- Perseus flux too large?

Carlson, Profumo2, 1411.1758

Neronov, Malyshev, 1607.07328 
Cappelluti+ 1701.07932



X-ray line
Sterile neutrino decay

Caveat 2: 
- Jeltema & Profumo, 1408.1699: it’s just Potassium/Clorine lines 
- Bulbul et al. 1409.4143, Boyarsky at al. 1409.4388: bulls#!t 

- Jeltema & Profumo, 1411.1759: insist…

m⌫ = 7.1 KeV
⌧ ' 1029 sec
sin2 2✓ ⇠ few 10�11
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Caveat 2: 
- Jeltema & Profumo, 1408.1699: it’s just Potassium/Clorine lines 
- Bulbul et al. 1409.4143, Boyarsky at al. 1409.4388: bulls#!t 

- Jeltema & Profumo, 1411.1759: insist…

m⌫ = 7.1 KeV
⌧ ' 1029 sec
sin2 2✓ ⇠ few 10�11

Possible challenges: 
- EU production? 
- Perseus flux too large?

Publications of the Astronomical Society  
of the Pacific, Vol. 79, No. 469, p.351 

hat-tip: S. Profumo, Brian Siana
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Other possibilities:
axion (1402.7335), axino (1403.1536, 1403.1782, 1403.6621), modulus (1403.1733), ALP (1403.2370), 
gravitino (1403.6503), excited DM (1404.4795), the good the bad and the unlikely (1403.1570), 
sgoldstino (1404.1339), magnetic DM (1404.5446), majoron (1404.1400), annihilating effective DM 
(1404.1927), 7KeV scalar DM (1404.2220)...

m⌫ = 7.1 KeV
⌧ ' 1029 sec
sin2 2✓ ⇠ few 10�11

Possible challenges: 
- EU production? 
- Perseus flux too large?
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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



Axions

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

Searches: 
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Conclusions

The physics of Dark Matter is 
in an experiment driven phase

Theory can (does) point to preferred directions, 
but actually too many…


