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Indirect Detection
Frontier 3: 
heavy (PeV) DM

- ‘Pure WIMP’ models foresee multi-TeV DM

- Heavy DM => weak force as a long-range force

- Unitarity bound (~300 TeV) can be overcome

Sommerfeld enhancement
Bound state formation enhancement
     => heav(ier) DM
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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
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 ‘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 = 𝒪(1) i . e . gx ∼ 4π

Theory

Sub-GeV DM



 ‘MeV (scalar) DM’ (for the Integral 511 KeV excess?) 
Boehm & Fayet hep-ph/0305261
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constraints on the mediator constraints on the DM
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 ‘simplified (light) DM models’ Knapen, Lin, Zurek 1709.07882

scalar DM and
hadrophilic 

scalar mediator

scalar DM and
leptophilic 

scalar mediator

fermionic DM and
vector mediator

(e.g. dark photon)

X

X

VD �

✏
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Sub-GeV DM
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⌦DM

⌦B
' 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 



20 40 60 80 100
10⇥12

10⇥11

10⇥10

10⇥9

10⇥8

x ⇤ mDM ⇤T
C
om
ov
in
g
de
ns
ity

Y
�x⇥

⇧DM
0

Y�

Y⇥

⌅

Y⌃0⇤0

⌃0 ⇤ 1.02 10⇥10
⌥0 ⇤ 7 pb
mDM ⇤ 4.5 GeV

⌃0

10 102 103
0.0

0.5

1.0

1.5

2.0

x ⇤ mDM ⇤T

C
om
ov
in
g
de
ns
ity

Y
�x⇥ 1

01
0

⇧DM
0

Y�

Y⇥

⌅
⌅ no osc

Y⌥0⇤0

⌥0 ⇤ 1.02 10⇥10

�0 ⇤ 14 pb
mDM ⇤ 9 GeV
⌃m ⇤ 10⇥12 eV

⌥0

10 102 103 104
10⇥14

10⇥13

10⇥12

10⇥11

10⇥10

10⇥9

10⇥8

10⇥7

x ⇤ mDM ⇤T

C
om
ov
in
g
de
ns
ity

Y
�x⇥

⇧DM
0

Y�

Y⇥

⌅
⌅ no osc

Y⌥0⇤0

⌥0 ⇤ 1.02 10⇥10

�0 ⇤ 25 pb
mDM ⇤ 1000 GeV
⌃m ⇤ 10⇥4 eV

 ⇤ 10⇥2
⌥0

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.
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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).

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) = 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.

7

��̄ � ff̄ � ? 9 . . .��̄! ff̄

Asymmetric DM:  
a completely different relic 

Consider a particle χ: 
- subject to  
- ‘heavy’ (e.g.     GeV) 
- ‘stable’ 
- in an expanding Universe 
- Asymmetric abundance 
- large annihilation cross sec

��̄! . . .

≳



Consider a particle χ: 
- subject to  
- ‘heavy’ (e.g.     GeV) 
- ‘stable’ 
- in an expanding Universe 
- Asymmetric abundance 
- large annihilation cross sec

��̄! . . .

≳

20 40 60 80 100
10⇥12

10⇥11

10⇥10

10⇥9

10⇥8

x ⇤ mDM ⇤T
C
om
ov
in
g
de
ns
ity

Y
�x⇥

⇧DM
0

Y�

Y⇥

⌅

Y⌃0⇤0

⌃0 ⇤ 1.02 10⇥10
⌥0 ⇤ 7 pb
mDM ⇤ 4.5 GeV

⌃0

10 102 103
0.0

0.5

1.0

1.5

2.0

x ⇤ mDM ⇤T

C
om
ov
in
g
de
ns
ity

Y
�x⇥ 1

01
0

⇧DM
0

Y�

Y⇥

⌅
⌅ no osc

Y⌥0⇤0

⌥0 ⇤ 1.02 10⇥10

�0 ⇤ 14 pb
mDM ⇤ 9 GeV
⌃m ⇤ 10⇥12 eV

⌥0

10 102 103 104
10⇥14

10⇥13

10⇥12

10⇥11

10⇥10

10⇥9

10⇥8

10⇥7

x ⇤ mDM ⇤T

C
om
ov
in
g
de
ns
ity

Y
�x⇥

⇧DM
0

Y�

Y⇥

⌅
⌅ no osc

Y⌥0⇤0

⌥0 ⇤ 1.02 10⇥10

�0 ⇤ 25 pb
mDM ⇤ 1000 GeV
⌃m ⇤ 10⇥4 eV

 ⇤ 10⇥2
⌥0

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).
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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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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.

7

��̄ � ff̄ � ? 9 . . .��̄! ff̄

Asymmetric DM:  
a completely different relic 



20 40 60 80 100
10⇥12

10⇥11

10⇥10

10⇥9

10⇥8

x ⇤ mDM ⇤T
C
om
ov
in
g
de
ns
ity

Y
�x⇥

⇧DM
0

Y�

Y⇥

⌅

Y⌃0⇤0

⌃0 ⇤ 1.02 10⇥10
⌥0 ⇤ 7 pb
mDM ⇤ 4.5 GeV

⌃0

10 102 103
0.0

0.5

1.0

1.5

2.0

x ⇤ mDM ⇤T

C
om
ov
in
g
de
ns
ity

Y
�x⇥ 1

01
0

⇧DM
0

Y�

Y⇥

⌅
⌅ no osc

Y⌥0⇤0

⌥0 ⇤ 1.02 10⇥10

�0 ⇤ 14 pb
mDM ⇤ 9 GeV
⌃m ⇤ 10⇥12 eV

⌥0

10 102 103 104
10⇥14

10⇥13

10⇥12

10⇥11

10⇥10

10⇥9

10⇥8

10⇥7

x ⇤ mDM ⇤T

C
om
ov
in
g
de
ns
ity

Y
�x⇥

⇧DM
0

Y�

Y⇥

⌅
⌅ no osc

Y⌥0⇤0

⌥0 ⇤ 1.02 10⇥10

�0 ⇤ 25 pb
mDM ⇤ 1000 GeV
⌃m ⇤ 10⇥4 eV

 ⇤ 10⇥2
⌥0

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
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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).

For illustration one can also define the sum and the di⌅erence of the comoving number
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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
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An, Pospelov, Pradler, Ritz 1708.03642

‘Reflected DM’
light DM upscattered by hot e- in the 
Sun gives signal above threshold 
(DM-e scattering, twice)

original idea with DM-nucleon scattering:  
Kouvaris+ 1506.04316, 1709.06573

‘CR DM’
DM upscattered by HE CRs gives signal 
above threshold in DD even if light

Bringmann, Pospelov 1810.10543

another incarnation: light DM produced in spallations of CR on atmosphere  
Alvis, Fairbairn+ 1905.05776

same idea  
with electron  

scattering 
and signal 

in SK

Ema, Sala, Sato  
1810.10543

improvements:  Cappiello & Beacom  1906.11283

“Direct Detection” of sub-GeV DM
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Indirect Detection: charged CRs

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

Voyager1



Boudaud, Lavalle, Salati 1612.07698

Electron+positron measurements by Voyager I

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

Indirect Detection: charged CRs
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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

-INTEGRAL
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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



PBHs as DM

M. Cirelli, A. Strumia, J. Zupan to appear
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slivers still open?
PBHs as DM

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



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
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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
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≃ − 5 × 1025 f (M ) ( g
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Boudaud, Cirelli 1807.03075, PRL

PBHs as DM



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

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

���� ���� ���� ���� ���� ���� ���� ����
��-�

��-�

��-�

��-�

�
��-�� ��-�� ��-�� ��-� � ��� ���� ����

����� �	 
�� ��� � �� �	��

��
��
���
�
��
�
	



����� �	 
�� ��� � �� ���	 �����

��

��
��
��
��
��
��
��
�

��
��
��
��
��
�
��
��
�

�
��
��
��

�
	
-�

��
��
��
��

��	�����
� � 	���

��

��/��
�� ����

��
�����

��	�����
������ ���

� �
����

���	��������

���	��������
�!"	! ���

��!�!�����
�� ��

���#$�	�� "%
���% ��&��

'��� "��	���

�����	 ��!���	 ���	��

"��	���

	���
�������

�� ����



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

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

���� ���� ���� ���� ���� ���� ���� ����
��-�

��-�

��-�

��-�

�
��-�� ��-�� ��-�� ��-� � ��� ���� ����

����� �	 
�� ��� � �� �	��

��
��
���
�
��
�
	



����� �	 
�� ��� � �� ���	 �����

��

��
��
��
��
��
��
��
�

��
��
��
��
��
�
��
��
�

�
��
��
��

�
	
-�

��
��
��
��

��	�����
� � 	���

��

��/��
�� ����

��
�����

��	�����
������ ���

� �
����

���	��������

���	��������
�!"	! ���

��!�!�����
�� ��

���#$�	�� "%
���% ��&��

'��� "��	���

�����	 ��!���	 ���	��

"��	���

	���
�������

�� ����



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!

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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