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Most of the Universe is Dark

Ωlum ∼ 0.01

Ωb ≃ 0.040 ± 0.005

particle 
physics cosmology

⋂
⌦DM ⇠ 0.26

⌦de ⇠ 0.69

(Ωx =
ρx

ρc
; h = 0.67 or 0.71)



- it does not dilute 
- does not cluster, it is prob homogeneous 
-                  
- pulls the acceleration, FRW eq. 

The cosmic inventory

FAvgQ: what’s the difference  
between DM and DE?

DM behaves like matter

DE behaves like a constant

- overall it dilutes as volume expands 
- clusters gravitationally on small scales 
-                            (NR matter) 

(radiation has                    )

w = P/� ⇥ �1

w = P/� = 0
w = �1/3

ä

a
= �4�GN

3
(1� 3w)⇥

Most of the Universe is Dark



The cosmic inventory

radiation

baryons

neutrinos

Dark Matter

At the time of CMB formation (380 Ky)
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 neutral particle
 cold or not too warm
 very feebly interacting

 stable or very long lived
 possibly a relic from the EU

no SM particle  
can fulfil

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 = 0.1188± 0.0010

mass ??? interactions ???

Introduction



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!

DM can be made  
by a huge number of very light ‘particles’ 

or 
a tiny number of very heavy ‘particles’  

as long as it is: 
, ,  and neutral feebly interactingcold stable



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!

DM can be made  
by a huge number of very light ‘particles’ 

or 
a tiny number of very heavy ‘particles’  

as long as it is: 
, ,  and neutral feebly int.cold stable



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!

neutral

feebly int.

cold
stable



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!

as big as a 

dwarf galaxy

DM mass

M ≲ 104 M⊙



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!

as diffuse as a 

dwarf galaxy

as big as a 

dwarf galaxy

DM de Broglie wavelength

λ = 2π/Mv ≲ 1 kpc

DM mass

M ≲ 104 M⊙



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!

as diffuse as a 

dwarf galaxy

as big as a 

dwarf galaxy

DM de Broglie wavelength

λ = 2π/Mv ≲ 1 kpc

DM mass

M ≲ 104 M⊙

most likely 

elementary 

most likely 

composite 



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!

as diffuse as a 

dwarf galaxy

as big as a 

dwarf galaxy

DM de Broglie wavelength

λ = 2π/Mv ≲ 1 kpc

DM mass

M ≲ 104 M⊙

most likely 

elementary 

most likely 

composite 

best described as 

classical field 

best described as

particle 



A matter of perspective: plausible mass ranges
Candidates

90 orders of magnitude!

as diffuse as a 
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as big as a 

dwarf galaxy

DM de Broglie wavelength

λ = 2π/Mv ≲ 1 kpc

DM mass

M ≲ 104 M⊙

most likely 

composite 

best described as 

classical field 

best described as

particle 

most likely 

elementary 

occupation number

N ≃

ρ
M/λ3

M ≲ 0.1 keV
necessarily

 bosonic

M ≳ 0.1 keV
bosonic or
fermionic
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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 = 𝒪(1) i . e . gx ∼ 4π

Theory

Sub-GeV DM



 WIMPless Dark Matter 
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 Asymmetric DM 
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 ‘simplified (light) DM models’  
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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! 

neutral

feebly int.

cold
stable
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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 GW observatories are seeing them?

- gas 

- Black Holes  
- brown dwarves

Primordial Black Holes



PBHs as DM
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huge range of sizes: M ≃ 1015(t/10−23 sec) g (with many constraints)
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PBHs as DM
window still open?
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A matter of perspective: plausible mass ranges
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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    and      from  DM annihilations in halop̄ e+
Indirect Detection: basics

1.diffusion (on magnetic field granularities)
2.energy losses (ICS, bremsstrahlung, synchrotron)
3.convection
4.spallations
5.solar influence
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Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

Fig. 14 presents some examples of such fluxes, for the cases of annihilation and decay.
We do not correct for any solar modulation. It is apparent that the choice of propagation
parameters (MIN, MED or MAX) a�ects in a relevant way the final result, up to a couple
of orders of magnitude, even if the spectral shapes are not sensibly modified. The choice
of the DM halo profile, instead, has a limited impact and it is barely visible for the decay
case. This is already evident of course in the little variations of the halo function in Fig.10
and can be traced back to the fact that the decay signal, being proportional to the first
power of the DM density, is mainly sensitive to the local DM halo, where the profiles do

32

10�1 1 10 102 103 104
10�8

10�7

10�6

10�5

10�4

10�3

anti�proton kinetic energy K �GeV⇥

d⇤
⌥⇤dlo

g
K
⌥GeV

⌅�par
tic
le
s⌥m2 s

sr
⇥

Ann DM DM ⇧ bb⇧⌅v⌃⇥10�26cm3⌥s
Einasto

MDM ⇥ 1000 GeV

MED
MAX

MIN

10�1 1 10 102 103 104
10�7

10�6

10�5

10�4

10�3

anti�proton kinetic energy K �GeV⇥
d⇤
⌥⇤dlo

g
K
⌥GeV

⌅�par
tic
le
s⌥m2 s

sr
⇥

Ann DM DM ⇧ bb⇧⌅v⌃⇥10�26cm3⌥s
MAX

MDM ⇥ 1000 GeV

EinastoB
Einasto
Moore
NFW
Isothermal
Burkert

10⇥1 1 10 102 103 104

10⇥4

10⇥3

10⇥2

10⇥1

1

10

anti⇥proton kinetic energy K �GeV⇥

d⌅
⇧⇤dlo

g
K
⇧GeV

⌅�par
tic
le
s⇧m2 s

sr
⇥

Decay DM ⌃W�W⇥

⇧⇤1026s
NFW

MDM ⇤ 1000 GeV

MED
MAX

MIN

10⇥1 1 10 102 103 104
10⇥3

10⇥2

10⇥1

1

anti⇥proton kinetic energy K �GeV⇥

d⌅
⇧⇤dlo

g
K
⇧GeV

⌅�par
tic
le
s⇧m2 s

sr
⇥

Decay DM ⌃W�W⇥

⇧⇤1026s
MAX

MDM ⇤ 1000 GeV

EinastoB
Einasto
Moore
NFW
Isothermal
Burkert

Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

Fig. 14 presents some examples of such fluxes, for the cases of annihilation and decay.
We do not correct for any solar modulation. It is apparent that the choice of propagation
parameters (MIN, MED or MAX) a�ects in a relevant way the final result, up to a couple
of orders of magnitude, even if the spectral shapes are not sensibly modified. The choice
of the DM halo profile, instead, has a limited impact and it is barely visible for the decay
case. This is already evident of course in the little variations of the halo function in Fig.10
and can be traced back to the fact that the decay signal, being proportional to the first
power of the DM density, is mainly sensitive to the local DM halo, where the profiles do
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Figure 13: Fluxes of electrons or positrons at the Earth, after propagation, for the case
of annihilations (top row) and decay (bottom row). In the left panels the propagation parameters
are variated, while the halo profile is kept fixed. The opposite is done for the right panels. The
choices of annihilation or decay channels and parameters are indicated.

close to the galactic center where one has larger energy losses. As a consequence we expect
that the di�use � rays, produced by these propagated electrons/positrons everywhere (see
sec. 6), will be more sensitive to the di�erence between the two methods.

4.2.2 Antiprotons

Applying the recipe of eq. (27) it is straightforward to compute the fluxes of antiprotons
at Earth, for a given choice of halo profile and propagation parameters. We provide them
in numerical form on the website [29], both in the form of MathematicaR� interpolating
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Figure 13: Fluxes of electrons or positrons at the Earth, after propagation, for the case
of annihilations (top row) and decay (bottom row). In the left panels the propagation parameters
are variated, while the halo profile is kept fixed. The opposite is done for the right panels. The
choices of annihilation or decay channels and parameters are indicated.

close to the galactic center where one has larger energy losses. As a consequence we expect
that the di�use � rays, produced by these propagated electrons/positrons everywhere (see
sec. 6), will be more sensitive to the di�erence between the two methods.

4.2.2 Antiprotons

Applying the recipe of eq. (27) it is straightforward to compute the fluxes of antiprotons
at Earth, for a given choice of halo profile and propagation parameters. We provide them
in numerical form on the website [29], both in the form of MathematicaR� interpolating
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Light DM Direct Detection
electron recoil interactions

DM electron
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Direct Detection constraints on SI electron scattering

status 5/2024

XENON1T '19

PandaX
-II '21

Xenon10 '17 DarkSide-50 '
23CDEX10 '22

EDELW
EISS '2

0

Hochberg et al. '19

DAMIC-M '23
SENSEI '20+'23

τ +τ -

Xe
Ar
Ge
WSi
Si

White Dwarfs

Si ν backgrou
ndXe



N
SN

S

N
S

N
S

V
C

V
C

V
C

V
C

V
C

-V
C

-V
C

-V
C

-V
C

-V
C

    and      from  DM annihilations in halop̄ e+

Indirect Detection: charged CRs



N
SN

S

N
S

N
S

V
C

V
C

V
C

V
C

V
C

-V
C

-V
C

-V
C

-V
C

-V
C

    and      from  DM annihilations in halop̄ e+

Indirect Detection: charged CRs

Problem:  
sub-GeV charged CRs do not penetrate the heliosphere, 
experiments cannot collect



N
SN

S

N
S

N
S

V
C

V
C

V
C

V
C

V
C

-V
C

-V
C

-V
C

-V
C

-V
C

    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

Past/current experiments:
Integral, Comptel, Fermi
(2002      ) (1991-2000)

Planned/proposed experiments:
e-Astrogam?, Compair?, Amego?

Cirelli, Strumia, Zupan to appear

adapted from 1611.02232

-INTEGRAL
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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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from Inverse Compton on         in haloe±
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- upscatter of CMB, infrared and starlight photons on energetic
- probes regions outside of Galactic Center
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Star Light

Secondary emission
Ci

re
lli

, F
or

ne
ng

o,
 K

av
an

ag
h,

 P
in

et
ti

 2
00

7.
11

49
3

10-3 10-2 10-1 1 10 102 103 104
10-7

10-6

10-5

10-4

10-3

10-2

10-1

1

Photon Energy E [MeV]

E
2
Fl
ux

[M
eV

/c
m
2 /
s]

DM DM⟶ μ+μ-, mDM = 150 MeV
σv = 3 10-26 cm3/s, NFW

|b|<15◦, |ℓ|<30◦

INTEGRAL
Fermi

Rad

FSR
ICS SL

ICS IR

soft γ-rayshard X-rays



Comparing all bounds

M. Cirelli, A. Strumia, J. Zupan 2406.01705
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A matter of perspective: plausible mass ranges
Candidates

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)



X-ray line
Sterile neutrino decay

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

M. Cirelli, A. Strumia, J. Zupan 2406.01705



A matter of perspective: plausible mass ranges
Candidates

Ultralight DM



Axions

M. Cirelli, A. Strumia, J. Zupan 2406.01705
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A matter of perspective: plausible mass ranges
Candidates

PBH DM?
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M. Cirelli, A. Strumia, J. Zupan 2406.01705

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



90 orders of magnitude!

A matter of perspective: plausible mass ranges
Conclusions

KeV DM?

Sub-GeV DM?
PBH DM?

Thermal DM?

Ultralight DM?

still motivated, frontier is heavy DM

why not? Challenging detection

old idea with new vibes

phenomenological

old idea with new vibes


