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Historical context that motivated investigations of the MeV-GeV range

The main motivation

The historical framework

Astrophysical constraints and false hopes (?)

Cosmological implications



Why MeV-GeV? The historical context

All predicted thermal DM particles heavier than a proton 

Hut, Lee&Weinberg 77

Expansion of the Universe
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Introduction to DM physics: Deriving the Boltzmann equation
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Why MeV-GeV? The historical context

1983

1990s

1999



The main question

Particle Physics CosmologyCosmology

σSIDM ∼ σTσ = 0 σann ∼ σweak

 Towards MeV-GeV thermal DM (or lighter!)

DM-SM

What is the effect of DM-SM interactions on cosmological structures?



Effect of collisions in cosmology

Silk damping

The photon fluctuations are erased
but so are baryonic fluctuations! 

And the rest can also be erased due to free-streaming



Silk damping revisited l2
Silk ≃

2π2

3 ∫
tdec(b−γ) c2 ργ

ρtot a2 Γγ
(1 + Θγ) dt

Boehm-Schaeffer 2000, 2004 using Weinberg 1971 & Chapman, Cowling  1970

Generalising the Silk damping

l2
cd ≃

2π2

3 ∑
i

∫
tdec(DM−i) v2

i ρi

ρtot a2 Γi
(1 + Θi) dt

And the free-streaming
l2
fs ∝ ∫

t0

tdec(DM)

v
a(t)

dt

Effect of collisions in cosmology



Maximising the collisional damping

l2
DM−γ ≃

2π2

3 ∫
tdec(DM−γ) c2 ργ

ρtot a2 Γγ
dt

l2
DM−ν ≃

2π2

3 ∫
tdec(DM−ν) c2 ρν

ρtot a2 Γν
dt

l2
DM−b ≃

2π2

3 ∫
tdec(DM−b) v2 ρb

ρtot a2 Γb
dt

l2
DM−DM ≃

2π2

3 ∫
tdec(DM−DM) v2 ρDM

ρtot a2 ΓDM
dt

~ Silk damping

Self-Interacting

Inefficient unless dark Coulomb interactions

New and new regime (Like b-nu interactions by Misner 1966)



DM-neutrino collisional damping

DM stays coupled to free-streaming neutrinos (i.e. < MeV): the lighter the DM, the more efficient

l2
DM−ν ≃

2π2

3 ∫
tdec(DM−ν) c2 ρν

ρtot a2 H
dt

Γν ≡ ∑
i

Γdec(ν−i)l2
DM−ν ≃

2π2

3 ∫
tdec(DM−ν) c2 ρν

ρtot a2 Γν
dt with

Γν−e > Γν−DM Γν−DM > Γν−e

Γν−e > Γν−DM Γν−DM > Γν−e

BSMSM

Γν > ΓDM−ν

ΓDM−ν > Γν

Γν > ΓDM−ν

ΓDM−ν > Γν

Collisional damping

Mixed damping

Can the annihilation cross section be independent of the dark matter mass?



Assuming thermal DM, the main requirement is to find a cross section that is not dependent on mdm

Evading the Lee-Weinberg limit
hep-ph/0305261

�v / 1

m4
F

��
C2

l + C2
r

�
mf + 2Cl Cr mF

�2

The cross section is independent of the DM mass so the DM can be light!

Also found by Feng&kumar (0803.4196) 

https://arxiv.org/abs/0803.4196


Evading the Lee-Weinberg limit
Boehm & Fayet hep-ph/0305261

Depends on the DM mass but the cross section can have the right value if mdm = mZ’

==> viable solution for light DM provided that the dark mediator/dark photon is light

Dark Photons/Z’ were used afterwards in a different context:  Pamela anomaly, DAMA, Ultra Light DM etc 

P"wave:(velocity(dependent

DM(candidate

Exchanged(particle

S"wave:(velocity(independent

A"possible"model"for"MeV DM CB,(Fayet Nucl Phys(2003

Must(be(suppressed(to(satisfy(
the(gamma(ray(constraint

Naturally(suppressed(in(the(galaxy
so(satisfies(the(gamma(ray(constraint

P-wave (but D-wave can be important too)



MeV-GeV range DM : which mediators?

NMSSM-like: light scalar and pseudo scalar (Higgs-like) mediators 

Axions?

Spin 3/2?

DM

DM
F

f

f
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1203.3446

See Natalia Toro’s talk



DM can be lighter than a proton but how low can it be?

Should there be annihilations at all? 

   Asymmetric DM, Freeze-in, non thermal DM

DM

DM

DM

DM

DM

DM

e+

e−

ν

ν̄

Z′ 

Z′ 

MeV Sub eV? Depends on the dark sector

Burst of alternative models/thinking



Introduction to DM physics: Notions of annihilation

Disappearance of 2 particles in the initial state

Creation of 2 new particles in the final state

Interactions 
which change
the number 
density

DM = Lightest particle

DM = Lightest particle

SM particle

SM particle

Annihilation for RD needs to be p-wave!astro-ph/0208458



Astrophysical implications of light dark matter
e+e� ! ��Positronium formation

���
511 keV (para)
continuum (ortho)

<latexit sha1_base64="aTUzuTPUea8PlaHbpXS+RJN9Hgk=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCeCkzouiyqAs3QgV7gc5YMmmmDc0kQ5JRytB3cOOruHGhiFs37nwb03YQbT0Q8vH/55CcP4gZVdpxvqyp6ZnZufncQn5xaXll1V5bryqRSEwqWDAh6wFShFFOKppqRuqxJCgKGKkF3fOBX7sjUlHBb3QvJn6E2pyGFCNtpKa968kovbjqQw/+kKTtjkZSintIbvegt2+uAwibdsEpOsOCk+BmUABZlZv2p9cSOIkI15ghpRquE2s/RVJTzEg/7yWKxAh3UZs0DHIUEeWnw536cNsoLRgKaQ7XcKj+nkhRpFQvCkxnhHRHjXsD8T+vkejw1E8pjxNNOB49FCYMagEHAcEWlQRr1jOAsKTmrxB3kERYmxjzJgR3fOVJqB4W3eOic31UKJ1lceTAJtgCO8AFJ6AELkEZVAAGD+AJvIBX69F6tt6s91HrlJXNbIA/ZX18A++EnEI=</latexit>

DM DM ! e+ e�

Morphology of 511 keV line in agreement with DM distribution

511 keV line

astro-ph/0309686

astro-ph/0309484



astro-ph/0507142

P"wave:(velocity(dependent

DM(candidate

Exchanged(particle

S"wave:(velocity(independent

A"possible"model"for"MeV DM CB,(Fayet Nucl Phys(2003

Must(be(suppressed(to(satisfy(
the(gamma(ray(constraint

Naturally(suppressed(in(the(galaxy
so(satisfies(the(gamma(ray(constraint

Cannot explain the 511 keV morphology 
But can explain the relic abundance

Can explain the observed 511 keV morphology
But cannot explain the relic abundance 

Not the right channelCould explain the observed flux (with scalar dark matter)

Astrophysical implications of light dark matter

https://arxiv.org/abs/astro-ph/0507142


Beacom, Bell & Bertone (0409403)
Using e+e- ann into muons

Astrophysical implications of light dark matter

Boehm&Uwer (0606058)

Introduction to DM physics: Notions of annihilation

Disappearance of 2 particles in the initial state

Creation of 2 new particles in the final state

Interactions 
which change
the number 
density

DM = Lightest particle

DM = Lightest particle

SM particle

SM particle

S-wave must be suppressed
P-wave ok

Gamma-ray emission

See also by Boudaud et al (1810.01680) 
+ X-ray: 2007.11493 (Cirelli et al) — strong constraints m > 20 MeV
+ CMB study in the context of the 511 keV line in 1301.0819

0905.0003

mdm < 20 MeV

mdm < 30 MeV

https://arxiv.org/abs/1810.01680


g-2 constraints of light dark matter

hep-ph/0305261 : 
electron g-2 sets more severe constraints on this model

arXiv:0708.2768hep-ph/0405240 hep-ph/0408213

hep-ph/0408213

To be compared with ae ~10^-13 
DM unlikely to explain the 511 keV line



arXiv:2010.02954

Constraints on vector-like fermions



arXiv:2010.02954

Constraints on dark gauge bosons



Annihilations into neutrinos

Astrophysical implications of light dark matter

Basic model can give rise to neutrino masses in the eV range but UV completion is hard!

hep-ph/0612228

See e.g. work by Yasaman Farzan (e.g. 1009.0829 and 1208.2732) + Arhrib et al (1512.08796) 

https://arxiv.org/abs/1009.0829
https://arxiv.org/abs/1208.2732
https://arxiv.org/abs/1512.08796
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FIG. 1: Left panel: Ne↵ as a function of the cold thermal dark matter mass m. The green (red) lines are for the case when
the dark matter is in thermal equilibrium with neutrinos (electrons and photons) and show that Ne↵ increases (decreases) as
m is reduced. Right panel: The blue regions show the 68% and 95% regions determined from Planck+WP+highL+BAO when
both Ne↵ and Yp are varied freely. The green (red) lines indicate the relationship between Yp and Ne↵ for particles in thermal
equilibrium with neutrinos (electrons and photons). As m decreases, the prediction for Ne↵ and Yp falls outside of the Planck
confidence regions.

Anticipating that the bound on mi is such that mi �

T⌫(at recombination) ⇠ 1 eV, we set I(mi/T⌫) = 0 so
that

Ne↵ = N⌫

✓
4

11

◆�4/3✓
T⌫

T�

◆4

. (5)

The ratio T⌫/T� is determined by considering entropy
conservation (see e.g. [20, 24, 53]). After neutrino de-
coupling at TD ⇡ 2.3 MeV, the entropy of the ‘neutrino
plasma’ and ‘electromagnetic plasma’ are separately con-
served so that (for T� < TD)

T⌫

T�
=

 
g?s:⌫

g?s:�

����
TD

g?s:�

g?s:⌫

!1/3

. (6)

Here |TD
indicates that g?s should be evaluated at the

neutrino decoupling temperature TD while g?s:⌫ and
g?s:� , defined through s⌫ = 2⇡

2
g?s:⌫T

3
⌫ /45 and s� =

2⇡
2
g?s:�T

3
� /45 respectively, are the e↵ective number of

relativistic degrees of freedom in the neutrino and elec-
tromagnetic plasmas. Explicitly,

g?s:⌫ =
14

8

"
N⌫ +

nX

i=1

gi

2
F

✓
mi

T⌫

◆#
. (7)

where

F (x) =
30

7⇡4

Z 1

x
dy

(4y
2
� x

2)
p

y2 � x2

ey ± 1
. (8)

with limits F (1) = 0 and F (0) = 1(8/7) for fermions
(bosons) respectively and the sign + (�) refers to fermion
(boson) statistics.

Again, anticipating that the bound on mi is such that
mi � T⌫(at recombination) ⇠ 1 eV, we find that for par-
ticles only in thermal equilibrium with neutrinos, eq. (5)
simplifies to

N
Equil. ⌫
e↵ = N⌫

"
1 +

1

N⌫

nX

i=1

gi

2
F

✓
mi

TD

◆#4/3

(9)

For the case of particles in thermal equilibrium with
electrons or photons, we again find eq. (5) and can use
eq. (6) to find the new temperature ratio. In this case,
we find

N
Equil. �/e
e↵ = N⌫

"
1 +

7

22

nX

i=1

gi

2
F

✓
mi

TD

◆#�4/3

(10)

where we have used F (me/TD) ⇡ 1.
The dot-dashed, dashed, dotted and solid lines in the

left panel of fig. 1 show the value of Ne↵ for a single par-
ticle of mass m for a Dirac fermion, Majorana fermion,
complex scalar and real scalar respectively. The case
where the particle is in equilibrium with neutrinos is
shown by the green lines. Here, Ne↵ increases above
the standard value of Ne↵ = 3.046 for particles lighter
than ' 20 MeV. Conversely, Ne↵ decreases below the
standard value for particles in equilibrium with electrons
and photons, as indicated by the red lines. There is no

NeffHelium/D abundance

Cosmological implications of light dark matter

Raffelt & Serpico

1303.6270 1207.0497 

M < 10-20 MeV

astro-ph/0403417   

  

M < 10 MeV but [4,10] MeV exciting for 511 keV

https://arxiv.org/abs/1303.6270
https://arxiv.org/abs/1207.0497
https://arxiv.org/abs/astro-ph/0403417
https://arxiv.org/abs/1303.6270
https://arxiv.org/abs/1303.6270


Overly simplified summary of (Astro) constraints

Indirect detection: mdm < 30 MeV (for the 511 keV line)
P-wave annihilations or s-wave suppressed
But see talk by Francesca! 

Electron g-2 (muon less stringent) mdm < 30 MeV 
and in fact likely kills many “Astro” models

Also 

CMB / Primordial abundance: mdm < 10 MeV



Cosmological implications of light dark matter

DM-neutrino interactions

1401.7597
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We can use Eq. (23e) and Eq. (23g) to obtain approxi-
mative expressions for the photon polarizations

G�0 = �2⌧2Ġ�0 + 2�� +G�2 +O(⌧c
3)

=
5

2
�� � 25

4
⌧2�̇� +O(⌧c

3) , (55a)
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3) . (55b)

These expressions are also used to give initial conditions
for the integration of the full Boltzmann hierarchy (c.f.
Eq. (24)), once the approximation of tight coupling loses
it’s validity. We find for the photon shear at first order

�� =
16

45
⌧2✓� +O(⌧22 ) , (56)

and to second order we obtain

�� =
8⌧2
45
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1� 11
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◆
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✓
11
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◆�
+O(⌧32 ) .

(57)
Finally, a comment on the validity of the tight coupling

approximation is in order. We identified three conditions,
⌧c H ⌧ 1, ⌧c k ⌧ 1, and ⌧c µ̇ ⌧ 1, of which the former
two are also present in ⇤CDM. For the latter we find in
the early universe, before the epoch of recombination

⌧cµ̇ = uDM��
⇢DM

100GeV

1

ne
' 10�2

uDM��
⌦DM,0

⌦b,0
. (58)

The critical values of ⌧c H and ⌧c k, that determine when
the tight coupling approximation is no longer valid, and
one needs to integrate the full Boltzmann equations, are
larger than 10�3. Therefore the additional requirement
on ⌧cµ̇ is automatically satisfied in all scenarios with re-
alistic cosmological parameters as long as uDM�� . 0.01.

E. Impact on CMB spectra

The e↵ects of dark matter-photon scattering on the
CMB temperature and polarization spectra have been
discussed in Ref. [12, 16] and are shown in Fig. 1. There
are three major e↵ects: (a) the reduction in magnitude of
the acoustic peaks at small scales by collisional damping,
(b) a shift in the position of the largest Doppler peak
towards higher multipoles caused by the decreased sound
speed of the plasma, and (c) the enhancement of the first
acoustic peaks due to a decrease in the photon’s di↵usion
length.

To compare our results with those of previous works
we ran the same code as was used in Ref. [12]. The main
discrepancy between our work and previous approxima-
tions is a slightly di↵erent expression for the tight cou-
pling approximation (see Eq. (49) and comments above).
Comparing the CMB angular power spectra obtained
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FIG. 1. The temperature, E-mode polarization, and TE
cross correlation CMB angular power spectra computed from
Planck best-fit parameters (⇤CDM) and in the presence of
a non-zero dark matter-photon scattering cross section. Red
data points show the errors bars associated with the Planck
best fit model.

with both codes, we find that the largest di↵erences oc-
cur for the temperature spectrum and can reach up to
10 µK2. However, the code used in Ref. [12] is based
on CLASS version 1.6, and CLASS itself has undergone
major changes since then [35]. Moreover, the default val-
ues of many cosmological and precision parameters in
CLASS, such as e.g. the parameters describing reioniza-
tion or the primordial helium abundance during BBN,
have changed, and, for a meaningful comparison, they
need to be set to the same value in all codes by hand. To
determine the importance of the tight coupling regime,
we transfered the code used in Ref. [12] to an up-to-date
version of CLASS. The resulting di↵erences are depicted
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The critical values of ⌧c H and ⌧c k, that determine when
the tight coupling approximation is no longer valid, and
one needs to integrate the full Boltzmann equations, are
larger than 10�3. Therefore the additional requirement
on ⌧cµ̇ is automatically satisfied in all scenarios with re-
alistic cosmological parameters as long as uDM�� . 0.01.

E. Impact on CMB spectra

The e↵ects of dark matter-photon scattering on the
CMB temperature and polarization spectra have been
discussed in Ref. [12, 16] and are shown in Fig. 1. There
are three major e↵ects: (a) the reduction in magnitude of
the acoustic peaks at small scales by collisional damping,
(b) a shift in the position of the largest Doppler peak
towards higher multipoles caused by the decreased sound
speed of the plasma, and (c) the enhancement of the first
acoustic peaks due to a decrease in the photon’s di↵usion
length.

To compare our results with those of previous works
we ran the same code as was used in Ref. [12]. The main
discrepancy between our work and previous approxima-
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FIG. 1. The temperature, E-mode polarization, and TE
cross correlation CMB angular power spectra computed from
Planck best-fit parameters (⇤CDM) and in the presence of
a non-zero dark matter-photon scattering cross section. Red
data points show the errors bars associated with the Planck
best fit model.

with both codes, we find that the largest di↵erences oc-
cur for the temperature spectrum and can reach up to
10 µK2. However, the code used in Ref. [12] is based
on CLASS version 1.6, and CLASS itself has undergone
major changes since then [35]. Moreover, the default val-
ues of many cosmological and precision parameters in
CLASS, such as e.g. the parameters describing reioniza-
tion or the primordial helium abundance during BBN,
have changed, and, for a meaningful comparison, they
need to be set to the same value in all codes by hand. To
determine the importance of the tight coupling regime,
we transfered the code used in Ref. [12] to an up-to-date
version of CLASS. The resulting di↵erences are depicted

DM-photon interactions

DM-b interactions
SIDM
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⇤CDM + u + Ne↵ + Ne↵ + ⌃m⌫

Parameter Planck TT Planck TT
+ lowTEB + R16 + lowTEB + R16

⌦bh
2 0.02278+0.00026

�0.00025 0.02278 ± 0.00027

⌦ch
2 0.1238+0.0037

�0.0038 0.1240+0.0035
�0.0045

⌧ 0.099+0.019
�0.021 0.100+0.023

�0.021

ns 0.9898+0.0088
�0.0094 0.990+0.009

�0.010

ln(1010As) 3.143+0.041
�0.039 3.145+0.054

�0.037

H0[Km s�1 Mpc�1] 72.1+1.5
�1.7 71.9+1.6

�1.8

�8 0.850+0.024
�0.018 0.846+0.030

�0.025

u < �4.0 < �4.0

Ne↵ 3.54 ± 0.20 3.56+0.19
�0.26

⌃m⌫ [ eV ] 0.06 < 0.87

Table V. 68% CL constraints on cosmological parameters with interactions, for the Planck TT + lowTEB + R16 combination
of datasets. If only upper limits are shown, they are at 95% c.l.

Figure 2. Triangle plot showing the 1D and 2D posterior distributions of the cosmological parameters for Planck TT + lowTEB
in the ⇤CDM + u + Ne↵ scenario.

1710.02559

DM-neutrino interactions

1401.7597

Impact on cosmological parameters



With neutrino mass hierarchy

Dark matter-neutrino interactions

<latexit sha1_base64="/rWBYV2esm7pZ1TCtoI6NjWshN4="></latexit>

� < 2 10�33
⇣mDM

MeV

⌘
cm2

2011.04206



Mixed Scenarios

1807.10034

1807.10034



LSST, EUCLID will be essential! 

IDMCDM

DM-SM 1404.7012

Dark Matter interactions & large scales

http://arxiv.org/abs/arXiv:1404.7012


Less satellites

The Milky Way in IDM scenarios

�v . 10�36 cm2
⇣mDM

MeV

⌘







Conclusion

MeV-GeV range alive(?) but constrained?
Was never properly investigated but things are changing
Its fate relies on that of the mediators 
Cosmology is another powerful tool to constrain this mass range
The DM-neutrinos interactions are the most promising in my opinion



C.B., J. Schewtschenko et al

http://www.youtube.com/watch?v=YhJHN6z_0ek

The Milky Way for interacting DM

http://www.youtube.com/watch?v=YhJHN6z_0ek

