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Modern Cosmology has unraveled  
the distribution of matter in the past universe

Observations

Measurement of the matter distribution at large scale

DM–radiation interactions: DM haloes 5

Figure 3. The simulated distribution of DM at redshift z = 0 in a box of side length 30 h�1 Mpc for two models: standard CDM
(left), �CDM with �DM�� = 10�7 �Th(mDM/GeV) (right). The colours indicate the DM density on a scale increasing from blue to red.
Due to collisional damping, we obtain fewer small small-scale structures for �CDM than for CDM. SHOW ALSO NUDM AND WDM
HERE?

suitable window function W (R), and ⇢̄ is the average mat-
ter density of the Universe, all evaluated at the redshift of
interest (Jenkins et al. 2001).

In the Sheth-Tormen formalism, the function
f (HMF)(�2) is defined by

f
(HMF)
ST (�2) = A

r
2
⇡

⇥
1 + x�2p⇤x exp

⇥
�x2/2

⇤
, (10)

where x ⌘
p
a�c/� and �c is the cosmology-dependent linear

overdensity at the time of collapse. The parameters A ⇡
0.3222, p ⇡ 0.3 and a ⇡ 0.707 were obtained by fitting to
simulation results (Sheth et al. 2001).

The window function, W (·, R), used in the calculation
of the smoothed variance is, in general, arbitrary. However,
certain choices are favoured as they allow for both a sensible
definition of the smoothed density field and an analytical
solution to its Fourier transform. The choice of a real-space
top-hat, W (r, R) = ⇥(1 � |r/R|), has the advantage of a
well-defined smoothing scale, with a halo mass, M , that is
simply given by

R =

✓
3M
4⇡⇢̄

◆1/3

. (11)

Recent papers (Schneider et al. 2013; Benson et al.
2013) have shown that this choice does not reproduce the
HMF for cosmologies with a cut-o↵ in the matter power
spectrum at small scales. The predicted HMF continues to
increase with decreasingM , while the suppression of primor-
dial matter perturbations demands the opposite. The reason
for this behaviour is illustrated in Fig. 4, where the Fourier-
transformed real-space top-hat and (intermediate) steps of
the HMF calculations are shown by red/dashed lines. For
this type of window function, one obtains significant con-

tributions from a wide range of unsuppressed larger scales,
which dominate the resulting variance and thus, the pre-
dicted HMF.

Hence, a k-space top-hat is normally used (see Fig. 4,
blue/solid lines), which is only sensitive to local changes in
the matter distribution in k-space and thus reproduces the
expected suppression in the halo abundance. However, the
mass-smoothing scale relation must now be defined without
the simple geometrical justification of Eq. (11) used in the
real-space case.

Here we use the definition of Lacey & Cole (1993), who
which? multiply the right-hand side of Eq. (11) with a
parameter c ⇡ 2.42 that is tuned such that the analytical
HMF matches numerical simulations at large scales defines
the the cut-o↵ wavenumber ks in relation to the mass
M based on certain normalization choices as follows:

ks =

✓
M

6⇡2⇢̄

◆1/3

. (12)

This corresponds to a fundge factor of c ⇡ 2.42 be-
tween R as used in Eq. (11) and ks such that the ana-
lytical HMF matches numerical simulations at large
scales 4. Alternatively, Schneider et al. (2012) introduce an
additional mass-dependent correction factor,

n(M)
nST(M)

= (1 +Mhm/M)�↵ , (13)

where ↵ ⇡ 0.6 is a free parameter, which su�ciently reduces
the HMF to match the simulation results. We will consider

4 Note that Schneider et al. (2013) and Benson et al. (2013) follow
a very similar approach, but with slightly di↵erent values for c.
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How weak is weak?

(Cold DM = CDM)

Simulations

new matter  =   invisible so weakly interacting particles(?) 
               massive enough particles to cluster

Modern Cosmology has unraveled  
a new type of matter

There is more matter than what we see 
(Dark Matter)
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Lessons from CMB
Fluctuations in the matter energy density is at the origin of galaxies 
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Small	 scalesLarge	 scales courtesy	 quantum	 diaries

courtesy	 Planck

CMB without DM?

Silk damping 
we need a new form of  matter! 



We need Dark Matter! 
We need a new type of  matter!

Bekenstein  astro-ph/0403694

Suppression at small scales unavoidable

A Universe without DM is not a good Universe 
TeVeS (relativistic MOND, only baryons; no DM)  

Too much Silk damping 
Too few small-scales structures

matches dataLCDM

 astro-ph/0505519



4.4. Future projects and complementarity

Existing results and projected sensitivities for the spin-independent WIMP-nucleon interactions as a
function of the WIMP mass are summarized in Figure 3, adapted from [91]. In spite of observed anomalies
in a handful of experiments, that could be interpreted as due to WIMPs, albeit not consistently, we have
no convincing evidence of a direct detection signal induced by galactic dark matter. Considering LUX’s
lack of a signal in 85.3 live-days⇥118 kg of liquid xenon target, excluding ⇠33GeV WIMPs with interaction
strengths above 7.6⇥10�46cm2, it becomes clear that, at the minimum, ton-scale experiments are required
for a discovery above the 5-sigma confidence level (unless the WIMP is lighter than ⇠10GeV, where larger
cross sections are feasible). Several large-scale direct detection experiments are in their planning phase and
will start science runs within this decade.

Figure 3: Summary for spin-independent
WIMP-nucleon scattering results. Existing
limits from the noble gas dark matter ex-
periments ZEPLIN-III [69], XENON10 [71],
XENON100 [75], and LUX [39], along with
projections for DarkSide-50 [85], LUX [39],
DEAP3600 [90], XENON1T, DarkSide G2,
XENONnT (similar sensitivity as the LZ
project [92], see text) and DARWIN [93] are
shown. DARWIN is designed to probe the
entire parameter region for WIMP masses
above ⇠6GeV/c2, until the neutrino back-
ground (yellow region) will start to dominate
the recoil spectrum. Experiments based on the
mK cryogenic technique such as SuperCDMS
[94] and EURECA [95] have access to lower
WIMP masses. Figure adapted from [91].

The next phase in the LUX program, LUX-ZEPLIN (LZ), foresees a 7 t LXe detector in the same SURF
infrastructure, with an additional scintillator veto to suppress the neutron background. Construction is
expected to start in 2014, and operation in 2016, with the goal of reaching a sensitivity of 2⇥10�48cm2 after
three years of data taking [92]. The upgrade of XENON1T, XENONnT, is to increase the sensitivity by
another order of magnitude, thus also reaching 2⇥10�48cm2. While much of the XENON1T infrastructure
will be reused, the inner detector will be designed and constructed once XENON1T is taking science data,
with planned operation between 2018-2021. The XMASS collaboration plans a 5 t (1 t fiducial) single-phase
detector after its current phase, with greatly reduced backgrounds and an aimed sensitivity of ⇠10�46cm2.
In its second stage, PandaX will operate a total of 1.5 t LXe as WIMP target, with ⇠1 t xenon in the fiducial
volume. All sub-systems of the existing experiment, with the exception of the central TPC, are designed to
accommodate the larger target mass [83]. The DarkSide collaboration plans a 5 t LAr dual-phase detector,
with 3.3 t as active target mass, in the existing neutron and muon veto at LNGS. The aimed sensitivity is
10�47cm2 [96].

DARk matter WImp search with Noble liquids (DARWIN) is an initiative to build an ultimate, multi-ton
dark matter detector at LNGS [97, 93]. Its primary goal is to probe the spin-independent WIMP-nucleon
cross section down to the 10�49 cm2 region for ⇠50GeV/c2 WIMPs, as shown in Figure 3. It would thus
explore the experimentally accessible parameter space, which will be finally limited by irreducible neutrino
backgrounds. Should WIMPs be discovered by an existing or near-future experiment, DARWIN will measure
WIMP-induced nuclear recoil spectra with high-statistics, constraining the mass and the scattering cross
section of the dark matter particle [98, 99]. Other physics goals of DARWIN are the first real-time detection
of solar pp-neutrinos with high statistics and the search for the neutrinoless double beta decay [27]. The
latter would establish whether the neutrino is its own anti-particle, and can be detected via 136Xe, which
has a natural abundance of 8.9% in xenon.
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3 main strategies to discover DM particles

Direct detection

Indirect detection

LHC



Or … 

you can try to exploit galaxy surveys

starting point: doubt everything you know!



We know the 2 extremes cases but  
what would happen if DM had weak but non negligible interactions?  

Thomson

No interaction

Is dark matter really weakly interacting? 
(current paradigm)

We need a formalism which include the 2 cases 



Perturbation = overdensity of matter  

Silk damping 
suppression of  small size perturbations 

Diffusion	 DM-SM	 
the	 effect	 should	 be	 large	 depending	 

on	 the	 cross	 section

(astro-ph/0012504, astro-ph/0112522, hep-ph/0305261, astro-ph/0309652, astro-ph/0410591)

1)	 Dark	 Matter	 instead	 of	 baryons	 
2)	 any	 SM	 particle	 instead	 of	 photons	 only

Notion of collisional damping

Generalisation	 of	 Silk	 damping

http://arxiv.org/abs/astro-ph/0012504
http://arxiv.org/abs/astro-ph/0112522
http://arxiv.org/abs/hep-ph/0305261
http://arxiv.org/abs/astro-ph/0309652


(astro-ph/0012504, astro-ph/0112522, hep-ph/0305261, astro-ph/0309652, astro-ph/0410591)
Notion of collisional damping
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astro-ph/0012504  astro-ph/0410591

whether DM has interactions or not?

whether the species that is interacting with DM 
is collisional or not

whether the species that is interacting with DM 
is relativistic or not

No interaction, no effect!       Work for baryon-photon!

damping scale

http://arxiv.org/abs/astro-ph/0012504
http://arxiv.org/abs/astro-ph/0410591


‣ photons 
‣ neutrinos 

(large energy density, relativistic with an interaction rate fixed at least by the electrons -- if  not the DM)

(astro-ph/0012504, astro-ph/0410591)

DM interacts  

kinetic theory collisional	 damping!

give	 the	 largest	 effect

Generalising the Silk damping to DM

DM decouples DM free-stream       photons decouple from baryons  

collisional damping length

http://arxiv.org/abs/astro-ph/0012504
http://arxiv.org/abs/astro-ph/0410591


Collisional damping in modern Cosmology
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constraints from the accumulated cosmological data offers a
more robust method to characterise its nature.

The consequence of DM interactions with SM particles is
to dampen the primordial matter fluctuations and essentially
erase all structures below a given scale (referred to as the
collisional damping scale) [32–34]. The effect is exacerbated
when DM couples to photons and therefore, one can set a
strong upper limit on the DM–⇥ interaction cross section by
examining the resulting CMB spectra.

In fact, a non-zero DM � ⇥ coupling has two specific
signatures. Firstly, as was shown in Ref. [33], large
interactions lead to the presence of significant damping in
the angular power spectrum, which can be constrained using
the position and relative amplitude of the acoustic peaks.
Secondly, after DM ceases to interact with photons, the
collisional damping is supplemented by DM free-streaming4;
this appears as a ‘linear’ translation of the matter power
spectrum and can also be constrained (if the effect is
substantial enough). Therefore, with the first data from the
Planck satellite [41], one can set a limit on DM–⇥ interactions
with unprecedented precision.

In this study, we extend the preliminary analysis of
Ref. [33] much further and show that a non-negligible DM–⇥
coupling also generates distinctive features in the temperature
and polarisation power spectra at high ⌅. One can use these
effects to search for evidence of DM interactions in CMB data
and determine (at least observationally) the strength of DM–⇥
interactions that we are allowed. This work will be extended
to other DM interactions in a future publication.

The paper is organised as follows. In Sec. II, we discuss
the implementation of DM–⇥ interactions and the qualitative
effects on the T T and EE components of the angular power
spectrum. In Sec. III A, we constrain these interactions by
comparing the spectra to the latest Planck data, and find the
best-fit cosmological parameters. In Sec. III B, we present our
predictions for the temperature and polarisation spectra for the
maximally allowed value of the elastic scattering cross section
that we obtain. We conclude in Sec. IV.

II. IMPLEMENTATION OF THE DM–⇥ INTERACTIONS

In this section, we recall the modified Boltzmann equations
used to incorporate interactions of DM with photons [33] and
discuss their implementation in the Cosmic Linear Anisotropy
Solving System (CLASS) code5 (version 1.7) [42, 43].

The current version of CLASS offers a choice between two
gauges for the definition of cosmological perturbations: the
Newtonian gauge, and the synchronous gauge comoving with
DM (see e.g. Ref. [44]). In the presence of coupled DM, the
synchronous gauge equations should be slightly reformulated

4 Assuming the DM–⇥ decoupling happens before the gravitational collapse
of such fluctuations and the DM velocity is not completely negligible at
this time; this offers a way to determine the decoupling epoch.

5 class-code.net

since the gauge can be fixed by imposing ⌅DM = 0 at the initial
time but not at all times. For simplicity, we implemented
the DM–⇥ interactions in the Newtonian gauge only. All
equations in this section refer to that gauge, assuming a flat
universe and taking derivatives with respect to conformal
time, ⌥. Our notation is consistent with Ref. [44].

A. Modified Boltzmann equations

In the absence of DM interactions, the Boltzmann equations
simplify to the following Euler equations:

⌅̇b = k2��H ⌅b + c2
s k2�b �R�1⇤̇(⌅b �⌅⇥) , (1)

⌅̇⇥ = k2�+ k2
�

1
4

�⇥ �⌃⇥

⇥
� ⇤̇(⌅⇥ �⌅b) , (2)

⌅̇DM = k2��H ⌅DM , (3)

where ⌅b, ⌅⇥ and ⌅DM are the baryon, photon and DM velocity
divergences respectively. �⇥ and ⌃⇥ are the density fluctuation
and anisotropic stress potential associated with the photon
fluid, � is the gravitational potential, k is the comoving
wavenumber, H = (ȧ/a) is the conformal Hubble rate, R ⇥
(3/4)(⇧b/⇧⇥) is the ratio of the baryon to photon density, cs
is the baryon sound speed and ⇤̇ ⇥ a ⌃Th c ne is the Thomson
scattering rate (the scale factor, a, appears since the derivative
is taken with respect to conformal time).

DM–⇥ interactions are accounted for by a term analogous
to �⇤̇(⌅⇥ �⌅b) in the DM and photon velocity equations. The
new interaction rate reads µ̇ ⇥ a ⌃DM�⇥ c nDM, where ⌃DM�⇥ is
the DM–⇥ elastic scattering cross section, nDM = ⇧DM/mDM
is the DM number density, ⇧DM is the DM energy density and
mDM is the DM mass (assuming that DM is non-relativistic)6.
Thus, the Euler equation for photons receives the additional
source term �µ̇(⌅⇥ �⌅DM).

In order to conserve energy and account for the momentum
transfer in an elastic scattering process, the source term in the
Euler equation for DM has the opposite sign and is rescaled
by a factor S ⇥ (3/4)(⇧DM/⇧⇥), which grows in proportion to
a. Thus, the Euler equations become

⌅̇b = k2��H ⌅b + c2
s k2�b �R�1⇤̇(⌅b �⌅⇥) , (4)

⌅̇⇥ = k2�+ k2
�

1
4

�⇥ �⌃⇥

⇥

�⇤̇(⌅⇥ �⌅b)� µ̇(⌅⇥ �⌅DM) , (5)

⌅̇DM = k2��H ⌅DM �S�1µ̇(⌅DM �⌅⇥) . (6)

The DM–⇥ elastic scattering cross section, ⌃DM�⇥, can
be either constant (like the Thomson scattering between
photons and charged particles) or proportional to temperature,
depending on the DM model that is being considered.

6 Intuitively, one can understand why µ̇ must be proportional to the cross
section and the DM number density; if either the number of DM particles
or the cross section is completely negligible, the photon fluid will not be
significantly modified by a DM–⇥ coupling.
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Translation in terms of  Cosmological perturbations

without DM interactions with DM interactions

(astro-ph/0012504, astro-ph/0410591)

http://arxiv.org/abs/astro-ph/0012504
http://arxiv.org/abs/astro-ph/0410591


What would the CMB look like if DM interacts? 

 C.B&Riazuelo et al: astro-ph/0112522  R. Wilkinson, CB et al : arXiv:1309.7588

DM-photon interactions (but DM-neutrinos are similar)

dark	 matter	 is	 even	 more	 interacting	 than	 a	 baryon!u = 1 Thomson interactions

dark	 matter	 is	 not	 a	 baryon:	 	 
	 	 	 	 	 	 	 	 Can	 you	 tell	 it	 is	 coupled	 to	 photons?
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The CMB can be used to probe the WIMPs paradigm!

Comparison with Planck data
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FIG. 3: A comparison between the T T angular power spectra for the maximally allowed (constant) DM–g cross section (u ' 10�4), and the
9-year WMAP [3] and one-year Planck [41] best-fit data. Also plotted are the full 3-year data from the SPT and ACT experiments [55]. On
the left, we see a suppression of power with respect to WMAP-9 and Planck for ` & 3000 and on the right, we give our prediction for the T T
component of the angular power spectrum at high `.
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FIG. 4: The effect of DM–g interactions on the B-modes of the
angular power spectrum, where the strength of the interaction
is characterised by u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1 (with a

constant sDM�g) and we use the ‘Planck + WP’ best-fit parameters
from Ref. [41]. The data points are the recent B-mode polarisation
measurements from the SPT experiment, where SPTpol 1, SPTpol
2 and SPTpol 3 refer to (Ê150f̂CIB) ⇥ B̂150, (Ê95f̂CIB) ⇥ B̂150 and
(Ê150f̂CIB) ⇥ B̂150

c respectively in Ref. [56]. For the maximally
allowed (constant) DM–g cross section (u ' 10�4), we see a
deviation from the Planck best-fit LCDM model for ` & 500 and a
significant suppression of power for larger `.

Therefore, the detectability of DM–g interactions in the
temperature anisotropy spectrum will depend on the accuracy
of foreground modelling and removal.

The damping with respect to LCDM is also evident in
the B-mode spectrum (a consequence of E-mode lensing by
large-scale structure), as shown in Fig. 4. The reduction in
power is due to the combined damping of the E-modes (see
Fig. 1) and the matter power spectrum (see Fig. 5). While the
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FIG. 5: The influence of DM–g interactions on the matter power
spectrum, where the strength of the interaction is characterised by
u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1 (with a constant sDM�g) and

we use the ‘Planck + WP’ best-fit parameters from Ref. [41]. The
new coupling produces (power-law) damped oscillations at large
scales, reducing the number of small-scale structures, thus allowing
the cross section to be constrained. For allowed (constant) DM–g
cross sections (u . 10�4), significant damping effects are restricted
to the non-linear regime (k & 0.2 h Mpc�1).

overall effect is small for u . 10�4, if we consider ` & 500,
one can use the B-modes alone combined with the first-season
SPTpol data [56] to effectively rule out u & 5⇥10�3. In fact,
future polarisation data from e.g. SPT [4], POLARBEAR [58]
and SPIDER [59] could be sensitive enough to distinguish
u ' 10�5 from LCDM.

Finally, the matter power spectrum may provide us with
an even stronger limit on the DM–g interaction cross section



H0 changes to change the horizon

Compatibility with Planck data

Neff is important!

Planck alone
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future surveys: DESI, LSST, … 

Fundamental Cosmology - Fuerteventura - Jan 6th, 2014The eBOSS Survey

eBOSS Review - Dec 12th, 2013 15McGreer/Green/Georgakakis – QSO Science

Connection to BOSS – evolution of QLF 
shape

low redshift Ats are from 
boss21+MMT data

match BOSS quasars in 
luminosity at 1 < z < 2

Quasar science
•Quasar luminosity function

•extend DR7 measurements to 
fainter quasars

•Luminosity dependence of bias and 
HOD

•auto-correlation of quasars

•cross-correlation with galaxy 
samples

•Rich data set of quasar spectra

•BH virial mass estimates

•Composite spectra

7

eBOSS Review - Dec 12th, 2013 3McGreer/Green/Georgakakis – QSO Science

eBOSS in context: exponential growth in 
survey scale 

• PG per sq. deg.

• LBQS in two plates

• 2dF per week

• SDSS per year

eBOSS will be:

Courtesy JP Kneib
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WiggleZ + Planck 2013
COrE+ projection
DESI proj. + Planck 2015 Priors

arXiv:1505.06735

http://arxiv.org/abs/arXiv:1505.06735


How weakly interacting DM is?

CMB alone & current LSS data (no simulation, linear P(k)) 

�DM�⌫,� . 10�30 mDM

GeV
cm2

DESI can make us win a factor 10.

But constraints get better when investigating very small scales!



What would the Universe look like if DM interacted? 

The weakly interacting massive particle paradigm makes sense!

Simulations

Simulations
CDM

baryon-like 
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C.B., J. Schewtschenko et al

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

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


C.B., J. Schewtschenko et al

Also



Numbers of satellite galaxies
in the Milky Way

CDM prediction is  
well above observation

Interacting DM agrees  
with observation Too many interactions

arXiv:1404.7012

small satellites Sterilise the MW!Solve the MW satellite problem!

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


The Universe shaped by interacting DM
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How weakly interacting DM is?

CMB alone & current LSS data (no simulation, linear P(k)) 

�DM�⌫,� . 10�30 mDM

GeV
cm2

LSS data in the non-linear regime (the smallest scales observed but depend on simus): 

Same strength as “SM weak interactions” if MeV DM!

�DM�⌫,� . 10�33 mDM

GeV
cm2



Potential link with neutrino physics
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With MeV DM (mN=mDM) one obtains

Effective theory 
(N singlet of  SU(2) for example)
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C.Boehm, Y. Farzan, S. Palomares-Ruiz,T. Hambye, S. Pascoli hep-ph/0612228

MeV DM requires couplings of about 3 10^-3



scalar DMMajorana DM

Light thermal DM?        
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Gamma rays constrain the light mass range
astro-ph/0208458  & hep-ph/030526

LIGHT (thermal) DM needs  p-wave annihilations or neutral final states 
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obs

(< 1.5�) ⇠ 5.9
⇣m

DM

MeV

⌘�2

✓
�v

10�26 cm3/s

◆
cm�2 s�1

�v = 10�26 cm3/sPredicted (NFW
)

MeV GeV

observations (rough guide!)

Comptel data

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

http://arxiv.org/abs/astro-ph/0208458
http://arxiv.org/abs/hep-ph/0305261


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

too many gamma-rays 
unless it is suppressed correct abundance  

small indirect detection signal

So in principle no reason to neglect the low mass range!
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Are light annihilating Dark Matter particles possible?

C. Boehm1, T. A. Enßlin2, J. Silk1

1 Denys Wilkinson Laboratory, Astrophysics Department, OX1 3RH Oxford, England UK;
2Max-Planck-Institut für Astrophysik Karl-Schwarzschild-Str. 1, Postfach 13 17, 85741 Garching

(Dated: 22 August 2002)

We investigate the status of light Dark Matter (DM) particles from their residual annihilation and
discuss the range of the DM mass and total annihilation cross section compatible with gamma-rays
experiment data. We find that particles as light as a few 10 MeV or up to ∼ 10 GeV could perhaps
represent an interesting alternative to the standard picture of very massive WIMPs.

Introduction

The accurate measurement of galactic rotation curves,
the CMB spectrum, the primordial abundances of light
elements, together with our understanding of structure
formation provide convincing evidence in favor of the ex-
istence of Dark Matter [1]. While the MACHOs searches
[2] indicate that an astrophysical solution is rather un-
likely, most efforts are now concentrated on searches
for Weakly Interacting Massive Particles (WIMPs) [3].
These particles would belong to the Cold Dark Mat-
ter scenario (CDM) and would i) suffer from negligible
damping effects (at a cosmological scale), ii) make up
the non-baryonic matter in the Universe. Considering
fermions only and assuming Fermi interactions, it was
concluded [4] that this last argument constrains the DM
mass (mdm) to be greater than a few GeV. Later, within
the framework of supersymmetry, it was realized that the
range mdm

>∼ O(100 GeV) could even be more interest-
ing. But the direct and indirect detection searches for
very massive particles remain unsuccessful [5], so there is
still room for other possibilities.

Many alternatives to the CDM model have been pro-
posed subsequent to the discrepancy [6] between obser-
vations and CDM numerical simulations on small scales
which, in predicting cuspy haloes, could be in contra-
diction with current observations [7]. Among them,
one finds the collisionless Warm Dark Matter scenario
(WDM) [8]. So far, the latter involves non annihilat-

ing particles and a very narrow range for the DM mass
(at least greater than 750 eV [9]) obtained by requiring
that the free-streaming length matches the smallest pri-
mordial scale existing in the Universe. But this scenario
(although not excluded yet) also predicts cuspy haloes
[10] and no longer represents a very attractive solution
to the DM issue because of the lack of candidates.

This letter is dedicated to the intermediate case of an-
nihilating particles having a mass in the [MeV, O(GeV)]
range and “weak” interactions. Although structure for-
mation allows for low DM masses, this range has almost
never been studied, probably because of the relic den-
sity argument. Some of these candidates turn out to be
Warm not because of their mass but because of their
collisions with relativistic particles [11]. If not excluded

by any cosmological/astrophysical arguments, they could
compete with the collisionless WDM and CDM scenarios
but would, on the other hand, probably fail in predicting
flat galactic cores at ∼ 1 kpc despite their quite large
annihilation rate. Interestingly enough, they could es-
cape present DM direct detection experiments (which so
far are only sensitive to masses greater than ∼ 7 GeV),
as well as accelerator experiments, as briefly discussed
in the next section. They would be compatible with
the blackbody spectrum measurement and will not yield
any 4He photodissociation (for mdm > 26 MeV) pro-
vided their (s-wave) cross sections satisfy the relation
(mdm/ MeV) > 5

!

⟨σv⟩ann/3 × 10−27 cm3 s−1
"

(Ωdmh2)2

(assuming DM particles to be their own anti particles
and using the D measurement only) [12].

In the following, we focus on the indirect detection
signature of these light candidates. We find for instance
that the flux of photons from bosonic particles having
1 <∼ mdm

<∼ 100 MeV is in conflict with observations
unless their P-wave (instead of their S-wave) annihilation
cross section satisfies the relic density requirement and
that particles in the mass range [1-15] GeV [3] are quite
interesting (especially if mdm ∼ 10 GeV) because they
could lead to radiative and radio fluxes of the order of
the observed ones.

Acceptable values of the cross sections

A strong constraint on any DM candidate is that the
present relic density is in agreement with observations.
When the particles are able to annihilate (i.e. when
their non-relativistic transition occurs before their ther-
mal decoupling), one obtains a simple relation between
the DM cosmological parameter Ωth

dm and the total anni-
hilation cross section. By requiring Ωth

dmh2 to match the
observed value (around 0.1), one obtains the following
approximate annihilation cross section

⟨σv⟩ann ≃ 7 10−27 xF√
g⋆

#

Ωdmh2

0.1

$−1

cm3 s−1 (1)

with xF =mdm/TF ≃ 17.2+ ln(g/
√

g⋆)+ ln(mdm/GeV )+
ln
√

xF ∈[12-19] for particles in the MeV-O(GeV) range
(and cross section given eq.(1)), g and g⋆ the number of

Light (MeV - 10 GeV) DM
astro-ph/0208458 



Related signals: the 511 keV line

511 keV DM DM -> e- e+

If DM has a mass of a few MeV it may explain the 511 keV line 

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

signal at LHC? very constrained now 
and not necessarily a good fit

astro-ph/0309686
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Are light annihilating Dark Matter particles possible?
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We investigate the status of light Dark Matter (DM) particles from their residual annihilation and
discuss the range of the DM mass and total annihilation cross section compatible with gamma-rays
experiment data. We find that particles as light as a few 10 MeV or up to ∼ 10 GeV could perhaps
represent an interesting alternative to the standard picture of very massive WIMPs.

Introduction

The accurate measurement of galactic rotation curves,
the CMB spectrum, the primordial abundances of light
elements, together with our understanding of structure
formation provide convincing evidence in favor of the ex-
istence of Dark Matter [1]. While the MACHOs searches
[2] indicate that an astrophysical solution is rather un-
likely, most efforts are now concentrated on searches
for Weakly Interacting Massive Particles (WIMPs) [3].
These particles would belong to the Cold Dark Mat-
ter scenario (CDM) and would i) suffer from negligible
damping effects (at a cosmological scale), ii) make up
the non-baryonic matter in the Universe. Considering
fermions only and assuming Fermi interactions, it was
concluded [4] that this last argument constrains the DM
mass (mdm) to be greater than a few GeV. Later, within
the framework of supersymmetry, it was realized that the
range mdm

>∼ O(100 GeV) could even be more interest-
ing. But the direct and indirect detection searches for
very massive particles remain unsuccessful [5], so there is
still room for other possibilities.

Many alternatives to the CDM model have been pro-
posed subsequent to the discrepancy [6] between obser-
vations and CDM numerical simulations on small scales
which, in predicting cuspy haloes, could be in contra-
diction with current observations [7]. Among them,
one finds the collisionless Warm Dark Matter scenario
(WDM) [8]. So far, the latter involves non annihilat-

ing particles and a very narrow range for the DM mass
(at least greater than 750 eV [9]) obtained by requiring
that the free-streaming length matches the smallest pri-
mordial scale existing in the Universe. But this scenario
(although not excluded yet) also predicts cuspy haloes
[10] and no longer represents a very attractive solution
to the DM issue because of the lack of candidates.

This letter is dedicated to the intermediate case of an-
nihilating particles having a mass in the [MeV, O(GeV)]
range and “weak” interactions. Although structure for-
mation allows for low DM masses, this range has almost
never been studied, probably because of the relic den-
sity argument. Some of these candidates turn out to be
Warm not because of their mass but because of their
collisions with relativistic particles [11]. If not excluded

by any cosmological/astrophysical arguments, they could
compete with the collisionless WDM and CDM scenarios
but would, on the other hand, probably fail in predicting
flat galactic cores at ∼ 1 kpc despite their quite large
annihilation rate. Interestingly enough, they could es-
cape present DM direct detection experiments (which so
far are only sensitive to masses greater than ∼ 7 GeV),
as well as accelerator experiments, as briefly discussed
in the next section. They would be compatible with
the blackbody spectrum measurement and will not yield
any 4He photodissociation (for mdm > 26 MeV) pro-
vided their (s-wave) cross sections satisfy the relation
(mdm/ MeV) > 5

!

⟨σv⟩ann/3 × 10−27 cm3 s−1
"

(Ωdmh2)2

(assuming DM particles to be their own anti particles
and using the D measurement only) [12].

In the following, we focus on the indirect detection
signature of these light candidates. We find for instance
that the flux of photons from bosonic particles having
1 <∼ mdm

<∼ 100 MeV is in conflict with observations
unless their P-wave (instead of their S-wave) annihilation
cross section satisfies the relic density requirement and
that particles in the mass range [1-15] GeV [3] are quite
interesting (especially if mdm ∼ 10 GeV) because they
could lead to radiative and radio fluxes of the order of
the observed ones.

Acceptable values of the cross sections

A strong constraint on any DM candidate is that the
present relic density is in agreement with observations.
When the particles are able to annihilate (i.e. when
their non-relativistic transition occurs before their ther-
mal decoupling), one obtains a simple relation between
the DM cosmological parameter Ωth

dm and the total anni-
hilation cross section. By requiring Ωth

dmh2 to match the
observed value (around 0.1), one obtains the following
approximate annihilation cross section

⟨σv⟩ann ≃ 7 10−27 xF√
g⋆

#

Ωdmh2

0.1

$−1

cm3 s−1 (1)

with xF =mdm/TF ≃ 17.2+ ln(g/
√

g⋆)+ ln(mdm/GeV )+
ln
√

xF ∈[12-19] for particles in the MeV-O(GeV) range
(and cross section given eq.(1)), g and g⋆ the number of

Light (MeV - 10 GeV) DM
astro-ph/0208458 
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10-30 GeV DM annihilating mostly  
into b-quarks or muons can fit the  

FERMI-LAT data...

Fermi collaboration 2009   
Hooper&Goodenough 2009 
D. Hooper and T. Linden: arXiv: 1110.0006 
C. Gordon & O. Macias:  arXiv:1306.5725

Related signals: the gamma-ray excess

http://arxiv.org/abs/arXiv:1306.5725
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We investigate the status of light Dark Matter (DM) particles from their residual annihilation and
discuss the range of the DM mass and total annihilation cross section compatible with gamma-rays
experiment data. We find that particles as light as a few 10 MeV or up to ∼ 10 GeV could perhaps
represent an interesting alternative to the standard picture of very massive WIMPs.

Introduction

The accurate measurement of galactic rotation curves,
the CMB spectrum, the primordial abundances of light
elements, together with our understanding of structure
formation provide convincing evidence in favor of the ex-
istence of Dark Matter [1]. While the MACHOs searches
[2] indicate that an astrophysical solution is rather un-
likely, most efforts are now concentrated on searches
for Weakly Interacting Massive Particles (WIMPs) [3].
These particles would belong to the Cold Dark Mat-
ter scenario (CDM) and would i) suffer from negligible
damping effects (at a cosmological scale), ii) make up
the non-baryonic matter in the Universe. Considering
fermions only and assuming Fermi interactions, it was
concluded [4] that this last argument constrains the DM
mass (mdm) to be greater than a few GeV. Later, within
the framework of supersymmetry, it was realized that the
range mdm

>∼ O(100 GeV) could even be more interest-
ing. But the direct and indirect detection searches for
very massive particles remain unsuccessful [5], so there is
still room for other possibilities.

Many alternatives to the CDM model have been pro-
posed subsequent to the discrepancy [6] between obser-
vations and CDM numerical simulations on small scales
which, in predicting cuspy haloes, could be in contra-
diction with current observations [7]. Among them,
one finds the collisionless Warm Dark Matter scenario
(WDM) [8]. So far, the latter involves non annihilat-

ing particles and a very narrow range for the DM mass
(at least greater than 750 eV [9]) obtained by requiring
that the free-streaming length matches the smallest pri-
mordial scale existing in the Universe. But this scenario
(although not excluded yet) also predicts cuspy haloes
[10] and no longer represents a very attractive solution
to the DM issue because of the lack of candidates.

This letter is dedicated to the intermediate case of an-
nihilating particles having a mass in the [MeV, O(GeV)]
range and “weak” interactions. Although structure for-
mation allows for low DM masses, this range has almost
never been studied, probably because of the relic den-
sity argument. Some of these candidates turn out to be
Warm not because of their mass but because of their
collisions with relativistic particles [11]. If not excluded

by any cosmological/astrophysical arguments, they could
compete with the collisionless WDM and CDM scenarios
but would, on the other hand, probably fail in predicting
flat galactic cores at ∼ 1 kpc despite their quite large
annihilation rate. Interestingly enough, they could es-
cape present DM direct detection experiments (which so
far are only sensitive to masses greater than ∼ 7 GeV),
as well as accelerator experiments, as briefly discussed
in the next section. They would be compatible with
the blackbody spectrum measurement and will not yield
any 4He photodissociation (for mdm > 26 MeV) pro-
vided their (s-wave) cross sections satisfy the relation
(mdm/ MeV) > 5

!

⟨σv⟩ann/3 × 10−27 cm3 s−1
"

(Ωdmh2)2

(assuming DM particles to be their own anti particles
and using the D measurement only) [12].

In the following, we focus on the indirect detection
signature of these light candidates. We find for instance
that the flux of photons from bosonic particles having
1 <∼ mdm

<∼ 100 MeV is in conflict with observations
unless their P-wave (instead of their S-wave) annihilation
cross section satisfies the relic density requirement and
that particles in the mass range [1-15] GeV [3] are quite
interesting (especially if mdm ∼ 10 GeV) because they
could lead to radiative and radio fluxes of the order of
the observed ones.

Acceptable values of the cross sections

A strong constraint on any DM candidate is that the
present relic density is in agreement with observations.
When the particles are able to annihilate (i.e. when
their non-relativistic transition occurs before their ther-
mal decoupling), one obtains a simple relation between
the DM cosmological parameter Ωth

dm and the total anni-
hilation cross section. By requiring Ωth

dmh2 to match the
observed value (around 0.1), one obtains the following
approximate annihilation cross section

⟨σv⟩ann ≃ 7 10−27 xF√
g⋆

#

Ωdmh2

0.1

$−1

cm3 s−1 (1)

with xF =mdm/TF ≃ 17.2+ ln(g/
√

g⋆)+ ln(mdm/GeV )+
ln
√

xF ∈[12-19] for particles in the MeV-O(GeV) range
(and cross section given eq.(1)), g and g⋆ the number of

Light (MeV - 10 GeV) DM
astro-ph/0208458 
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But propagation of cosmic ray cannot be neglected

Related signals: the gamma-ray excess



Conclusion

We can probe DM microphysics using  

But now also:   Large scale surveys

Direct detection 
Indirect detection 
LHC (particle physics experiments)

(probing LCDM will be essential if no discovery in lab experiments!)


