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The dark matter particle hypothesis
2

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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Fig. 9.— (left) Upper limits on the present abundance of PBHs. The thick lines are the results obtained in the present work. The solid
lines show the upper limits using WMAP3 data (CMB anisotropies) for two values of the black hole duty cycle fduty = 1 and 0.1. The
dashed lines show the limits using FIRAS data (CMB spectral distortions) at 95% and 68% confidence. The other lines refer to previous
upper limits from microlensing (EROS and MACHO experiments) and dynamical constraints (see introduction). (Right) Upper limits on
the abundance of PBHs at the epoch of their formation β as a function of their mass. We assume that the mass of PBHs is a fraction fHor
of the mass of the horizon at the epoch of their formation. The thick curves show the upper limits obtained in the present work and the
thin dotted curve are limits from the EROS collaboration (microlensing experiment).

Thompson scattering to τe ∼ 0.2. Since the scalar spec-
tral index ns and the amplitude of density fluctuations
As and σ8 are correlated to τe, their best fits also increase
to ns ∼ 1 and σ8 ∼ 0.9. PBHs in this mass range may be
produced in two-stage inflationary models designed to fit
the low WMAP quadrupole (Kawasaki et al. 2006). We
emphasize again that this effect is more general than the
specific case of PBHs discussed in this paper. Any mech-
anism or energy source that modifies the standard recom-
bination history may affect the estimate of cosmological
parameters in a way similar to that discussed here.

Our results are in contradiction with the suggestion
that MACHOs are PBHs with mass ∼ 0.1 − 1 M⊙ and
fpbh ∼ 0.2 (Alcock et al. 2000). Such a PBH population
would produce spectral distortions incompatible with FI-
RAS data.

The luminous QSOs found by SLOAN at z ∼ 6 are
thought to be powered by 108 − 109 M⊙ SMBHs. It
is difficult to produce such massive black holes starting
from small seeds by gas accretion because the age of the
universe at z = 6 is a few tens the Salpeter accretion
timescale. A few massive PBHs or numerous less mas-
sive PBHs may help explain the origin of SMBHs at high
redshift and in present day galaxies by producing rela-
tively massive “seeds”. Are the upper limits on the num-
ber of PBHs derived in this work compatible with this
scenario? The fraction of mass in SMBHs today is ap-
proximately Ωsmbh/Ωdm ∼ 2.13 × 10−5 (Gebhardt et al.
2000; Ricotti & Ostriker 2004). For PBHs with mass
> 1000 M⊙ we found fpbh = Ωpbh/Ωdm

<∼ 10−6/fduty.
Hence, assuming that only a fraction Fagn ≤ 1 of PBHs
is incorporated into SMBHs and grows by gas accre-
tion by a factor Xacc ≥ 1 we have: fpbhXaccFagn ∼
2 × 10−5 or XaccFagn

>∼ 20fduty. The most massive
PBHs have Fagn → 1 because they spiral in to the
centers of galaxies by dynamical friction on a shorter
timescale (tfric/tH(z) ∼ 0.02Mhalo(z)/Mpbh, where tH
is the Hubble time) and because they may accrete gas
more efficiently. Hence, for fduty ∼ 3% and Fagn = 1
we find Xacc

>∼ 1 indicating that even scenarios with
negligible mass accretion onto PBHs (i.e., only growth
through mergers) are consistent with the observed mass

in SMBHs today.
Less massive PBHs have lower probability for growing

to masses typical of SMBHs because the Bondi accretion
rate is ∝ M2. However, the upper limit on the abun-
dance of PBHs increases steeply with decreasing mass
for Mpbh < 1000 M⊙. Thus, although a smaller fraction
of the seed PBHs can grow substantially, the number of
seeds available can be much larger. PBHs with masses
smaller than 100 M⊙, assuming Bondi type accretion
from the ISM of a typical high-z galaxy, are unlikely to
accrete rapidly enough to grow to SMBH masses in less
than 1 Gyr, even if they constitute a few per cent of the
dark matter (Kuranov et al. 2007; Pelupessy et al. 2007;
Ricotti & Köckert 2007).

The increased fractional ionization of the cosmic gas
produced by non-standard recombination also increases
the primordial molecular hydrogen abundance to xH2

∼
10−4 − 10−5 after redshift z ∼ 100. This value is be-
tween ten and one hundred times larger than the stan-
dard value, xH2

∼ 10−6, obtained neglecting PBHs. The
increase of the cosmic Jeans mass due to X-ray heating
is negligible for models consistent with the CMB data.
Therefore, the formation rate of the first galaxies and
stars may be enhanced if a population of PBHs exists.
Several aspects of first-star and galaxy- formation physics
would be affected by the enhanced molecular fraction:
(i) the mass of the first stars may be reduced due to
formation of HD molecules (Nagakura & Omukai 2005);
(ii) the intergalactic medium would be optically thick
to H2 photo-dissociating radiation in the Lyman-Werner
bands, allowing molecular hydrogen to survive in the low
density IGM even at relatively low redshifts z ∼ 10− 15;
(iii) the epoch of domination of the first stars and galax-
ies would probably start earlier and perhaps last longer.
The number of first galaxies that remain completely dark
would be reduced. It is not obvious that the star forma-
tion efficiency and other internal properties of the first
galaxies would be affected because feedback effects such
as photo-evaporation from internal sources and SN ex-
plosions are probably dominant (Ricotti et al. 2002a,b).
We leave quantitative calculations on the impact of PBHs
on the formation of the first galaxies to a future work.
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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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Eq (1.3.37) can then be solved numerically. However, since mDM and �0 can vary

by many orders of magnitude, one has a sti↵ di↵erential equation that is di�cult to

integrate22. For illustrative purposes, solutions to Eq (1.3.37) are shown in Fig. 1.11

for di↵erent values of �0.
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Figure 1.11: The evolution of the comoving number density Y (x) for a thermal WIMP. The

solid black curve is the DM abundance in thermal equilibrium Y
eq

(x), while the coloured curves

show the relic abundance for increasing values of �
0

from top (purple, dashed) to bottom (orange,

dashed-dotted). Figure adapted from Ref. [91].

However, it is possible to find an approximate analytical solution to Eq. (1.3.37).

Since we are interested in the value of Y at late times, Y1, we can take Y � Yeq:

dY

dx
= �Y 2 �x�2 , (1.3.40)

the solution of which is simply Y1 = xf/�, where xf is the value of x at freeze-out.

Using the expression for � in Eq. (1.3.38), the relic density is then given by

⌦DMh2 =
s0 Y1 mDM h2

⇢crit,0

=
s0 xf h

2

0.264
⇣

g
?s

/g
1/2
?

⌘

mPl �0 ⇢crit,0

, (1.3.41)

which is importantly independent of the DM mass. One can also see that the

larger the annihilation cross section �0, the smaller the DM relic density ⌦DMh2 (as

illustrated in Fig. 1.11).

22Nevertheless, e�cient numerical techniques have been developed (see e.g. Ref. [90]).

No particle physics involved (just thermodynamics) 

The error on Omega h^2 is the error on the annihilation cross section!
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h�vi
The DM mass is hidden in the cross section

similar in SUSY ⌦DMh2 / m�2
DM

mdm > O(GeV) !

Dark Matter must be heavy!! (historically) 

Now known with great precision!!
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Loopholes in the thermal Relic Density argument

Co-annihilationsResonances Near mass threshold 
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The cross section can be independent of the DM mass!
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non chiral couplings
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Figure 2.4: Light (m� ⇠ few MeV) scalar dark matter annihilating to electron-positron pairs due
to the mixed � � A0 propagator. The annihilation occurs in the p-wave.

the muon g � 2 discrepancy [96, 97].

To summarize, a light vector particle remains an attractive solution to the muon g � 2 discrep-
ancy, and more experimental work is required to exclude this possibility in a model-independent
way.

2.3.2 Mediator of interaction with DM and possible connection to astrophysical
positron excess

Vector portals o↵er a means to connect the SM to dark matter. In the last few years, the di-
rect searches for dark matter have intensified, paralleled by broad investigations of the theoretical
opportunities for dark matter. The weakly interacting massive particle (WIMP) paradigm o↵ers
perhaps the largest number of opportunities for the experimental discovery of dark matter via its
non-gravitational interaction. In the standard WIMP paradigm, known from 1970s [98, 99], the
correct cosmological abundance of dark matter is achieved via its self annihilation at high temper-
atures, T ⇠ m�, where m� is the WIMP mass. Simple calculations show that the required WIMP
abundance is achieved if

�annih(v/c) ⇠ 1 pbn =) ⌦DM ' 0.25, (2.3.2)

where v/c is the approximate relative velocity at the time of annihilation. The nature of the
interaction responsible for the self-annihilation of WIMPs to the SM states is important. It sets the
size of the self-annihilation cross section and ultimately the abundance of WIMP dark matter. If
the interactions are mediated by forces that have weak strength and operate through the exchange
of weak scale particles, then for small and large masses one expects the following scaling with the
WIMP mass,

�(v/c) /
⇢

G2
F m2

� for m� ⌧ MW ,
1/m2

� for m� � MW .
=) few GeV < m� < few TeV (2.3.3)

This famously determines the so-called ”Lee-Weinberg window”, or the mass range for the DM
under the assumption of weak-scale mediators. According to this logic thermal relic MeV-GeV
scale dark matter is disfavored.

The crucial assumption in the argument above is the link between the weak scale and the
mass of the mediator particles. As was argued in the previous sections certain vector portals do
allow interaction strengths in excess of GF . This in turn opens the door to the construction of
rather natural models of light dark matter, which can be made as light as a few MeV [100]. It is
important to note that such light WIMPs are challenging to probe via direct scattering of galactic
DM particles on atoms [101], and therefore alternative strategies aimed covering this mass range
must be developed.

But Light DM particles are being ruled out

1504.04855

BDX arXiv:1406.3028, Dafne/Kloe, 
arXiv:1606.08849&: arXiv:1604.08206 

Hg-2Le BaBar, NA48ê2, PHENIX
Hg-2Lm + 2s
Hg-2Lm > 5s

E774

E141

Orsay, U70

Charm, Nu-Cal

E137, LSND

SN

SHiP,
bremsstrahlung

SHiP,
QCD

SHiP,
mesons

1 10 102 103
10-20

10-18

10-16

10-14

10-12

10-10

10-8

10-6

10-4

mA' HMeVL

e2

Visibly Decaying A'

Figure 2.6: Summary of constraints on the dark photon model. The limits at ✏ ⇠ 10�7; mA0 > 200
MeV range come from old experiments, and can be improved with SHiP. The g�2 region of interest
is shown as a green band. The projected SHiP sensitivity contour is derived using three modes of
production: mesons, bremsstrahlung, and QCD production.

ensuing constraints are quite strong (reaching down to ✏ ⇠ few ⇥ 10�4 at ↵D ⇠ ↵), but applicable
only to mh0 > 2mA0 region of parameter space. Another study at KLOE [170] have searched for
missing energy signature from h0 decays outside of the detector, and reached the constraints at the
level of ✏ ⇠ few ⇥ 10�3. Constraints on the most motivated case, mh0 ' mA0 , are more di�cult to
obtain because they involve stable h0 on the scale of the detector.

2.5.2 Production and detection of light vector portal DM

New constraints on vector portals occur when direct production of light dark matter states � opens
up. The missing energy constraints on dark photons derived from e+e� colliders were analyzed in
[95]. Invisible decays of A0 are usually harder to detect, except K+ ! ⇡+A0 ! ⇡++missing energy,
where the competing SM process, K+ ! ⇡+⌫⌫̄ is extremely suppressed [86]. Also, fixed targets
experiments sensitive to the missing energy decays of vector states have been proposed recently
[171, 172].

A rather systematic study of the detection of light dark matter produced via the dark photon
portal has been performed in a number of papers [157, 162, 173, 174]. The most stringent constraints
follow from the highest POT experiment, LSND, provided that the dark matter is within kinematic
reach. A typical detection scheme in the proton beam dump experiments is built on the following
chain of events:

pp ! ⇡0 + X, ⇡0 ! V �, V ! ��̄, � scattering on electrons/nuclei (2.5.1)

These results significantly constrain, but do not fully rule out, MeV-scale dark matter models,
suggested as a candidate explanation of the 511 keV excess from the galactic bulge. Currently, the
MiniBooNE collaboration is conducting a dedicated search for such states in a beam dump mode
run [175]. The summary of the existing constraints on light dark matter produced via vector portal
is given in Fig. 2.7. Similar constraints were also derived for light dark matter coupled to the
SM via the baryonic vector portal [68]. It is important to emphasize that these constraints cover
the low mass region of parameter space inaccessible to traditional underground direct detection

arXiv:1412.8378  arXiv:1407.0993 
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Signature of  light DM (t-channel mediators) at LHC

The mediator can be produced through 
the exchange of DM

Strong constraints!
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How light can DM be?
If DM is thermal and annihilating into SM Otherwise
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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.
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with limits F (1) = 0 and F (0) = 1(8/7) for fermions
(bosons) respectively and the sign + (�) refers to fermion
(boson) statistics.
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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

n

X

i=1

g
i

2
F

✓

m
i

T
D

◆

#�4/3

(10)

where we have used F (m
e

/T
D

) ⇡ 1.
The dot-dashed, dashed, dotted and solid lines in the

left panel of fig. 1 show the value of N
e↵

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, N

e↵

increases above
the standard value of N

e↵

= 3.046 for particles lighter
than ' 20 MeV. Conversely, N

e↵

decreases below the
standard value for particles in equilibrium with electrons
and photons, as indicated by the red lines. There is no

MeV is the limit keV is the limit

Whether DM only interacts  
with the dark sector  

or has never been  
in thermal equilibrium

(subtle) exception for a coherent scalar field



Non Thermal DM
keV is the limit

Gravitinos  etc

E� =
msterile ⌫

2

seen in Perseus cluster (+ in few others)
but Hitomi did not see the line

sterile neutrinos

3.5 keV ~ Potassium (Bananas …)
• arxiv.org/pdf/1409.4143v1
• arxiv.org/abs/1408.1699v1

arXiv:1512.09212
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Figure 1. Large-scale DM clustering in CDM (left) and DDM with Γ−1 = 40 Gyr, Vk = 100 km/s (right) of a 10 h−1 Mpc deep slice in the 50 ×

50 h−2 Mpc2 cosmological box at z = 0. The color scheme indicates the line-of-sight projected square of the density to emphasize the locations of dense
structures, such as halos within filaments. The large-scale structure of the CDM and DDM simulations are virtually identical.

Figure 2. Small-scale structure in a Milky Way mass halo (Z12) in CDM (left) and DDM models with Γ−1 = 40 Gyr and Vk = 100 km/s (middle) and Γ−1

= 10 Gyr and Vk = 20 km/s (right) within 260 kpc of the halo centers at z = 0. The color scheme indicates the line-of-sight projected square of the density in
order to emphasize the dense structures such as the host halo interiors and the associated subhalos. The DDM halos have slightly more diffuse central regions.
The abundance and structure of subhalos are altered significantly compared to CDM in both of the DDM simulations presented.

light daughters have no effect on halo properties, and they have neg-
ligible effect on the expansion rate of the Universe and the growth
of structure, even at late times, because their abundance is strongly
suppressed by the small mass loss fraction (Wang & Zentner 2012).

In order to make a direct comparison with prior simula-
tions, we used the same initial conditions for both our uniform
resolution simulations (B50) and our zoom simulations (Z12) as
Rocha et al. (2013). Moreover, we included a higher-resolution ver-
sion of the same Galactic halo zoom-in simulation (Z13) with
∼ 1/8 times smaller particle mass for the highest resolution re-
gion in order to test convergence and to study the detailed inter-
nal structures of Galactic subhalos. All simulations have the same
initial conditions as the fiducial CDM run starting at z = 250.
The cosmology used is based on WMAP7 results with ΩM=0.266,

ΩΛ=0.734, ns=0.963, h=0.71, and σ8=0.801. In each case, we have
identified halos using the publicly available Amiga Halo Finder
(AHF) (Knollmann & Knebe 2009) code. The halo radius can be
defined as the radius of a sphere within which the average density
is∆vir times larger than the background density ρb of the Universe:

Mvir = 4π/3ρb∆vir(z)r
3
vir, (1)

where the ∆vir(z) depends on both the redshift and the given cos-
mology (Bryan & Norman 1998). The maximum circular veloc-
ity, Vmax, of a test particle within a halo is given by Vmax ≡
max{[GM(< R) = R]1/2}. The maximum circular velocity is
achieved at a radius of Rmax. For an NFW profile, it is useful to
note that the escape speed from the center of a halo is related to the
maximum circular velocity by Vesc ≈ 3Vmax.

1406.0527
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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.

10

A broader exploration of the DM parameter space!

few claims of potential hints but all ruled out by now  
except for DAMA/LIBRA

Spin-dependent     Spin-independent (couple to # of nucleons)
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TABLE VI. List of scenarios with leading operators colored by which are distinguishable via the

ratio dRXe
dE

/dRGe
dE

.

O1 O2 O3 O4 q2O4 O5 O6 O7 O8 O9 O10 O11 O12 O13 O14 O15 O17 O18
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a

a * indicates the purely imaginary scenario for that coupling
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TABLE III. The non-relativistic operators (columns) for direct detection that are obtained from the simplified models considered
in this work (rows), as shown in Tab. I, along with their coupling dependence. For reference we have indicated the spin-
dependent operators (SD). The full expressions for the NR operators are given in Table XIV.

Nobs Nbck MT (kg .days) ref
LUX 1 0.64 250⇥ 85.3 [82]

TABLE IV. The measured event yield, expected background and exposure for LUX which we use to place our direct detection
constraints.

in Ref. [82] gives identical results in our parameter space to integrating (3) between E
R,min

= E
thr

= 2 keV and
E

R,max

= 30 keV. The sum in (3) is over all target nucleus isotopes I present in the detector with fraction f
I

, where
N

I

is the number of nuclei per unit mass. The isotope dependence enters through the form factors, and through the
target nucleus mass m

T

. For LUX we use the natural xenon abundances. v
min

=
p

2m
T

E
R

/µ2

T

is the minimum
velocity to produce a recoil with energy E

R

. In practice this limits the reach of xenon experiments to DM masses & 5
GeV.

To set the DD exclusion limits, we use the LUX spin-independent data [82] since they are the most constraining
so far. However it is worth keeping in mind that lighter targets such as CDMSLite [83] are more relevant below 6
GeV and that bigger experiments such as LZ [84], XENON1T [85], DARWIN [86] will supersede the LUX limits in
the future.

To extract the 90% confidence level limit on the mediator mass, for each DM mass and fixed value of the coupling
g, we use a likelihood ratio test (e.g. [71]), namely

N th(m
MED

)�Nobs log

✓
N th(m

MED

) +Nbck

Nbck

◆
=

2.71

2
, (6)

where N th(m
MED

) is the expected number of events and Nobs = 1, Nbck = 0.64 are respectively the number of
observed and expected background events in the LUX experiment.

IV. RESULTS

In this section we provide our full constraints on each of the DM and mediator combinations and coupling structures.
After providing the relevant Wilson coe�cients for each model, we give the self-annihilation cross section and combine
the constraints from the relic density (RD) calculation with indirect (ID) and direct detection (DD) bounds outlined
above. In most cases, di↵erent combinations of couplings to the DM � and the SM fermion f give rise to very di↵erent
constraints. In all cases we set the non-zero couplings equal to one another so that the resulting parameter space

main operators new operators

most of them suppressed by spin and/or velocity but ..

New types of DM-nuclei interactions
new models, new operators, new couplings to nuclei!
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Figure 1. A comparison of the current 90% CL LUX and SuperCDMS limits (red and orange
lines, respectively), the mono-jet limits in the MSDM models (blue lines) and the limits in the EFT
framework (green line) in the cross section vs mDM plane used by the direct detection community.
The left and right panels show the limits on the SD and SI cross sections appropriate for axial-
vector and vector mediators respectively. For the MSDM models we show scenarios with couplings
gq =gDM = 0.25, 0.5, 1.0, 1.45.

interaction problematic. For gq = g
DM

. 0.25 the 8 TeV CMS mono-jet search no longer

has su�cient sensitivity to place a significant limit on the parameter space.

Figure 1 also shows the limit obtained from an interpretation of the mono-jet search in

the framework of the EFT (green line). The EFT limits should agree with the MSDM limit

in the domain where the EFT framework is valid. We see that it is only for the extreme

coupling scenario gq = g
DM

= 1.45 that the EFT limit approximates the MSDM limit,

and only for DM masses below around 300 GeV. For larger m
DM

the EFT fails to describe

any of the coupling scenarios. For weaker couplings, the MSDM limits get stronger for

DM masses below around 50 to 300 GeV, due to the resonant enhancement of the cross

section for a s-channel mediator that was explained above. This e↵ect is absent within

the EFT framework. The reach in DM mass of the MSDM limits increases with larger

couplings. Overall, this comparison of the EFT and MSDM limits demonstrates again

that the EFT framework is unable to capture all of the relevant kinematic properties of

the collider searches, which is demonstrated by the large disparity between the EFT and

MSDM limits. Comparing EFT collider limits with those of DD searches gives a misleading

representation of the relative sensitivity of the two search strategies, especially for weaker

coupling scenarios and m
DM

& 300 GeV.

Finally Figure 1 also shows the LUX limits for both interactions (red lines) and the

spin-independent SuperCDMS limit (orange lines). Whilst the comparison of the DD

search result with the EFT collider limit is biased, a comparison with the MSDM limits

from the LHC mono-jet analysis, which properly describes the kinematic properties of

the collider search, represents a comparison of collider and DD experiments on an equal

– 5 –

Competition between DD and LHC (monojets) 

EFT not valid at low mass so simplified models!
no resonance

1409.4075
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Exploring the DM halo
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Chapter 3. Dark matter spikes at the centers of galaxies? 55

Figure 3.1: Illustration of the variety of possible DM profiles on sub-kpc scales in the MW.

The cusp/core controversy is still unresolved, although baryonic feedback may reconcile the
results of numerical simulations and observations by reducing the DM density at the center of
halos through supernova-driven gas bulk motions and galactic winds (Navarro et al., 1996b; Read
& Gilmore, 2005; de Souza et al., 2011; Pontzen & Governato, 2012; Teyssier et al., 2013; Di
Cintio et al., 2014). This has a dramatic e�ect especially for dwarf galaxies, with cusps readily
turned into cores. However, this e�ect seems to depend on the characteristics of galaxies, in
particular the stellar-to-halo mass ratio (Di Cintio et al., 2014). Including baryonic physics in
simulations is therefore essential but requires to model even more complex processes related for
instance to gas dynamics and radiative transfer, which makes such simulations computationally
expensive. Moreover, although baryonic processes are likely to have a significant impact on
DM profiles, it is not even clear yet whether these processes eventually soften or steepen DM
profiles, and this is a matter of debate. In particular, while baryonic feedback seems to flatten
DM profiles, adiabatic contraction of baryons has been suggested to produce steeper DM profiles
(Blumenthal et al., 1986). On top of that, alternatives to the CDM scenario like self-interacting
DM can also address the cusp/core problem, but this has yet to be investigated in more detail in
conjunction with baryonic feedback. For a discussion of prospects see e.g. Brooks (2014).

Table 3.1: Parameters of the DM profiles shown in Fig. 3.1, based on Bertone et al. (2005);
Cirelli et al. (2011).

– — “ r0 (kpc)
Burkert ≠ ≠ ≠ 12.67
Diemand 1 3 1.16 30.28
Einasto 0.17 ≠ ≠ 28.44

Isothermal 2 2 0 3.5
Kravtsov 2 3 0.4 10

Moore 1.5 3 1.5 28
NFW 1 3 1 20

The inner slope of DM profiles is of the utmost importance in indirect searches for DM which

74 4.3. Electron/positron spectrum Â accounting for propagation

coe�cient K0 and its energy dependence ”, as seen in Eq. (4.43). The di�usion parameters are
constrained by cosmic-ray measurements at the position of the Earth, especially the boron-to-
carbon (B/C) ratio and fluxes of radioactive nuclei (Maurin et al., 2001, 2002; Putze et al., 2010).
In particular, the sets of di�usion parameters compatible with measurements of the B/C ratio
and giving the minimal (MIN), median (MED) and maximal (MAX) antiproton fluxes from
supersymmetric DM (Donato et al., 2004) are used as references:

MIN : L = 1 kpc, K0 = 0.0016 kpc2 Myr≠1, ” = 0.85,

MED : L = 4 kpc, K0 = 0.0112 kpc2 Myr≠1, ” = 0.7,

MAX : L = 15 kpc, K0 = 0.0765 kpc2 Myr≠1, ” = 0.46. (4.45)

In practice, we use the MED set as a benchmark model, whereas the MIN and MAX are used to
bracket the uncertainty from di�usion.5
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Figure 4.4: Left panel: Optical image of the edge-on NGC 891 galaxy taken with the Canada-
France-Hawaii telescope, overlaid with contours of the radio emission at 3.6 cm observed with the
100-m E�elsberg telescope and magnetic field lines shown as dashed lines. Credit: Max Planck
Institute for Radio Astronomy, M. Krause & CFHT/Coelum. See also Krause (2009). Right
panel: Schematic representation of the di�usion zone of cosmic rays as a flat cylinder of radius
Rgal and half-thickness L, on top of an artist view of the MW.

4.3.4 A qualitative picture of spatial di�usion
Here we describe very qualitatively the e�ect of spatial di�usion on a given source term. Let R
and E be characteristic length and energy scales, respectively. Then Ò2 ≥ 1/R2 and ˆ/ˆE ≥ 1/E,
so that in terms of characteristic scales

K

R2 Â + btot
E

Â + q = 0. (4.46)

Therefore, the di�usion term shapes the spectrum at all scales below a certain length scale defined
by R . (KE/btot)1/2. This length scale is in fact to order of magnitude the distance traveled by

5We note that these parameters would have to be updated to account for new data from AMS-02, and the
standard picture may change. It turns out that due in particular to its very small value of L, the MIN set is
already in tension with the positron data (Lavalle et al., 2014; Di Mauro et al., 2014), radio observations (Di
Bernardo et al., 2013; Bringmann et al., 2012b; Orlando & Strong, 2013; Fornengo et al., 2014), and seems to be
disfavored by observations of “-rays (Ackermann et al., 2012c) and antiprotons (Giesen et al., 2015).
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In particular, the sets of di�usion parameters compatible with measurements of the B/C ratio
and giving the minimal (MIN), median (MED) and maximal (MAX) antiproton fluxes from
supersymmetric DM (Donato et al., 2004) are used as references:
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4.3.4 A qualitative picture of spatial di�usion
Here we describe very qualitatively the e�ect of spatial di�usion on a given source term. Let R
and E be characteristic length and energy scales, respectively. Then Ò2 ≥ 1/R2 and ˆ/ˆE ≥ 1/E,
so that in terms of characteristic scales
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Therefore, the di�usion term shapes the spectrum at all scales below a certain length scale defined
by R . (KE/btot)1/2. This length scale is in fact to order of magnitude the distance traveled by

5We note that these parameters would have to be updated to account for new data from AMS-02, and the
standard picture may change. It turns out that due in particular to its very small value of L, the MIN set is
already in tension with the positron data (Lavalle et al., 2014; Di Mauro et al., 2014), radio observations (Di
Bernardo et al., 2013; Bringmann et al., 2012b; Orlando & Strong, 2013; Fornengo et al., 2014), and seems to be
disfavored by observations of “-rays (Ackermann et al., 2012c) and antiprotons (Giesen et al., 2015).
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2.3.5 Summary
The current status of indirect searches for DM discussed above is summarized in Fig. 2.10, taken
from Cirelli (2015). Fig. 2.10 shows the most stringent constraints in the DM annihilation cross-
section vs DM mass for the main probes described in this section, namely “-rays, antiprotons,
the CMB and neutrinos. The upper limits are shown for the µ+µ≠, bb̄ and W +W ≠ channels,
representative of final states containing leptons, quarks and weak gauge bosons respectively.
Limits have been rescaled to account for the di�erent assumptions made in their derivation.

This summary plot shows that the natural scale for the DM annihilation cross-section is now
probed by several independent methods, and the standard thermal WIMP scenario is starting to
be under pressure below ≥ 100 GeV for quark final states which arise naturally in the context of
supersymmetry.
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Figure 13: Summary chart of the current most stringent bounds on DM annihilation, in different chan-
nels and from different searches as discussed in the text. The corresponding references are: AMS-02 an-
tiprotons [49], FERMI dwarfs [65], CMB [31], HESS-GC [60], FERMI IGRB [73], ANTARES [122], ICE-
CUBE [121]. Several caveats apply: (i) ‘Official’ bounds, i.e. those obtained by the relevant experimental
collaborations, are reported for the most part, although of course many other authors have obtained limits that
may be even more constraining. (ii) When different bounds are available, ‘fiducial’ ones are adopted. (iii)
Some bounds need rescaling for the sake of a fair comparison: (iii-a) the HESS-GC one has been rescaled
to correspond to the benchmark Einasto profile defined in [29] and used for the AMS-02 antiproton bounds;
(iii-b) the ICECUBE bounds have been rescaled to be comparable to the ANTARES ones; (iii-c) however, a
further rescaling of both neutrino bounds would be necessary to compare them with the benchmark Einasto
assumption (but this is not possible as the neutrino regions of observation are not univocally defined).

on the SI scattering cross section (third line of fig. 12): for some specific values of the DM mass
around 50 ÷ 60 GeV, where a resonance enhances the capture by the chemical elements constituting
the Earth, they can be more stringent than the corresponding bounds from the Sun.

Before moving to another search mode, let us collect on a single plot all the constraints from
indirect detection discussed so far: fig. 13 compares them for 3 different channels and for a variety
of messengers. The important caveats discussed in the caption apply.

5. Direct detection

Dark Matter can also be looked for in Direct Searches, which aim at detecting, in ultra-clean
and ultra-sensitive experiments, the recoil of an atom hit by a DM particle. In the most studied
case, one assumes that the DM particle hits a nucleon, so that the sought-for signature consists of
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Figure 2.10: Summary of the most stringent upper limits on the DM annihilation cross-
section vs DM mass (Cirelli, 2015). Some limits have been rescaled to account for the di�erent
assumptions e.g. on the DM profile (see Cirelli, 2015, for more details), and conservative limits
were used when several results were available.

These bounds correspond to ‘standard’ indirect searches, mostly carried out by large collabora-
tions. Indirect detection has been the object of a wealth of additional more ‘exotic’ studies, which
probe di�erent regions of the DM parameter space. For instance DM annihilation or decay can
disrupt the standard results of nucleosynthesis in the early Universe, a�ecting the formation of
light chemical elements through e.g. photodissociation (Sarkar, 1996; Jedamzik & Pospelov, 2009).

In this thesis, we go beyond the standard approach, exploring two aspects of indirect searches
for DM:

• we perform a detailed study of secondary photon emission from electrons and positrons
produced in DM annihilations;

• we explore the phenomenology of supermassive black hole-induced DM spikes—i.e. very
strong enhancement of the DM density—at the centers of galaxies.
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Figure 1: The PAMELA preliminary data [3] compared with the fermion 5-plet MDM prediction, at the
best-fit point for the astrophysical parameters.

should continue to grow, and that an anomaly should appear in the p̄ spectrum, unless p̄ have an
unfavorable boost factor or propagation in our galaxy.

Collateral constraints must be considered. The e± from DM annihilations lead to a synchrotron
radiation [5] at the level of ‘WMAP haze’ anomaly [12]. Ref. [10] claims that very strong bounds
on the DM annihilation cross section can be inferred from infrared and X-ray observations of
the galactic center region, modeled assuming a certain magnetic field and DM density, that gets
extremely high close to the central black hole leading to a high rate of DM annihilations. In this re-
gion DM becomes relativistic, and in the MDM case this means that the Sommerfeld enhancement
disappears, leaving a small annihilation cross section, ⇥ ⇤ �2

2/M2 ⇤ 10�28 cm3/sec that would not
contradict the strong bounds of [10]. A dedicated computation of the MDM prediction together
with a precise description of the galactic center is necessary to quantitatively clarify this issue.

To conclude: we presented Minimal Dark Matter. Like string theory, MDM has no free param-
eters, and thereby makes univocal predictions, falsifiable by any single experimental result. The
preliminary data from PAMELA, presented during idm08, show an excess in the flux of cosmic ray
positrons at 10-60 GeV which matches the MDM prediction. Let us compare with supersymmetry,
the theoretically favored scenario: slepton masses can be fine-tuned to be quasi-degenerate with
the lightest neutralino in order to enhance 3-body annihilations obtaining the correct relic abun-
dance and a e+ spectrum that, with a boost factor of >⇤104, can be compatible with the PAMELA
excess [13]: in such a case the e+ fraction should decrease at higher energy. MDM predicts the
continuing rise of fig. 1a. The PAMELA results recently published on the arXiv [3] have one extra
data-point at 80 GeV, still consistent with MDM predictions [5]. The nearby pulsars Geminga or
B0656+14 could also produce a rising e+ fraction, together with an angular anisotropy [14].
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2.3.5 Summary
The current status of indirect searches for DM discussed above is summarized in Fig. 2.10, taken
from Cirelli (2015). Fig. 2.10 shows the most stringent constraints in the DM annihilation cross-
section vs DM mass for the main probes described in this section, namely “-rays, antiprotons,
the CMB and neutrinos. The upper limits are shown for the µ+µ≠, bb̄ and W +W ≠ channels,
representative of final states containing leptons, quarks and weak gauge bosons respectively.
Limits have been rescaled to account for the di�erent assumptions made in their derivation.

This summary plot shows that the natural scale for the DM annihilation cross-section is now
probed by several independent methods, and the standard thermal WIMP scenario is starting to
be under pressure below ≥ 100 GeV for quark final states which arise naturally in the context of
supersymmetry.
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Figure 13: Summary chart of the current most stringent bounds on DM annihilation, in different chan-
nels and from different searches as discussed in the text. The corresponding references are: AMS-02 an-
tiprotons [49], FERMI dwarfs [65], CMB [31], HESS-GC [60], FERMI IGRB [73], ANTARES [122], ICE-
CUBE [121]. Several caveats apply: (i) ‘Official’ bounds, i.e. those obtained by the relevant experimental
collaborations, are reported for the most part, although of course many other authors have obtained limits that
may be even more constraining. (ii) When different bounds are available, ‘fiducial’ ones are adopted. (iii)
Some bounds need rescaling for the sake of a fair comparison: (iii-a) the HESS-GC one has been rescaled
to correspond to the benchmark Einasto profile defined in [29] and used for the AMS-02 antiproton bounds;
(iii-b) the ICECUBE bounds have been rescaled to be comparable to the ANTARES ones; (iii-c) however, a
further rescaling of both neutrino bounds would be necessary to compare them with the benchmark Einasto
assumption (but this is not possible as the neutrino regions of observation are not univocally defined).

on the SI scattering cross section (third line of fig. 12): for some specific values of the DM mass
around 50 ÷ 60 GeV, where a resonance enhances the capture by the chemical elements constituting
the Earth, they can be more stringent than the corresponding bounds from the Sun.

Before moving to another search mode, let us collect on a single plot all the constraints from
indirect detection discussed so far: fig. 13 compares them for 3 different channels and for a variety
of messengers. The important caveats discussed in the caption apply.

5. Direct detection

Dark Matter can also be looked for in Direct Searches, which aim at detecting, in ultra-clean
and ultra-sensitive experiments, the recoil of an atom hit by a DM particle. In the most studied
case, one assumes that the DM particle hits a nucleon, so that the sought-for signature consists of
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Figure 2.10: Summary of the most stringent upper limits on the DM annihilation cross-
section vs DM mass (Cirelli, 2015). Some limits have been rescaled to account for the di�erent
assumptions e.g. on the DM profile (see Cirelli, 2015, for more details), and conservative limits
were used when several results were available.

These bounds correspond to ‘standard’ indirect searches, mostly carried out by large collabora-
tions. Indirect detection has been the object of a wealth of additional more ‘exotic’ studies, which
probe di�erent regions of the DM parameter space. For instance DM annihilation or decay can
disrupt the standard results of nucleosynthesis in the early Universe, a�ecting the formation of
light chemical elements through e.g. photodissociation (Sarkar, 1996; Jedamzik & Pospelov, 2009).

In this thesis, we go beyond the standard approach, exploring two aspects of indirect searches
for DM:

• we perform a detailed study of secondary photon emission from electrons and positrons
produced in DM annihilations;

• we explore the phenomenology of supermassive black hole-induced DM spikes—i.e. very
strong enhancement of the DM density—at the centers of galaxies.

The GeV excess

One can explain the morphology 
with astrophysical sources



Black Hole shadow

spike

no spike

arXiv:1611.01961

http://arxiv.org/abs/arXiv:1611.01961


Structure formation



Interactions also change our cosmic neighbourhood! 

DM-neutrino interactions

Early dark matter interactions (including with SM) are visible!

astro-ph/0606190, arXiv:0911.4411,arXiv:astro-ph/0406355, arXiv:1310.2376, arXiv:astro-ph/0202496 [astro-ph], arXiv:1311.2937 
[astro-ph.CO], arXiv:1207.3124 [astro-ph.CO],  arXiv:1209.5752 [astro-ph.CO], arXiv:1212.6007

1401.75971309.7588



C.B., J. Schewtschenko et al

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

arXiv:1404.7012

http://www.youtube.com/watch?v=YhJHN6z_0ek
http://arxiv.org/abs/arXiv:1404.7012


C.B., J. Schewtschenko et al

arXiv:1404.7012



C.B., J. Schewtschenko et al

Structure formation severely constrains such primordial DM interactions!

(factor 100 better than CMB)

arXiv:1412.4905
arXiv:1512.06774 

(same with neutrinos)

http://arxiv.org/abs/arXiv:1412.4905
http://arxiv.org/abs/arXiv:1512.06774


Conclusion
The field  is moving fast, 

Simplified models are now the norm, 

Amazing constraints from direct and indirect experiments, 
Future might lie in black hole shadow & small-scales structures.

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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2.3.5 Summary
The current status of indirect searches for DM discussed above is summarized in Fig. 2.10, taken
from Cirelli (2015). Fig. 2.10 shows the most stringent constraints in the DM annihilation cross-
section vs DM mass for the main probes described in this section, namely “-rays, antiprotons,
the CMB and neutrinos. The upper limits are shown for the µ+µ≠, bb̄ and W +W ≠ channels,
representative of final states containing leptons, quarks and weak gauge bosons respectively.
Limits have been rescaled to account for the di�erent assumptions made in their derivation.

This summary plot shows that the natural scale for the DM annihilation cross-section is now
probed by several independent methods, and the standard thermal WIMP scenario is starting to
be under pressure below ≥ 100 GeV for quark final states which arise naturally in the context of
supersymmetry.
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Figure 13: Summary chart of the current most stringent bounds on DM annihilation, in different chan-
nels and from different searches as discussed in the text. The corresponding references are: AMS-02 an-
tiprotons [49], FERMI dwarfs [65], CMB [31], HESS-GC [60], FERMI IGRB [73], ANTARES [122], ICE-
CUBE [121]. Several caveats apply: (i) ‘Official’ bounds, i.e. those obtained by the relevant experimental
collaborations, are reported for the most part, although of course many other authors have obtained limits that
may be even more constraining. (ii) When different bounds are available, ‘fiducial’ ones are adopted. (iii)
Some bounds need rescaling for the sake of a fair comparison: (iii-a) the HESS-GC one has been rescaled
to correspond to the benchmark Einasto profile defined in [29] and used for the AMS-02 antiproton bounds;
(iii-b) the ICECUBE bounds have been rescaled to be comparable to the ANTARES ones; (iii-c) however, a
further rescaling of both neutrino bounds would be necessary to compare them with the benchmark Einasto
assumption (but this is not possible as the neutrino regions of observation are not univocally defined).

on the SI scattering cross section (third line of fig. 12): for some specific values of the DM mass
around 50 ÷ 60 GeV, where a resonance enhances the capture by the chemical elements constituting
the Earth, they can be more stringent than the corresponding bounds from the Sun.

Before moving to another search mode, let us collect on a single plot all the constraints from
indirect detection discussed so far: fig. 13 compares them for 3 different channels and for a variety
of messengers. The important caveats discussed in the caption apply.

5. Direct detection

Dark Matter can also be looked for in Direct Searches, which aim at detecting, in ultra-clean
and ultra-sensitive experiments, the recoil of an atom hit by a DM particle. In the most studied
case, one assumes that the DM particle hits a nucleon, so that the sought-for signature consists of
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Figure 2.10: Summary of the most stringent upper limits on the DM annihilation cross-
section vs DM mass (Cirelli, 2015). Some limits have been rescaled to account for the di�erent
assumptions e.g. on the DM profile (see Cirelli, 2015, for more details), and conservative limits
were used when several results were available.

These bounds correspond to ‘standard’ indirect searches, mostly carried out by large collabora-
tions. Indirect detection has been the object of a wealth of additional more ‘exotic’ studies, which
probe di�erent regions of the DM parameter space. For instance DM annihilation or decay can
disrupt the standard results of nucleosynthesis in the early Universe, a�ecting the formation of
light chemical elements through e.g. photodissociation (Sarkar, 1996; Jedamzik & Pospelov, 2009).

In this thesis, we go beyond the standard approach, exploring two aspects of indirect searches
for DM:

• we perform a detailed study of secondary photon emission from electrons and positrons
produced in DM annihilations;

• we explore the phenomenology of supermassive black hole-induced DM spikes—i.e. very
strong enhancement of the DM density—at the centers of galaxies.

A detection of new physics at LHC would be welcome!


