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Dark Matter

What’s the problem?

How can we solve it?

Why can it have something to say about particles?

OK, it’s a dark matter: but how dark is dark? Can 
we shed some light on it?
(or: Can it shed some light to us?)



Universe is “odd”

70% Dark Energy
26% Dark Matter
4% Nuclear Matter



Dark Matter

Dynamics of galaxy clusters
Rotational curves of galaxies
Gravitational lensing
Structure formation from primordial 

density fluctuations
Energy density budget



Velocity dispersion of galaxies in the cluster is too 
large: the cluster should “evaporate”

Much more mass than the visible one is needed

Galaxy cluster

v ~ (800 ÷ 1000) km/s

Zwicky (1933)

hT i ⇠ hv2i
2hT i = �hVTOTi



Spiral Galaxy

v ~ 100km/s
v ~ 50 km/s

v(r) / r�1/2

v(r) ⇠ r�1/2

v(r) ⇠ const



Spiral Galaxy

v ~ 100km/s

v ~ 100km/s

v ~ 100km/s

v(r) =
p

M(r)/r

Periferic stars and gas 
are faster than expected

Faster  =  More mass

v(r) ⇠ r�1/2

v(r) ⇠ const

Rubin (1970)



Gravitational Lensing



Lens equation
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Thin lens: distances involved are much larger than the size of 
the lens

Lens equation (can have multiple solutions)

Deflection angle

Projected mass density

For weak fields, its 
the sum of the 
deflection angles 
4GM/b over the 
mass of the lens



Gravitational lensing

A large amount of mass between the background galaxies and 
us can be inferred by the lensing effect

Strong lensing Weak lensing



Universe at large scales

Real UniverseSloan Digital Sky Survey



DM needs to be (mainly) cold 
and (mainly) non-collisional

Structure formation from primordial 
density fluctuations



Structures in LCDM

Simulated UniverseReal Universe



Non-baryonic (cold) dark matter is needed
No candidate in the Standard Model(*)

New fundamental Physics

Particle Dark Matter

(*) Standard neutrino:
Too light: act as HDM (not CDM)



Solutions not involving new particles
The DM issue is not a problem of particles, but of gravity

MOND
Gravity beyond General Relativity

Primordial black holes might solve the DM problem
They do not count as baryonic matter
Currently under debate
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FL: femtolensing of GRB
NS: neutron star catpure
WD: white dwarf explosion
HSC: microlensing from Subaru
K: microlensing from Kepler
EROS: microlensing from EROS
MACHO: microlensing from MACHO Carr et al, 1705.05567 



Two fundamental questions

- Identify the particle candidate
- Identify a non-gravitational signal, 

manifestation of its particle nature

Non-baryonic (cold) dark matter is needed
No candidate in the Standard Model

New fundamental Physics

Particle Dark Matter



If a particle, where it does come from?
Produced, through some mechanism, in the early Universe
The early Universe is a plasma:

Elastic processes                        kinetic equilibrium

Inelastic processes                  chemical equilibrium

� �

a a

�

� a

a

Reshuffle particles energies and momenta

Create or destroy particles in the plasma



Equilibrium in the plasma
�i =

X

j=other

njh�viij

H

�i

Universe evolves in this direction

In equilibrium 1/T

rates Relativistic

Non relativistic

ni ⇠ T 3

hEii ⇠ mi � T

hEii ⇠ T � mi

ni ⇠ exp (�mi/T )

Out of equilibrium



Out of equilibrium

H

�i

Universe evolves in this direction

In equilibrium Out of equilibrium 1/T

rates



Boltzmann eq. for the number density

dilution due to expansion

dilution due to annihilation

production due to inverse annihilation�

� a

a



Abundance evolution for a cold relic

Y = n/s

⌦� =
⇢�
⇢C

The universe cools down Particle in equilibriumhEi� ⇠ m� � T
hEia ⇠ T



Abundance evolution

Y = n/s

⌦� =
⇢�
⇢C

weaker interactions

stronger interactions

The universe cools down Abundance today (relic)



The WIMP “miracle”

m� � (GeV ÷ TeV)

WIMP: Weakly Interacting Massive Particle
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In more details

Lee-Weinberg boundFew GeV

⌦h2

m

m�2

0.1

s = q2 ⇠ (2mDM)2m ⌧ mZ h�annvi ⇠ G2
Fm

2
DM

�

� a

a non-relativistic

Fermi limitGF

hEi ⇠ mDM



In more details

Few TeV

⌦h2

m

0.1

m2

h�annvi ⇠ g4

m2
DM

m � mZ s = q2 ⇠ (2mDM)2

�

� a

a

Effectively massless Z
Z

q
gg

q2 � m2
Z



Summarizing

Few TeV

⌦h2

m

0.1

Few GeV

matches the observed value 
of CDM abundance

allowed mass range



Dependencies

Few TeV

⌦h2

m

0.1

Few GeV

If  <σv>  increases



Dependencies

Few TeV

⌦h2

m

0.1

Few GeV

Additional features
Poles (Z, H, others)
Coannihilations
Sommerfeld enhancements light mediator

If  <σv>  decreases

mDM ⇠ mZ/2 , mH/2
mDM ⇠ msligthly heavier state



The WIMP “miracle”

Loosely speaking a particle with:
- Mass: sligthely  sub-GeV  to  multi-TeV
- Interactions: weak type

can succesfully explain the observed abundance (and 
structure) of dark matter in the Universe

And clearly it must stable (at least on cosmological time-
scales. i.e. lifetime > age og the Universe)



Freeze-in mechanism

Particle never in  full equilibium

Y = n/s

⌦� =
⇢�
⇢C



Asymmetric DM
Asymmetry can arise because of:

– Initial conditions (quite fine tuned)
– Sakharov conditions (like for baryo/lepto genesis; maybe 

related to them)
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From decay

N  → X + (...) N heavier that X

Example:  N can reach thermal equilibrium
Then freezes-out an abundance
Then decays out of equilibrium

(depends on <σNv>)

nN �! n�

⇢� = m�n� = m�
⇢N
mN

⌦� =
m�

mN
⌦N



From oscillations

𝜈S sterile neutrino

Needs to be very weakly mixed

sin2(2θ)  ~  10-11 – 10-12

m𝜈S ~  10 KeV



What’s dark matter?



Supersymmetry, Extra-dimensions [GeV-TeV, WIMP]
Minimal dark matter [TeV, WIMP]
Models with additional scalars [GeV-TeV, WIMP]

Singlet
Doublet (e.g.: 2 higgs doublet model)
Triplet

Models based on extended symmetries          [GeV-TeV, WIMP]
GUT inspired
Discrete symmetries

Mirror dark matter
Sterile neutrinos [keV, non WIMP, warm]
Axion [μeV, non WIMP, cold]
ALP (axion-like-particles, light scalars)

[> 10-22 eV, non WIMP, cold (BE condensate)]

Models and candidates



-40

-35

-30

-25

-20

-15

-10

-5

0

-18-15-12-9 -6 -3 0 3 6 9 12 15 18

l
o
g
1
0
(
σ
i
n
t
 
/
 
p
b
)

log10(mDM / GeV)

µeV keV GeV MGUT

neutrino ν

WIMP

neutralino χ

axino a~axion a

Sterile
neutrino N

gravitino g3/2

-40

-35

-30

-25

-20

-15

-10

-5

0

-18-15-12-9 -6 -3 0 3 6 9 12 15 18

l
o
g
1
0
(
σ
i
n
t
 
/
 
p
b
)

log10(mDM / GeV)

µeV keV GeV MGUT

neutrino ν

WIMP

neutralino χ

axino a~axion a

Sterile
neutrino N

gravitino g3/2

“Strong (-ish)”
Self-interacting
Technicolor DM
…

“EM (-ish)”
Millicharged DM
Electric/magnetic dipole
…

Weak
WIMP

Gravitational

SH-DM

GeV TeVkeVμeV

Majoron

WIMP     SuperheavyNon-WIMP

Particle physics scales

Relic from the early Universe
Thermal
Non thermal

Dynamically: non relativistic (cold)
collisionless

mass of the proton



Where and how 
to look for these new particles?



A multiple  approach

� Astrophysical signals
– Tests DM as particle in its environment
– Signals are not produced under our own direct control
– Complex backgrounds
– Multimessenger, multiwavelength, multitechnique strategy

� Accelerator / Lab signals
– Produce New Physics states and help in shaping the underlying model
– Allows (hopefully) to identify the physical properties of the DM sector
– Controlled environment

One does not fit all … profit of all opportunities



W�
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l q W+Z H

l q Z H

� �

q q

Scattering with ordinary matter 

e�

�

�

q

q

+ other states

e+

Production at accelerators

Annihilation (or decay)

Mechanisms of DM signal production
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l q Z H
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q q

e�
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q

q

+ other states

e+

Mechanisms of DM signal production

Signals occur in astrophysical context

Directly test DM the particle-physics 
nature of DM 

Signal produced in accelerators

Directly tests New Physics: compatibility 
with DM needs to be cross-checked 
with cosmology adn astrophysics



We can exploit every structure where DM is present ...

– Our Galaxy
Ø Smooth component
Ø Subhalos

– Satellite galaxies (dwarfs)

– Galaxy clusters
Ø Smooth component
Ø Individual galaxies
Ø Galaxies subhalos

– “Cosmic web”

Where to search for a signal ...



DM as a particle might ...

Interact with ordinary matter Direct detection

Produce effects in astrophysical
environments, like in stars



Direct detection signal

Typical process for WIMP DM

Recoil rate

For non-WIMP (kev, MeV) DM: interaction on electrons

�+N (AN , ZN )
at rest

! �+N (AN , ZN )
recoil

dR

dER
=

⇠N
mN

⇢�
m�

Z vesc

vmin(ER)
d3v v fE(~v)

d�N
dER

(v,ER)



Set of operators

Catena, JCAP 1407 (2014) 055 
Arina, Del Nobile, Panci, PRL 114 (2015) 011301
Scopel, Yoon, JCAP 1507 (2015) 041
Catena, Gondolo, JCAP 08 (2015) 022
Gluscevic et al, JCAP 12 (2015) 057
Catena, Ibarra, Wild JCAP 05 (2016) 039
Kalhofer, Wild, arXiv:1607.04418
(...)
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⇣
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Fitzpatrick et al, JCAP 1302 (2013) 004
Fitzpatrick et al, arXiv:1211.2818
Anand et al, PRC 89 (2014) 065501
Dent et al, PRD 92 (2015) 063515



Galactic center Sun

Earth

220 Km/s

30 Km/s

View from the top

Period: 1 year

Stationary over the lifetime of 
an experiment
Directional boost

Period: 1 day

Typical signatures of direct detection

Annual modulation

Diurnal modulation

Directionality

dR

dER
=

⇠N
mN

⇢�
m�

Z vesc

vmin(ER)
d3v v fE(~v)

d�N
dER

(v,ER)



No systematics or side reaction able to 
account for the measured modulation 
amplitude and to satisfy all the 
peculiarities of the signature 
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Multiple hits events =  
Dark Matter particle “switched off” 

This result offers an additional strong support for the presence of DM particles in the 
galactic halo further excluding any side effect either from hardware or from software 
procedures or from background 

2-6 keV 

Comparison between single hit residual rate (red points) and multiple 
hit residual rate (green points); Clear modulation in the single hit events; 
No modulation in the residual rate of the multiple hit events  
A=-(0.0005±0.0004) cpd/kg/keV 

EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648 
continuous line: t0 = 152.5 d,  T =1.0 y 

Single-hit residuals rate vs time in 2-6 keV 

A=(0.0110±0.0012) cpd/kg/keV 
χ2/dof = 70.4/86     9.2 σ C.L. 

Absence of modulation? No 
χ2/dof=154/87 P(A=0) = 1.3×10-5 

Fit with all the parameters free: 
A = (0.0112 ± 0.0012) cpd/kg/keV      
t0 = (144±7) d  -  T = (0.998±0.002) y 
9.3 σ C.L. 

Principal mode  
2.737×10-3 d-1 ≈ 1 y-1 

Model$Independent$Annual$Modulation$Result8
DAMA/NaI + DAMA/LIBRA-phase1   Total exposure: 487526 kg×day = 1.33 ton×yr 

The data favor the presence of a modulated behaviour with all the proper 
features for DM particles in the galactic halo at more than 9σ C.L. 

From Belli’s talk at TAUP 2015, http://taup2015.to.infn.it

Annual modulation
DAMA, 9.2σ with 1.33 ton x yr, 15 cycles  



High WIMP mass

Aprile et al (XENON 1T Collab), 1705.06655  
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Low WIMP mass

Angloher et al (CRESST), EPJC 76 (2016) 25

Contact-type scalar interactions (O1)

“Neutrino floor”

Agnese et al (SuperCDMS) PRL 116 (2016) 071301



Very light DM
� Very light DM (down to the warm regime):

– Available kinetic energy can be as low as meV (for KeV DM)
– Too low deposited energy on nuclear target

� Possibilites:
– Nuclear interactions on light targets, e.g. liquid He
– Electron recoils

Guo, McKinsey, PRD 87 (2013) 115001

Essig et al, PRD 85 (2012) 076007
Essig et al, 1509.01598
Agnese et al (SuperCDMS) PRL 112 (2014) 041302
Essig et al, PRL 109 (2012) 021301

FDM=
Ha meêqL2

FDM=
Ha meêqLFDM=
Ha meêqL2
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Super light DM

To go below 10 MeV DM: conversion of the full tiny energy 
needed

» Superconductors electron interactions

» Superfluid He nuclear interactions
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Hochberg et al, 1512.04533
Hochberg et al, PRL 116 (2016) 011301

Schutz, Zurek, 1604.08206
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DM as a particle might ...

Self annihilate or decay Send us messengers            
(indirect detection)

Exotic injections that can alter 
properties of messengers (e.g. 
CMB: SZ, reionization; gamma-
rays absorption)

W�

�

�

l q W+Z H

l q Z H



Cosmic messengers

Charged CR (e±, antip, antiD)
Neutrinos
Photons
-Gamma-rays
-Prompt production
- IC from e± on ISRF and CMB

-X-rays
- IC from e± on ISRF and CMB

-Radio
-Synchro from e± on mag. field

�� �! (l̄l, q̄q, ZZ,W+W�, GG,HH)haddec �! � , ⌫ , e± , p̄, D̄

m
ulti-wavelength

m
ulti-m

essenger



Dark Matter halo

Diffusive halo

Disk

Sun

Earth

Heliosphere

View from the side

Galactic environment



Sun

Earth

Heliosphere

Galactic signals

Electrons/positrons
Antiprotons
Antideuterons

Galactic Diffusion
Convection
Energy losses

p̄, D̄

e+, e�

Transport in the Heliosphere



Dark Matter halo

Diffusive halo

Disk

Sun

Earth

Heliosphere

Galactic signals

Photons (from radio to gamma rays)
Neutrinos from the Galaxy

Gamma rays
prompt (π0 decay)
IC from e+/e- on ISRF

Radio
synchrotron emission from
e+/e- on galactic B



Extra-galactic environment

Sunyaev-Zeldovich effect on CMB

Optical depth of the Universe 

Extragalactic signals

Photons: gamma, X, radio
Neutrinos



Cosmic rays

1 particle per m2 sec

Knee
1 particle per m2 year

Ankle
1 particle per km2 year

GZK cutoff



Cosmic rays
Antimatter << Matter

Better to search for 
the DM signal in the 
antimatter channel

Energies relevant for WIMPs



Cosmic rays
Affected by  
solar wind

E < 30 GeV

GeV/n



Cosmic rays
Affected by Earth magnetic field 

Geomagnetic cutoff:  RC = 15 cos4(lat)   GV

GeV/n



Cosmic antiprotons

DM signal

Secondaries (background)dark matter halo

diffusive halo

disk

Produced in the DM halo

Propagation and energy 
redistribution in the diffusive halo

Produced in the disk

Propagation and energy 
redistribution in the diffusive halo

g(E) =
X

F
BR(�� ! F)

✓
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(*) Donato, Maurin, Brun, Delahaye, Salati, PRL 102 (2009) 071301
(+) Adriani et al. (PAMELA Collab.), PRL 105 (2010) 121101 
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solar mod

Caveat: the bounds are reported (as is usual) under the hypothesis that the DM candidate
is the dominant DM component, regardless of its thermal properties in the early Universe

NF, Maccione, Vittino, JCAP 09 (2013) 031



Cosmic antideuterons

Produced in the DM halo

Propagation and energy 
redistribution in the diffusive halo

DM signal

Secondaries (background)
dark matter halo

diffusive halo

disk

Sun

Earth

Heliosphere

solar modulation

Produced in the disk

Propagation and energy 
redistribution in the diffusive halo

Donato, Fornengo, Salati, PRD 62 (2000) 043003

Coalescence



Detection prospects
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DM configurations allowed by antiproton bounds

Relevant detection prospects for Dbar energies 
below few Gev/n

DM signal

Background

NF, Maccione, Vittino, JCAP 1309 (2013) 031

Experimental expected sensitivities : 3σ C.L.

GAPS LDB+ :   1 detected event
AMS :                 2 detected events
(because of differet backgrounds)



Cosmic-rays leptons
Excellent data on cosmic-rays leptons are available from space-borne 
detectors, from about up 0.5 GeV to few hundreds of GeV 

– Flux

– Flux

– Flux

– PF

10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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FIG. 4 (color). (a) Stability of the measurement in the energy
range 83.2–100 GeVover wide variations of the cuts fitted with a
Gaussian of width 1.1%. (b) The positron fraction shows no
correlation with the number of selected positrons.
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FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMS are the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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Bounds on DM

Bounds on DM

Di Mauro, Donato, NF, Vittino, JCAP 1605 (2016) 031



Gamma ray sky

Fermi/LAT map

Galactic foreground emission
Resolved sources
Diffuse Gamma Rays Backgound (DGRB)
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Gamma-ray flux from galactic DM

Flux:

L.o.S. integral:

⇢(~r) = ⇢
halo

(~r) +
X

i

⇢
sub

(~rs)~r



A. Cooray, R. Sheth / Physics Reports 372 (2002) 1–129 3

Fig. 1. The complex distribution of dark matter (a) found in numerical simulations can be easily replaced with a distribution
of dark matter halos (b) with the mass function following that found in simulations and with a pro!le for dark matter
within halos.

Scott [202] were interested in describing the spatial distribution of galaxies. They argued that it was
useful to think of the galaxy distribution as being made up of distinct clusters with a range of sizes.
Since galaxies are discrete objects, they described how to study statistical properties of a distribution
of discrete points; the description required knowledge of the distribution of cluster sizes, the distribu-
tion of points around the cluster center, and a description of the clustering of the clusters [202]. At
that time, none of these ingredients were known, and so in subsequent work [203,204], they focussed
on inferring these parameters from data which was just becoming useful for statistical studies.
Since that time, it has become clear that much of the mass in the Universe is dark, and that this

mass was initially rather smoothly distributed. Therefore, the luminous galaxies we see today may
be biased tracers of the dark matter distribution. That is to say, the relation between the number of
galaxies in a randomly placed cell and the amount of dark matter the same cell contains, may be
rather complicated. In addition, there is evidence that the initial "uctuation !eld was very close to
a Gaussian random !eld. Linear and higher order perturbation theory descriptions of gravitational
clustering from Gaussian initial "uctuations have been developed (see Bernardeau et al. [15] for a
comprehensive review); these describe the evolution and mildly non-linear clustering of the dark
matter, but they break down when the clustering is highly non-linear (typically, this happens on
scales smaller than a few megaparsecs). Also, perturbation theory provides no rigorous framework
for describing how the clustering of galaxies di#ers from that of the dark matter.
The non-linear evolution of the dark matter distribution has also been studied extensively us-

ing numerical simulations of the large scale structure clustering process. These simulations show
that an initially smooth matter distribution evolves into a complex network of sheets, !laments
and knots (e.g., Fig. 1). The dense knots are often called dark matter halos. High resolution,
but relatively small volume, simulations have been used to provide detailed information about the
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DGRB and Dark Matter
The Good: Spectral behaviour different from astro sources:  

(σ,m, annihilation channel)
The Bad:    Can be quite subdominant in intensity
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DGRB intensity bounds on DM
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Dwarf galaxies

bound

PRL 115 (2015) 231301 

Charles et al (Fermi Collab) Phys Rep 636 (2016) 1
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Galactic center: an “excess” ?

Daylan et al, Phys Dark Univ 12 (2016) 1
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DM interpretation
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Non DM solutions
Unresolved pulsars
CR outbursts



Lower frequencies and non-WIMP

3.5 KeV line
73 galaxy clusters
Perseus cluster + Andromeda

Sterile neutrino DM decay?
De-excitation lines?

X rays

Bulbul et al, ApJ 789 (2014) 13
Boyarski et al, PRL 113 (2014) 251301

Perez et al, 1609.00667

New bounds from nuSTAR @ GC
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Lower frequencies better for lighter DM
Constraining power also depends on sky-coverage and sensitivity of the survey

Extragalactic radio has a similar (slightly worse) constraining power (but 
different uncertainties in modeling)

Bounds from specific target start to be competitive (dwarf galaxies; Andromeda)

NF, Lineros, Regis, Taoso, JCAP 03 (2012) 033

Egorov, Pierpaoli, PRD 88 (2013) 023504
Regis et al, JCAP 1410 (2014) 016 

Radio frequencies
NF, Lineros, Regis, Taoso, JCAP 01 (2012) 005

Bound from galactic DM radio emission
All-sky map from individual frequencies

For:
e+,e- GeV-TeV
B microG

synchro: MHz - GHz

Strong prospects: SKA and precursors, 
Lofar, ... 



CMB

See also:
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Injection of ionizing particles 
during the cosmic dark ages

Increase in the residual ionization 
fraction and affect CMB



Diffuse signals: faint & not isotropic ...

Being the cumulative sum of independent sources (astro/DM)
To first approximation: isotropic
At a deeper level: anisotropies are present

Even though sources are too dim to be individually resolved, 
they can affect the   statistics of photons across the sky



×
Auto-correlation

Photon pixel counts (1 point PDF)
Feels the distribution of sources

Photon statistics

×
Cross-correlation with 
LSS or cosmic shear

hIi(~n1)Ij(~n2)i �! Cij(✓) �! Cij
l

Feels the fluctuations of the photon field 
(induced by the underlying DM field)

Feels the fluctuations of the photon field and 
correlates it to its origin (the underlying DM field)



Gamma rays   x   Galaxy catalogs (LSS) X⎯corr detected

Gamma rays   x   Cosmic shear X⎯corr not detected (yet ...)

Gamma rays   x   CMB lensing X⎯corr detected

Gamma rays   x   Galaxy clusters X⎯corr detected

Shirasaki, Horiuchi, Yoshida, PRD 90 (2014) 063502                                          Fermi x CFTHLenS
Shirasaki et al, PRD 94 (2016) 063522 Fermi x (CFTHLenS + RCSLenS)
Troester et al, MNRAS 467 (2017) 2706

Fermi x (CFTHLenS + RCSLenS + KiDS)

NF, Perotto, Regis, Camera, ApJ 802 (2015) L1                                                                 Fermi x Planck       

Cuoco et al, ApJS 228 (2017) 1
Fermi x (redMaPPer + WHL12 + PlanckSZ)

Xia, Cuoco, Branchini, Viel, APJS 217 (2015) 15                              Fermi x (SDSS + 2MASS + NVSS)
Regis, Xia, Cuoco, Branchini, NF, Viel, PRL 114 (2015) 241301                                     “
Cuoco, Xia, Regis, Branchini, NF, Viel, ApJS 221 (2015)  29                                        “
Shirasaki, Horiuchi, Yoshida, PRD 92 (2015) 123540                                  Fermi x SDSS LRG

Cross Correlations



Earth

Detector

Sun

Neutrinos from Earth and Sun 

and neutrinos from the Galaxy

DM capture
DM annihilation

Neutrino
propagation



 [GeV]WIMPM
1 10 210 310 410

 [p
b]

p SD
σ

5−10

4−10

3−10

2−10

1−10

1

 (this work)- W+ANTARES W

 (this work)-τ +τANTARES 

 (this work)bANTARES b 

bIceCube b 

- W+IceCube W

-τ +τIceCube 

XENON100

PICO-2L

PICO-60

-τ +τSuperK 

Warning: bounds are typically derived under the assumption of perfect 
equilibration between capture and annihilation (and contact interactions)

Sp
in

 d
ep

en
de

nt
 in

te
ra

ct
io

n

Nu
ce

lo
n 

sc
at

te
rin

g
A

NTA
R

E
S C

ollab, PLB
 759 (2016) 69

From the Sun

DM mass

Bounds on capture cross section



 (GeV)WIMPM
10 210 310 410

)
-1

.s3
 v

> 
(c

m
A

σ<

-2610

-2510

-2410

-2310

-2210

-2110

-2010

natural scale

Fermi-LAT 2008-2014

MAGIC 2011-2013

ANTARES 2007-2012

IceCube-DeepCore 79 2010-2011

IceCube 59 2009-2010

Gamma from dwarf galaxies

Neutrinos from GC

Neutrinos from Virgo cluster

Gamma from Segue 1

Neutrinos from GC

A
nn

ih
ila

tio
n 

ra
te

ANTARES Collab, JCAP 1510 (2015) 068

DM mass

Bounds on annihilation cross section



Conclusions
� The solution to the DM problem requires to identify (or disprove) its 

particle physics nature:   either way, New Physics is there

� This can be done only through a coordinated and multifaceted effort 
which gets input both from:

– Accelerator physics
– Astrophysical and cosmological probes

� WIMP

� Non WIMP

� A signal of DM is clearly faint, but the opportunities are rich: 
multimessenger, multiwavelength, multitechnique

Current techniques have started probing the region of interest
It is the right moment to push forward 

The interest has been recently strongly revived, new ideas
Window of opportunity complementary to WIMPs


