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The cosmic inventory
Most of the Universe is Dark

Ωlum ∼ 0.01

Ωb ≃ 0.040 ± 0.005 -BBN 
-CMB

- CMB + SNIa 
- CMB - DM 
- acoustic peak in baryons

�
�x =

�x

�c
; CMB first peak⇥ �tot = 1 (flat); HST h = 0.71± 0.07

⇥
what’s the difference  
between DM and DE?

⌦DM ⇠ 0.26

⌦de ⇠ 0.69



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

The cosmic inventory

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

DM behaves like matter

DE behaves like a constant

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

(radiation has                    )

w = P/� ⇥ �1

w = P/� = 0
w = �1/3

ä

a
= �4�GN

3
(1� 3w)⇥

Most of the Universe is Dark



The cosmic inventory
Most of the Universe is Dark

Ωlum ∼ 0.01

Ωb ≃ 0.040 ± 0.005 -BBN 
-CMB

- CMB + SNIa 
- CMB - DM 
- acoustic peak in baryons

particle 
physics cosmology

⋂

�
�x =

�x

�c
; CMB first peak⇥ �tot = 1 (flat); HST h = 0.71± 0.07

⇥

⌦DM ⇠ 0.26

⌦de ⇠ 0.69



How do we know that  
Dark Matter is out there?



3) ‘precision cosmology’

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM
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1) galaxy rotation curves

2) clusters of galaxies
- “rotation curves” 
- gravitational lensing 

“bullet cluster” - NASA 
astro-ph/0608247

[further developments]

The Evidence for DM
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1) galaxy rotation curves

2) clusters of galaxies
- “rotation curves” 
- gravitational lensing 

“bullet cluster” - NASA 
astro-ph/0608247

The Evidence for DM

no or very feeble 
interaction

does not emit light,  
it is neutral



3) ‘precision  
      cosmology’

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP

MillenniumPlanck



Andrey Kravtsov, cosmicweb.uchicago.edu

DM N-body simulations
2 106 CDM particles, 43 Mpc cubic box 

http://cosmicweb.uchicago.edu


DM N-body simulations
Aquarius project of the VIRGO coll.: 
1.5 109 CDM particles, single galactic halo

VIRGO coll., Aquarius project, www.mpa-garching.mpg.de/aquarius/

http://www.mpa-garching.mpg.de/aquarius/


DM N-body simulations

Springel, Frenk, White, Nature 440 (2006)

SDSS: 106 galaxies, 
2 billion lyr

2dF: 2.2 105 galaxies

Millennium:  
1010 particles, 

500 h-1 MpcOf course, you have to 
infer galaxies within the 

DM simulation
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SDSS: 106 galaxies, 
2 billions  

d’années lumière

2dF: 2.2 105 galaxies

Millennium:  
1010 particules, 

500 h-1 Mpc

since the beginning of 
the Universe: ‘stable’

‘heavy’ 
particles

The Evidence for DM



1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

3) ‘precision  
      cosmology’



95% of the Universe is unknown, dark

Dark 
Energy

Dark  
Matter

stars

gas, planets



The cosmic inventory

radiation

baryons

neutrinos

Dark Matter

At the time of CMB formation (380 Ky)



What do we know of the  
particle physics properties of 

Dark Matter?



‘heavy’ 
particles

since the beginning of 
the Universe:

no or very feeble

does not emit light,  
it is

more abundant 
than ordinary 
matter!

Nature and properties

‘neutral’

‘stable’

interactions
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When they meet,  
they annihilate

recently 
observed

Higgs boson

h

‘neutral’
‘stable’

‘heavy’ 
particles

almost  no
interactions

Nature and properties



T.Haugboelle, S.Hannestad, Aarhus University

(Neutrino) DM

�
m� = 0

�
m� = 6.9 eV

CDM - Gadget2 - 768 Mpc3�

no HDM some HDM



When they meet,  
they annihilate

recently 
observed

Higgs boson

h

‘neutral’
‘stable’

‘heavy’ 
particles

almost  no
interactions

Nature and properties



When they meet,  
they annihilate

recently 
observed

Higgs boson

h
a  new particle,  
still unknown

‘neutral’
‘stable’

‘heavy’ 
particles

almost  no
interactions

Nature and properties
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DM
10-1000  

GeV
proton
1 GeV

How heavy?

How dense?

100 GeV

10 GeV

They do not interact 
with normal matter 

nor with themselves, 
they fly freely  
thru matter

They interact a 
little little bit...

In the Milky Way
A halo of 
invisible 
particles



How was  
Dark Matter 
produced?



A thermal relic  
from the Early Universe

Consider a particle χ: 
- subject to  
- ‘heavy’ (e.g. 100 GeV) 
- ‘stable’ 
- in an expanding Universe 
- symmetric abundance

��̄! . . .
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Boltzmann equation in the Early Universe:

A thermal relic  
from the Early Universe

cosmology particle physics

dnX

dt
+ 3HnX = �h�annvi

⇥
n2

X � neq
X

2
⇤



dnX

dt
+ 3HnX = �h�annvi

⇥
n2

X � neq
X

2
⇤

NB: if one defines                   , Boltzmann equation is recast as 
  
        when annihilations become inefficient, YX stays constant      

Boltzmann equation in the Early Universe:

A thermal relic  
from the Early Universe

the density 
of  nX...

...is decreased 
by the expansion...

...and is affected by  
the annihilations:

nX < neq
X

nX > neq
Xfor                    ,  

for                    , 

i.e.         is driven to (sticks to)  

nX

nX

neq
X

nX

Look for the moment at which r.h.s. ‘cannot keep up’ with l.h.s. any longer 
(comoving nX will stay constant afterwards)

YX =
nX

s

dYX

dt
= �h�annvi1

s

⇥
Y 2

X � Y eq
X

2
⇤



Boltzmann equation in the Early Universe:

A thermal relic  
from the Early Universe

� ⇠ H

‘freeze-out’

Shortcut (NB: includes cheating)
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Boltzmann equation in the Early Universe:

A thermal relic  
from the Early Universe
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Boltzmann equation in the Early Universe:

A thermal relic  
from the Early Universe
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⟨σannv⟩

Boltzmann equation  
in the Early Universe:
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�DM � 0.23 forRelic
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Possibly a common production mechanism:

Baryogenesis: ‘Darko’genesis:

⌘B =
nB � nB̄

n�
= 6 · 10�10 ⌘DM =

nDM � nDM

n�
= ⌘B
?

BBN, CMB...

A variety of specific models/ideas:

cfr J. March-Russell

transferring or co-genesis

DM stores the anti-B number
via leptogenesis

connection to neutrino masses
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Figure 1: Illustrative plots of the solutions of
the evolution equations in the case of annihila-
tions only (top left panel, discussed in Sec. 3.1),
annihilations with oscillations (top right panel,
Sec. 3.3) and in the case which includes elastic
scatterings (bottom left panel, Sec. 3.4). The
blue (magenta) line represents the comoving
population of n+ (n�), the black line their sum.
The arrow points to the value of the primordial
asymmetry, the green band is the correct relic
abundance (± 1⇥).

neglected. As anticipated, therefore, in this typical aDM configuration the most relevant
parameter is the initial asymmetry �B: it sets the asymptotic number density 4 and thus,
in order to obtain the correct ⇤DM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).

For illustration one can also define the sum and the di⌅erence of the comoving number
densities

⇥(x) = Y +(x) + Y �(x), �(x) = Y +(x)� Y �(x), (15)

In terms of these quantities, the Boltzmann equations read
⇧
�⌥
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⇥ ⇥(x) = �2
⇤⇥v⌅ s(x)

x H(x)

⇤
1

4

⇥
⇥2(x)��2(x)

�
� Y 2

eq(x)

⌅
,

�⇥(x) = 0,

(16)

which clearly shows that the di⌅erence � between the populations remains constant and
equal to the initial condition �0; on the other hand, the total population of + and � particles
decreases, due to annihilations. At late times, Yeq is negligible and ⇥ is attracted towards
� = �0.

3.2 Oscillations only

We consider next the restricted case in which there are only DM ⇥ DM oscillations in the
system, without annihilations nor scatterings with the plasma. Eq. (11) reduces in this case

4Note that we are assuming that any process changing the DM-number (such as e.g. weak sphalerons,
in models in which the DM-number is related to the ordinary baryon number) is already switched o� by
the time of freeze-out, so that we can consider �0 as an actual constant in the subsequent evolution. This
could be invalid for very large DM masses (� 10 TeV), for which freeze-out happens early.
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The arrow points to the value of the primordial
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neglected. As anticipated, therefore, in this typical aDM configuration the most relevant
parameter is the initial asymmetry �B: it sets the asymptotic number density 4 and thus,
in order to obtain the correct ⇤DM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).

For illustration one can also define the sum and the di⌅erence of the comoving number
densities

⇥(x) = Y +(x) + Y �(x), �(x) = Y +(x)� Y �(x), (15)
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which clearly shows that the di⌅erence � between the populations remains constant and
equal to the initial condition �0; on the other hand, the total population of + and � particles
decreases, due to annihilations. At late times, Yeq is negligible and ⇥ is attracted towards
� = �0.

3.2 Oscillations only

We consider next the restricted case in which there are only DM ⇥ DM oscillations in the
system, without annihilations nor scatterings with the plasma. Eq. (11) reduces in this case

4Note that we are assuming that any process changing the DM-number (such as e.g. weak sphalerons,
in models in which the DM-number is related to the ordinary baryon number) is already switched o� by
the time of freeze-out, so that we can consider �0 as an actual constant in the subsequent evolution. This
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neglected. As anticipated, therefore, in this typical aDM configuration the most relevant
parameter is the initial asymmetry �B: it sets the asymptotic number density 4 and thus,
in order to obtain the correct ⇤DM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).

For illustration one can also define the sum and the di⌅erence of the comoving number
densities

⇥(x) = Y +(x) + Y �(x), �(x) = Y +(x)� Y �(x), (15)
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equal to the initial condition �0; on the other hand, the total population of + and � particles
decreases, due to annihilations. At late times, Yeq is negligible and ⇥ is attracted towards
� = �0.

3.2 Oscillations only

We consider next the restricted case in which there are only DM ⇥ DM oscillations in the
system, without annihilations nor scatterings with the plasma. Eq. (11) reduces in this case

4Note that we are assuming that any process changing the DM-number (such as e.g. weak sphalerons,
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neglected. As anticipated, therefore, in this typical aDM configuration the most relevant
parameter is the initial asymmetry �B: it sets the asymptotic number density 4 and thus,
in order to obtain the correct ⇤DM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).

For illustration one can also define the sum and the di⌅erence of the comoving number
densities
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which clearly shows that the di⌅erence � between the populations remains constant and
equal to the initial condition �0; on the other hand, the total population of + and � particles
decreases, due to annihilations. At late times, Yeq is negligible and ⇥ is attracted towards
� = �0.

3.2 Oscillations only

We consider next the restricted case in which there are only DM ⇥ DM oscillations in the
system, without annihilations nor scatterings with the plasma. Eq. (11) reduces in this case

4Note that we are assuming that any process changing the DM-number (such as e.g. weak sphalerons,
in models in which the DM-number is related to the ordinary baryon number) is already switched o� by
the time of freeze-out, so that we can consider �0 as an actual constant in the subsequent evolution. This
could be invalid for very large DM masses (� 10 TeV), for which freeze-out happens early.
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like rodents in the paleocene 

Consider a particle χ: 
- subject to  
  with a very small rate 
- ‘heavy’ (e.g. 100 GeV) 
- ‘stable’ 
- in an expanding Universe 
- zero initial abundance

ff̄ ! �, ��̄

increasing 
production σ

The final abundance is determined by σ (or rather λ).

Hall, Jedamzik, March-Russell, West 2009
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of 5D momentum (on orbifold boundary conditions,  

needed to have chiral SM fermions)
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axion misalignment?
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thermal or decay
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Calibration Data
! Ionization yield: ionization signal 

13x our WIMP-search background

Calibration Data
y g

divided by recoil energy.

!
133Ba !-source used to define the 

electron recoil bandelectron-recoil band.

!
252Cf n-source used to define the 

nuclear-recoil band.

! The bands are well separated 

down to below 10 keV!

6

CDMS coll.
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Annual modulation seen (     ):8�

DAMA/Libra

DAMA Coll., 0804.2741, 2008

Summary of the results obtained in the additional 
investigations of possible systematics

 
or side reactions

(DAMA/LIBRA +
 

NIMA592(2008)297, EPJC56(2008)333)

Source Main comment Cautious upper
limit (90%C.L.)

RADON Sealed Cu box in HP Nitrogen atmosphere, <2.5�10-6 cpd/kg/keV
3-level of sealing, etc.

TEMPERATURE Installation is air conditioned+
detectors in Cu housings directly in contact <10-4 cpd/kg/keV
with multi-ton shield� huge heat capacity
+ T continuously recorded

NOISE Effective full noise rejection near threshold <10-4 cpd/kg/keV

ENERGY SCALE Routine + instrinsic calibrations <1-2 �10-4 cpd/kg/keV

EFFICIENCIES Regularly measured by dedicated calibrations <10-4 cpd/kg/keV

BACKGROUND No modulation above 6 keV;
no modulation in the (2-6) keV <10-4 cpd/kg/keV
multiple-hits events;
this limit includes all possible 
sources of background

SIDE REACTIONS Muon flux variation measured by MACRO <3�10-5 cpd/kg/keV

+ even if larger they cannot 
satisfy all the requirements of 
annual modulation signature

Thus, they

 
can not

 
mimic

 the observed

 
annual

 modulation

 
effect

An instrumental effect?

e.g. P.Belli, KITP workshop 12.2009‘NO!’
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Direct Detection: status
DAMA/Libra 

(1998-2011)
CoGeNT 

(2010-2011)

CRESST (2011)

Dark Matter!  
Dark Matter! DARK MATTER!
Seen an excess of events and/or annual modulation. 

Light (few GeV) DM with large scattering.

XENON100 

(2009-2011)

CDMS (2009)

No way.
Absolute cosmic silence recorded, 

limits are stronger than signal.

LUX (2013)



Direct Detection: results

E. Figueroa-Feliciano - ICRC 2015



Direct Detection: future

E. Figueroa-Feliciano - ICRC 2015
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Production at colliders
Collider

DM

DMSM

SM

At LHC: q, g

q, g

�

�

‘Problem’ is: DM flies away
Signature is: missing energy

transverse

Before collision: ~P tot

T ⌘ 0
~P tot

L 6= 0

After collision: ~P vis
T

?= 0
If ≠, then ‘MET’

p p

Background: neutrinos (e.g. W→eν)
- model your background and look for anomalies 
- construct kinematic variables sensitive to χ mass
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Collider
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SM

At LHC: q, g
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‘Problem’ is: DM flies away
Signature is: missing energy

transverse

So far,  
no missing energy  
whatsoever.

Status:
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- unexpected species 
- different spectra
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), � (red), ⇥ = (⇥e+⇥µ+⇥⇥ )/3

(black).
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), � (red), ⇥ = (⇥e+⇥µ+⇥⇥ )/3

(black).
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Fluxes at production
ElectroWeak corrections are important!
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See also: Serpico et al., Bell et al.
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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DM halo profiles
From N-body numerical simulations:
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  mild: Einasto 
  smooth: isothermal, Burkert
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the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.
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reader with ready-to-use final products, as opposed to the generating code. We make an
e�ort to extend our results to large, multi-TeV DM masses (recently of interest because
of possible multi-TeV charged cosmic ray anomalies) and small, few-GeV DM masses (re-
cently discussed because of hints from DM direct detection experiments), at the edge of the
typical WIMP window. Above all, our aim is to provide a self-consistent, independently
computed, comprehensive set of results for DM indirect detection. Whenever possible, we
have compared with existing codes, finding good agreement or improvements.

2 Dark Matter distribution in the Galaxy

For the galactic distribution of Dark Matter in the Milky Way we consider several possi-
bilities. The Navarro, Frenk and White (NFW) [35] profile (peaked as r�1 at the Galactic
Center (GC)) is a traditional benchmark choice motivated by N-body simulations. The
Einasto [36, 37] profile (not converging to a power law at the GC and somewhat more
chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical sim-
ulations; the shape parameter � varies from simulation to simulation, but 0.17 seem to
emerge as a central, fiducial value, that we adopt. Cored profiles, such as the truncated
Isothermal profile [38, 39] or the Burkert profile [40], might be instead more motivated by
the observations of galactic rotation curves, but seem to run into conflict with the results of
numerical simulations. On the other hand, profiles steeper that NFW had been previously
found by Moore and collaborators [41].

As long as a convergent determination of the actual DM profile is not reached, it is
useful to have at disposal the whole range of these possible choices when computing Dark
Matter signals in the Milky Way. The functional forms of these profiles read:

NFW : ⇥NFW(r) = ⇥s
rs

r

⇤
1 +

r

rs

⌅�2

Einasto : ⇥Ein(r) = ⇥s exp

⌥
� 2

�

⇧⇤
r

rs

⌅�

� 1

⌃�

Isothermal : ⇥Iso(r) =
⇥s

1 + (r/rs)
2

Burkert : ⇥Bur(r) =
⇥s

(1 + r/rs)(1 + (r/rs)2)

Moore : ⇥Moo(r) = ⇥s

�rs

r

⇥1.16
⇤

1 +
r

rs

⌅�1.84

(1)

Numerical DM simulations that try to include the e�ects of the existence of baryons have
consistently found modified profiles that are steeper in the center with respect to the DM-
only simulations [42]. Most recently, [43] has found such a trend re-simulating the haloes
of [36, 37]: steeper Einasto profiles (smaller �) are obtained when baryons are added.
To account for this possibility we include a modified Einasto profile (that we denote as
EinastoB, EiB in short in the following) with an � parameter of 0.11. All profiles assume
spherical symmetry 2 and r is the coordinate centered in the Galactic Center.

2Numerical simulations show that in general halos can deviate from this simplest form, and the isodensity
surfaces are often better approximated as triaxial ellipsoids instead (e.g. [44]). For the case of the Milky
Way, however, it is fair to say that at the moment we do not have good observational determinations of its
shape, despite the e�orts already made studying the stellar tidal streams, see [45]. Thus the assumption

5
EinastoB = steepened Einasto 

(effect of baryons?)

6 profiles:



Boost Factor: local clumps in the DM halo enhance the density, 
boost the flux from annihilations. 
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Propagation for antiprotons:
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MIN 0.9455 0.6282 -0.3175 -0.0807 0.0373 -0.0036

Moo MED 1.8714 0.5922 -0.2815 -0.0629 0.0304 -0.0029
MAX 2.7960 -0.1231 -0.1164 0.0188 -0.0013 0.0000
MIN 0.9191 0.6493 -0.3104 -0.0922 0.0407 -0.0039
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Bur MED 1.7426 0.3736 -0.3127 -0.0027 0.0140 -0.0016
MAX 2.3763 -0.1637 -0.0948 0.0123 -0.0003 -0.0000

Figure 9: Propagation function for antiprotons
from annihilating DM, for the di�erent halo profiles
and sets of propagation parameters, and the corresponding
fit parameters to be used in eq. (30).
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Figure 10: Propagation function for antiprotons
from decaying DM, for the di�erent halo profiles and
sets of propagation parameters, and the corresponding fit
parameters to be used in eq. (30).
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K and momentum p of charged cosmic rays such that the energy spectrum d�p̄�/dK� of
antiprotons that reach the Earth with energy K� and momentum p� (sometimes referred to
as Top of the Atmosphere ‘ToA’ fluxes) is approximatively related to their energy spectrum
in the interstellar medium, d�p̄/dK, as [123]

d�p̄�

dK�
=

p2
�

p2

d�p̄

dK
, K = K� + |Ze|�F , p2 = 2mpK + K2. (31)

The so-called Fisk potential �F parameterizes in this e⇥ective formalism the kinetic energy
loss. A value of �F = 0.5 GV is characteristic of a minimum of the solar cyclic activity,
corresponding to the period in which most of the observations have been done in the second
half of the 90’s and at the end of the years 2000’s.

4.1.5 Antideuterons

The propagation of antideuterons through the Galaxy follows closely that of antiprotons
discussed above, with a few trivial changes. The di⇥usion equation is still the one in eq. (24).
In it:
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Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

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

functions and numerical tables.

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

Almost 2 orders of magnitude Almost 1 order of magnitude

Bottom line: Antiprotons are quite affected by propagation, 
but spectral shape somewhat preserved

Antiprotons
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Figure 2: Differential antideuteron flux from four different WIMP models, as a function of the antideuterons’

kinetic energy per nucleon. The solid black line corresponds to a WIMP with mass 100 GeV annihilating with

BR=1 into a bb̄ pair, the red dotted line to a 1000 GeV WIMP annihilating with BR=1 into W+W− pairs,

the green dot-dashed line to a 500 GeV B(1) (the Kaluza-Klein first excitation of the hypercharge gauge boson),

LKP in the UED scenario, while the blue dashed line to a LZP particle pair annihilating dominantly through the

Z s-channel resonance, with a mass of 40 GeV. The shaded regions correspond to the sensitivities of various

existing and proposed experiments featuring antideuteron searches.

abundance [1], according to the qualitative relation [2]

⟨σv⟩0 ≈
3 × 10−27 cm3 s−1

Ωχh2
. (11)

The first two models feature a single final state, respectively bb̄ and W+W−, and two different masses,

respectively mχ = 100 GeV and mχ = 1000 GeV. The choice of the masses is rather arbitrary, but it

has been repeatedly shown that, for instance, supersymmetric models with a neutralino LSP mainly

annihilating into gauge bosons pairs (such as wino- or higgsino-like neutralinos) typically feature

a mass in the TeV range. On the other hand, the bb̄ final state is often found to be the dominant

annihilation channel [59] for low mass neutralinos (especially at large tan β), for instance in the minimal

supergravity model [60]. The third model we consider is the B(1) LKP of UED models [44, 45]. The

branching ratios for this model have been computed in Ref. [45], and the dominant final state channels

responsible for antiproton (and thus Ds) production are up-type quarks (see also the recent analysis

of the anitproton yields for this model in Ref. [61]). We picked a representative mass of 500 GeV,
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How does DM produce     -rays?�
1. prompt emission 

1a. continuum 

2. secondary emission 
2a. ICS 2b. bremsstrahlung 2c. synchrotron
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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So what are the  
particle physics  
parameters?

1. Dark Matter mass  

2. annihilation cross section �ann
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Figure 15: J(�) for annihilating (left) and decaying (right) Dark Matter, for the di�erent
DM profiles. The color code individuates the profiles (Burkert, Isothermal, Einasto, EinastoB,
NFW, Moore from bottom to top in the inset).

The J factors are plotted in fig. 15 as a function of �. We provide them in terms of
MathematicaR� interpolating functions on the website [29].

The recipes (34) and (35) are ready for consumption if one needs the flux of gamma rays
from a given direction. More often, of course, one needs the integrated flux over a region
�⇥, corresponding e.g. to the window of observation or the resolution of the telescope.
The J factor is then replaced by the average J factor for such region, simply defined as
J̄(�⇥) =

�⇤
�⇥ J d⇥

⇥
/�⇥. The following simple formulæ hold for regions that are disks of

aperture �max centered around the GC, annuli �min < � < �max centered around the GC or
generic regions defined in terms of galactic latitude b and longitude ⌥24 (provided they are
symmetric around the GC):
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(36)
where the integration limits in the formulæ for J̄ are left implicit for simplicity but obviously
correspond to those in �⇥. For the ‘b ⇥ ⌥ region’ the limits of the integration region are

24Galactic polar coordinates (d, ⌅, b) are defined as

x = d cos ⌅ cos b, y = d sin ⌅ cos b, z = d sin b

where the Earth is located at ↵x = 0 (such that d is the distance from us); the Galactic Center at x = r�,
y = z = 0; and the Galactic plane corresponds to z ⇤ 0. Consequently cos � = x/d = cos b · cos ⌅.
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Table 3: Some popular observational regions, their angular area and the corresponding values of the average J̄ factor for di�erent DM halo
profiles, in the case of annihilation and decay. ‘GP’ stands for Galactic Plane and ‘GC’ for Galactic Center. With a slight abuse of notation
we indicate the absolute value of the longitude |l| to signify that the considered regions are always symmetrical with respect to the l = 0 axis (for
instance 0� < |l| < 3� actually means l > 357�, l < 3�).
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or aperture � [steradians] NFW Ein EinB Iso Bur Moore NFW Ein EinB Iso Bur Moore
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the di�erent observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in di⇥erent angular windows and for di⇥erent halo profiles. For each case we plot the
total gamma-ray flux and its di⇥erent components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
di⇥erent from what is observed. In a �2 d�/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to⇥TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3⇤�3⇤’ and ‘5⇤�30⇤’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ� with a cross section
of 3 10�23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.

8



e±

soft gammas from bremsstrahlung of       on ISMe±b.
Secondary emission

H



Relative importance of 
secondary emissions

=> brem is the dominant energy loss for low energy e±!



N
S

N
S

e±

radio-waves from synchro radiation of         in GCe±c.
Secondary emission



N
S

N
S

e±

- compute the population of      
  from DM annihilations in the GC
- compute the synchrotron emitted power 
  for different configurations of galactic ⇥B

e±

(assuming ‘scrambled’ B; in principle, directionality 
could focus emission, lift bounds by O(some))

radio-waves from synchro radiation of         in GCe±c.
Secondary emission



1b. line(s) 1c. sharp features 

How does DM produce     -rays?�
1. prompt emission 

1a. continuum 

2. secondary emission 
2a. ICS 2b. bremsstrahlung 2c. synchrotron

mDMmDM mDM

mDMmDMmDM radiosoft  
gamma



1b. line(s) 1c. sharp features 

How does DM produce     -rays?�
1. prompt emission environment-independent

environment-dependent

1a. continuum 

2. secondary emission 
2a. ICS 2b. bremsstrahlung 2c. synchrotron

mDMmDM mDM

mDMmDMmDM radiosoft  
gamma



     from  DM annihilations in galactic center�

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

DM

DM

and

and

�

�

Basic picture: targets



     from  DM annihilations in dwarf galaxies�

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

DM

DM

and

and

�

�

Basic picture: targets



     from  DM annihilations in subhaloes�

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

DM

DM

and

and

�

�

Basic picture: targets



     from  DM annihilations in galaxy clusters�

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

DM

DM

and

and

�

�

Basic picture: targets



from outside the Galaxy  �
Basic picture: targets



from outside the Galaxy  �
Basic picture: targets



from outside the Galaxy  �
Basic picture: targets



from outside the Galaxy  �
Basic picture: targets



from outside the Galaxy  �

- isotropic flux of prompt and ICS gamma rays, integrated over z and r
- depends strongly on halo formation details and history

redshift z

Basic picture: targets



     from  DM annihilations in galactic center

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

DM

DM

and

and

�

�

�

up-going  
muons: µ

νµ

ID with neutrinos



     from  DM annihilations in galactic halo

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

DM

DM

and

and

�

�

�

up-going  
muons: µ

νµ

ID with neutrinos



W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .DM

DM

�

�

ID with neutrinos



W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

primary  
channels

DM

DM

�

�

ID with neutrinos



W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

primary  
channels de

ca
y

DM

DM

�

�

ID with neutrinos



W+, Z, b̄, �+, t̄, h . . . � e±,
(�)
p ,

(�)

D . . .

W�, Z, b, ��, t, h . . . � e⇥,
(�)
p ,

(�)

D . . .

primary  
channels

final  
products

de
ca

y

DM

DM

10⇥5 10⇥4 10⇥3 10⇥2 10⇥1 1
10⇥2

10⇥1

1

10

x⇤K�MDM

dN
�dlog

x

e� primary spectra

MDM ⇤ 10 GeV

10⇥5 10⇥4 10⇥3 10⇥2 10⇥1 1
10⇥2

10⇥1

1

10

x⇤K�MDM

dN
�dlog

x

e� primary spectra

MDM ⇤ 100 GeV

10⇥5 10⇥4 10⇥3 10⇥2 10⇥1 1
10⇥2

10⇥1

1

10

x⇤K�MDM

dN
�dlog

x

e� primary spectra

MDM ⇤ 1000 GeV

DM annihilation channel

V⌥⇧
⌅
g
h115
Z
W
t
b
q
⌃
⇧
e

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

x⇥K�MDM

dN
�dlog

x

p primary spectra

MDM ⇥ 10 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

x⇥K�MDM

dN
�dlog

x

p primary spectra

MDM ⇥ 100 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

x⇥K�MDM

dN
�dlog

x

p primary spectra

MDM ⇥ 1000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

x⇥K�MDM

dN
�dlog

x

p primary spectra

MDM ⇥ 10000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�7

10�6

10�5

10�4

10�3

10�2

x⇥K�MDM

dN
�dlog

x

d primary spectra

MDM ⇥ 10 GeV

10�5 10�4 10�3 10�2 10�1 1
10�7

10�6

10�5

10�4

10�3

10�2

x⇥K�MDM

dN
�dlog

x

d primary spectra

MDM ⇥ 100 GeV

10�5 10�4 10�3 10�2 10�1 1
10�7

10�6

10�5

10�4

10�3

10�2

x⇥K�MDM

dN
�dlog

x

d primary spectra

MDM ⇥ 1000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�7

10�6

10�5

10�4

10�3

10�2

x⇥K�MDM

dN
�dlog

x

d primary spectra

MDM ⇥ 10000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤ primary spectra

MDM ⇥ 10 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤ primary spectra

MDM ⇥ 100 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤ primary spectra

MDM ⇥ 1000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤ primary spectra

MDM ⇥ 10000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤e primary spectra

MDM ⇥ 10 GeV

10�5 10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤e primary spectra

MDM ⇥ 100 GeV

10�5 10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤e primary spectra

MDM ⇥ 1000 GeV

10�5 10�4 10�3 10�2 10�1 1
10�4

10�3

10�2

10�1

1

10

102

x⇥K�MDM

dN
�dlog

x

⇤e primary spectra

MDM ⇥ 10000 GeV

Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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So what are the  
particle physics  
parameters?

1. Dark Matter mass  
2. primary channel(s) 
3. annihilation cross section 

�

�

�ann

ID with neutrinos



DM

ν

ν

Sun Earth

     from  DM annihilations in the Sun�

Include oscillations + interactions:
- reshuffling of the 3 flavors 
- distortions the spectra 
- attenuations of the fluxes

ID with neutrinos



1. Capture & annihilation
basics: DM particle scatters with nuclei and loses energy 
	 if                    particle is gravitationally trapped 
	 it spirals to center of body and accumulates  

     annihilates

vf < vesc

vhalo ≃ 270 km/s

vesc,⊙ ≃ 620 km/s

vesc,⊕ ≃ 12 km/s
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The main physical parameter is: (DM-nucleon scattering cross section)�N
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1. Capture & annihilation

dense medium

Effects of the medium:
1) light hadrons (      ...) and leptons (  ) are stopped and decay at rest  
2) heavy hadrons/leptons lose some energy before decaying

µ⇡, K
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2. Propagation

oscillations + interactions
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Pro Contra

local, info in spectral shape propagation

local propagation,  
larger background

higher energy propagation, 
larger background

astro bkgd under control propagation, largish volume, 
little info in spectral shape

prompt straight line, no absorption  (in galaxy), 
‘smoking gun’

suppressed,  
model dependent

secondary large volumes environment dependent  
(in intensity and spectrum)

radio angular resolution environment dependent  
(in intensity and spectrum)

‘unique’ very small flux (+ see antiprotons)

straight line, 
cross section increases with energy challenging detection

Summary

e+

p̄

ν, ν̄

�

d̄

e�

�

e+ + e�


