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– acoustic oscillations which occur in the baryon–photon fluid at the time of photon decoupling. As discussed
in Section 1 the photons are initially strongly coupled to the still separate electrons and baryons, because the
two components interact electromagnetically through Thomson scattering. Following Eq.(1.49) the weak
interaction can be neglected in comparison to Thomson scattering for ordinary matter. On the other hand, we
can see what happens when a sizeable fraction of the matter in the Universe is not baryonic and only
interacts gravitationally and possibly through the weak interaction. Such new, dark matter generates
gravitational wells around regions of large matter accumulation.

The baryon–photon fluid gets pulled into these gravitational wells. For the relativistic photon gas we can
relate the pressure to the volume and the temperature through the thermodynamic equation of state PV / T .
If the temperature cannot adjust rapidly enough, for example in an adiabatic transition, a reduced volume
will induce an increased pressure. This photon pressure acts against the gravitational well. The photons
moving with and against a slope in the gravitational potential induces a temperature fluctuation located
around regions of dark matter concentration. Such an oscillation will give rise to a tower of modes with
definite wave lengths. For a classical box-shaped potential they will be equi-distant, while for a smoother
potential the higher modes will be pulled apart. Strictly speaking, we can separate the acoustic oscillations
into a temperature effect and a Doppler shift, which have separate effects on the CMB power spectrum.

– the effect of general relativity on the CMB photons, not only related to the decoupling, but also related to the
propagation of the streaming photons to us. In general, the so-called Sachs–Wolfe effect describes this
impact of gravity on the CMB photons. Such an effect occurs if large accumulations of mass or energy
generate a distinctive gravitational potential which changes during the time the photons travel through it.
This effect will happen before and while the photons are decoupling, but also during the time they are
traveling towards us. From the discussion above it is clear that it is hard to separate the Sachs–Wolfe effect
during photon decoupling from the other effects generating the acoustic oscillations. For the streaming
photons we need to integrate the effect over the line of sight. The later the photons see such a gravitational
potential, the more likely they are to probe the cosmological constant or the geometrical shape of the
Universe close to today.

Figure 3 confirms that the power spectrum essentially consists of a set of peaks, i.e. a set of angular scales at
which we observe a particularly strong correlation in temperatures. They are generated through the acoustic

Figure 3: Power spectrum as measured by PLANCK in 2015. Figure from the PLANCK collaboration [2].
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Properties and the Particle Physics of Dark Matter

• Cold and Neutral: Non relativistic today.
• Preserves the success of Big Bang Nucleosynthesis (Formation of Atoms and Nuclei in the early Universe)
• “Almost” Dark with respect to other forces of nature.
• Collisionless within the DM sector at large scales.
• Stable, on Cosmological time scales.
• Forms halos in the galaxy

Dark Matter belongs in Astronomy/Cosmology .  
Why should we care about colliders ?



Dark Matter wiithin Beyond Standard Model 

We only know the density, therefore the 
mass of the DM candidates can have a large range 

Dark Matter can be multi-component, 
more than one species in this list

XKCD comic

Tim Tait for Snowmass Fermions or Bosons ? 
 Fermions  

1.  Tremaine-Gunn bound from fermion phase space saturation : ~1 eV
2.  Thermal Warm Dark Matter bound : 
Lyman-alpha forest constraints - matter power spectrum bounds > 5 KeV

Bosons

Ultralight bosonic DM behaves as a coherent field, let’s take 

temperature as the photons. With additional assumptions on the possible phase space distribution,
these bounds could be even stronger. Setting aside these details, we find that fermions well below
the ⇠ keV mass scale are not plausible candidates to be all of the DM.

The warm dark matter bound. — Another general, qualitative statement can be made about
DM candidates with mass below keV. Often referred to as the warm dark matter (WDM) bound,
the idea is that there is a suppression in the matter power spectrum for sufficiently low mass DM,
see the example in Fig. 1. Currently, the strongest bounds are from observations of the Lyman-↵
forest, which is a tracer for the matter power spectrum (see Refs. [15–18] for recent constraints
on WDM). Turning to Fig. 2, the smallest measured scales for the power spectrum correspond to
k ⇠ 10 � 20/Mpc, modes which entered the horizon and started growing at z ⇠ 10

7. At this time,
the photon temperature was T�(1+ z) ⇠ keV. Therefore, if dark matter was in thermal equilibrium
and had similar temperature as the photons, its mass should satisfy mDM & keV – otherwise, it
would be relativistic and lead to damping of the power spectrum. Of course, this is not a hard
boundary and specific models can fit observational data depending on the actual velocity of the
DM in the early universe.

B Ultralight bosonic dark matter

We will refer to the entire span of candidates below ⇠ keV as ultralight bosonic dark matter.
The very low mass end of DM candidates is usually quoted as around mDM ⇡ 10

�22 eV. First of
all, what happens when DM is this light? It behaves as a coherent field. Let’s look at the number
of DM particles within a volume given by the de Broglie wavelength:
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Here we used v ⇠ 10
�3, as in the Milky Way, and ⇢DM = 0.4 GeV/cm3 as the average DM density

near the Sun. N is the occupation number, and when N � 1, then we expect that we can describe
the DM as a classical field. In the solar neighborhood, we can describe the DM as a scalar field �:

� = �0 cos(k · x � !kt) ⇡ �0 cos(k · x � m�t) (8)
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We have also dropped any quartic terms in V (�). Therefore, the local field value is �0 =
p

2⇢DM/m�.
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3 Thermal relic density

After introducing the observed relic density of photons in Section 1.3 and the observed relic density of neutrinos in
Section 2.1 we will now compute the relic density of a hypothetical massive, weakly interacting dark matter agent.
As for the photons and neutrinos we assume dark matter to be created thermally, and the observed relic density to
be determined by the freeze-out combined with the following expansion of the Universe. We will focus on masses
of at least a few GeV, which guarantees that dark matter will be non-relativistic when it decouples from thermal
equilibrium. At this point we do not have specific particles in mind, but in Section 4 we will illustrate this scenario
with a set of particle physics models.

The general theme of this section and the following Sections 5-7 is the typical four-point interaction of the dark
matter agent with the Standard Model. For illustration purposes we assume the dark matter agent to be a fermion �

and the Standard Model interaction partner a fermion f :

�

�

f

f

Unlike for asymmetric dark matter, in this process it does not matter if the dark matter agent has an anti-particle �̄,
or if is it’s own anti-particle � = �̄. This Feynman diagram, or more precisely this amplitude mediates three
different scattering processes:

– left-to-right we can compute dark matter annihilation, ��̄ ! ff̄ , see Sections 3-5;

– bottom-to-top it describes dark matter scattering of visible matter �f ! �f , see Section 6;

– right-to-left it describes dark matter pair-production, ff̄ ! ��̄, see Section 7.

This strong link between very different observables is what makes dark matter so interesting for particle physicists,
including the possibility of global analyses for any model which can predict this amplitude. Note also that we will
see how different the kinematics of the different scattering processes actually are.

3.1 WIMP miracle

As for the relativistic neutrinos, we will first avoid solving the full Boltzmann equation for the number density as a
function of time. Instead, we assume that some kind of interaction keeps the dark matter particle � in thermal
equilibrium with the Standard Model particles and at the same time able to annihilate. At the point of thermal
decoupling the dark matter freezes out with a specific density. As for the neutrinos, the underlying process is
described by the matrix element for dark matter annihilation

�� ! ff̄ . (3.1)

As in Eq.(1.51) the interaction rate � corresponding to this scattering process just compensates the increasing scale
factor at the point of decoupling,

�(Tdec)
!
= H(Tdec) . (3.2)
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} At high temperatures the reaction rates are equal

As the Universe expands and cools, the interaction rate falls below 
Hubble expansion, particles fall out of equilibrium 

1.3 Relic photons 15

Neutrinos, photons, and electrons maintain thermal equilibrium through the scattering processes
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For low temperatures or energies m⌫ ⌧ T, E ⌧ mW the two cross sections are approximately
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The coupling strength g ⌘ e/ sin ✓w ⌘ e/sw with s
2
w

⇡ 1/4 defines the weak coupling ↵ = e
2
/(4⇡) ⇡ 1/137.

The geometric factor ⇡ comes from the angular integration and helps us getting to the the correct approximate
numbers. The photons are more strongly coupled to the electron bath, which means they will decouple last, and in
their decoupling we do not have to consider the neutrinos anymore. The interaction rate

� := � v n (1.50)

describes the probability for example of the neutrino or photon scattering process in Eq.(1.48) to happen. It is a
combination of the cross section, the relevant number density and the velocity, measured in powers of temperature
or energy, or inverse time. In our case, the relativistic relics move at the speed of light. Because the Universe
expands, the density of neutrinos, photons, and charged leptons will at some point drop to a point where the
processes in Eq.(1.48) hardly occur. They will stop maintaining the equilibrium between photons, neutrinos, and
charged leptons roughly when the respective interaction rate drops below the Hubble expansion. This gives us the
condition
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as an implicit definition of the decoupling temperature.

Alternatively, we can compare the mean free path of the neutrinos or photons, 1/(� n), to the Hubble length v/H

to define the point of decoupling implicitly as

1
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While the interaction rate for example for neutrino–electron scattering is in the literature often defined using the
neutrino density n = n⌫ . For the mean free path we have to use the target density, in this case the electron n = ne.

We should be able to compute the photon decoupling from the electrons based on the above definition of Tdec and
the photon–electron or Thomson scattering rate in Eq.(1.49). The problem is, that it will turn out that at the time of
photon decoupling the electrons are no longer the relevant states. Between temperatures of 1 MeV and the relevant
eV-scale for photon decoupling, nucleosynthesis will have happened, and the early Universe will be made up by
atoms and photons, with a small number of free electrons. Based on this, we can very roughly guess the
temperature at which the Universe becomes transparent to photons from the fact that most of the electrons are
bound in hydrogen atoms. The ionization energy of hydrogen is 13.6 eV, which is our first guess for Tdec. On the
other hand, the photon temperature will follow a Boltzmann distribution. This means that for a given temperature
Tdec there will be a high-energy tail of photons with much larger energies. To avoid having too many photons still
ionizing the hydrogen atoms the photon temperature should therefore come out as Tdec . 13.6 eV.

Going back to the defining relation in Eq.(1.51), we can circumvent the problem of the unknown electron density
by expressing the density of free electrons first relative to the density of electrons bound in mostly hydrogen, with
a measured suppression factor ne/nB ⇡ 10�2. Moreover, we can relate the full electron density or the baryon
density nB to the photon density n� through the measured baryon–to–photon ratio. In combination, this gives us
for the time of photon decoupling
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DM in kinetic and chemical Equilibrium with Standard Model particle bath
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3.1 WIMP miracle

As for the relativistic neutrinos, we will first avoid solving the full Boltzmann equation for the number density as a
function of time. Instead, we assume that some kind of interaction keeps the dark matter particle � in thermal
equilibrium with the Standard Model particles and at the same time able to annihilate. At the point of thermal
decoupling the dark matter freezes out with a specific density. As for the neutrinos, the underlying process is
described by the matrix element for dark matter annihilation

�� ! ff̄ . (3.1)

As in Eq.(1.51) the interaction rate � corresponding to this scattering process just compensates the increasing scale
factor at the point of decoupling,

�(Tdec)
!
= H(Tdec) . (3.2)

} At high temperatures the reaction rates are equal
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Neutrinos, photons, and electrons maintain thermal equilibrium through the scattering processes
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For low temperatures or energies m⌫ ⌧ T, E ⌧ mW the two cross sections are approximately
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The coupling strength g ⌘ e/ sin ✓w ⌘ e/sw with s
2
w

⇡ 1/4 defines the weak coupling ↵ = e
2
/(4⇡) ⇡ 1/137.

The geometric factor ⇡ comes from the angular integration and helps us getting to the the correct approximate
numbers. The photons are more strongly coupled to the electron bath, which means they will decouple last, and in
their decoupling we do not have to consider the neutrinos anymore. The interaction rate

� := � v n (1.50)

describes the probability for example of the neutrino or photon scattering process in Eq.(1.48) to happen. It is a
combination of the cross section, the relevant number density and the velocity, measured in powers of temperature
or energy, or inverse time. In our case, the relativistic relics move at the speed of light. Because the Universe
expands, the density of neutrinos, photons, and charged leptons will at some point drop to a point where the
processes in Eq.(1.48) hardly occur. They will stop maintaining the equilibrium between photons, neutrinos, and
charged leptons roughly when the respective interaction rate drops below the Hubble expansion. This gives us the
condition

�(Tdec)

H(Tdec)
!
= 1 . (1.51)

as an implicit definition of the decoupling temperature.

Alternatively, we can compare the mean free path of the neutrinos or photons, 1/(� n), to the Hubble length v/H

to define the point of decoupling implicitly as

1

�(Tdec) n(Tdec)
!
=

v

H(Tdec)
,

�(Tdec) v n(Tdec)

H(Tdec)
!
= 1 . (1.52)

While the interaction rate for example for neutrino–electron scattering is in the literature often defined using the
neutrino density n = n⌫ . For the mean free path we have to use the target density, in this case the electron n = ne.

We should be able to compute the photon decoupling from the electrons based on the above definition of Tdec and
the photon–electron or Thomson scattering rate in Eq.(1.49). The problem is, that it will turn out that at the time of
photon decoupling the electrons are no longer the relevant states. Between temperatures of 1 MeV and the relevant
eV-scale for photon decoupling, nucleosynthesis will have happened, and the early Universe will be made up by
atoms and photons, with a small number of free electrons. Based on this, we can very roughly guess the
temperature at which the Universe becomes transparent to photons from the fact that most of the electrons are
bound in hydrogen atoms. The ionization energy of hydrogen is 13.6 eV, which is our first guess for Tdec. On the
other hand, the photon temperature will follow a Boltzmann distribution. This means that for a given temperature
Tdec there will be a high-energy tail of photons with much larger energies. To avoid having too many photons still
ionizing the hydrogen atoms the photon temperature should therefore come out as Tdec . 13.6 eV.

Going back to the defining relation in Eq.(1.51), we can circumvent the problem of the unknown electron density
by expressing the density of free electrons first relative to the density of electrons bound in mostly hydrogen, with
a measured suppression factor ne/nB ⇡ 10�2. Moreover, we can relate the full electron density or the baryon
density nB to the photon density n� through the measured baryon–to–photon ratio. In combination, this gives us
for the time of photon decoupling

ne(Tdec) =
ne
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The value �̄ depends on x independently through geff, so we can assume it to be constant as long as geff does not
change much. Under this assumption we can then solve the Boltzmann equation with the simple substitution
Y = 1/Y ,
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From Eq.(3.8) we know that thermal WIMPs have masses well above 10 GeV, which corresponds to geff ⇡ 100.
This value only changes once the temperature reaches the bottom mass and then drops to geff ⇡ 3.6 today. This
allows us to separate the leading effects driving the dark matter density into the decoupling phase described by the
Boltzmann equation and an expansion phase with its drop in geff. For the first phase we can just integrate the
Boltzmann equation for constant geff starting just before decoupling (xdec) and to a point x

0
dec � xdec after

decoupling but above the bottom mass,
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From the form of the Boltzmann equation in Eq.(3.25) we see that Y (x) drops rapidly with increasing x. If we
choose x

0
dec � xdec = 23 it follows that Y (x0
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In this expression geff is evaluated around the point of decoupling. For the second, expansion phase we can just
follow Eq.(3.10) and compute
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For the properly normalized relic density this means

) ⌦�h
2 = m�

Y (x0
dec)T

3
0

28

h
2

3M
2
PlH

2
0

=
h

2
⇡
p

geff

28
p

90 MPl

xdec

h��� vi

T
3
0

3M
2
PlH

2
0

(3.31)

=
h

2
⇡
p

geff

28
p

90 MPl

xdec

h��� vi

(2.4 · 10�4)3

(2.5 · 10�3)4
1

eV
) ⌦�h

2
⇡ 0.12

xdec

23

p
geff

10

1.7 · 10�9 GeV�2

h��� vi
.

We can translate this result into different units. In the cosmology literature people often use eV�1 = 2 · 10�5 cm.
In particle physics we measure cross sections in barn, where 1 fb = 10�39 cm2. Our above result is a very good
approximation to the correct value for the relic density in terms of the annihilation cross section
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With this result we can now insert the WIMP annihilation rate given by Eq.(3.3) and Eq.(3.4),
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Relic Density of dark matter.
The larger the annihilation cross section, 

the smaller the relic.

Time Evolution

TIME EVOLUTION OF THE NUMBER DENSITY 13

Figure 2.1 Equilibrium yield as a function of the dimensionless variable, x, for non-relativistic
particles. The green band represents the freeze-out value, Yf , for which the correct thermal relic
abundance is achieved (for masses of order 1-1000 GeV.

EXAMPLE 2.2

We can show that

g

(2⇡)3

Z
L̂[f ]

E
d
3p =

dn

dt
+ 3Hn . (2.25)

Regarding the collisional operator, it encodes the microphysical description in terms of
Particle Physics, and incorporates all number-changing processes that create or deplete
particles in the thermal bath. For simplicity, let us concentrate in annihilation processes,
where SM particles (A, B) can annihilate to form a pair of DM particles (labelled 1, 2), or
vice-versa (A, B $ 1, 2). The phase space corresponding to each particle is defined as

d⇧i =
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d
3pi

2Ei
, (2.26)

from where
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The terms (1 ± fi) account for the viable phase space of the produced particles, taking
into account whether they are fermions (�) or bosons (+). Assuming no CP violation
in the DM sector (T invariance) |M12!AB |2 = |MAB!12|2 ⌘ |M|2. Also, energy
conservation in the annihilation process allows us to write EA + EB = E1 + E2, thus,

fAfB = f
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A f

eq
B = e
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T = f

eq
1 f

eq
2 . (2.28)

In the first equality we have just used the fact that SM particles are in equilibrium. This
eventually leads to
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where we have defined the thermally-averaged cross-section as
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Collider enthusiasts would realise that this expression is similar to that of a cross-section,
but we have to consider that the “initial conditions” do not correspond to a well-defined
energy, but rather we have to integrate to the possible energies that the particles in the
thermal bath may have. This explains the extra integrals in the phase space of incident
particles with a distribution function given by f

eq
1 f

eq
2 . We are thus left with the familiar

form of Boltzmann equation,

dn

dt
+ 3Hn = �h�vi

�
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2 � n

2
eq

�
. (2.31)

Notice that this is an equilibrium-restoring equation. If the right-hand-side of the equation
dominates, then n traces its equilibrium value n ⇡ neq . However, when Hn > h�vin2,
then the right-hand-side can be neglected and the resulting differential equation dn/n =
�3da/a implies that n / a

�3. This is equivalent to saying that DM particles do not
annihilate anymore and their number density decreases only because the scale factor of the
Universe increases.

It is also customary to define the dimensionless variable 3

x =
m

T
. (2.32)

EXAMPLE 2.3

Using the yield defined in equation (2.9) we can simplify Boltzmann equation. Notice
that
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Here we have used that the expansion of the Universe is iso-entropic and thus a
3
s

remains constant. Also we use the definition of the Hubble parameter H = ȧ
a . This

3It is important to point that this definition of x is not universal; some authors use T/m and care should be taken
when comparing results from different sources in the literature.
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3 Thermal relic density

After introducing the observed relic density of photons in Section 1.3 and the observed relic density of neutrinos in
Section 2.1 we will now compute the relic density of a hypothetical massive, weakly interacting dark matter agent.
As for the photons and neutrinos we assume dark matter to be created thermally, and the observed relic density to
be determined by the freeze-out combined with the following expansion of the Universe. We will focus on masses
of at least a few GeV, which guarantees that dark matter will be non-relativistic when it decouples from thermal
equilibrium. At this point we do not have specific particles in mind, but in Section 4 we will illustrate this scenario
with a set of particle physics models.

The general theme of this section and the following Sections 5-7 is the typical four-point interaction of the dark
matter agent with the Standard Model. For illustration purposes we assume the dark matter agent to be a fermion �

and the Standard Model interaction partner a fermion f :

�

�

f

f

Unlike for asymmetric dark matter, in this process it does not matter if the dark matter agent has an anti-particle �̄,
or if is it’s own anti-particle � = �̄. This Feynman diagram, or more precisely this amplitude mediates three
different scattering processes:

– left-to-right we can compute dark matter annihilation, ��̄ ! ff̄ , see Sections 3-5;

– bottom-to-top it describes dark matter scattering of visible matter �f ! �f , see Section 6;

– right-to-left it describes dark matter pair-production, ff̄ ! ��̄, see Section 7.

This strong link between very different observables is what makes dark matter so interesting for particle physicists,
including the possibility of global analyses for any model which can predict this amplitude. Note also that we will
see how different the kinematics of the different scattering processes actually are.

3.1 WIMP miracle

As for the relativistic neutrinos, we will first avoid solving the full Boltzmann equation for the number density as a
function of time. Instead, we assume that some kind of interaction keeps the dark matter particle � in thermal
equilibrium with the Standard Model particles and at the same time able to annihilate. At the point of thermal
decoupling the dark matter freezes out with a specific density. As for the neutrinos, the underlying process is
described by the matrix element for dark matter annihilation

�� ! ff̄ . (3.1)

As in Eq.(1.51) the interaction rate � corresponding to this scattering process just compensates the increasing scale
factor at the point of decoupling,

�(Tdec)
!
= H(Tdec) . (3.2)
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Neutrinos, photons, and electrons maintain thermal equilibrium through the scattering processes
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For low temperatures or energies m⌫ ⌧ T, E ⌧ mW the two cross sections are approximately
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The coupling strength g ⌘ e/ sin ✓w ⌘ e/sw with s
2
w

⇡ 1/4 defines the weak coupling ↵ = e
2
/(4⇡) ⇡ 1/137.

The geometric factor ⇡ comes from the angular integration and helps us getting to the the correct approximate
numbers. The photons are more strongly coupled to the electron bath, which means they will decouple last, and in
their decoupling we do not have to consider the neutrinos anymore. The interaction rate

� := � v n (1.50)

describes the probability for example of the neutrino or photon scattering process in Eq.(1.48) to happen. It is a
combination of the cross section, the relevant number density and the velocity, measured in powers of temperature
or energy, or inverse time. In our case, the relativistic relics move at the speed of light. Because the Universe
expands, the density of neutrinos, photons, and charged leptons will at some point drop to a point where the
processes in Eq.(1.48) hardly occur. They will stop maintaining the equilibrium between photons, neutrinos, and
charged leptons roughly when the respective interaction rate drops below the Hubble expansion. This gives us the
condition

�(Tdec)

H(Tdec)
!
= 1 . (1.51)

as an implicit definition of the decoupling temperature.

Alternatively, we can compare the mean free path of the neutrinos or photons, 1/(� n), to the Hubble length v/H

to define the point of decoupling implicitly as
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While the interaction rate for example for neutrino–electron scattering is in the literature often defined using the
neutrino density n = n⌫ . For the mean free path we have to use the target density, in this case the electron n = ne.

We should be able to compute the photon decoupling from the electrons based on the above definition of Tdec and
the photon–electron or Thomson scattering rate in Eq.(1.49). The problem is, that it will turn out that at the time of
photon decoupling the electrons are no longer the relevant states. Between temperatures of 1 MeV and the relevant
eV-scale for photon decoupling, nucleosynthesis will have happened, and the early Universe will be made up by
atoms and photons, with a small number of free electrons. Based on this, we can very roughly guess the
temperature at which the Universe becomes transparent to photons from the fact that most of the electrons are
bound in hydrogen atoms. The ionization energy of hydrogen is 13.6 eV, which is our first guess for Tdec. On the
other hand, the photon temperature will follow a Boltzmann distribution. This means that for a given temperature
Tdec there will be a high-energy tail of photons with much larger energies. To avoid having too many photons still
ionizing the hydrogen atoms the photon temperature should therefore come out as Tdec . 13.6 eV.

Going back to the defining relation in Eq.(1.51), we can circumvent the problem of the unknown electron density
by expressing the density of free electrons first relative to the density of electrons bound in mostly hydrogen, with
a measured suppression factor ne/nB ⇡ 10�2. Moreover, we can relate the full electron density or the baryon
density nB to the photon density n� through the measured baryon–to–photon ratio. In combination, this gives us
for the time of photon decoupling
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ne
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The value �̄ depends on x independently through geff, so we can assume it to be constant as long as geff does not
change much. Under this assumption we can then solve the Boltzmann equation with the simple substitution
Y = 1/Y ,
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From Eq.(3.8) we know that thermal WIMPs have masses well above 10 GeV, which corresponds to geff ⇡ 100.
This value only changes once the temperature reaches the bottom mass and then drops to geff ⇡ 3.6 today. This
allows us to separate the leading effects driving the dark matter density into the decoupling phase described by the
Boltzmann equation and an expansion phase with its drop in geff. For the first phase we can just integrate the
Boltzmann equation for constant geff starting just before decoupling (xdec) and to a point x
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From the form of the Boltzmann equation in Eq.(3.25) we see that Y (x) drops rapidly with increasing x. If we
choose x
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In this expression geff is evaluated around the point of decoupling. For the second, expansion phase we can just
follow Eq.(3.10) and compute

⇢�(T0) = m�n�(T0)

= m�Y (x0
dec)T

03
dec

✓
a(T 0

dec)

a(T0)

◆3
Eq.(3.11)

= m�Y (x0
dec) T

3
0

geff(T0)

geff(T 0
dec)

= m�

Y (x0
dec)T

3
0

28
. (3.30)

For the properly normalized relic density this means
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We can translate this result into different units. In the cosmology literature people often use eV�1 = 2 · 10�5 cm.
In particle physics we measure cross sections in barn, where 1 fb = 10�39 cm2. Our above result is a very good
approximation to the correct value for the relic density in terms of the annihilation cross section
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With this result we can now insert the WIMP annihilation rate given by Eq.(3.3) and Eq.(3.4),
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Relic Density of dark matter.
The larger the annihilation cross section, 

the smaller the relic.

Time Evolution
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Figure 2.1 Equilibrium yield as a function of the dimensionless variable, x, for non-relativistic
particles. The green band represents the freeze-out value, Yf , for which the correct thermal relic
abundance is achieved (for masses of order 1-1000 GeV.

EXAMPLE 2.2

We can show that

g

(2⇡)3

Z
L̂[f ]

E
d
3p =

dn

dt
+ 3Hn . (2.25)

Regarding the collisional operator, it encodes the microphysical description in terms of
Particle Physics, and incorporates all number-changing processes that create or deplete
particles in the thermal bath. For simplicity, let us concentrate in annihilation processes,
where SM particles (A, B) can annihilate to form a pair of DM particles (labelled 1, 2), or
vice-versa (A, B $ 1, 2). The phase space corresponding to each particle is defined as

d⇧i =
gi

(2⇡)3
d
3pi

2Ei
, (2.26)

from where
g

(2⇡)3

Z
C[f ]

E
d
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4
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⇥
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⇤
. (2.27)
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The terms (1 ± fi) account for the viable phase space of the produced particles, taking
into account whether they are fermions (�) or bosons (+). Assuming no CP violation
in the DM sector (T invariance) |M12!AB |2 = |MAB!12|2 ⌘ |M|2. Also, energy
conservation in the annihilation process allows us to write EA + EB = E1 + E2, thus,

fAfB = f
eq
A f

eq
B = e

�EA+EB
T = e

�E1+E1
T = f

eq
1 f

eq
2 . (2.28)

In the first equality we have just used the fact that SM particles are in equilibrium. This
eventually leads to
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2
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where we have defined the thermally-averaged cross-section as
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Collider enthusiasts would realise that this expression is similar to that of a cross-section,
but we have to consider that the “initial conditions” do not correspond to a well-defined
energy, but rather we have to integrate to the possible energies that the particles in the
thermal bath may have. This explains the extra integrals in the phase space of incident
particles with a distribution function given by f

eq
1 f

eq
2 . We are thus left with the familiar

form of Boltzmann equation,

dn

dt
+ 3Hn = �h�vi

�
n
2 � n

2
eq

�
. (2.31)

Notice that this is an equilibrium-restoring equation. If the right-hand-side of the equation
dominates, then n traces its equilibrium value n ⇡ neq . However, when Hn > h�vin2,
then the right-hand-side can be neglected and the resulting differential equation dn/n =
�3da/a implies that n / a

�3. This is equivalent to saying that DM particles do not
annihilate anymore and their number density decreases only because the scale factor of the
Universe increases.

It is also customary to define the dimensionless variable 3

x =
m

T
. (2.32)

EXAMPLE 2.3

Using the yield defined in equation (2.9) we can simplify Boltzmann equation. Notice
that
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◆
. (2.33)

Here we have used that the expansion of the Universe is iso-entropic and thus a
3
s

remains constant. Also we use the definition of the Hubble parameter H = ȧ
a . This

3It is important to point that this definition of x is not universal; some authors use T/m and care should be taken
when comparing results from different sources in the literature.
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Dark Matter Direct Detection Direct Detection 101
Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
. (10)
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T

SI =
4

⇡

✓
MmT

M +mT

◆2

|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
X

q=u,d,s

fqfTq +
X

q=u,d,s,c,b

3

4
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�
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G

⌘
. (34)

The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
X
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fTq ⌘ fTG ,

hN(p)|Oq
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4
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µ⌫
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1
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(pµp⌫ �
1

4
m

2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements

!19

0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )

fN/mN =
X
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fTq(fq) +
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Dark Matter  Indirect Detection

Christian Farnier From Higgs to Dark Matter – Geilo 2012 9

Looking for a signal of DM

 WIMPs are stable particles that can annihilate each other

 As results of their annihilation, particles of the standard model will be 
produced : protons, electrons, neutrinos, gamma-rays.

 It is therefore possible to look for a DM signal, by searching for an 
over production of standard particles with several type of detectors.
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DM targets for indirect -ray searches

Pros: high DM density

Cons: large uncertainties, several std γ-ray accelerators
Galactic 

Centre 

Dwarf 

galaxies

Galactic 

Halo

Extragalactic

Pros: increasing number of objects, bckg free 

Cons: amount of DM limited

 Galaxy 

Clusters 

Pros: number of sources, large amount of DM 

Cons: distance, bckg

Pros: large integration region, DM profile well 

estimated

Cons: bckg

Pros: large integration region 

Cons: low DM density, bckg

Dark Matter  Indirect Detection
Pros: High DM density, highest expected signal rates 

Cons: Large Uncertainties, many astrophysical backgrounds

Pros: Large no. of independent objects, background free 

Cons: Limited DM density

Pros: Large no. of independent sources, large amount of DM 

Cons: Distance, Background

Pros: Large integration region, DM profile well understood 

Cons: Background

Pros: Large integration region 

Cons: Background
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Table 1. Approximate J-factors for selected targets, integrated over a circular region with angular radius of 0.5
�
, given as

log10(Jann) with Jann in GeV
2
cm

�5
sr. Values obtained from models in [29, 56, 57].

Target log10(Jann)

Galactic Center 21.5
Dwarf galaxies (best) 19
Galaxy clusters (best) 18

for annihilation, and

Jdec( ) =

Z

los
⇢( , l)dl (7)

for decay, where  is a sky direction, l is a distance along the line-of-sight (los), and ⇢ is the
dark matter density. Note that the value of the J-factor is sometimes given as the integral of
J( ) over a specified angular region.
The di↵erential intensity (particles per area, time, solid angle, and energy) observed from the

direction  is

dNann

dAdt d⌦ dE
=

h�vi
2m2

�

dNx

dE

1

4⇡
Jann( ) (8)

for annihilation, and

dNdec

dAdt d⌦ dE
=

1

m� ⌧

dNx

dE

1

4⇡
Jdec( ) (9)

for decay. Here ⌧ is the lifetime of the dark matter particle and dNx/dE is the di↵erential
spectrum of x particles emitted per annihilation or decay. The factor of 2 in the denominator of
Eq. 8 applies to dark matter which is its own antiparticle, and becomes a factor of 4 if the dark
matter is not its own antiparticle.
The most favorable targets for indirect searches are generally those that are relatively nearby,

have high dark matter densities, and low backgrounds. Table 1 summarizes J-factors for se-
lected targets. While the Galactic Center has the largest J-factor, strong backgrounds can be
a disadvantage for a dark matter search. Satellite galaxies tend to provide cleaner targets, and
combined analysis of multiple satellites can help compensate for the lower J-factor of each indi-
vidual satellite. Clusters of galaxies appear to be less optimistic targets, however the uncertainty
on the J-factor due to substructure is quite large and substructure could significantly enhance
the signal at large radii from the cluster center. Milky Way dark matter subhalos that do not
host a luminous component could be detected either as individual sources, or their collective
signal could contribute to measured di↵use emission. Other targets that have been considered
for indirect searches include nearby external galaxies such as M31 and the cumulative signal
from cosmological dark matter.

4.2. Particle spectra

The total spectrum of x particles emitted per annihilation/decay (dNx/dE) can be written as
the sum of the spectra produced for all possible final states f ,

dNx

dE
=

X

f

Bf
dNx,f

dE
(10)
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vidual satellite. Clusters of galaxies appear to be less optimistic targets, however the uncertainty
on the J-factor due to substructure is quite large and substructure could significantly enhance
the signal at large radii from the cluster center. Milky Way dark matter subhalos that do not
host a luminous component could be detected either as individual sources, or their collective
signal could contribute to measured di↵use emission. Other targets that have been considered
for indirect searches include nearby external galaxies such as M31 and the cumulative signal
from cosmological dark matter.

4.2. Particle spectra

The total spectrum of x particles emitted per annihilation/decay (dNx/dE) can be written as
the sum of the spectra produced for all possible final states f ,

dNx

dE
=

X

f

Bf
dNx,f

dE
(10)
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exciting and critical time for indirect searches. There is a palpable sense of excitement in the
community that a robust detection may be just around the corner.
This review aims to provide a concise introduction to indirect detection, including the calcu-

lation of indirect signals, targets and techniques for indirect dark matter searches, a summary of
the current state of the field, and anticipated future sensitivity. It is organized as follows: I first
give an overview of candidate dark matter particles that may produce signals in indirect searches
in §2, followed by a discussion of the dark matter distribution in §3. §4 presents the calculation
of annihilation and decay signals. The key capabilities of current and planned experiments that
can perform indirect searches are surveyed in §5. The following sections focus on specific search
targets, observable particles, and recent results in the context of selected dark matter candidates:
§6, §7, and §8 cover annihilation and decay signals from WIMPs in photons, cosmic rays, and
neutrinos, respectively; UHECRs from superheavy dark matter are briefly reviewed in §9; and
sterile neutrino decay signals are presented in §10. §11 summarizes the state of indirect dark
matter searches, including current results and future prospects.

2. Dark matter candidate particles for indirect searches

A vast array of candidates for the dark matter particle have been proposed in the context of
particle physics models, many of which are expected to produce indirect signals via annihilation
or decay, while others (e.g., asymmetric dark matter) generally must be detected by other means.
In this work I consider WIMPs, superheavy dark matter, and sterile neutrinos, since they are
expected to annihilate and/or decay to SM particles, and I focus on the detection of their
indirect signatures. For a more detailed discussion of the properties of these and other dark
matter candidates, including their particle physics frameworks, I refer the reader to several
other excellent reviews [16–19].

2.1. WIMPs

WIMPs are a broad category of dark matter candidates with a particular set of properties: they
couple to the SM via weak interactions, do not directly couple to the photon, and are thermally
produced in the early universe with their relic density set by their abundance when they freeze
out (i.e., when their interaction rate is su�ciently small that they fall out of equilibrium with
other particles). In the standard freeze-out scenario, the pair annihilation rate of a massive
thermal relic particle � is directly linked to the relic abundance observed today as [16]

⌦�h
2 ⇠ 3⇥ 10�27 cm3 s�1

h�Avi
, (1)

where ⌦� is the relic density of the � particle in units of the critical density (⇢c =
3H2

/8⇡GN , where H is the Hubble parameter), h is defined via the Hubble constant H0 =
h 100 km s�1 Mpc�1, �A is the � particle’s pair annihilation cross section, v is the relative ve-
locity of the � particles, and hi denotes averaging over the thermal velocity distribution. In this
work � will be used to refer to the dark matter particle. In the indirect detection literature, the
quantity h�Avi is often referred to as simply the annihilation cross section. Equation 1 refers to
the total annihilation cross section, however indirect searches generally consider the cross section
for annihilation to a specified final state.
Based on the measured abundance of dark matter, Eq. 1 implies that a particle that constitutes

all of the dark matter will have a total pair annihilation cross section of h�Avi ⇠ 3⇥10�26 cm3 s�1

(see also the more precise calculation of [20]); this value is often used as a benchmark and is
referred to as the thermal relic cross section. This is an appropriate cross-section for a massive
particle interacting via the weak force, hence the application of the term WIMP to this type of

April 4, 2016 0:19 Contemporary Physics Indirect˙Gaskins

3

exciting and critical time for indirect searches. There is a palpable sense of excitement in the
community that a robust detection may be just around the corner.
This review aims to provide a concise introduction to indirect detection, including the calcu-

lation of indirect signals, targets and techniques for indirect dark matter searches, a summary of
the current state of the field, and anticipated future sensitivity. It is organized as follows: I first
give an overview of candidate dark matter particles that may produce signals in indirect searches
in §2, followed by a discussion of the dark matter distribution in §3. §4 presents the calculation
of annihilation and decay signals. The key capabilities of current and planned experiments that
can perform indirect searches are surveyed in §5. The following sections focus on specific search
targets, observable particles, and recent results in the context of selected dark matter candidates:
§6, §7, and §8 cover annihilation and decay signals from WIMPs in photons, cosmic rays, and
neutrinos, respectively; UHECRs from superheavy dark matter are briefly reviewed in §9; and
sterile neutrino decay signals are presented in §10. §11 summarizes the state of indirect dark
matter searches, including current results and future prospects.

2. Dark matter candidate particles for indirect searches

A vast array of candidates for the dark matter particle have been proposed in the context of
particle physics models, many of which are expected to produce indirect signals via annihilation
or decay, while others (e.g., asymmetric dark matter) generally must be detected by other means.
In this work I consider WIMPs, superheavy dark matter, and sterile neutrinos, since they are
expected to annihilate and/or decay to SM particles, and I focus on the detection of their
indirect signatures. For a more detailed discussion of the properties of these and other dark
matter candidates, including their particle physics frameworks, I refer the reader to several
other excellent reviews [16–19].

2.1. WIMPs

WIMPs are a broad category of dark matter candidates with a particular set of properties: they
couple to the SM via weak interactions, do not directly couple to the photon, and are thermally
produced in the early universe with their relic density set by their abundance when they freeze
out (i.e., when their interaction rate is su�ciently small that they fall out of equilibrium with
other particles). In the standard freeze-out scenario, the pair annihilation rate of a massive
thermal relic particle � is directly linked to the relic abundance observed today as [16]

⌦�h
2 ⇠ 3⇥ 10�27 cm3 s�1

h�Avi
, (1)

where ⌦� is the relic density of the � particle in units of the critical density (⇢c =
3H2

/8⇡GN , where H is the Hubble parameter), h is defined via the Hubble constant H0 =
h 100 km s�1 Mpc�1, �A is the � particle’s pair annihilation cross section, v is the relative ve-
locity of the � particles, and hi denotes averaging over the thermal velocity distribution. In this
work � will be used to refer to the dark matter particle. In the indirect detection literature, the
quantity h�Avi is often referred to as simply the annihilation cross section. Equation 1 refers to
the total annihilation cross section, however indirect searches generally consider the cross section
for annihilation to a specified final state.
Based on the measured abundance of dark matter, Eq. 1 implies that a particle that constitutes

all of the dark matter will have a total pair annihilation cross section of h�Avi ⇠ 3⇥10�26 cm3 s�1

(see also the more precise calculation of [20]); this value is often used as a benchmark and is
referred to as the thermal relic cross section. This is an appropriate cross-section for a massive
particle interacting via the weak force, hence the application of the term WIMP to this type of

Satisfies the observed relic

Relic Considerations

Dark Matter distribution  from numerical structure formation simulations

April 4, 2016 0:19 Contemporary Physics Indirect˙Gaskins

4

thermal relic dark matter candidate. This value is a good choice for a benchmark, however it
is important to keep in mind that in some scenarios the annihilation cross section required to
produce the observed relic density can vary significantly from the canonical thermal relic value
(see, e.g., [18]).
The weak-scale masses of WIMPs (tens of GeV to several TeV) imply a similar energy scale

for the prompt observable products of annihilation and decay. Indirect searches for WIMPs are
therefore focused largely on gamma rays and high-energy cosmic rays and neutrinos, although
searches for secondary emission at lower energy can also be competitive, as discussed in §6.1.2.
The framework of Supersymmetry o↵ers WIMP dark matter candidates, which are extensively

reviewed in [16]. Theories of universal extra dimensions also introduce WIMP dark matter candi-
dates, referred to as Kaluza-Klein particles. Here, however, I take a model-independent approach
and consider indirect signatures of generic WIMPs, specifying a model only by the WIMP mass
and its annihilation cross sections to di↵erent SM final states.

2.2. Superheavy dark matter

Superheavy dark matter (m� & 1012 GeV) is an example of a non-thermal relic dark matter
candidate, and can be produced in a variety of scenarios, including during or after inflation or
through topological defects [21]. These particles have extremely low interaction rates, and are
assumed be stable on cosmological timescales, but may annihilate or decay to SM particles which
could be detected as UHECRs (e.g., [22–24]).

2.3. Sterile neutrinos

The right-handed (or “sterile”) neutrino ⌫s was proposed by [25] as a dark matter candidate, and
it has been shown to be viable as cold, warm, or hot dark matter in di↵erent scenarios (see [26]
and references therein). In general, the neutrino flavor eigenstates (⌫↵, with ↵ = e, µ, ⌧, s) are
a linear combination of mass eigenstates (⌫a, with a = 1, 2, ...), and the sterile neutrino has
a very small mixing with active neutrinos. A heavier mass state can radiatively decay to a
lighter mass state (⌫2 ! ⌫1 + �, with m2 > m1), and since the sterile neutrino is predominantly
composed of ⌫2 (in this picture), this is often described as the sterile neutrino decaying to an
active neutrino. This produces a photon line at half of the sterile neutrino mass, which for most
viable dark matter candidates is in the keV to MeV energy range. Line emission provides a
means to indirectly detect sterile neutrino dark matter.

3. The dark matter distribution

The distribution of dark matter is a key input to predicting indirect dark matter signals, and
one of the largest uncertainties in those predictions. Dark matter clusters in halos, which may be
triaxial (e.g., [27, 28]) and typically host substructures. For simplicity, the smooth component of
dark matter halos is often modeled as a spherically-symmetric distribution; this is a very good
approximation in the central regions of halos.
The dark matter halo density profiles considered today are motivated largely by the results

of numerical simulations of structure formation; those simulations historically included dark
matter particles only, and did not model baryons. In the late 1990s simulations showed that
a 2-parameter model described the density profile of dark matter halos over a range of halo
masses [30, 31]. This density profile is referred to as the Navarro-Frenk-White (NFW) profile,

⇢NFW(r) =
⇢0⇣

r
rs

⌘ h
1 +

⇣
r
rs

⌘i2 , (2)
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Figure 2. Selected Milky Way dark matter halo density profiles. Profile parameters are mean values obtained by [29]; see
text for details.

where r is the distance from the center of the halo and rs is a scale radius. For the Milky Way,
rs ⇠ 20 kpc (e.g., [29]), and the dark matter density at the Sun’s position is ⇠ 0.4 GeV/cm3 [32].
Some simulation results and observations suggest that the inner slopes of dark matter halos

di↵er from that of the NFW profile, and mechanisms that can modify the inner slope due to
interactions with baryons have been proposed. One such mechanism is adiabatic contraction,
which causes the profile to steepen due to the gravitational potential of the baryons pulling in
the dark matter [33–35]. Other mechanisms include feedback from supernovae and interactions
between an active galactic nucleus and the interstellar medium which eject gas; these can flatten
the inner profile by rapidly modifying the potential, leading to disruption of the dark matter
cusp [36–39]. The NFW profile can be generalized to allow for an arbitrary inner slope �,

⇢GNFW(r) =
⇢0⇣

r
rs

⌘� h
1 +

⇣
r
rs

⌘i3�� (3)

where � = 1 corresponds to the original NFW profile. The value of � inferred from observations
and simulations ranges from ⇠ 0 (a cored profile) to ⇠ 1.5 (as in the Moore profile [40]); see [41]
and references therein.
It has been noted in more recent simulations that the dark matter density profile in the

innermost regions of the halo shows deviations from a simple power law, and that a better fit
is achieved with a slope that varies with radius [28, 42, 43], such as in the profile proposed by
Einasto [44],

⇢Ein(r) = ⇢0 exp

⇢
�
✓
2

a

◆✓
r

rs

◆a

� 1

��
. (4)

This profile introduces an extra shape parameter ↵ with respect to the standard NFW profile.
For the Milky Way, ↵ ⇠ 0.2 [29, 45]. The scale radius rs is similar to the NFW case for the
Milky Way [29].
Observations of dwarf spheroidal [46] and low-surface-brightness [47] galaxies have found that

some objects are better described by flatter density profiles, and are consistent with the dark
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Figure 3. Numerical simulation of the dark matter distribution of a galaxy like the Milky Way at the present time, from
the Aquarius Project. The dark matter halo hosts an abundance of subhalos. The luminous matter would be concentrated
in the inner ⇠ 10% of the image. The Aquarius simulations of cold dark matter galactic halos were carried out by the Virgo
Consortium [51].

matter profile having a central core. The Burkert profile [48] is an example of a cored profile,

⇢Burk(r) =
⇢0⇣

1 + r
rs

⌘⇣
1 + r2

r2s

⌘ . (5)

The Burkert profile exhibits constant density for radii much smaller than the scale radius rs.
For the Milky Way rs ⇠ 6 kpc for this profile [29].
The NFW, Einasto, and Burkert density profiles are illustrated in Fig. 2 using parameters

appropriate for the Milky Way (mean values reported in [29]). The distributions are very similar
at radii outside the solar circle, but can di↵er substantially in the inner regions of the halo,
leading to large variations in indirect signals.
Simulations and observations indicate that structure formed hierarchically in the universe,

with small halos of dark matter collapsing first, and subsequently merging to form larger objects,
although remnants of the original halos typically survive within the merged object. Consequently,
dark matter halos are populated with smaller, denser halos, called subhalos or substructure
(Fig. 3). N-body simulations in ⇤CDM cosmologies resolve the high-mass end of the subhalo
mass function [49–52], while theoretical arguments suggest that the halo of the Milky Way should
be teeming with subhalos of ⇠ 10�6 M� or smaller [53, 54]. The status of numerical simulations
of structure formation including implications for indirect detection is reviewed in [55].
Substructure can have a profound impact on predicted annihilation signals due to the fact that

subhalos are denser than the host halo and the rate of annihilation scales as the density squared.
Since the decay signal is directly proportional to mass density, clustering in substructure has an
e↵ect only if it modifies the total mass distribution with respect to that of the smooth component
alone; in general its e↵ect on halo emission profiles from dark matter decay is negligible except
when dealing with individual massive objects within a host halo.

4. Annihilation and decay signals

4.1. J-factors

The prompt flux emitted from the annihilation or decay of dark matter particles can be factored
into a part that depends on the particle physics model of the dark matter and a part that is
determined by the dark matter distribution. The latter is referred to as the J-factor, defined as

Jann( ) =

Z

los
⇢
2( , l)dl (6)
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ABSTRACT

Aims. We derive the value of the dark matter density at the Sun’s location (⇢�) without globally mass-modeling the Galaxy.
Methods. The proposed method relies on the local equation of centrifugal equilibrium and is independent of i) the shape of the dark
matter density profile, ii) knowledge of the rotation curve from the galaxy center out to the virial radius, and iii) the uncertainties and
the non-uniqueness of the bulge/disk/dark halo mass decomposition.
Results. The result can be obtained in analytic form and it explicitly includes the dependence on the relevant observational
quantities and takes their uncertainties into account. By adopting the reference, state-of-the-art values for these, we find ⇢� =
0.43(11)(10) GeV/cm3, where the quoted uncertainties are respectively due to the uncertainty in the slope of the circular-velocity
at the Sun location and the ratio between this radius and the length scale of the stellar exponential thin disk.
Conclusions. We obtained a reliable estimate of ⇢�, that, in addition has the merit of being ready to take into account any future
change/improvement in the measures of the observational quantities it depends on.

Key words. Milky Way, Dark Matter, Local Dark Matter Density

1. Introduction

Galaxy rotation curves (e.g. Rubin et al. 1980; Bosma et al.
1981) have unveiled the presence of a dark “mass component” in
spirals. They are pillars of the paradigm of massive dark halos,
composed of a still undetected kind of matter surrounding the lu-
minous part of galaxies. The kinematics of spirals shows univer-
sal systematics (Persic, Salucci 1996; Salucci et al. 2007), which
seems to be at variance with the predictions emerging from sim-
ulations performed in the ⇤ cold dark matter (⇤CDM) scenario,
(e.g. Navarro et al. 1996), the currently preferred cosmolog-
ical paradigm of galaxy formation (e.g. Gentile et al. 2004).
Individual and coadded rotation curves (RCs) of spiral galaxies
are also crucial to investigate frameworks alternative to the stan-
dard paradigm of cold collisionless DM in Newtonian gravity
(e.g. Sanders, McGaugh 2002; Berezhiani et al. 2009).

At the same time, dedicated searches of DM particle can-
didates have seen an important boost in recent years with rel-
evant and costly experiments being planned and executed. The
so-called direct-detection experiments look for the scattering of
DM particles o↵ the nuclei inside the detectors (e.g. CDMS,
XENON10, DAMA/LIBRA) by typically measuring the de-
posited energy or its annual modulation. Clearly in all these ex-
periments the signal is proportional to the DM density in the
Sun’s region, ⇢�. On the other hand indirect-detection experi-
ments (in particular Super-Kamionkande, AMANDA, IceCube
and ANTARES) search for the secondary particles (neutrinos
in these cases) produced by DM annihilations at the center of
the Sun or Earth, where it is expected that DM accumulates af-
ter losing energy via scattering, possibly reaching a thermalized
state. The expected signal in this case depends on the DM den-
sity inside these objects, which in turn is driven, via the capture
mechanism, by the same halo DM density in the Sun region, ⇢�.

Therefore, in both these kinds of direct and indirect searches,
an estimate of the the local density ⇢� is very important for a
precise estimate of the signal or at least reliable bounds on the
DM cross-section vs mass to be compared with limits from other
searches.

What is then the value of ⇢�? A value of

⇢� = 0.3 GeV/cm3 (1)

is routinely quoted in hundreds of papers, but how does this num-
ber come out? In which works do we find the details of its mea-
sure? It is worth observing that in most of the cases in the liter-
ature, the above value is given with no reference (e.g. Donato et
al. 2009; Savage et al. 2009). Sometimes, the reference goes to a
couple of seminal papers. Among them, the Particle Data Group
Review (PDG 2008) indicates the above value “within a factor
of two or so” and justifies it as coming from “recent estimates
based on a detailed model of our Galaxy”. However, the works
cited are neither recent nor detailed and sometimes not even an
independent estimation of ⇢�.

The only exception is the work by Caldwell, Ostriker (1981)
that devised what can be considered as the standard method (CO
hereafter) to determine the value of ⇢� from observations (see
below). Their resulting value, 0.23+0.23

�0.12GeV/cm3, arises however
from very outdated kinematical observations and from a cored

(rather than a cuspy) halo distribution, so it is not a great support
for equation (1). Similar conclusions can be drawn by looking
at other influential reviews: the papers they cite to back up the
value (1) either do not estimate this quantity or use very outdated
observations.

In general, it is quite simple to infer the distribution of
dark matter in spiral galaxies. Spiral’s kinematics, in fact, reli-
ably traces the underlying gravitational potential (Persic, Salucci
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maximal value and it corresponds, out to R�, to a solid body
halo profile: Vh / R

↵h with ↵h = 1. Instead, all mass model-
ing performed so far for the MW and for external galaxies have
found a lower value ↵h(3RD)  0.8, which yields �M = 0.77.
We can also set a lower limit for the disk mass, i.e. �m: first,
the microlensing optical depth to Baade’s Window constrains
the baryonic matter within the solar circle to be greater than
3.9 1010

M� (McMillan, Binney 2009). Moreover, the MW disk
B-band luminosity LB = 2 ⇥ 1010

L� coupled with the very rea-
sonable value MD/LB = 2 again implies MD ' 4 1010

M�. All
this implies �m = �M/1.3 ' 0.65.3 We thus take � = 0.72+0.05

�0.07 as
reference range.

Using the reference values, we get

⇢� = 0.43
GeV
cm3

"
1 + 2.9↵� � 0.64

✓
� � 0.72

◆
+ 0.45

✓
r�D � 3.4

◆

� 0.1
 

z0

kpc
� 0.25

!
+ 0.10

✓
q � 0.95

◆

+ 0.07
 

!

km/s kpc
� 30.3

! #
. (11)

This equation, which is the main result of our paper, estimates
the DM density at the Sun’s location in an analytic way, in terms
of the involved observational quantities at their present status
of knowledge. The equation is written in a form such that, for
the present reference values of these quantities, the term in the
square brackets on the r.h.s equals 1, so that the central result is
⇢� = 0.43 GeV/cm3. As such, the determination is ready to ac-
count for future changes, improved measurement or any choice
of ↵�, �, z0, !, r�D, q di↵erent from the reference values adopted
here, by simply inserting them in the r.h.s. of eq (11).

The next step is to estimate the uncertainty in the present de-
termination of ⇢�, which is triggered entirely by the uncertainties
of the quantities entering the determination. From equation (11)
and the allowed range of values discussed above, we see that
the main sources of uncertainty are ↵�, � and r�D, which appear
in the first line. The other parameters give at most variations of
2-3%, and can be neglected in the following.

Then, first, it is illustrative to consider ↵�, � and r�D as inde-
pendent quantities. We thus have:

⇢� =
✓
0.43 ± 0.094(↵�) ⌥ 0.016(�) ± 0.096(r�D)

◆GeV
cm3 , (12)

where A(x) means that A is the total e↵ect due to the possible
span of the quantity x.

At this point, we can go one step further, assuming that the
MW is a typical spiral, and using recent results for the distribu-
tion of matter in external galaxies, namely that DM halos around
spirals are self similar (Salucci et al. 2007) and that the frac-
tional amount of stellar matter � shapes the rotation curve slope
↵� (Persic, Salucci 1990):

� = 0.72 � 0.95↵� . (13)

3 While these constraints of the disk mass reduce the uncertainty in
the present determination of ⇢�, they improve the performance of the
traditional method very little, where the uncertainties in the disk mass
value do not trigger the most serious uncertainties of the mass modeling,
as discussed in the Introduction.

Using this relation in equation (11) we find (neglecting the irrel-
evant q and z0 terms)

⇢� = 0.43
GeV
cm3

"
1 + 3.5↵� + 0.45

✓
r�D � 3.4

◆
+

+ 0.07
 

!

km/s kpc
� 30.3

! #
. (14)

From the current known uncertainties, with the estimated range
of ↵�, we find

⇢� =
✓
0.430 ± 0.113(↵�) ± 0.096(r�D)

◆GeV
cm3 . (15)

This is our final estimate, which is somewhat higher than pre-
vious determinations. Its uncertainty mainly reflects our poor
knowledge of the velocity slope ↵� and the uncertainty in the
galactocentric Sun distance.

3. Discussion and conclusion

In this work we have provided a model-independent kinemati-
cal determination of ⇢�. The method proposed here derives ⇢�
directly from the solution of the equation of centrifugal equi-
librium, by estimating the di↵erence between the ‘total’ density
and that of the stellar component.

The method leads to an optimal kinematical determination
of ⇢�, avoiding model-dependent and dubious tasks mandatory
with the standard method, i.e., a) to assume a particular DM den-
sity profile and a specific dynamical status for the tracers of the
gravitational potential, b) to deal with the non-negligible uncer-
tainties of the global MW kinematics, c) to uniquely disentangle
the flattish RC into the di↵erent bulge/disk/halo components.

While the measure of ⇢� can be performed in an ingenious
way, it cannot escape the fact that it ultimately depends at least
on three local quantities, the slope of the circular velocity at the
Sun, the fraction of its amplitude due to the DM, and the ratio be-
tween the Sun galactocentric distance and the disk scale-length,
whose uncertainty unavoidably propagates in the result.

Two of these three quantities can be related by noting that the
MW is a typical Spiral and using the relations available for these
kind of galaxies (Salucci et al. 2007), so that the final uncertainty
can be slightly reduced.

We found that some oblateness of the DM halo and the small
finite thickness of the stellar disk play a limited role in the mea-
sure. However, we took them into account by the simple correc-
tion terms described.

The resulting local DM density that we find, ⇢� = (0.43 ±
0.11(↵�) ± 0.10(r�D)) GeV/cm3, is still consistent with previous
determinations, or slightly higher. However, the determination is
free from theoretical assumptions and can be easily updated by
means of equation (11) as the relevant quantities will become
better known.4

A final comment is in order. The values of ⇢� found in pre-
vious studies by means of the traditional methods (e.g. Sofue
et al. 2009; Weber, de Boer 2009) di↵er among themselves and
also from the present value only by a small factor. This rela-
tively good agreement in the values does not imply a concor-
dance in the underlying mass models, in the various assumptions
taken or in the data set employed, but is mainly due to the fact

4 Again, in the traditional method most of the uncertainty in the mea-
sure of ⇢� discussed in the Introduction cannot be overcome by having
more and better data.

An updated simulation, Salucci 
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Figure 3. Numerical simulation of the dark matter distribution of a galaxy like the Milky Way at the present time, from
the Aquarius Project. The dark matter halo hosts an abundance of subhalos. The luminous matter would be concentrated
in the inner ⇠ 10% of the image. The Aquarius simulations of cold dark matter galactic halos were carried out by the Virgo
Consortium [51].

matter profile having a central core. The Burkert profile [48] is an example of a cored profile,

⇢Burk(r) =
⇢0⇣

1 + r
rs

⌘⇣
1 + r2

r2s

⌘ . (5)

The Burkert profile exhibits constant density for radii much smaller than the scale radius rs.
For the Milky Way rs ⇠ 6 kpc for this profile [29].
The NFW, Einasto, and Burkert density profiles are illustrated in Fig. 2 using parameters

appropriate for the Milky Way (mean values reported in [29]). The distributions are very similar
at radii outside the solar circle, but can di↵er substantially in the inner regions of the halo,
leading to large variations in indirect signals.
Simulations and observations indicate that structure formed hierarchically in the universe,

with small halos of dark matter collapsing first, and subsequently merging to form larger objects,
although remnants of the original halos typically survive within the merged object. Consequently,
dark matter halos are populated with smaller, denser halos, called subhalos or substructure
(Fig. 3). N-body simulations in ⇤CDM cosmologies resolve the high-mass end of the subhalo
mass function [49–52], while theoretical arguments suggest that the halo of the Milky Way should
be teeming with subhalos of ⇠ 10�6 M� or smaller [53, 54]. The status of numerical simulations
of structure formation including implications for indirect detection is reviewed in [55].
Substructure can have a profound impact on predicted annihilation signals due to the fact that

subhalos are denser than the host halo and the rate of annihilation scales as the density squared.
Since the decay signal is directly proportional to mass density, clustering in substructure has an
e↵ect only if it modifies the total mass distribution with respect to that of the smooth component
alone; in general its e↵ect on halo emission profiles from dark matter decay is negligible except
when dealing with individual massive objects within a host halo.

4. Annihilation and decay signals

4.1. J-factors

The prompt flux emitted from the annihilation or decay of dark matter particles can be factored
into a part that depends on the particle physics model of the dark matter and a part that is
determined by the dark matter distribution. The latter is referred to as the J-factor, defined as

Jann( ) =

Z

los
⇢
2( , l)dl (6)

Astrophysical J-factor
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Table 1. Approximate J-factors for selected targets, integrated over a circular region with angular radius of 0.5
�
, given as

log10(Jann) with Jann in GeV
2
cm

�5
sr. Values obtained from models in [29, 56, 57].

Target log10(Jann)

Galactic Center 21.5
Dwarf galaxies (best) 19
Galaxy clusters (best) 18

for annihilation, and

Jdec( ) =

Z

los
⇢( , l)dl (7)

for decay, where  is a sky direction, l is a distance along the line-of-sight (los), and ⇢ is the
dark matter density. Note that the value of the J-factor is sometimes given as the integral of
J( ) over a specified angular region.
The di↵erential intensity (particles per area, time, solid angle, and energy) observed from the

direction  is

dNann

dAdt d⌦ dE
=

h�vi
2m2

�

dNx

dE

1

4⇡
Jann( ) (8)

for annihilation, and

dNdec

dAdt d⌦ dE
=

1

m� ⌧

dNx

dE

1

4⇡
Jdec( ) (9)

for decay. Here ⌧ is the lifetime of the dark matter particle and dNx/dE is the di↵erential
spectrum of x particles emitted per annihilation or decay. The factor of 2 in the denominator of
Eq. 8 applies to dark matter which is its own antiparticle, and becomes a factor of 4 if the dark
matter is not its own antiparticle.
The most favorable targets for indirect searches are generally those that are relatively nearby,

have high dark matter densities, and low backgrounds. Table 1 summarizes J-factors for se-
lected targets. While the Galactic Center has the largest J-factor, strong backgrounds can be
a disadvantage for a dark matter search. Satellite galaxies tend to provide cleaner targets, and
combined analysis of multiple satellites can help compensate for the lower J-factor of each indi-
vidual satellite. Clusters of galaxies appear to be less optimistic targets, however the uncertainty
on the J-factor due to substructure is quite large and substructure could significantly enhance
the signal at large radii from the cluster center. Milky Way dark matter subhalos that do not
host a luminous component could be detected either as individual sources, or their collective
signal could contribute to measured di↵use emission. Other targets that have been considered
for indirect searches include nearby external galaxies such as M31 and the cumulative signal
from cosmological dark matter.

4.2. Particle spectra

The total spectrum of x particles emitted per annihilation/decay (dNx/dE) can be written as
the sum of the spectra produced for all possible final states f ,

dNx

dE
=

X

f

Bf
dNx,f

dE
(10)

Line of sight integral of DM column density
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a disadvantage for a dark matter search. Satellite galaxies tend to provide cleaner targets, and
combined analysis of multiple satellites can help compensate for the lower J-factor of each indi-
vidual satellite. Clusters of galaxies appear to be less optimistic targets, however the uncertainty
on the J-factor due to substructure is quite large and substructure could significantly enhance
the signal at large radii from the cluster center. Milky Way dark matter subhalos that do not
host a luminous component could be detected either as individual sources, or their collective
signal could contribute to measured di↵use emission. Other targets that have been considered
for indirect searches include nearby external galaxies such as M31 and the cumulative signal
from cosmological dark matter.

4.2. Particle spectra

The total spectrum of x particles emitted per annihilation/decay (dNx/dE) can be written as
the sum of the spectra produced for all possible final states f ,
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host a luminous component could be detected either as individual sources, or their collective
signal could contribute to measured di↵use emission. Other targets that have been considered
for indirect searches include nearby external galaxies such as M31 and the cumulative signal
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4.2. Particle spectra

The total spectrum of x particles emitted per annihilation/decay (dNx/dE) can be written as
the sum of the spectra produced for all possible final states f ,
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Figure 4. Prompt spectra from annihilation of dark matter particles to selected final states for m� = 500 GeV, for photons
(top left), sum of all neutrino flavors (top right), electrons (bottom left), and protons (bottom right). The di↵erential energy
spectrum per annihilation is shown in terms of x = E/m�. Spectra are valid for decay of a dark matter particle with mass
2m�. Spectra were calculated using PPPC4DMID [59].

where Bf is the branching ratio to final state f and dNx,f/dE is the spectrum of x particles
produced for final state f . The branching ratios to di↵erent final states are model-dependent.
Indirect searches often taken a model-independent approach and instead frame results in terms
of sensitivity to annihilation or decay to a particular final state.
The final state can be any SM particle pair which is kinematically accessible. In theories that

introduce new particles other than the dark matter particle, the final state can be new particles
which then decay to SM particles. Note that additional final states are allowed for decay [58].
Many final states are not stable, and quickly decay and hadronize to stable particles: photons,
neutrinos, electrons and positrons, protons and antiprotons, and heavier nuclei. Prompt emission
refers to the stable SM products produced after hadronization and decay in vacuum.
The prompt emission spectra of photons, neutrinos, electrons/positrons, and pro-

tons/antiprotons associated with several final states are shown in Fig. 4, calculated using the
PPPC4DMID package1 [59], which includes electroweak corrections, important for multi-TeV
candidates. Other codes for calculating annihilation spectra have been developed, including the
comprehensive, publicly-available software package DarkSUSY [60]. Fitting functions for photon
spectra are provided in [61].
The photon spectra separate fairly cleanly into so-called “soft” channels – quark and gauge-

boson final states (here bb̄, tt̄, and W
+
W

� are shown as representative cases) – which yield
photons largely though the decay of neutral pions produced in hadronization, and “hard” chan-
nels – e

+
e
�, µ+

µ
�, and ⌧

+
⌧
� – which generate photons primarily through final state radiation,

which scales as ⇠ E
�1. The ⌧

+
⌧
� channel also decays hadronically to pions and produces pho-

tons through pion decays, which is the origin of the additional emission for this channel relative

1http://www.marcocirelli.net/PPPC4DMID.html
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Figure 4. Prompt spectra from annihilation of dark matter particles to selected final states for m� = 500 GeV, for photons
(top left), sum of all neutrino flavors (top right), electrons (bottom left), and protons (bottom right). The di↵erential energy
spectrum per annihilation is shown in terms of x = E/m�. Spectra are valid for decay of a dark matter particle with mass
2m�. Spectra were calculated using PPPC4DMID [59].

where Bf is the branching ratio to final state f and dNx,f/dE is the spectrum of x particles
produced for final state f . The branching ratios to di↵erent final states are model-dependent.
Indirect searches often taken a model-independent approach and instead frame results in terms
of sensitivity to annihilation or decay to a particular final state.
The final state can be any SM particle pair which is kinematically accessible. In theories that

introduce new particles other than the dark matter particle, the final state can be new particles
which then decay to SM particles. Note that additional final states are allowed for decay [58].
Many final states are not stable, and quickly decay and hadronize to stable particles: photons,
neutrinos, electrons and positrons, protons and antiprotons, and heavier nuclei. Prompt emission
refers to the stable SM products produced after hadronization and decay in vacuum.
The prompt emission spectra of photons, neutrinos, electrons/positrons, and pro-

tons/antiprotons associated with several final states are shown in Fig. 4, calculated using the
PPPC4DMID package1 [59], which includes electroweak corrections, important for multi-TeV
candidates. Other codes for calculating annihilation spectra have been developed, including the
comprehensive, publicly-available software package DarkSUSY [60]. Fitting functions for photon
spectra are provided in [61].
The photon spectra separate fairly cleanly into so-called “soft” channels – quark and gauge-

boson final states (here bb̄, tt̄, and W
+
W

� are shown as representative cases) – which yield
photons largely though the decay of neutral pions produced in hadronization, and “hard” chan-
nels – e

+
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�, and ⌧
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⌧
� – which generate photons primarily through final state radiation,

which scales as ⇠ E
�1. The ⌧
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� channel also decays hadronically to pions and produces pho-

tons through pion decays, which is the origin of the additional emission for this channel relative
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Figure 4. Prompt spectra from annihilation of dark matter particles to selected final states for m� = 500 GeV, for photons
(top left), sum of all neutrino flavors (top right), electrons (bottom left), and protons (bottom right). The di↵erential energy
spectrum per annihilation is shown in terms of x = E/m�. Spectra are valid for decay of a dark matter particle with mass
2m�. Spectra were calculated using PPPC4DMID [59].

where Bf is the branching ratio to final state f and dNx,f/dE is the spectrum of x particles
produced for final state f . The branching ratios to di↵erent final states are model-dependent.
Indirect searches often taken a model-independent approach and instead frame results in terms
of sensitivity to annihilation or decay to a particular final state.
The final state can be any SM particle pair which is kinematically accessible. In theories that

introduce new particles other than the dark matter particle, the final state can be new particles
which then decay to SM particles. Note that additional final states are allowed for decay [58].
Many final states are not stable, and quickly decay and hadronize to stable particles: photons,
neutrinos, electrons and positrons, protons and antiprotons, and heavier nuclei. Prompt emission
refers to the stable SM products produced after hadronization and decay in vacuum.
The prompt emission spectra of photons, neutrinos, electrons/positrons, and pro-

tons/antiprotons associated with several final states are shown in Fig. 4, calculated using the
PPPC4DMID package1 [59], which includes electroweak corrections, important for multi-TeV
candidates. Other codes for calculating annihilation spectra have been developed, including the
comprehensive, publicly-available software package DarkSUSY [60]. Fitting functions for photon
spectra are provided in [61].
The photon spectra separate fairly cleanly into so-called “soft” channels – quark and gauge-

boson final states (here bb̄, tt̄, and W
+
W

� are shown as representative cases) – which yield
photons largely though the decay of neutral pions produced in hadronization, and “hard” chan-
nels – e

+
e
�, µ+

µ
�, and ⌧

+
⌧
� – which generate photons primarily through final state radiation,

which scales as ⇠ E
�1. The ⌧

+
⌧
� channel also decays hadronically to pions and produces pho-

tons through pion decays, which is the origin of the additional emission for this channel relative

1http://www.marcocirelli.net/PPPC4DMID.html

to the need for IACTs, such as CTA, to use a background control region (“OFF” region) to
directly measure the intensity of the cosmic-ray background. For a GC observation, in prac-
tice there will be some DM signal in the OFF region. For this reason, CTA is sensitive only
to variations in the intensity of the signal between the chosen signal and background regions,
and thus the sensitivity depends on both the slope of the DM density profile and the overall
amplitude of the signal. We evaluate the impact of varying the DM distribution for a wide
range of possible density profiles, and study the issue of optimizing the ON and OFF regions
for different assumed profiles. Prior work focused on CTA has most often considered searches
for DM-induced excesses integrated over broad energy ranges (see [45] for an exception). Here
we also study the impact of spectral analysis, which exploits the different spectral shapes of
the signal and background. Spectral analysis was recently shown to improve sensitivity in a
DM search using MAGIC [46].

This paper is structured as follows. In §2 we present the calculation of the gamma-ray
signals from annihilation and decay, and define the DM density profiles used in this work.
The observational setup assumed for CTA is described in §3, and the likelihood analysis in
§4. Our results are given in §5. We discuss and conclude in §6.

2 Dark matter signals from the Galactic Center

2.1 Gamma-ray intensity

The differential gamma-ray intensity (photons per area per time per solid angle per energy)
from annihilation of two DM particles � in the GC is given by

d�ann

d⌦ dE
=

h�vi
8⇡m2

�

dN�

dE

Z

los

⇢2�(r)dl
| {z }

Jann

(2.1)

where h�vi is the average annihilation cross section times relative velocity, m� is the mass of
the DM particle, and dN�/dE is the energy spectrum of photons emitted per annihilation.
The function ⇢�(r) is the DM density as a function of the distance r from the GC. The
coordinate l runs along the line-of-sight (los), and r(l, ) =

q
r2� + l2 � 2r�l cos( ) where r�

is the distance between the Sun and the GC, and  the angle between the line-of-sight and
the direction of the GC. The line-of-sight integral of the DM density squared is often referred
to as the “astrophysical factor” or “J factor” and is denoted Jann, defined here as differential
in solid angle.

For the case of DM decay, the differential gamma-ray intensity is given by
d�dec

d⌦ dE
=

1

4⇡⌧m�

dN�

dE

Z

los

⇢�(r)dl
| {z }

Jdec

(2.2)

where ⌧ is the lifetime of the DM particles, and here dN�/dE is the energy spectrum of
photons emitted per decay. The “astrophysical factor” for decay Jdec is given by the line-of-
sight integral over the DM density.

The energy spectrum of the photons produced by DM annihilation or decay can be
written as a sum over all possible final states

dN�

dE
=

X

f

Bf
dNf

dE
(2.3)
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Figure 3. Illustration of the choice of ON and OFF regions. The ON and OFF regions are chosen
within a ring centered on the FOV with inner radius r1 and outer radius r2. For the GC observation
considered here, the center of the FOV is offset by b degrees in latitude from the GC. The ON region
is shown in red, defined by the intersection of a circle of radius rcut centered on the GC and the ring
with inner radius r1 and outer radius r2. The OFF region, shown in blue, is defined by the remainder
of the ring outside of the ON region. The Galactic plane is excluded by a latitude cut of b1 degrees
(shown by the gray rectangle) from both the ON and OFF regions.

with energy-dependent width �(E), again assuming the capabilities obtained by the Paris-
MVA method [49]. Because the angular resolution of CTA will be small compared to the size
of the ON and OFF regions and the scale on which the DM density profile varies near the
region boundaries, the effect of the PSF is negligible for this study. We note that the effective
area adopted in this work was calculated for on-axis sources, and we neglect that the effective
area of CTA will vary across the FOV, decreasing towards the edges; however, the regions we
adopt in this analysis are close to the center of the FOV (within 2.5�) where we expect the
effective area to be fairly constant.

We assume the background to be isotropic. The number of background events observed
from a specified region of the sky over an energy window �E is then

Nbg = tobs�⌦

Z

�E

Z
+1

�1

dNCRE(Ē)

dE dAdt d⌦
Ae↵(Ē)

e�
(E�Ē)

2

2�2

p
2⇡�2

dĒ dE, (3.4)

where �⌦ is the solid angle of the region and dNCRE/dE dAdt d⌦ is the differential intensity
spectrum of the CRE events, and again we have convolved the source spectrum with the
energy resolution of CTA. For each DM mass, we consider energies of 30 GeV up to the DM
mass in the case of annihilation, or up to half the DM mass in the case of decay, in bins of
width � log10(E) = 0.15.

For reference, assuming 200 h of observation, an NFW profile, m� = 1 TeV, and anni-
hilation to bb̄ with h�vi = 3 ⇥ 10�26 cm3 s�1, the number of signal events in the ON region
integrated from 30 GeV to 1 TeV is Nann,ON ⇠ 2000, while the number of signal events in
the OFF region after rescaling is ↵Nann,OFF ⇠ 620. The number of background events is
Nbg,ON = ↵Nbg,OFF ⇠ 1.5⇥ 106.

The observed count spectra of some example annihilation signals (dNann/dE with Nann

given in Eq. 3.1) and the CRE background (dNbg/dE with Nbg given in Eq. 3.4) are shown in
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analysis such as the one considered in this study is not currently available. This issue warrants
further dedicated study, but is expected to degrade limits by less than a factor of a few at all
masses considered here.

3.2 Signal and background regions

To search for a DM signal we define a signal region (denoted ON) and background region
(denoted OFF) within the field of view (FOV) of CTA using the Ring Method [31]. This
method is used to search for an excess over an isotropic background such as CRE-induced
showers or hadronic showers. The ON and OFF regions are illustrated in Fig. 3, and are
chosen to lie within a ring centered on the FOV of CTA. This geometry is chosen to reduce
systematics associated with variation of the effective area across the FOV. For our default
analysis we adopt the optimized parameters for the Array B reported in [31] for an NFW
profile: the inner and outer radii of the ring r1 = 0.44� and r2 = 2.50�, the offset of the center
of the ON region from the GC b = 1.4�, and the radius of the ON region rcut = 1.29�; we
explore the dependence of the sensitivity on the ON and OFF region parameters for variations
in the inner slope of the DM density profile in §5. We adopt the same ON and OFF regions
for all DM masses. This choice of ON and OFF regions requires a FOV of only 5�, however we
note that the FOV of CTA increases at high energies to up to ⇠ 10�, and thus this analysis
could in principle be optimized for large DM masses to take advantage of the increased FOV.

The Galactic plane is excluded within |b1| < 0.3� to avoid non-DM astrophysical gamma-
ray emission; observations by current IACTs have shown that there is negligible diffuse as-
trophysical signal outside of |b| < 0.3 degrees [31], although at the lowest energies considered
here this may be a slightly optimistic treatment. Point sources identified in the ON or OFF
regions are assumed to be masked. Note that a DM signal is present in both the ON and
OFF regions [50], but will be larger (per unit solid angle) in the ON region.

For the parameters adopted here, the angular size of the ON region is �⌦ON = 9.9 ⇥
10�4 sr, while the angular size of the OFF region is �⌦OFF = 4.0 ⇥ 10�3 sr. We define the
geometrical parameter ↵ = �⌦ON/�⌦OFF, which is the ratio of the solid angles of the ON
and OFF regions.

The number of photons observed from a specified region of the sky from DM annihilation
is

Nann = tobs
h�vi
8⇡m2

�
N�,obs

Z

�⌦

Jann( )d⌦, (3.1)

while for the case of DM decay, the number of observed photons is

Ndec = tobs
1

4⇡⌧m�
N�,obs

Z

�⌦

Jdec( )d⌦, (3.2)

where tobs is the observation time, and

N�,obs =

Z

�E

Z
+1

�1

dN�(Ē)

dE
Ae↵(Ē)

e�
(E�Ē)

2

2�2

p
2⇡�2

dĒdE, (3.3)

where Ae↵(E) is the energy-dependent effective area. The quantity N�,obs is the energy
spectrum per annihilation or decay multiplied by the effective area of CTA and convolved
with its energy resolution, integrated over the energy range considered (�E). Here we have
modeled the energy resolution of CTA by convolving the source energy spectra with a Gaussian
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where Ae↵(E) is the energy-dependent effective area. The quantity N�,obs is the energy
spectrum per annihilation or decay multiplied by the effective area of CTA and convolved
with its energy resolution, integrated over the energy range considered (�E). Here we have
modeled the energy resolution of CTA by convolving the source energy spectra with a Gaussian
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Figure 3. Illustration of the choice of ON and OFF regions. The ON and OFF regions are chosen
within a ring centered on the FOV with inner radius r1 and outer radius r2. For the GC observation
considered here, the center of the FOV is offset by b degrees in latitude from the GC. The ON region
is shown in red, defined by the intersection of a circle of radius rcut centered on the GC and the ring
with inner radius r1 and outer radius r2. The OFF region, shown in blue, is defined by the remainder
of the ring outside of the ON region. The Galactic plane is excluded by a latitude cut of b1 degrees
(shown by the gray rectangle) from both the ON and OFF regions.

with energy-dependent width �(E), again assuming the capabilities obtained by the Paris-
MVA method [49]. Because the angular resolution of CTA will be small compared to the size
of the ON and OFF regions and the scale on which the DM density profile varies near the
region boundaries, the effect of the PSF is negligible for this study. We note that the effective
area adopted in this work was calculated for on-axis sources, and we neglect that the effective
area of CTA will vary across the FOV, decreasing towards the edges; however, the regions we
adopt in this analysis are close to the center of the FOV (within 2.5�) where we expect the
effective area to be fairly constant.

We assume the background to be isotropic. The number of background events observed
from a specified region of the sky over an energy window �E is then

Nbg = tobs�⌦
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where �⌦ is the solid angle of the region and dNCRE/dE dAdt d⌦ is the differential intensity
spectrum of the CRE events, and again we have convolved the source spectrum with the
energy resolution of CTA. For each DM mass, we consider energies of 30 GeV up to the DM
mass in the case of annihilation, or up to half the DM mass in the case of decay, in bins of
width � log10(E) = 0.15.

For reference, assuming 200 h of observation, an NFW profile, m� = 1 TeV, and anni-
hilation to bb̄ with h�vi = 3 ⇥ 10�26 cm3 s�1, the number of signal events in the ON region
integrated from 30 GeV to 1 TeV is Nann,ON ⇠ 2000, while the number of signal events in
the OFF region after rescaling is ↵Nann,OFF ⇠ 620. The number of background events is
Nbg,ON = ↵Nbg,OFF ⇠ 1.5⇥ 106.

The observed count spectra of some example annihilation signals (dNann/dE with Nann

given in Eq. 3.1) and the CRE background (dNbg/dE with Nbg given in Eq. 3.4) are shown in
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Figure 3. Illustration of the choice of ON and OFF regions. The ON and OFF regions are chosen
within a ring centered on the FOV with inner radius r1 and outer radius r2. For the GC observation
considered here, the center of the FOV is offset by b degrees in latitude from the GC. The ON region
is shown in red, defined by the intersection of a circle of radius rcut centered on the GC and the ring
with inner radius r1 and outer radius r2. The OFF region, shown in blue, is defined by the remainder
of the ring outside of the ON region. The Galactic plane is excluded by a latitude cut of b1 degrees
(shown by the gray rectangle) from both the ON and OFF regions.

with energy-dependent width �(E), again assuming the capabilities obtained by the Paris-
MVA method [49]. Because the angular resolution of CTA will be small compared to the size
of the ON and OFF regions and the scale on which the DM density profile varies near the
region boundaries, the effect of the PSF is negligible for this study. We note that the effective
area adopted in this work was calculated for on-axis sources, and we neglect that the effective
area of CTA will vary across the FOV, decreasing towards the edges; however, the regions we
adopt in this analysis are close to the center of the FOV (within 2.5�) where we expect the
effective area to be fairly constant.

We assume the background to be isotropic. The number of background events observed
from a specified region of the sky over an energy window �E is then
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e�
(E�Ē)
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where �⌦ is the solid angle of the region and dNCRE/dE dAdt d⌦ is the differential intensity
spectrum of the CRE events, and again we have convolved the source spectrum with the
energy resolution of CTA. For each DM mass, we consider energies of 30 GeV up to the DM
mass in the case of annihilation, or up to half the DM mass in the case of decay, in bins of
width � log10(E) = 0.15.

For reference, assuming 200 h of observation, an NFW profile, m� = 1 TeV, and anni-
hilation to bb̄ with h�vi = 3 ⇥ 10�26 cm3 s�1, the number of signal events in the ON region
integrated from 30 GeV to 1 TeV is Nann,ON ⇠ 2000, while the number of signal events in
the OFF region after rescaling is ↵Nann,OFF ⇠ 620. The number of background events is
Nbg,ON = ↵Nbg,OFF ⇠ 1.5⇥ 106.

The observed count spectra of some example annihilation signals (dNann/dE with Nann
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Figure 3. Illustration of the choice of ON and OFF regions. The ON and OFF regions are chosen
within a ring centered on the FOV with inner radius r1 and outer radius r2. For the GC observation
considered here, the center of the FOV is offset by b degrees in latitude from the GC. The ON region
is shown in red, defined by the intersection of a circle of radius rcut centered on the GC and the ring
with inner radius r1 and outer radius r2. The OFF region, shown in blue, is defined by the remainder
of the ring outside of the ON region. The Galactic plane is excluded by a latitude cut of b1 degrees
(shown by the gray rectangle) from both the ON and OFF regions.

with energy-dependent width �(E), again assuming the capabilities obtained by the Paris-
MVA method [49]. Because the angular resolution of CTA will be small compared to the size
of the ON and OFF regions and the scale on which the DM density profile varies near the
region boundaries, the effect of the PSF is negligible for this study. We note that the effective
area adopted in this work was calculated for on-axis sources, and we neglect that the effective
area of CTA will vary across the FOV, decreasing towards the edges; however, the regions we
adopt in this analysis are close to the center of the FOV (within 2.5�) where we expect the
effective area to be fairly constant.

We assume the background to be isotropic. The number of background events observed
from a specified region of the sky over an energy window �E is then
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dE dAdt d⌦
Ae↵(Ē)
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dĒ dE, (3.4)

where �⌦ is the solid angle of the region and dNCRE/dE dAdt d⌦ is the differential intensity
spectrum of the CRE events, and again we have convolved the source spectrum with the
energy resolution of CTA. For each DM mass, we consider energies of 30 GeV up to the DM
mass in the case of annihilation, or up to half the DM mass in the case of decay, in bins of
width � log10(E) = 0.15.

For reference, assuming 200 h of observation, an NFW profile, m� = 1 TeV, and anni-
hilation to bb̄ with h�vi = 3 ⇥ 10�26 cm3 s�1, the number of signal events in the ON region
integrated from 30 GeV to 1 TeV is Nann,ON ⇠ 2000, while the number of signal events in
the OFF region after rescaling is ↵Nann,OFF ⇠ 620. The number of background events is
Nbg,ON = ↵Nbg,OFF ⇠ 1.5⇥ 106.

The observed count spectra of some example annihilation signals (dNann/dE with Nann
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Figure 3. Illustration of the choice of ON and OFF regions. The ON and OFF regions are chosen
within a ring centered on the FOV with inner radius r1 and outer radius r2. For the GC observation
considered here, the center of the FOV is offset by b degrees in latitude from the GC. The ON region
is shown in red, defined by the intersection of a circle of radius rcut centered on the GC and the ring
with inner radius r1 and outer radius r2. The OFF region, shown in blue, is defined by the remainder
of the ring outside of the ON region. The Galactic plane is excluded by a latitude cut of b1 degrees
(shown by the gray rectangle) from both the ON and OFF regions.

with energy-dependent width �(E), again assuming the capabilities obtained by the Paris-
MVA method [49]. Because the angular resolution of CTA will be small compared to the size
of the ON and OFF regions and the scale on which the DM density profile varies near the
region boundaries, the effect of the PSF is negligible for this study. We note that the effective
area adopted in this work was calculated for on-axis sources, and we neglect that the effective
area of CTA will vary across the FOV, decreasing towards the edges; however, the regions we
adopt in this analysis are close to the center of the FOV (within 2.5�) where we expect the
effective area to be fairly constant.

We assume the background to be isotropic. The number of background events observed
from a specified region of the sky over an energy window �E is then
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where �⌦ is the solid angle of the region and dNCRE/dE dAdt d⌦ is the differential intensity
spectrum of the CRE events, and again we have convolved the source spectrum with the
energy resolution of CTA. For each DM mass, we consider energies of 30 GeV up to the DM
mass in the case of annihilation, or up to half the DM mass in the case of decay, in bins of
width � log10(E) = 0.15.

For reference, assuming 200 h of observation, an NFW profile, m� = 1 TeV, and anni-
hilation to bb̄ with h�vi = 3 ⇥ 10�26 cm3 s�1, the number of signal events in the ON region
integrated from 30 GeV to 1 TeV is Nann,ON ⇠ 2000, while the number of signal events in
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analysis such as the one considered in this study is not currently available. This issue warrants
further dedicated study, but is expected to degrade limits by less than a factor of a few at all
masses considered here.

3.2 Signal and background regions

To search for a DM signal we define a signal region (denoted ON) and background region
(denoted OFF) within the field of view (FOV) of CTA using the Ring Method [31]. This
method is used to search for an excess over an isotropic background such as CRE-induced
showers or hadronic showers. The ON and OFF regions are illustrated in Fig. 3, and are
chosen to lie within a ring centered on the FOV of CTA. This geometry is chosen to reduce
systematics associated with variation of the effective area across the FOV. For our default
analysis we adopt the optimized parameters for the Array B reported in [31] for an NFW
profile: the inner and outer radii of the ring r1 = 0.44� and r2 = 2.50�, the offset of the center
of the ON region from the GC b = 1.4�, and the radius of the ON region rcut = 1.29�; we
explore the dependence of the sensitivity on the ON and OFF region parameters for variations
in the inner slope of the DM density profile in §5. We adopt the same ON and OFF regions
for all DM masses. This choice of ON and OFF regions requires a FOV of only 5�, however we
note that the FOV of CTA increases at high energies to up to ⇠ 10�, and thus this analysis
could in principle be optimized for large DM masses to take advantage of the increased FOV.

The Galactic plane is excluded within |b1| < 0.3� to avoid non-DM astrophysical gamma-
ray emission; observations by current IACTs have shown that there is negligible diffuse as-
trophysical signal outside of |b| < 0.3 degrees [31], although at the lowest energies considered
here this may be a slightly optimistic treatment. Point sources identified in the ON or OFF
regions are assumed to be masked. Note that a DM signal is present in both the ON and
OFF regions [50], but will be larger (per unit solid angle) in the ON region.

For the parameters adopted here, the angular size of the ON region is �⌦ON = 9.9 ⇥
10�4 sr, while the angular size of the OFF region is �⌦OFF = 4.0 ⇥ 10�3 sr. We define the
geometrical parameter ↵ = �⌦ON/�⌦OFF, which is the ratio of the solid angles of the ON
and OFF regions.

The number of photons observed from a specified region of the sky from DM annihilation
is
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while for the case of DM decay, the number of observed photons is
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where Ae↵(E) is the energy-dependent effective area. The quantity N�,obs is the energy
spectrum per annihilation or decay multiplied by the effective area of CTA and convolved
with its energy resolution, integrated over the energy range considered (�E). Here we have
modeled the energy resolution of CTA by convolving the source energy spectra with a Gaussian
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2

2�2

p
2⇡�2
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dĒdE, (3.3)

where Ae↵(E) is the energy-dependent effective area. The quantity N�,obs is the energy
spectrum per annihilation or decay multiplied by the effective area of CTA and convolved
with its energy resolution, integrated over the energy range considered (�E). Here we have
modeled the energy resolution of CTA by convolving the source energy spectra with a Gaussian

– 6 –

analysis such as the one considered in this study is not currently available. This issue warrants
further dedicated study, but is expected to degrade limits by less than a factor of a few at all
masses considered here.

3.2 Signal and background regions

To search for a DM signal we define a signal region (denoted ON) and background region
(denoted OFF) within the field of view (FOV) of CTA using the Ring Method [31]. This
method is used to search for an excess over an isotropic background such as CRE-induced
showers or hadronic showers. The ON and OFF regions are illustrated in Fig. 3, and are
chosen to lie within a ring centered on the FOV of CTA. This geometry is chosen to reduce
systematics associated with variation of the effective area across the FOV. For our default
analysis we adopt the optimized parameters for the Array B reported in [31] for an NFW
profile: the inner and outer radii of the ring r1 = 0.44� and r2 = 2.50�, the offset of the center
of the ON region from the GC b = 1.4�, and the radius of the ON region rcut = 1.29�; we
explore the dependence of the sensitivity on the ON and OFF region parameters for variations
in the inner slope of the DM density profile in §5. We adopt the same ON and OFF regions
for all DM masses. This choice of ON and OFF regions requires a FOV of only 5�, however we
note that the FOV of CTA increases at high energies to up to ⇠ 10�, and thus this analysis
could in principle be optimized for large DM masses to take advantage of the increased FOV.

The Galactic plane is excluded within |b1| < 0.3� to avoid non-DM astrophysical gamma-
ray emission; observations by current IACTs have shown that there is negligible diffuse as-
trophysical signal outside of |b| < 0.3 degrees [31], although at the lowest energies considered
here this may be a slightly optimistic treatment. Point sources identified in the ON or OFF
regions are assumed to be masked. Note that a DM signal is present in both the ON and
OFF regions [50], but will be larger (per unit solid angle) in the ON region.

For the parameters adopted here, the angular size of the ON region is �⌦ON = 9.9 ⇥
10�4 sr, while the angular size of the OFF region is �⌦OFF = 4.0 ⇥ 10�3 sr. We define the
geometrical parameter ↵ = �⌦ON/�⌦OFF, which is the ratio of the solid angles of the ON
and OFF regions.

The number of photons observed from a specified region of the sky from DM annihilation
is

Nann = tobs
h�vi
8⇡m2

�
N�,obs

Z

�⌦

Jann( )d⌦, (3.1)

while for the case of DM decay, the number of observed photons is

Ndec = tobs
1

4⇡⌧m�
N�,obs

Z

�⌦

Jdec( )d⌦, (3.2)

where tobs is the observation time, and

N�,obs =

Z

�E

Z
+1

�1

dN�(Ē)
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Fig. 4. The effective area of CTA increases rapidly with energy over the entire range considered
here, enhancing sensitivity to high-mass DM signals. The photon spectrum for annihilation
(or decay) to bb̄ is fairly soft and not easily distinguished from the CRE background at most
energies. In contrast, the harder spectra associated with annihilation (or decay) to µ+µ� or
⌧+⌧� are distinct from the CRE background spectrum. In all cases, the spectral cut off at
the DM mass (or half the DM mass in the case of decay) provides a distinguishing feature.
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Figure 4. The observed count spectrum for annihilation to ⌧+⌧�, bb̄, and µ+µ�, for m� = 1 TeV or
5 TeV with h�vi = 3⇥ 10�26 cm3 s�1, for an NFW profile, compared with the CRE background. The
spectra shown are for the ON region, assume 200 h of observation, and have been convolved with the
energy resolution of CTA.

4 Likelihood analysis

Analyses using the Ring Method search for an excess of counts in the ON region compared
to the OFF region. After rescaling the observed counts in the OFF region by the factor
↵, the excess of counts between the ON and the rescaled OFF regions is defined as ✓di↵ =
✓ON�↵✓OFF, where ✓ON and ✓OFF are the total numbers of events (the sum of signal photons
and background events) in the ON and OFF regions, respectively.

Following [33], we assume that the likelihood of observing ✓ counts in a given region is
Poisson-distributed with mean value N , so the likelihood of observing the difference ✓di↵ is
described by the Skellam distribution [51]:

L(✓di↵) = e�(NON+↵NOFF)

✓
NON

↵NOFF

◆ ✓di↵
2

I|✓di↵ |(2
p
↵NONNOFF). (4.1)

Here I|✓di↵ | is the |✓di↵ |th Bessel function of the first kind. Note that here for simplicity we
assumed a Poisson likelihood for ↵NOFF, whereas formally NOFF is the Poisson-distributed
quantity. The error induced by this approximation is small because ↵ is not very different
from 1; the approximation yields more conservative limits because it slightly over-estimates
Poisson fluctuations in the OFF region. We determine the expected limit in the case that
✓di↵ = 0, i.e. assuming no signal and perfectly isotropic background. The likelihood is

L(m�,⇡) = e�(NON+↵NOFF)I0(2
p
↵NONNOFF) (4.2)
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For  200h of observation, assuming a DM mass 1 TeV, no. of signal events in the 30 GeV-1 TeV range  

b

r1

r2

b1
rcut

GC

OFF

ON

Figure 3. Illustration of the choice of ON and OFF regions. The ON and OFF regions are chosen
within a ring centered on the FOV with inner radius r1 and outer radius r2. For the GC observation
considered here, the center of the FOV is offset by b degrees in latitude from the GC. The ON region
is shown in red, defined by the intersection of a circle of radius rcut centered on the GC and the ring
with inner radius r1 and outer radius r2. The OFF region, shown in blue, is defined by the remainder
of the ring outside of the ON region. The Galactic plane is excluded by a latitude cut of b1 degrees
(shown by the gray rectangle) from both the ON and OFF regions.

with energy-dependent width �(E), again assuming the capabilities obtained by the Paris-
MVA method [49]. Because the angular resolution of CTA will be small compared to the size
of the ON and OFF regions and the scale on which the DM density profile varies near the
region boundaries, the effect of the PSF is negligible for this study. We note that the effective
area adopted in this work was calculated for on-axis sources, and we neglect that the effective
area of CTA will vary across the FOV, decreasing towards the edges; however, the regions we
adopt in this analysis are close to the center of the FOV (within 2.5�) where we expect the
effective area to be fairly constant.

We assume the background to be isotropic. The number of background events observed
from a specified region of the sky over an energy window �E is then

Nbg = tobs�⌦
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where �⌦ is the solid angle of the region and dNCRE/dE dAdt d⌦ is the differential intensity
spectrum of the CRE events, and again we have convolved the source spectrum with the
energy resolution of CTA. For each DM mass, we consider energies of 30 GeV up to the DM
mass in the case of annihilation, or up to half the DM mass in the case of decay, in bins of
width � log10(E) = 0.15.

For reference, assuming 200 h of observation, an NFW profile, m� = 1 TeV, and anni-
hilation to bb̄ with h�vi = 3 ⇥ 10�26 cm3 s�1, the number of signal events in the ON region
integrated from 30 GeV to 1 TeV is Nann,ON ⇠ 2000, while the number of signal events in
the OFF region after rescaling is ↵Nann,OFF ⇠ 620. The number of background events is
Nbg,ON = ↵Nbg,OFF ⇠ 1.5⇥ 106.

The observed count spectra of some example annihilation signals (dNann/dE with Nann
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region boundaries, the effect of the PSF is negligible for this study. We note that the effective
area adopted in this work was calculated for on-axis sources, and we neglect that the effective
area of CTA will vary across the FOV, decreasing towards the edges; however, the regions we
adopt in this analysis are close to the center of the FOV (within 2.5�) where we expect the
effective area to be fairly constant.
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dĒ dE, (3.4)
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where ⇡ denotes h�vi for annihilation and ⌧ for decay.
We take advantage of the spectral information (c.f. Fig. 4) by calculating the likelihood

over small energy bins, and define the total likelihood as the product of the likelihoods over
each energy bin:

L(m�,⇡) =
Y

j

Lj(m�,⇡), (4.3)

where j indexes the energy bins. We choose energy bins with log spacing of � log10(E) = 0.15.
We calculate the likelihood ratio �2 ln (L(m�,⇡)/max[L(m�,⇡)]), which is �2-distributed

with one degree of freedom and can be well approximated by a Gaussian distribution by the
central limit theorem. In the ✓di↵ = 0 case assumed here, the likelihood ratio is maximized for
h�vi = 0 or ⌧ = 1 (i.e., no signal events), so we compare this ratio to a Gaussian distribution
and find the value of ⇡, for a certain m�, which constrains our model at a certain confidence
level (CL). We determine upper limits on h�vi and lower limits on ⌧ as a function of m� at
95.4% CL.

5 Results

We now present the expected sensitivity of CTA to annihilation and decay signals from various
DM models. As benchmarks, we consider branching fractions of 100% to ⌧+⌧�, bb̄, or µ+µ�.
Unless otherwise specified, an observation time of 200 h is assumed, and the likelihood analysis
is performed using multiple energy bins from 30 GeV to m� for annihilation (or to m�/2 for
decay) as described in §4.

The dependence of the sensitivity on the DM density profile is explored in Fig. 5, for
annihilation or decay to ⌧+⌧�. The limits shown are at 95% CL, assuming no difference is
detected between the number of counts in the ON and rescaled OFF regions. Varying the
inner slope of the DM density profile has a substantial impact on the detectability of the signal
in the case of annihilation, and a smaller but still important impact in the case of decay. For
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We calculate the likelihood ratio �2 ln (L(m�,⇡)/max[L(m�,⇡)]), which is �2-distributed

with one degree of freedom and can be well approximated by a Gaussian distribution by the
central limit theorem. In the ✓di↵ = 0 case assumed here, the likelihood ratio is maximized for
h�vi = 0 or ⌧ = 1 (i.e., no signal events), so we compare this ratio to a Gaussian distribution
and find the value of ⇡, for a certain m�, which constrains our model at a certain confidence
level (CL). We determine upper limits on h�vi and lower limits on ⌧ as a function of m� at
95.4% CL.

5 Results

We now present the expected sensitivity of CTA to annihilation and decay signals from various
DM models. As benchmarks, we consider branching fractions of 100% to ⌧+⌧�, bb̄, or µ+µ�.
Unless otherwise specified, an observation time of 200 h is assumed, and the likelihood analysis
is performed using multiple energy bins from 30 GeV to m� for annihilation (or to m�/2 for
decay) as described in §4.

The dependence of the sensitivity on the DM density profile is explored in Fig. 5, for
annihilation or decay to ⌧+⌧�. The limits shown are at 95% CL, assuming no difference is
detected between the number of counts in the ON and rescaled OFF regions. Varying the
inner slope of the DM density profile has a substantial impact on the detectability of the signal
in the case of annihilation, and a smaller but still important impact in the case of decay. For

– 9 –

where Bf is the branching fraction of final state f , and dNf/dE is the photon spectrum from
annihilation or decay to the final state f . We calculate the photon spectrum for each final
state using DarkSUSY [47].

2.2 Density profiles

In light of the uncertainty in the DM distribution in the Inner Galaxy and the dependence
of the signal on it, we consider a range of density profiles. As benchmarks, we consider the
widely-used NFW profile [10], as well as the Einasto profile [11]. The NFW profile is given
by

⇢NFW(r) / 1
⇣

r
rs

⌘ h
1 +

⇣
r
rs

⌘i2 , (2.4)

where r is the distance from the GC and rs is a scale radius, which indicates the transition
radius between where the density scales as r�1 and r�3. We fix rs = 20 kpc [13]. The Einasto
profile is described by

⇢Ein(r) / e
�( 2

a)
h⇣

r
rs

⌘a
�1

i

, (2.5)

where rs is a scale radius and a controls how rapidly the profile slope changes. We take
rs = 20 kpc and a = 0.17 [13].

To consider flatter and steeper profiles, we generalize the NFW profile as follows

⇢�(r) /
1

⇣
r
rs

⌘� h
1 +

⇣
r
rs

⌘i3�� (2.6)

and vary the inner slope � from 0.5 to 1.5, fixing rs = 20 kpc as for the NFW and Einasto
profiles. The NFW profile corresponds to � = 1. For all density profiles, we normalize the
density at the solar circle to ⇢� = 0.43 GeV/cm3 [48].

The density profiles considered here are compared in Fig. 1. Fig. 2 shows the corre-
sponding J factors for annihilation and decay as a function of angle from the GC. Near the
GC the variation between J factors for different profiles for annihilation spans many more
orders of magnitude than the variation in the case of decay.

3 Observational setup

3.1 Observational capabilities of CTA

The CTA collaboration has explored the observational capabilities of several different possible
array configurations [49]. In this work, we adopt the simulated results for Array I, which
consists of 3 large size telescopes, 18 medium size telescopes and 56 small size telescopes.
We use the effective area and energy resolution obtained by the Paris-MVA analysis method
assuming Array I [49]. Several other array configurations have been adopted in other analyses,
in particular Arrays E and B were considered in the GC sensitivity analysis of [31]. Arrays I
and E are both balanced in terms of having a range of telescope sizes and good sensitivity over
a broad energy range. Array B is an example of a compact array, which is more optimized
for low energies and for DM studies tends to yield better sensitivity (as in [31]). In this work
we adopt Array I due to the fact that detailed information about its expected capabilities
that is necessary for this study (i.e., effective area and energy resolution) is readily available.
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Figure 6. Projected sensitivity of CTA to annihilation to ⌧+⌧� with varied choices of r1 and rcut
(parameters defining the ON and OFF regions, see text for details). The cases of � = 0.5 (top left),
� = 1.0 (top right), and � = 1.5 (bottom) are shown. Upper limits on h�vi are shown at 95% CL
assuming no signal is detected. The only moderately significant change in the projected sensitivity
occurs when increasing the size of the ON region via rcut for a shallow density profile (� = 0.5).

We now compare in Fig. 10 our projected sensitivity with the sensitivity determined by
the CTA Consortium [31]. In this figure the curves correspond to 100 h of observation, and
we have adopted the NFW profile. The results of [31] are stronger by at most a factor of a
few, with the largest improvements for m� of ⇠ 200 GeV for ⌧+⌧� and µ+µ�, and for m� of
⇠ 700 GeV for bb̄. For higher DM masses (⇠ few TeV), our derived sensitivity is stronger by
a factor of ⇠ 10 for ⌧+⌧� and µ+µ�.

Several differences in the assumptions and analysis methods employed in our work and
that of [31] are responsible for these discrepancies. We assumed Array I, whereas the results
shown in Fig. 10 from [31] assume Array E. Array E includes more large telescopes, so has
better sensitivity at low energies, leading to the stronger projected DM sensitivity of [31] at
low DM masses for all channels. Indeed, differences in the energy-dependence of the effective
areas of the two arrays leads to general differences between the two results, over the whole
range of DM masses. We also performed spectral analysis, which improves our estimated
sensitivity at high DM masses relative to the results of [31]. Comparing with Fig. 8, we see
that the improvement in our analysis relative to theirs at high masses is partially attributable
to the spectral analysis, and partially due to the different energy-dependences of the Array I
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FIG. 1. A non-exhaustive representation of cosmological production mechanisms of ultraheavy dark matter
and corresponding models.

Freeze-out: In this classic mechanism, DM particles begin in thermal equilibrium with the
SM bath, with equal rates of DM production and annihilation. When DM particles become non-
relativistic, their production is Boltzmann-suppressed, and they fall out of equilibrium as cosmic
expansion becomes faster than annihilation.

Partial-wave unitarity sets an upper limit on perturbative DM annihilation cross sections. When
DM is produced via freeze-out in a radiation-dominated universe, an upper limit on s-wave 2 → 2
annihilation cross sections leads to a lower limit on the DM abundance, in turn translating to an
upper limit of about 100 TeV on the DM mass [3]. However, if an EMD occurred after freeze-out,
smaller annihilation cross sections would be needed to overcome the dilution and lead to the correct
amount of DM. In this case, frozen-out DM with masses beyond O(100 TeV) become allowed [4–6].
In models in which DM is much heavier than mediators, Sommerfeld enhancement of cross sections
and the formation of bound states alters unitarity bounds [7–11]. DM might also be part of a
hidden thermal bath, with a temperature different from the SM [12]. The lightest particles of the
hidden sector can dominate the cosmic expansion after freeze-out, leading to an EMD era. In this
case, diluted DM particles as heavy as 1010 GeV become viable [13–16].

Freeze-in: In the freeze-in mechanism, the DM population is initially negligible, and is pro-
duced via out-of-equilibrium decays and/or annihilation of species in the SM bath [17–19]. The
production rates are always slower than the cosmic expansion and become negligible before back-
reaction becomes important. The end of the freeze-in production depends on DM-SM interactions.
Typically, renormalizable couplings lead to an infrared freeze-in, in which DM production stops
when it becomes too heavy to be produced and the final relic density depends only on the DM
coupling strengths and mass 1. On the other hand, non-renormalizable couplings typically lead to
production rates with a high temperature-dependence. In this case, freeze-in can terminate during
the post-inflationary reheating and is said to be ultraviolet, with a final relic density depending on

1 One can engineer complicated models of IR freeze-in with significantly heavy DM candidates, viz., the clockwork
scenarios [20].
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We outline the unique opportunities and challenges in the search for “ultraheavy” dark
matter candidates with masses between roughly 10 TeV and the Planck scale mpl ≈ 1016 TeV.
This mass range presents a wide and relatively unexplored dark matter parameter space,
with a rich space of possible models and cosmic histories. We emphasize that both current
detectors and new, targeted search techniques, via both direct and indirect detection, are
poised to contribute to searches for ultraheavy particle dark matter in the coming decade.
We highlight the need for new developments in this space, including new analyses of cur-
rent and imminent direct and indirect experiments targeting ultraheavy dark matter and
development of new, ultra-sensitive detector technologies like next-generation liquid noble
detectors, neutrino experiments, and specialized quantum sensing techniques.
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I. INTRODUCTION

Contributors: Daniel Carney, Edward Kolb
For decades, the search for dark matter (DM) has focused on two mass regions: ultralight axions

(or axion-like particles) with mass mχ ! 1 eV, and particles with mass around the electroweak scale
mχ ≈ 100 GeV with weak scale couplings (WIMP). Unfortunately, in spite of heroic experimental
efforts, ultralight or weak-scale DM particles have not been found. This has motivated theorists to
propose new cosmological mechanisms for the production of DM, and for experimentalists to study
new ways to search in unexplored ranges of mass and interaction strength.

This community white paper focuses on one such less-explored region of parameter space: “ultra-
heavy” dark matter (UHDM). Here by ultraheavy we will mean particles that have a mass too large
to be produced at any current colliders, mχ " 10 TeV, while also having mass below roughly the
Planck mass mχ ! mpl ≈ 1019 GeV. The lower bound also roughly corresponds to the traditional
relic production threshold mχ " 100 TeV set by unitarity bounds on the production cross-section
(see Sec. II for an extended discussion). The upper bound comes from considering the expected
number density of DM: under standard halo density assumptions, Planck-scale dark matter would
produce a flux of order 1 event/m2/yr [see Eq. (1)]. Thus dark matter much beyond the Planck
mass would be very difficult to detect directly in a terrestrial experiment. The UHDM parameter
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DM Flux on Earth

1. Traditional upper-bound on heavy  fundamental 
dark matter candidate via freeze-out = 100 TeV 

2. Can be avoided by Early Matter domination, 
Sommerfeld Enhancements.  

3. Other mechanisms, Freeze-in, PBHs, Monopoles, 
dark stars, …
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I. INTRODUCTION

Contributors: Daniel Carney, Edward Kolb
For decades, the search for dark matter (DM) has focused on two mass regions: ultralight axions

(or axion-like particles) with mass mχ ! 1 eV, and particles with mass around the electroweak scale
mχ ≈ 100 GeV with weak scale couplings (WIMP). Unfortunately, in spite of heroic experimental
efforts, ultralight or weak-scale DM particles have not been found. This has motivated theorists to
propose new cosmological mechanisms for the production of DM, and for experimentalists to study
new ways to search in unexplored ranges of mass and interaction strength.

This community white paper focuses on one such less-explored region of parameter space: “ultra-
heavy” dark matter (UHDM). Here by ultraheavy we will mean particles that have a mass too large
to be produced at any current colliders, mχ " 10 TeV, while also having mass below roughly the
Planck mass mχ ! mpl ≈ 1019 GeV. The lower bound also roughly corresponds to the traditional
relic production threshold mχ " 100 TeV set by unitarity bounds on the production cross-section
(see Sec. II for an extended discussion). The upper bound comes from considering the expected
number density of DM: under standard halo density assumptions, Planck-scale dark matter would
produce a flux of order 1 event/m2/yr [see Eq. (1)]. Thus dark matter much beyond the Planck
mass would be very difficult to detect directly in a terrestrial experiment. The UHDM parameter
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Experiment Final state Threshold/sensitivity Field of view Location

Current experiments
Fermi Photons 10 MeV − 103 GeV Wide Space
HESS Photons 30 GeV - 100 TeV Targeted Namibia
VERITAS Photons 85 GeV - > 30 TeV Targeted USA
MAGIC Photons 30 GeV - 100 TeV Targeted Spain
HAWC Photons 300 GeV - >100 TeV Wide Mexico
LHAASO (partial) Photons 10 TeV - 10 PeV Wide China
KASCADE Photons 100 TeV - 10 PeV Wide Germany
KASCADE-Grande Photons 10 - 100 PeV Wide Italy
Pierre Auger Observatory Photons 1 - 10 EeV Wide Argentina
Telescope Array Photons 1 - 100 EeV Wide USA
IceCube Neutrinos 100 TeV - 100 EeV Wide Antarctica
ANITA Neutrinos EeV - ZeV Wide Antarctica
Pierre Auger Observatory Neutrinos 0.1 - 100 EeV Wide Argentina

Future experiments
CTA Photons 20 GeV - 300 TeV Targeted Chile & Spain
SWGO Photons 100 GeV - 1 PeV Wide South America
IceCube-Gen2 Neutrinos 10 TeV - 100 EeV Wide Antarctica
LHAASO (full) Photons 100 GeV - 10 PeV Wide China
KM3NeT Neutrinos 100 GeV - 10 PeV Wide Mediterranean Sea
POEMMA Neutrinos 20 PeV - 100 EeV Wide Space

TABLE I. A non-exhaustive list of current and future indirect detection experiments sensitive to ultraheavy
dark matter. See Refs. [132, 141–148].

of the production and propagation of the high energy particles involved. As mentioned above,
the propagation effects are central in determining what spectrum of states arrives at the detector.
When considering photon final states, a careful accounting of the inverse-Compton scattering (ICS)
contribution is also required [136]. Furthermore, the full development of electromagnetic cascades,
from a cycle of ICS and pair-production, must be taken into account in order to predict diffuse
and isotropic signals [128–131, 137]. Before the propagation can be considered, however, a detailed
understanding of the prompt spectra emerging from the initial decays is required. For the range of
DM masses considered in this white paper, the center-of-mass energies involved in the decay can
reach the Planck scale, well above energies involved in colliders such as the LHC. Nevertheless, a
common approach adopted in the literature is to adapt simulation software optimized for the LHC,
such as Pythia [138–140]. More recently, results have become available which perform dedicated
calculations relevant to heavy DM decays. See in particular Ref. [122], where it is shown the spectra
can depart significantly from Pythia. In the future, further work will be required to ensure that
accurate predictions of how heavy DM should appear in our telescopes are available.

The current generation of ground-based imaging gamma-ray instruments (VERITAS, HESS and
MAGIC) provide sensitivity to DM annihilation and decay up to and above 100 TeV [149, 150]. As
mentioned previously for Fermi-LAT, while the energy sensitivity range of the current-generation
instruments extends to ∼100 TeV, it is possible to probe DM masses well beyond this range, as the
detected final-state photons from the DM decay or annihilation are expected at lower energies. The
future CTA observatory, with sensitivity to gamma rays up to ∼300 TeV, will probe heavy DM
with a factor of ∼10 better sensitivity than the current-generation instruments [151]. The future
SWGO observatory, with energy reach up to >1 PeV, will be able to probe DM masses more than
100x better than the current HAWC constraints, as shown in Fig. 3 [126].

Dark Matter  Indirect Detection at CTAO
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FIG. 3. (Left) A subset of current indirect detection constraints on the DM lifetime for decays to bb̄. The
results are chosen to highlight the complementarity between different search strategies for this single DM
hypothesis, and in particular we show limits obtained using γ-ray [123], neutrino [124], and cosmic-ray [125]
studies. See the text for additional details. (Right) An example of the near term improvements that will be
achieved in γ-ray searches for heavy DM. For this specific channel (DM→ bb̄), it is clear that SWGO will
considerably improve our reach, however, we note that for other channels leading results will be obtained by
CTA. (We note that the results in this figure up to 2 TeV originally appeared in Ref. [126].)

is known as indirect detection, and should the DM fall in the ultraheavy mass window, the physics
of these searches is considerably enriched.

For dark matter with mass well above the electroweak scale, the decays will inevitably produce
a rich array of final states, including photons, neutrinos, and charged cosmic rays. This is true
even if the DM decays only into neutrinos, as the neutrinos can shower electroweak bosons at such
masses [121, 122]. Accordingly, such searches are inherently multimessenger, and benefit broadly
from improvements in high energy astronomy. This point is highlighted in Fig. 3, where a partial
set of present limits on the lifetime for DM→ bb̄ are shown as an example. The results in green
show limits obtained from low energy γ-rays collected by the Fermi-LAT telescope [123]. In Table I,
we provide a list of current and future observatories and their sensitivities to the relevant standard
model final states.

Note that while Fermi is optimized to search for O(GeV) photons, it can be sensitive to much
heavier DM, as the high energy photons, electrons, and positrons produced in the decay will interact
with cosmic background radiation, generating a cascade process converting energy down to lower
scales [127–131]. The lower bound on the lifetime of heavy DM becomes essentially mass indepen-
dent for DM masses above a few PeV if any appreciable portion of the mass energy is deposited
into electromagnetic channels, since leptons and photons at these energies rapidly produce elec-
tromagnetic cascades extending down to GeV energies which may become visible in the isotropic
gamma-ray sky [131]. If the direct decay products can be observed, however, the constraints are
generally stronger as seen from the other constraints in Fig. 3. The IceCube collaboration has set
strong constraints on the prompt neutrinos produced by O(PeV) DM [120, 124], and the results are
shown in cyan in the plot. Finally, in red we show constraints from instruments searching for high
energy cosmic rays, such as KASCADE, Pierre Auger Observatory, and Telescope Array [125, 132].
Many other instruments can search for the signature of heavy DM decay, including extensive air
shower observatories such as HAWC [133] or Tibet ASγ [134, 135].

All indirect searches for heavy DM are underpinned by a detailed theoretical understanding

Snowmass 2021
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An examply where CTAO will provide the only way of probing DM
Extra-Dimensional Models with KK portals 
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Dark Matter candidates : Fermions, Vectors or scalar particles


Mediators : Kaluza-Klein particles from the gravity sector 
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FIG. 15. Combined constraints for vector DM candidates, for !ω = 20 TeV (upper row) and 40 TeV (lower row), using the same
shading as in Fig. 14. The lilac and green regions indicate where the resonant DM annihilation cross-section equals or exceeds
what is required to produce the correct DM relic density today. The lower darker blue regions represent the ATLAS limits on
the 1st spin-2 KK mode from diphoton searches [46], while the enlarged region represents the projected reach (exclusion) of the
high-luminosity LHC program. Note that multiple resonances might be detectable at the LHC. The region marked in salmon is
ruled out by the SI direct detection experimental results from the LZ experiment [47] while the yellow regions illustrate where
the neutrino fog becomes important for the radion masses specified. The right panels in both rows illustrate parameters for
which the direct detection constraints entirely exclude the regions which simultaneously satisfy the ATLAS collider limits and
the relic density constraint.

resonant with the third KK graviton. In this case, the lighter KK state(s) may be accessible at HL-LHC,
though the heavier state would likely not be.

Direct detection signals/constraints are also plotted in Fig. 15, and depend sensitively on the radion mass
precisely as described in the fermion DM case above. Specifically, for a radion mass of 1 GeV (left panel,
upper row), the region of allowed vector DM mass should be visible in future direct detection experiments.
On the other hand, if the radion mass is 0.75 GeV, the vector DM scenario with !ω = 20 TeV is excluded
by current LZ [47] constraints (right panel, upper row). Finally, for heavier radion masses, the direct
detection would be obscured by the neutrino fog (not illustrated).

– In the lower row of Fig. 15, we present the same scan but for !ω = 40 TeV. In this case, the KK gravi-
tons are narrower due to their smaller couplings, and the parameter regions that satisfy the relic density
constraint shrink. The collider signals/constraints (see Fig. 11) are a bit weaker, and we find that masses
below 1.5 TeV are ruled out (corresponding to a lightest KK graviton mass of order 3.0 TeV), while one
as heavy as 1.9 TeV (corresponding to a lightest KK mass of 3.8 TeV) should be directly observable at
the HL-LHC. As in the cases discussed above, it is also possible to accommodate the dark matter relic
abundance via resonance annihilation through the second or third KK gravitons, starting at vector DM
masses of order 2.8 TeV, in which case the lighter graviton(s) may be accessible at the HL-LHC.

Relic is achieved only at EFT scales upto 80 TeV, 


and for dark matter masses of around 1-6 TeV


Direct Detection Constraints rules models out with a light radion


 Collider constraints rule out a large part of the parameter space

Unconstrained and  

within reach of CTAO 
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FIG. 14. Combined constraints for fermion dark matter candidates for !ω = 20 TeV and mr = 1 GeV (left) or 0.75 GeV
(right). The lilac shaded curves represent parameter space combinations where the relic density constraint can be satisfied,
corresponding to →ωv↑ ↓ 10→26 cm3s→1 (corresponding to x = m!

T ↔ 20). In both plots the lower darker blue region represents
the current ATLAS limit on the 1st spin-2 KK mode from diphoton searches at 139 fb→1 [46], while the enlarged light blue
region represents the projected reach (exclusion) of the high-luminosity LHC program. Note that multiple resonances might
be detectable at LHC. [Left pane] This pane summarizes limits when mr = 1 GeV. The region marked in salmon at the right
of the plot is ruled out by the SI direct detection experimental results from the LZ experiment [47]. The region marked in
yellow at the left of the plot is impacted by the neutrino fog. The white region in the middle represents the space that direct
detection experiments can cover, i.e., in between the direct detection limits and the neutrino floor. [Right panel] This panel
summarizes analogous limits when mr = 0.75 GeV, for which the direct detection constraints entirely exclude the regions which
simultaneously satisfy the ATLAS collider limits and the relic density constraint.

panels in Fig. 14), corresponding to DM masses roughly between 3.0 - 4.0 TeV and 4.5 to 5.5 TeV respectively.
In this case, there could be clear HL-LHC collider signals for the lighter KK graviton(s), though likely not for
the heavy KK graviton responsible for resonant DM annihilation in the early universe.

There are also potentially interesting direct detection signals/constraints for this model if the radion is su!-
ciently light. For mr → 1 GeV, current LZ [47] constraints rule out mω > 5.5 TeV (region shaded in salmon
in the left panel of Fig. 14). The “neutrino floor” in this case is at a much lower mass and, as illustrated in
this figure, the region 1.8 TeV ↑ mω ↑ 5.5 TeV is potentially observable in future direct detection experiments.
The direct detection signal is extremely sensitive to the radion mass, however. In the right panel of Fig. 14
we consider the case of mr → 0.75 GeV, and we see that current LZ constraints already rule out the fermion
DM scenario with ”ε = 20 TeV. Conversely, for higher radion masses (not shown in these plots) the DM cross
section becomes smaller and the direct detection signal will become obscured by the “neutrino floor” (though
the collider signatures for spin-2 states discussed above, if accessible, would still be present).

Finally, increasing the scale ”ε we find that these parameter choices lead to an overclosure of the Universe
(↓ωv↔ ↑ 10→26 cm3

/s), as illustrated for ”ε = 40 TeV in the right panel of the second row of Fig. 10.

• Vector DM: We summarize the constraints and prospects for vector DM in Fig. 15 for ”ε = 20 TeV (upper
row) and ”ε = 40 TeV (lower row), using the same notation and shading as used for fermion DM in Fig. 14.
(The plots in each row di#er according to the radion masses considered, which impacts the direct detection
window.) We have already observed in Fig. 10 that ↓ωv↔ ↗ 10→26cm3

/s on resonance for our parameter choices,
thus satisfying the relic density requirement. This is illustrated in the heat maps shown, with the purple (and
green) colors indicating the regions where the resonant thermal-average cross-section achieves or exceeds the
values needed to explain the vector DM relic density.

– We begin with the case of ”ε = 20 TeV, the upper row of Fig. 15. As discussed in the case of fermion
dark matter above, the current ATLAS collider constraints on the lightest graviton KK mass can again,
using the resonance condition mKK = 2m!, be shown to provide a lower bound mV ↗ 1.9 TeV and a
prospective reach (at HL-LHC) of up to mV → 2.3 TeV if resonant with the lightest KK graviton. Also, as
in the fermion case, there is the possibility of a heavier vector DM candidate resonant with a higher KK
graviton mode: e.g., mV → 3.0 ↘ 4.0 TeV resonant with the second KK graviton or mV → 4.5 ↘ 5.5 TeV

Chivukula, Gill, Sanmayan, Sengupta et al, PRD 2025 
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Figure 4. Expected upper limits at 95% C.L on the Wino annihilation cross section as a function of its mass for 500 h of CTA
observations towards the GC. The predicted NLL cross section is shown (solid gray line) and the thermal Wino DM mass is
marked (cyan solid line and bands). The only background considered here is the residual background. The full Wino spectrum
is included in the expected signal. Left panel: Mean expected upper limits at 2� (red solid line) for an Einasto profile are shown
together with the 1� (green band) and 2� (yellow band) containment bands. Mean expected upper limits at 5� (red dashed
line) are also shown. The H.E.S.S.-like 2� sensitivity extracted from Ref. [68] is shown as a blue solid line. Right panel: The
expected limits are shown for cored DM profiles of size from 300 pc to 5 kpc.

lower 1� expected limit. Accordingly, in Figs. 4 and 6,
we only show the lower 1� expected limit, as the actual
limit, by construction, cannot go below this. We also
compute the 5� mean expected upper limit on h�viline,
which corresponds to q ⇡ 23.7.

The above prescription outlines how to determine the
limit for a given dataset m�,ijk, which could be either ob-
tained from real observations or via Monte Carlo simu-
lations.

Before CTA’s first light, we can estimate the expected
sensitivity by generating a large number of Monte Carlo
datasets and determining the mean expected limit and
associated containment bands. An alternative to this ap-
proach, which we will use in this work, is to instead deter-
mine all of these quantities using the Asimov formalism of
Ref. [116]. Under the Asimov approach, instead of taking
many realizations of the model, calculating the limit each
time, and then determining the mean of those values, we
instead take the mean dataset, which is exactly given
by the model. The model, when used as the dataset, is
then referred to as the Asimov dataset. Of course, as
the model is not strictly an integer, this requires analyt-
ically continuing the Poisson distribution to non-integer
values, which can be accomplished using the � function.
The Asimov approach can also be used to determine the
confidence intervals. In detail, to determine the N -sigma
containment band, instead of evaluating q = 2.71, we

calculate

q =
�
��1(0.95)±N

�2
. (19)

Here � is the cumulative distribution function for the
standard normal, which has µ = 0 and � = 1. Accord-
ingly ��1(0.95) ⇡ 1.64, so that the above result contains
the mean limit as a special case at N = 0.

In the idealized scenario we consider here of data
drawn from a background model known exactly, the
above procedure for calculating limits is su�cient. We
emphasize, however, that when considering the actual
CTA data, our models will be inevitably imperfect. One
consequence of this is that the coverage of our limits, and
the validity of discovery thresholds can deviate from the
simple asymptotic estimates used above, and may need
to be validated and potentially tuned using datasets that
contain an injected signal.

V. RESULTS AND PROSPECTS

A. Sensitivity to Wino DM and impact of the
endpoint contribution

The CTA sensitivity forecast for Wino DM, expressed
as the mean expected upper limit at 95% C.L. on h�viline
as a function of the Wino mass, is shown in the left panel
of Fig. 4, together with the expected containment bands
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Figure 4. Expected upper limits at 95% C.L on the Wino annihilation cross section as a function of its mass for 500 h of CTA
observations towards the GC. The predicted NLL cross section is shown (solid gray line) and the thermal Wino DM mass is
marked (cyan solid line and bands). The only background considered here is the residual background. The full Wino spectrum
is included in the expected signal. Left panel: Mean expected upper limits at 2� (red solid line) for an Einasto profile are shown
together with the 1� (green band) and 2� (yellow band) containment bands. Mean expected upper limits at 5� (red dashed
line) are also shown. The H.E.S.S.-like 2� sensitivity extracted from Ref. [68] is shown as a blue solid line. Right panel: The
expected limits are shown for cored DM profiles of size from 300 pc to 5 kpc.

lower 1� expected limit. Accordingly, in Figs. 4 and 6,
we only show the lower 1� expected limit, as the actual
limit, by construction, cannot go below this. We also
compute the 5� mean expected upper limit on h�viline,
which corresponds to q ⇡ 23.7.

The above prescription outlines how to determine the
limit for a given dataset m�,ijk, which could be either ob-
tained from real observations or via Monte Carlo simu-
lations.

Before CTA’s first light, we can estimate the expected
sensitivity by generating a large number of Monte Carlo
datasets and determining the mean expected limit and
associated containment bands. An alternative to this ap-
proach, which we will use in this work, is to instead deter-
mine all of these quantities using the Asimov formalism of
Ref. [116]. Under the Asimov approach, instead of taking
many realizations of the model, calculating the limit each
time, and then determining the mean of those values, we
instead take the mean dataset, which is exactly given
by the model. The model, when used as the dataset, is
then referred to as the Asimov dataset. Of course, as
the model is not strictly an integer, this requires analyt-
ically continuing the Poisson distribution to non-integer
values, which can be accomplished using the � function.
The Asimov approach can also be used to determine the
confidence intervals. In detail, to determine the N -sigma
containment band, instead of evaluating q = 2.71, we

calculate

q =
�
��1(0.95)±N

�2
. (19)

Here � is the cumulative distribution function for the
standard normal, which has µ = 0 and � = 1. Accord-
ingly ��1(0.95) ⇡ 1.64, so that the above result contains
the mean limit as a special case at N = 0.

In the idealized scenario we consider here of data
drawn from a background model known exactly, the
above procedure for calculating limits is su�cient. We
emphasize, however, that when considering the actual
CTA data, our models will be inevitably imperfect. One
consequence of this is that the coverage of our limits, and
the validity of discovery thresholds can deviate from the
simple asymptotic estimates used above, and may need
to be validated and potentially tuned using datasets that
contain an injected signal.

V. RESULTS AND PROSPECTS

A. Sensitivity to Wino DM and impact of the
endpoint contribution

The CTA sensitivity forecast for Wino DM, expressed
as the mean expected upper limit at 95% C.L. on h�viline
as a function of the Wino mass, is shown in the left panel
of Fig. 4, together with the expected containment bands

Rodd, Slatyer 2021



Conclusions
• Dark Matter searches are ramping up from all directions 

• Direct detection and collider searches will cover most of the 100 GeV - few TeV space  

• For high mass dark matter models, the only robust way of discovery is through indirect 
detection 

• Need improvements in theoretical predictions, electroweak corrections, Sommerfeld,  
SCET, .. 

• Once operational, CTAO will provide the best coverage for dark matter masses upto 300 
TeV



Likelihoods

Fig. 4. The effective area of CTA increases rapidly with energy over the entire range considered
here, enhancing sensitivity to high-mass DM signals. The photon spectrum for annihilation
(or decay) to bb̄ is fairly soft and not easily distinguished from the CRE background at most
energies. In contrast, the harder spectra associated with annihilation (or decay) to µ+µ� or
⌧+⌧� are distinct from the CRE background spectrum. In all cases, the spectral cut off at
the DM mass (or half the DM mass in the case of decay) provides a distinguishing feature.
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Figure 4. The observed count spectrum for annihilation to ⌧+⌧�, bb̄, and µ+µ�, for m� = 1 TeV or
5 TeV with h�vi = 3⇥ 10�26 cm3 s�1, for an NFW profile, compared with the CRE background. The
spectra shown are for the ON region, assume 200 h of observation, and have been convolved with the
energy resolution of CTA.

4 Likelihood analysis

Analyses using the Ring Method search for an excess of counts in the ON region compared
to the OFF region. After rescaling the observed counts in the OFF region by the factor
↵, the excess of counts between the ON and the rescaled OFF regions is defined as ✓di↵ =
✓ON�↵✓OFF, where ✓ON and ✓OFF are the total numbers of events (the sum of signal photons
and background events) in the ON and OFF regions, respectively.

Following [33], we assume that the likelihood of observing ✓ counts in a given region is
Poisson-distributed with mean value N , so the likelihood of observing the difference ✓di↵ is
described by the Skellam distribution [51]:

L(✓di↵) = e�(NON+↵NOFF)

✓
NON

↵NOFF

◆ ✓di↵
2

I|✓di↵ |(2
p
↵NONNOFF). (4.1)

Here I|✓di↵ | is the |✓di↵ |th Bessel function of the first kind. Note that here for simplicity we
assumed a Poisson likelihood for ↵NOFF, whereas formally NOFF is the Poisson-distributed
quantity. The error induced by this approximation is small because ↵ is not very different
from 1; the approximation yields more conservative limits because it slightly over-estimates
Poisson fluctuations in the OFF region. We determine the expected limit in the case that
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⌧+⌧� are distinct from the CRE background spectrum. In all cases, the spectral cut off at
the DM mass (or half the DM mass in the case of decay) provides a distinguishing feature.
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Figure 11. Comparison of projected sensitivity of CTA from this work for the NFW profile (solid
black curve) to current bounds on annihilation to ⌧+⌧� (left) and bb̄ (right). The upper limit on
the annihilation cross section from the Fermi LAT combined analysis of dwarf galaxies [6] (dotted red
curve) is shown for comparison. For the bb̄ channel the upper limit from the H.E.S.S. GC analysis
assuming an NFW profile [52] is also shown. The gray dashed line is the canonical thermal cross
section, but full thermal production can still be viable with cross-sections a few orders of magnitude
higher or lower.
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Figure 12. Predicted sensitivity of CTA to DM decay to µ+µ� as derived in this work, assuming
an NFW or Einasto profile. Curves indicate current lower limit or projected limit in the case of
no detection on DM lifetime at 95% CL. Current constraints from the Fermi LAT measurement of
the IGRB [53] as derived in [41] are shown for comparison. Regions consistent with the positron
fraction measurements by PAMELA and Fermi and the PAMELA measurement of the antiproton
flux, at 95.45% C.L. and 99.999% C.L. (green and yellow regions, respectively), are marked. Regions
consistent when the e+ + e� fluxes measured by Fermi, H.E.S.S., and MAGIC are included in the fit
are also shown at 95.45% C.L. and 99.999% C.L. (red and orange regions, respectively) [41].

the positron fraction and total CRE spectrum measured by various experiments and consistent
with the measured antiproton spectrum, as determined in [41]. The lower bound on the DM
lifetime from the Fermi LAT measurement of the IGRB from Fig. 2 of [41] is also shown.
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for annihilation (left) or decay (right) to ⌧+⌧� (blue), bb̄ (green), or µ+µ� (red) for an NFW profile,
assuming 40 h (dashed) or 200 h (solid) of observation time. The gray dashed line is the canonical
thermal annihilation cross section, but full thermal production can still be viable with cross-sections
a few orders of magnitude higher or lower.
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Figure 10. Comparison of projected sensitivity of CTA from this work (solid curves), which uses
Array I, to the CTA Consortium estimate from [31] for Array E (dashed curves), assuming an NFW
profile and 100 h of observation. Projected sensitivities are calculated for 3 different annihilation
channels: ⌧+⌧� (blue), bb̄ (green), and µ+µ� (red). Differences in projected sensitivity arise due to
different assumptions regarding the array configuration and differences in the analysis method; see
text for details.

parameter space to that probed by the Fermi LAT, and will improve on the existing IACT
bound from H.E.S.S. substantially by improving sensitivity by more than an order of mag-
nitude in annihilation cross section and by extending the search to much lower DM masses
than accessible with the H.E.S.S. observations.

We examine the projected sensitivity of CTA to DM decay in the context of apparent
anomalies observed in cosmic-ray spectra. Figure 12 shows the expected sensitivity of CTA to
decay to µ+µ�, compared with the regions consistent with a DM explanation of the excesses in
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Figure 1. Left panel: VHE astrophysical emissions in the GC region. The energy di↵erential fluxes are plotted for the ⇡0 (pink
open triangles) and ICS (cyan open triangles) components of the Galactic Di↵use Emission measured by Fermi-LAT extracted
from Ref. [84], and for the ⇡0 (pink filled triangles) and ICS (cyan filled triangles) components derived from an alternative
analysis [85] performed in the inner 15� ⇥ 15� of the GC. The filled and open triangles are used for fitting a power-law or a
power-law with exponential cut-o↵, and then we use the fitted curves to normalize the maps in the CTA energy range. The
H.E.S.S. Pevatron spectrum (red dots) and the low-latitude spectrum of the Fermi Bubbles (blue filled squares) [86] are also
shown. Conservative (dashed blue line) and optimistic (log-dashed blue line) parametrizations of the Fermi Bubbles component
are plotted. Note that the region corresponding to the Galactic ridge emission is excluded from the region of interest (see Sec.
IV.B). Right panel: Expected di↵erential count rate as a function of energy for the expected signal and backgrounds in the
ROI (5,11), a 0.5�⇥0.5� squared pixel centered at l = 2.75�, b = �0.25� (see Sec. IV.B for more details on the ROI definition).
The expected DM rates are plotted for a 3 TeV Wino with an annihilation cross section of 2.3 ⇥ 10�26 cm3s�1 (orange solid
line), and for a 1 TeV Higgsino with an annihilation cross section of 1.1⇥10�28 cm3s�1 (9.2⇥10�29 cm3s�1) (green solid lines)
assuming �mN = 200 keV (�mN = 2 GeV) and �m+ = 480 MeV (�m+ = 350 MeV). For the background we show the residual
background, the backgrounds for GDE scenarios 1 and 2, and the maximum Fermi bubbles contribution. The DM signal curves
correspond to the full spectra, including the line component, and have been convolved with the CTA energy resolution.

VHE gamma-ray sources in the overall ROI. In addition,
circular regions of 0.25� radius centered on the selected
Fermi-LAT source nominal positions are excluded.

C. TeV Di↵use Emission in the Galactic Center

The GC is a very crowded region where significant
VHE gamma-ray emission arises from various astrophys-
ical objects and production processes. In addition to
pointlike sources such as HESS J1745-290 [95, 96] spa-
tially coincident with the supermassive black hole Sagit-
tarius A* lying at the gravitational center of the Milky
Way, di↵use emission will also contribute to the total
gamma-ray flux. Deep observations of the GC region car-
ried out by H.E.S.S. reveal the detection of VHE emission
correlated with massive clouds of the Central Molecular
Zone [97], and more recently extended emission in the
inner 50 pc of the GC [86], from PeV protons interacting
in the interstellar medium.

At lower energies, the Galactic di↵use emission
(GDE) constitutes about 80% of all the photons detected

by Fermi -LAT in the energy range of a few MeV to ⇠ 1
TeV [98]. The GDE results from the interactions of ener-
getic CR particles with interstellar material and ambient
photons, possibly including individual di↵use sources.4

The main processes giving rise to the GDE are ⇡0-decay,
Bremsstrahlung, and Inverse Compton (IC) scattering.
In the Fermi -LAT energy band, current e↵orts to de-
tect DM in this sky region are limited by uncertainties
in the models for these three components; this is not the
case for current H.E.S.S. VHE gamma-ray searches, but
the greater sensitivity of CTA will likely render the GDE
contribution important even in the VHE regime. Thus
unraveling a potential DM signal from the GC observa-
tions by CTA, or setting robust constraints, will require
the construction of GDE models that are as realistic as
possible.

The Fermi -LAT collaboration has developed a GDE

4 In what follows, the GDE model restricts to the CR-induced
interstellar emission model since the main di↵use sources relevant
for the analysis here are masked in the region of interest.
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VHE gamma-ray sources in the overall ROI. In addition,
circular regions of 0.25� radius centered on the selected
Fermi-LAT source nominal positions are excluded.

C. TeV Di↵use Emission in the Galactic Center

The GC is a very crowded region where significant
VHE gamma-ray emission arises from various astrophys-
ical objects and production processes. In addition to
pointlike sources such as HESS J1745-290 [95, 96] spa-
tially coincident with the supermassive black hole Sagit-
tarius A* lying at the gravitational center of the Milky
Way, di↵use emission will also contribute to the total
gamma-ray flux. Deep observations of the GC region car-
ried out by H.E.S.S. reveal the detection of VHE emission
correlated with massive clouds of the Central Molecular
Zone [97], and more recently extended emission in the
inner 50 pc of the GC [86], from PeV protons interacting
in the interstellar medium.

At lower energies, the Galactic di↵use emission
(GDE) constitutes about 80% of all the photons detected

by Fermi -LAT in the energy range of a few MeV to ⇠ 1
TeV [98]. The GDE results from the interactions of ener-
getic CR particles with interstellar material and ambient
photons, possibly including individual di↵use sources.4

The main processes giving rise to the GDE are ⇡0-decay,
Bremsstrahlung, and Inverse Compton (IC) scattering.
In the Fermi -LAT energy band, current e↵orts to de-
tect DM in this sky region are limited by uncertainties
in the models for these three components; this is not the
case for current H.E.S.S. VHE gamma-ray searches, but
the greater sensitivity of CTA will likely render the GDE
contribution important even in the VHE regime. Thus
unraveling a potential DM signal from the GC observa-
tions by CTA, or setting robust constraints, will require
the construction of GDE models that are as realistic as
possible.

The Fermi -LAT collaboration has developed a GDE

4 In what follows, the GDE model restricts to the CR-induced
interstellar emission model since the main di↵use sources relevant
for the analysis here are masked in the region of interest.
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Figure 3. Fermi Bubbles emission maps in Galactic coordinates for the conservative (left panel) and the optimistic (right panel)
models. The maps are expressed in terms of flux integrated in a pixel of size 0.5� ⇥ 0.5� and in the energy bin centered at 1
TeV with bin width � log10(E/1TeV) = 0.2.

geneous sky exposure of 500 hours in the overall search
region, which can be obtained provided that an ambi-
tious observation program of the inner Galactic halo is
carried out with an optimized observation strategy [113].

B. Expected Signal and Background Events

In order to obtain an estimate of the expected signal
s�,ijk in the ith energy, jth Galactic longitude and kth

Galactic latitude bins, the di↵erential gamma-ray flux
d�S

�,jk/dE� in the bin ijk, integrated over the dimen-
sions of the ROI, is convolved with the CTA gamma-ray
acceptance A�
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and energy resolution at energy E0
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The energy resolution is modeled as a Gaussian
G(E� , E0

�) with width (68% containment radius) of 20%
at 50 GeV, down to better than 5% in the TeV en-
ergy range [3]. The signal count number s�,ijk in the
bin ijk is obtained from the gamma-ray di↵erential rate
d�S

�,jk/dE� integrated over the energy bin �E and mul-
tiplied by the observation time Tobs. Explicitly,
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b�,ijk = Tobs

Z

�Ei

dE�

d�B

�,jk

dE�
. (13)

The CR background flux d�CR

�,jk/dE�d⌦ is multiplied by

the CR acceptance of CTA, ACR

e↵
, while the standard
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The gamma-ray backgrounds due to the point-like
sources d�PL

�,jk/dE�d⌦, the GDE d�GDE

�,jk /dE�d⌦, and the

FB d�FB

�,jk/dE�d⌦ are included in b�,ijk:
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In actual observations with IACTs, typically a fit in-
cluding both signal and background components is per-
formed in a signal region (known as the ON region), and
simultaneously the background is constrained by obser-
vations of a corresponding control region (OFF region)

10

Figure 3. Fermi Bubbles emission maps in Galactic coordinates for the conservative (left panel) and the optimistic (right panel)
models. The maps are expressed in terms of flux integrated in a pixel of size 0.5� ⇥ 0.5� and in the energy bin centered at 1
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