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Temperature fluctuations in the CMB

CMB are photons that decoupled from the thermal bath. The surface of last scattering is the one 
defined by the photons that could come freely to reach us today. 

T0 = (2.72548 ± 0.00057)

The value of the variations is of the order  in the sphere of last scattering. If we study 
these variations in detail we can understand better the temperature fluctuations at that time. 
Temperature fluctuations on the sphere can be described via spherical harmonics, with the usual polar 
and azimuthal angles

δT/T ≤ 10−5

δT(θ, ϕ)
T0

=
T(θ, ϕ) − T0

T0
=

∞

∑
l=0

l

∑
m=−l

almYml(θ, ϕ)

In order to analyse temperature fluctuations, the relevant measure is the variance of the temperature 
distribution

1
4π ∫ dΩ ( δT(θ, ϕ)

T0 )
2

=
1

4π ∑
m,l

|alm |2
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Temperature fluctuations in the CMB

The index m describes the angular momentum in a particular direction, but because there is no special 
direction in the sphere of last scattering the  coefficients do not depend on m. Thus, the sum over m 
yields 2l+1 identical terms. The average of  over m will be defined as the observed power spectrum

alm
|alm |2

Cl =
1

2l + 1 ∑
m=−l

|alm |2

The values of the coefficients  can be determined usingCl

1
4π ∫ dΩ ( δT(θ, ϕ)

T0 )
2

=
1

4π

∞

∑
l=0

2l + 1
4π

Cl

The peaks are generated by acoustic oscillations which occur in the baryon-photon fluid at the time of 
photon decoupling.  

Regions with a large accumulation of DM form gravitational wells, which pull the baryon-photon fluid inside 
it resulting in a compression of the fluid.  

At the same time the relativistic photons exert a pressure that counteracts the gravitational pull, which 
results in a rarefaction of the fluid.  
These counteracting forces create oscillations in the baryon-photon fluid and lead to temperature 
fluctuations in the photon spectrum during decoupling.

Temperature fluctuations measured by PLANCK 
allows to calculate .Cl
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2. Theoretical Background

Figure 2.3.: Power spectrum of the CMB as measured by PLANCK [33].

The �rst peak corresponds to the time of last scattering where the �uid compressed
once. Determining its position gives information about the curvature of the universe.
The second peak corresponds to one compression and one rarefaction of the �uid. A
large relative baryon content in the baryon-photon �uid would lead to an increase in
amplitude of the compression peaks and at the same time to a decrease of the rarefaction
peaks. Therefore, by measuring the ratio between the �rst and the second peak the baryon
content of the universe can be obtained. The height of the third peak (2 compressions, 1
rarefaction) determines the amount of DM in the universe. Since, DM does not interact
with photons, it only contributes to the strength of the compression peaks. Therefore, a
large third peak is a sign of a sizeable DM component in the universe.

To �t the data points given in Fig. (2.3), a model with 6 independent cosmological parame-
ters is used under the assumption of a �at universe. This model is referred to as the "base
⇤CDM", where the parameters are the Hubble constant �0, the baryon ⌦1⌘2 and DM ⌦2⌘2

densities, the matter �uctuation amplitude f8, the spectral index =B and the optical depth
g [7]. Choosing the best �t parameters results in the observed relic density given in Eq.
(1.2).

2.4. Detection of DM

Depending on the type of DM, di�erent mass regions need to probed via direct or indirect
detection experiments. In particle physics the possible DM candidates can be subdivided
into two main categories - thermally and non-thermally produced DM. In this thesis the

12

Temperature fluctuations in the CMB

The first peak corresponds to the time of last 
scattering where the fluid compressed once. 
Determining its position gives information about 
the curvature of the universe. 

The second peak corresponds to one compression 
and one rarefaction of the fluid. A large relative 
baryon content in the baryon-photon fluid would 
lead to an increase in amplitude of the 
compression peaks and at the same time to a 
decrease of the rarefaction peaks. Therefore, by 
measuring the ratio between the first and the 
second peak, the baryon content of the universe 
can be obtained.  

The height of the third peak determines the 
amount of DM in the universe. Since, DM does not 
interact with photons, it only contributes to the 
strength of the compression peaks. Therefore, a 
large third peak is a sign of a sizeable DM 
component in the universe. 

To fit the data points given in a model with 6 
independent cosmological parameters is used under 
the assumption of a flat universe. This model is 
referred to as the “base ΛCDM", which includes the 
Hubble constant 𝐻 , and the baryon and DM fraction

The odd numbered peaks correspond to the decoupling 
of photons during a compression phase, while even 

numbered peaks correspond to a decoupling during a 
rarefaction phase. 
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– ⌦bh
2 essentially only affects the height of the peaks. The baryons provide most of the mass of the

baryon–photon fluid, which until now we assume to be infinitely strongly coupled. Effects of a changed
⌦bh

2 on the CMB power spectrum arise when we go beyond this infinitely strong coupling. Moreover, an
increased amount of baryonic matter increases the height of the odd peaks and reduces the height of the even
peaks.

Separating these four effects from each other and from other astrophysical and cosmological parameters obviously
becomes easier when we can include more and higher peaks. Historically, the WMAP experiment lost sensitivity
around the third peak. This means that its results were typically combined with other experiments. The PLANCK
satellite clearly identified seven peaks and measures in a slight modification to our basis in Eq.(1.73) [2]

⌦�h
2 = 0.1198 ± 0.0015

⌦bh
2 = 0.02225 ± 0.00016

⌦⇤ = 0.6844 ± 0.0091

H0 = 67.27 ± 0.66
km

Mpc s
. (1.75)

The dark matter relic density is defined in Eq.(1.7). This is the best measurement of ⌦� we currently have.

1.5 Structure formation

A powerful tool to analyze the evolution of the Universe is the distribution of structures at different length scales,
from galaxies to the largest structures. These structures are due to small primordial inhomogeneities, tiny
gravitational wells disrupting the homogeneous and isotropic universe we have considered so far. They have then
been amplified to produce the galaxies, galaxy groups and super-clusters we observe today. The leading theory for
the origin of these perturbations is based on quantum fluctuations of in the inflaton field, which is responsible for
the epoch of exponential expansion of the universe. We leave the details of this idea to a cosmology lecture, but
note that quantum fluctuations behave random or Gaussian. The evolution of these primordial seeds of
over-densities with the expansion of the universe will give us information on the dark matter density and on dark
matter properties.
We start with the evolution of a general matter density in the Universe in the presence of a gravitational field. As
long as the cosmic structures are small compared to the curvature of the universe and we are not interested in the
(potentially) relativistic motion of particles we can compute the evolution of density perturbations using Newtonian
physics. The matter density ⇢, the matter velocity ~u, and its gravitational potential � satisfy the equations

@⇢m

@t
= �r · (⇢m~u) continuity equation (1.76)

✓
@

@t
+ ~u · r

◆
~u = �

rp

⇢m

� r� Euler equation (1.77)

r
2
� = 4⇡G⇢m Poisson equation , (1.78)

where p denotes an additional pressure and G = 1/(8⇡M
2
Pl) is the gravitational coupling defined in Eq.(1.4). This

set of equations can be solved by a homogeneously expanding fluid

⇢ = ⇢(t0)
⇣

a0

a

⌘3
~u =

ȧ

a
~r = H~r � =

1

12M
2
Pl

⇢r
2

rp = 0 . (1.79)

It is the Newtonian version of the matter-dominated Friedmann model. The Euler equation turns into the second
Friedmann equation, Eq.(1.22), for a flat universe,

Ḣ~r + H~r · r(H~r) = �r� = �
1

6M
2
Pl

⇢m~r

, Ḣ + H
2 = �

⇢m

6M
2
Pl

. (1.80)
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0 =
d
dt

[n(t) a(t)3] = ·n(t)a(t)3 + 3n(t)a(t)2 ·a(t) ⇒ ·n(t) + 3H(t) n(t) = 0

The relic density is calculated using the Boltzmann equation which describes the change of a 
number density  with time. If  is the linear dimension of the universe, n(t) a(t)
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Mechanisms of thermal DM generation - freeze-out

Where  is the Hubble constant. This would be the equation that would hold if the density of all 
particles would be constant with time. The evolution of the density of DM is also related to the 
production or annihilation of DM

H

·n(t) = − 3H(t)n(t) − < σ v >χχ (n2(t) − n2
eq)

where is the thermal averaged cross section (luminosity), and  is the equilibrium density. 
Note that 

< σ v >χχ neq

[σ vn] = m2 m
s

1
m3

=
1
s

The thermal averaged cross section is given by

< σ v >χχ =
∫ d3pχ,1 ∫ d3pχ,2 e−(Eχ,1+Eχ,2)/T σχχv

∫ d3pχ,1 ∫ d3pχ,2 e−(Eχ,1+Eχ,2)/T v =
(pχ,1 pχ,2) − m4

χ

Eχ,1 Eχ,2
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The equation is usually simplified with a change of variables , leading toY = ns

88

Mechanisms of thermal DM generation - freeze-out

Where ,  is the gravitational constant and   are the relativistic degrees of freedom (that 
evolve over time).  We have assumed that the total entropy on the universe remains constant with time.

x = mχ /T G g*

3. Mechanisms of Thermal DM Generation

feature describing the �nal relic abundance. To get rid of it, a change of variables into the
yield . is performed

. =
=

B0
, (3.19)

with the entropy density B0. Assuming constant entropy (0 = 03B0 (here 0 is the scale factor)
the relation below is obtained

§. =
§=
B0

+ 3B0
§0
0

=

B02
=

§=
B0

+ 3�
=

B0
, (3.20)

where � = §0
0 is the Hubble expansion and

3(

3C
= 302 §0B0 + 03 §B0 = 0 , (3.21)

was used. Plugging Eq. (3.20) into Eq.(3.3) gives

§. = �B0hfEij j (. 2 � . 2
eq) . (3.22)

De�ning G =<j/) in order to switch to a temperature dependence the l.h.s. of Eq. (3.22)
becomes

3.

3G

3G

3C
=
3.

3G

⇣
�G
)
§)
⌘
=
3.

3G

✓
�G
)

3B0

3C

3)

3B0

◆
=
3.

3G

✓
3�B0

G

)

3)

3B0

◆
. (3.23)

Using the Friedmann equation in the early radiation dominated universe, which reads

� 2 =
8c⌧d
3

, (3.24)

together with the entropy density and energy density d dependent on the e�ective degrees
of freedom ⌘e� with respect to the entropy and on the e�ective degrees of freedom 6e�
with respect to energy as [46]

B0 = ⌘e� () )
2c2

45
) 3 , d = 6e� () )

c2

30
) 4 , (3.25)

Eq. (3.23) can be rewritten as

3.

3G
= �

r
c

45⌧
61/2⇤ <j

G2
hfEij j (. 2 � . 2

eq) . (3.26)

Here ⌧ is the gravitational constant and 61/2⇤ is de�ned as

61/2⇤ =
⌘e�p
6e�

✓
1 + )

3⌘e�
3⌘e�
3)

◆
. (3.27)

The equilibrium yield .eq in the non-relativistic limit is then given by

.eq =
=4@
B0

=
1
B0

6

(2c)3
π

33? 4�⇢/) =
1
B0

6

2c2

π
3⇢⇢

q
⇢2 �<2

j4
�⇢/)

=
1
B0

6

2c2<
2
j) 2

⇣<j

)

⌘
=

45G2

4c4⌘e� (<j/G)
6 2(G) . (3.28)
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48 3. Thermal History

Table 3.2: Particle content of the Standard Model.

type mass spin g

quarks t, t̄ 173 GeV 1

2
2 · 2 · 3 = 12

b, b̄ 4 GeV

c, c̄ 1 GeV

s, s̄ 100 MeV

d, s̄ 5 MeV

u, ū 2 MeV

gluons gi 0 1 8 · 2 = 16

leptons ⌧
± 1777 MeV 1

2
2 · 2 = 4

µ
± 106 MeV

e
± 511 keV

⌫⌧ , ⌫̄⌧ < 0.6 eV 1

2
2 · 1 = 2

⌫µ, ⌫̄µ < 0.6 eV

⌫e, ⌫̄e < 0.6 eV

gauge bosons W
+ 80 GeV 1 3

W
� 80 GeV

Z
0 91 GeV

� 0 2

Higgs boson H
0 125 GeV 0 1

Figure 3.4 shows the evolution of g?(T ) assuming the Standard Model particle content (see

Table 3.2). At T & 100 GeV, all particles of the Standard Model are relativistic. Adding up

their internal degrees of freedom we get:10

gb = 28 photons (2), W± and Z
0 (3 · 3), gluons (8 · 2), and Higgs (1)

gf = 90 quarks (6 · 12), charged leptons (3 · 4), and neutrinos (3 · 2)

and hence

g? = gb +
7

8
gf = 106.75 . (3.2.57)

As the temperature drops, various particle species become non-relativistic and annihilate. To

estimate g? at a temperature T we simply add up the contributions from all relativistic degrees

of freedom (with m ⌧ T ) and discard the rest.

Being the heaviest particles of the Standard Model, the top quarks annihilates first. At T ⇠
10Here, we have used that massless spin-1 particles (photons and gluons) have two polarizations, massive spin-1

particles (W±, Z) have three polarizations and massive spin- 1
2
particles (e±, µ±, ⌧± and quarks) have two spin

states. We assumed that the neutrinos are purely left-handed (i.e. we only counted one helicity state). Also,

remember that fermions have anti-particles.
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1

6
mt ⇠ 30 GeV,11 the e↵ective number of relativistic species is reduced to g? = 106.75� 7

8
⇥12 =

96.25. The Higgs boson and the gauge bosons W±, Z0 annihilate next. This happens roughly at

the same time. At T ⇠ 10 GeV, we have g? = 96.26�(1+3·3) = 86.25. Next, the bottom quarks

annihilate (g? = 86.25 � 7

8
⇥ 12 = 75.75), followed by the charm quarks and the tau leptons

(g? = 75.75� 7

8
⇥ (12+4) = 61.75). Before the strange quarks had time to annihilate, something

else happens: matter undergoes the QCD phase transition. At T ⇠ 150 MeV, the quarks

combine into baryons (protons, neutrons, ...) and mesons (pions, ...). There are many di↵erent

species of baryons and mesons, but all except the pions (⇡±
,⇡

0) are non-relativistic below the

temperature of the QCD phase transition. Thus, the only particle species left in large numbers

are pions, electrons, muons, neutrinos, and photons. The three pions (spin-0) correspond to

g = 3 · 1 = 3 internal degrees of freedom. We therefore get g? = 2+ 3+ 7

8
⇥ (4 + 4+ 6) = 17.25.

Next, electrons and positrons annihilate. However, to understand this process we first need to

talk about entropy.

Figure 3.4: Evolution of relativistic degrees of freedom g?(T ) assuming the Standard Model particle content.
The dotted line stands for the number of e↵ective degrees of freedom in entropy g?S(T ).

3.2.3 Conservation of Entropy

To describe the evolution of the universe it is useful to track a conserved quantity. As we will

see, in cosmology entropy is more informative than energy. According to the second law of

thermodynamics, the total entropy of the universe only increases or stays constant. It is easy to

show that the entropy is conserved in equilibrium (see below). Since there are far more photons

than baryons in the universe, the entropy of the universe is dominated by the entropy of the

photon bath (at least as long as the universe is su�ciently uniform). Any entropy production

from non-equilibrium processes is therefore total insignificant relative to the total entropy. To

a good approximation we can therefore treat the expansion of the universe as adiabatic, so that

11The transition from relativistic to non-relativistic behaviour isn’t instantaneous. About 80% of the particle-

antiparticle annihilations takes place in the interval T = m ! 1

6
m.



Going back to the Boltzmann equation in the form
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feature describing the �nal relic abundance. To get rid of it, a change of variables into the
yield . is performed

. =
=

B0
, (3.19)

with the entropy density B0. Assuming constant entropy (0 = 03B0 (here 0 is the scale factor)
the relation below is obtained

§. =
§=
B0

+ 3B0
§0
0

=

B02
=

§=
B0

+ 3�
=

B0
, (3.20)

where � = §0
0 is the Hubble expansion and

3(

3C
= 302 §0B0 + 03 §B0 = 0 , (3.21)

was used. Plugging Eq. (3.20) into Eq.(3.3) gives

§. = �B0hfEij j (. 2 � . 2
eq) . (3.22)

De�ning G =<j/) in order to switch to a temperature dependence the l.h.s. of Eq. (3.22)
becomes

3.

3G

3G

3C
=
3.

3G

⇣
�G
)
§)
⌘
=
3.

3G

✓
�G
)

3B0

3C

3)

3B0

◆
=
3.

3G

✓
3�B0

G

)

3)

3B0

◆
. (3.23)

Using the Friedmann equation in the early radiation dominated universe, which reads

� 2 =
8c⌧d
3

, (3.24)

together with the entropy density and energy density d dependent on the e�ective degrees
of freedom ⌘e� with respect to the entropy and on the e�ective degrees of freedom 6e�
with respect to energy as [46]

B0 = ⌘e� () )
2c2

45
) 3 , d = 6e� () )

c2

30
) 4 , (3.25)

Eq. (3.23) can be rewritten as

3.

3G
= �

r
c

45⌧
61/2⇤ <j

G2
hfEij j (. 2 � . 2

eq) . (3.26)

Here ⌧ is the gravitational constant and 61/2⇤ is de�ned as

61/2⇤ =
⌘e�p
6e�

✓
1 + )

3⌘e�
3⌘e�
3)

◆
. (3.27)

The equilibrium yield .eq in the non-relativistic limit is then given by

.eq =
=4@
B0

=
1
B0

6

(2c)3
π

33? 4�⇢/) =
1
B0

6

2c2

π
3⇢⇢

q
⇢2 �<2

j4
�⇢/)

=
1
B0

6

2c2<
2
j) 2

⇣<j

)

⌘
=

45G2

4c4⌘e� (<j/G)
6 2(G) . (3.28)
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We can now integrate the equation to get the value of the Yield today.

The relic density can be calculated via

3.1. Freeze-out

By integrating Eq. (3.26) from the beginning of the universe G = 0with the initial condition
. (0) = .eq(0) to the current temperature )0 of the CMB with G0 =<j/)0 to obtain .0 of
today, the relic density can be calculated via

⌦j =
dj,0
dc

=
<j=0
dc

=
<jB0.0

dc
. (3.29)

Here, B0 is the entropy density of today and dc = 3� 2/8c⌧ the critical density which
separates an expanding from a collapsing universe. To match the de�nition in Eq. (1.2) for
the observed relic density, Eq. (3.29) is multiplied by the dimensionless constant

⌘2 =

 
�

100 km
sMpc

!2
. (3.30)

Inserting the corresponding numerical values gives

⌦j⌘
2 =<jB0.0

8c⌧
3� 2 ⌘

2 ⇡ 2.742 · 108
<j

GeV
.0 . (3.31)

3.1.2. Freeze-out in a Singlet Extension of the SM

To illustrate how Eq. (3.26) behaves for di�erent TACs, consider the extension of the SM
by a real singlet �eld �( , which is the DM candidate. Requiring that the Lagrangian is
invariant under the Z2 symmetry

� ! � , �( ! ��( , (3.32)

the most general renormalizable scalar potential reads

+ = `2�†� + _
⇣
�†�

⌘2
+ `2(�

2
( + _(�

4
( + _3�

†��2
( . (3.33)

Here, � is the SM scalar doublet with the corresponding parameters ` and _ which give
the VEV in Eq. (2.3) and `( , _( as well as _3 are the free, real parameters of this model.
Assuming that �( has a VEV that is zero, the relevant interactions for freeze-out and the
mass term for �( after SSB are

+ � 1
2
(2`2( � _3E)�2

( + _3E ⌘�
2
( +

_3
2
⌘2�2

B , (3.34)

where ⌘ is the Higgs �eld. The mass of the DM candidate is therefore given by

<( =
q
2`2( � _3E . (3.35)

The interaction terms given by the second and third terms in Eq. (3.34) allow for annihila-
tions of �( into the SM particle pairs via the channels shown in Fig. (3.1). Such models are
called Higgs portal models due to their connection to the SM via a Higgs mediator. This
results in the annihilation cross section being proportional to _23, independent of the �nal

21

3.1. Freeze-out

By integrating Eq. (3.26) from the beginning of the universe G = 0with the initial condition
. (0) = .eq(0) to the current temperature )0 of the CMB with G0 =<j/)0 to obtain .0 of
today, the relic density can be calculated via

⌦j =
dj,0
dc

=
<j=0
dc

=
<jB0.0

dc
. (3.29)

Here, B0 is the entropy density of today and dc = 3� 2/8c⌧ the critical density which
separates an expanding from a collapsing universe. To match the de�nition in Eq. (1.2) for
the observed relic density, Eq. (3.29) is multiplied by the dimensionless constant

⌘2 =

 
�

100 km
sMpc

!2
. (3.30)

Inserting the corresponding numerical values gives

⌦j⌘
2 =<jB0.0

8c⌧
3� 2 ⌘

2 ⇡ 2.742 · 108
<j

GeV
.0 . (3.31)

3.1.2. Freeze-out in a Singlet Extension of the SM

To illustrate how Eq. (3.26) behaves for di�erent TACs, consider the extension of the SM
by a real singlet �eld �( , which is the DM candidate. Requiring that the Lagrangian is
invariant under the Z2 symmetry

� ! � , �( ! ��( , (3.32)

the most general renormalizable scalar potential reads

+ = `2�†� + _
⇣
�†�

⌘2
+ `2(�

2
( + _(�

4
( + _3�

†��2
( . (3.33)

Here, � is the SM scalar doublet with the corresponding parameters ` and _ which give
the VEV in Eq. (2.3) and `( , _( as well as _3 are the free, real parameters of this model.
Assuming that �( has a VEV that is zero, the relevant interactions for freeze-out and the
mass term for �( after SSB are

+ � 1
2
(2`2( � _3E)�2

( + _3E ⌘�
2
( +

_3
2
⌘2�2

B , (3.34)

where ⌘ is the Higgs �eld. The mass of the DM candidate is therefore given by

<( =
q
2`2( � _3E . (3.35)

The interaction terms given by the second and third terms in Eq. (3.34) allow for annihila-
tions of �( into the SM particle pairs via the channels shown in Fig. (3.1). Such models are
called Higgs portal models due to their connection to the SM via a Higgs mediator. This
results in the annihilation cross section being proportional to _23, independent of the �nal

21

where  is the entropy density today and  is the critical density that separates a 
expanding from a collapsing universe. To match the definition of the observed relic density we need to 
multiply the above equation by

s0 ρc = 3H2 /(8πG)

3. Mechanisms of Thermal DM Generation

feature describing the �nal relic abundance. To get rid of it, a change of variables into the
yield . is performed

. =
=

B0
, (3.19)

with the entropy density B0. Assuming constant entropy (0 = 03B0 (here 0 is the scale factor)
the relation below is obtained

§. =
§=
B0

+ 3B0
§0
0

=

B02
=

§=
B0

+ 3�
=

B0
, (3.20)

where � = §0
0 is the Hubble expansion and

3(

3C
= 302 §0B0 + 03 §B0 = 0 , (3.21)

was used. Plugging Eq. (3.20) into Eq.(3.3) gives

§. = �B0hfEij j (. 2 � . 2
eq) . (3.22)

De�ning G =<j/) in order to switch to a temperature dependence the l.h.s. of Eq. (3.22)
becomes

3.

3G

3G

3C
=
3.

3G

⇣
�G
)
§)
⌘
=
3.

3G

✓
�G
)

3B0

3C

3)

3B0

◆
=
3.

3G

✓
3�B0

G

)

3)

3B0

◆
. (3.23)

Using the Friedmann equation in the early radiation dominated universe, which reads

� 2 =
8c⌧d
3

, (3.24)

together with the entropy density and energy density d dependent on the e�ective degrees
of freedom ⌘e� with respect to the entropy and on the e�ective degrees of freedom 6e�
with respect to energy as [46]

B0 = ⌘e� () )
2c2

45
) 3 , d = 6e� () )

c2

30
) 4 , (3.25)

Eq. (3.23) can be rewritten as

3.

3G
= �

r
c

45⌧
61/2⇤ <j

G2
hfEij j (. 2 � . 2

eq) . (3.26)

Here ⌧ is the gravitational constant and 61/2⇤ is de�ned as

61/2⇤ =
⌘e�p
6e�

✓
1 + )

3⌘e�
3⌘e�
3)

◆
. (3.27)

The equilibrium yield .eq in the non-relativistic limit is then given by

.eq =
=4@
B0

=
1
B0

6

(2c)3
π

33? 4�⇢/) =
1
B0

6

2c2

π
3⇢⇢

q
⇢2 �<2

j4
�⇢/)

=
1
B0

6

2c2<
2
j) 2

⇣<j

)

⌘
=

45G2

4c4⌘e� (<j/G)
6 2(G) . (3.28)
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Introducing numerical values we get the following expression

Now we just need to calculate .  And we start with our favourite modelY0

3.1. Freeze-out

By integrating Eq. (3.26) from the beginning of the universe G = 0with the initial condition
. (0) = .eq(0) to the current temperature )0 of the CMB with G0 =<j/)0 to obtain .0 of
today, the relic density can be calculated via

⌦j =
dj,0
dc

=
<j=0
dc

=
<jB0.0

dc
. (3.29)

Here, B0 is the entropy density of today and dc = 3� 2/8c⌧ the critical density which
separates an expanding from a collapsing universe. To match the de�nition in Eq. (1.2) for
the observed relic density, Eq. (3.29) is multiplied by the dimensionless constant

⌘2 =

 
�

100 km
sMpc

!2
. (3.30)

Inserting the corresponding numerical values gives

⌦j⌘
2 =<jB0.0

8c⌧
3� 2 ⌘

2 ⇡ 2.742 · 108
<j

GeV
.0 . (3.31)

3.1.2. Freeze-out in a Singlet Extension of the SM

To illustrate how Eq. (3.26) behaves for di�erent TACs, consider the extension of the SM
by a real singlet �eld �( , which is the DM candidate. Requiring that the Lagrangian is
invariant under the Z2 symmetry

� ! � , �( ! ��( , (3.32)

the most general renormalizable scalar potential reads

+ = `2�†� + _
⇣
�†�

⌘2
+ `2(�

2
( + _(�

4
( + _3�

†��2
( . (3.33)

Here, � is the SM scalar doublet with the corresponding parameters ` and _ which give
the VEV in Eq. (2.3) and `( , _( as well as _3 are the free, real parameters of this model.
Assuming that �( has a VEV that is zero, the relevant interactions for freeze-out and the
mass term for �( after SSB are

+ � 1
2
(2`2( � _3E)�2

( + _3E ⌘�
2
( +

_3
2
⌘2�2

B , (3.34)

where ⌘ is the Higgs �eld. The mass of the DM candidate is therefore given by

<( =
q
2`2( � _3E . (3.35)

The interaction terms given by the second and third terms in Eq. (3.34) allow for annihila-
tions of �( into the SM particle pairs via the channels shown in Fig. (3.1). Such models are
called Higgs portal models due to their connection to the SM via a Higgs mediator. This
results in the annihilation cross section being proportional to _23, independent of the �nal
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3. Mechanisms of Thermal DM Generation

Figure 3.1.: Feynman diagrams of possible annihilation channels between �( and the SM.

Figure 3.2.: Freeze-out via the �(�( ! 11 channel for<( = 100GeV. The colored curves
show the evolution of the yield for di�erent portal couplings _3. The black
curve shows the equilibrium yield .eq.

states.

It is clear from Eq. (3.18), that the TAC is proportional to the cross section (denoted
by fjj in Eq. (3.18)) and therefore also to _23. Figure (3.2) shows how . (G) evolves for
di�erent values of _3 and as result di�erent TACs. Here, only the annihilation channel
�(�( ! 11 is considered. It shows that for larger values of _3 the yield reaches a smaller
constant value .0 and therefore via Eq. (3.31) a smaller relic density. This can be explained
by the fact, that the TAC is a measure of how strongly the SM and DM bath are coupled to
each other through the process (3.1). A large coupling allows for a better interaction rate.
As a result of that, the condition (3.2) is ful�lled at a smaller temperature which translates
into a larger G .
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Note that the notation keeps changing! 

We need to calculate the cross section for all 
possible processes, multiply by the relative 
velocity and find the thermal average.

Mechanisms of thermal DM generation - freeze-out

But before that, the WIMP miracle.

Ωχh2 = mχs0Yo
8πG
3H2

≈ 2.742 × 108
mχ

GeV
Y0

22 1 HISTORY OF THE UNIVERSE

– ⌦bh
2 essentially only affects the height of the peaks. The baryons provide most of the mass of the

baryon–photon fluid, which until now we assume to be infinitely strongly coupled. Effects of a changed
⌦bh

2 on the CMB power spectrum arise when we go beyond this infinitely strong coupling. Moreover, an
increased amount of baryonic matter increases the height of the odd peaks and reduces the height of the even
peaks.

Separating these four effects from each other and from other astrophysical and cosmological parameters obviously
becomes easier when we can include more and higher peaks. Historically, the WMAP experiment lost sensitivity
around the third peak. This means that its results were typically combined with other experiments. The PLANCK
satellite clearly identified seven peaks and measures in a slight modification to our basis in Eq.(1.73) [2]

⌦�h
2 = 0.1198 ± 0.0015

⌦bh
2 = 0.02225 ± 0.00016

⌦⇤ = 0.6844 ± 0.0091

H0 = 67.27 ± 0.66
km

Mpc s
. (1.75)

The dark matter relic density is defined in Eq.(1.7). This is the best measurement of ⌦� we currently have.

1.5 Structure formation

A powerful tool to analyze the evolution of the Universe is the distribution of structures at different length scales,
from galaxies to the largest structures. These structures are due to small primordial inhomogeneities, tiny
gravitational wells disrupting the homogeneous and isotropic universe we have considered so far. They have then
been amplified to produce the galaxies, galaxy groups and super-clusters we observe today. The leading theory for
the origin of these perturbations is based on quantum fluctuations of in the inflaton field, which is responsible for
the epoch of exponential expansion of the universe. We leave the details of this idea to a cosmology lecture, but
note that quantum fluctuations behave random or Gaussian. The evolution of these primordial seeds of
over-densities with the expansion of the universe will give us information on the dark matter density and on dark
matter properties.
We start with the evolution of a general matter density in the Universe in the presence of a gravitational field. As
long as the cosmic structures are small compared to the curvature of the universe and we are not interested in the
(potentially) relativistic motion of particles we can compute the evolution of density perturbations using Newtonian
physics. The matter density ⇢, the matter velocity ~u, and its gravitational potential � satisfy the equations

@⇢m

@t
= �r · (⇢m~u) continuity equation (1.76)

✓
@

@t
+ ~u · r

◆
~u = �

rp

⇢m

� r� Euler equation (1.77)

r
2
� = 4⇡G⇢m Poisson equation , (1.78)

where p denotes an additional pressure and G = 1/(8⇡M
2
Pl) is the gravitational coupling defined in Eq.(1.4). This

set of equations can be solved by a homogeneously expanding fluid

⇢ = ⇢(t0)
⇣

a0

a

⌘3
~u =

ȧ

a
~r = H~r � =

1

12M
2
Pl

⇢r
2

rp = 0 . (1.79)

It is the Newtonian version of the matter-dominated Friedmann model. The Euler equation turns into the second
Friedmann equation, Eq.(1.22), for a flat universe,

Ḣ~r + H~r · r(H~r) = �r� = �
1

6M
2
Pl

⇢m~r

, Ḣ + H
2 = �

⇢m

6M
2
Pl

. (1.80)

Experimental value
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our detailed assumptions. Following Eq.(1.40) and Eq.(3.6) the temperature at the point of decoupling gives us the
non-relativistic number density at the point of decoupling,

n�(Tdec) = g

✓
m�Tdec

2⇡

◆3/2

e
�xdec =

⇡

3
p

20 MPl

r
m�

Tdec

p
geff(Tdec) T

2
dec

c
4
w
m

4
Z

⇡↵2m2
�

⇡ 103 m
4
Z

MPl

✓
Tdec

m�

◆3/2

⇡
103

x
3/2
dec

m
4
Z

MPl
. (3.9)

From the time of non-relativistic decoupling we have to evolve the energy density to the current time or
temperature T0. We start with the fact that once a particle has decoupled, its number density drops like 1/a

3, as we
can read off Eq.(1.27) in the non-relativistic case,

⇢�(T0) = m� n�(T0) = m� n�(Tdec)

✓
a(Tdec)

a(T0)

◆3

. (3.10)

To translate this dependence on the scale factor a into a temperature dependence we need to quote the same, single
thermodynamic result as in Section 2.2, namely that according to Eq.(1.33) the combination a(T ) T is almost
constant. When we take into account the active degrees of freedom and their individual temperature dependence
the relation is more precisely

✓
a(Tdec)Tdec

a(T0)T0

◆3

=
geff(T0)

geff(Tdec)
⇡

3.6

100
=

1

28
, (3.11)

again for Tdec > 5 GeV and depending slightly on the number of neutrinos we take into account. We can use this
result to compute the non-relativistic energy density now

⇢�(T0) = m�

✓
a(Tdec)Tdec

a(T0)T0

◆3
T

3
0

T
3
dec

n�(Tdec) =
xdec

28
T

3
0

n�(Tdec)

T
2
dec

= T
3
0

n�(Tdec)x3
dec

28m2
�

Eq.(3.9)
⇡ 3 · 103 m

4
Z

m2
�
MPl

T
3
0 . (3.12)

Using this result we can compute the dimensionless dark matter density in close analogy to the neutrino case of
Eq.(2.11),

⌦�h
2 =

⇢�(T0)h2

3M
2
PlH

2
0

⇡ 3 · 103 m
4
Z

m2
�
MPl

(2.4 · 10�4)3

(2.5 · 10�3)4
h

2

eV
(3.13)

⇡ 3 · 103 7 · 107

2 · 1018

GeV3

m2
�

1

5

109

GeV
⇡ 20

GeV2

m2
�

, ⌦�h
2

⇡ 0.12

✓
13 GeV

m�

◆2

.

This outcome is usually referred to as the WIMP miracle: if we assume an dark matter agent with an
electroweak-scale mass and an annihilation process mediated by the weak interaction, the predicted relic density
comes out exactly as measured.

Let us recapitulate where the WIMP mass dependence of Eq.(3.13) comes from: first, the annihilation cross
section in Eq.(3.3) is assumed to be mediated by electroweak interactions and includes a dependence on m�. Our
original assumption m� ⌧ mW is not perfectly fulfilled, but also not completely wrong. Second, the WIMP mass
enters the relation between the number and energy density, but some of this dependence is absorbed into the value
xdec = 23, which means that the decoupling of the non-relativistic WIMPs is supposed to happen at a very low
temperature of Tdec ⇡ m�/23. Making things worse, some of the assumption we made in this non-relativistic and
hence multi-scale calculation are not as convincing as they were for the simpler relativistic neutrino counterpart, so
let us check Eq.(3.13) with an alternative estimate. One of the key questions we will try to answer in our
alternative approach is how the m�-dependence of Eq.(3.13) occurs.

91

The WIMP miracle

We assume that DM is in thermal equilibrium with the SM particles, and is able to annihilate. At the 
point of thermal decoupling DM freezes-out with a density that is approximate the one that we measure 
today. The process of annihilation is

χχ → SM SM

The interaction rate corresponding to the scattering process just compensates the increasing scale 
factor at the point of decoupling

Γ(Tdec) = H(Tdec)

If we assume that the interaction rate is set by the electroweak interactions and use the Z-boson 
coupling and mass, the cross section of the above process is of the order

σχχ =
πα2m2

χ

c2
wm4

Z

And after assuming a lot of other stuff (that could change the order of magnitude but not by much) we 
reach the conclusion

known as the WIMP miracle.
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And now let us calculate a specific process of DM annihilation to a b-quark pair

First we calculate the cross section. After that 
we make an approximation of averaging over a 
constant. Then we calculate Y today by 
approximating whatever we can to constants.

Mechanisms of thermal DM generation - freeze-out

Scalar - The SM is extended by an extra real scalar singlet S, with a  symmetry Z2 S → − S

ℒ = ℒSM +
1
2

(∂μS )(∂μS ) − VN + VSM

Let us consider the solution (for the minimum) S = 0; h2 = − μ2 /(2λ);

4.1 Higgs portal 59

A possible linear term in the new, real field is removed by a shift in the fields. In the above form the new scalar S

can couple to two SM Higgs bosons, which induces a decay either on-shell S ! HH or off-shell
S ! H

⇤
H

⇤
! 4b. To forbid this, we apply the usual trick, which is behind essentially all WIMP dark matter

models; we require the Lagrangian to obey a global Z2 symmetry

S ! �S, H ! +H, · · · (4.4)

This defines an ad-hoc Z2 parity +1 for all SM particles and �1 for the dark matter candidate. The combined
potential now reads
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2 +
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m
2
H

8v
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H
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�

✓
µ

2
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� �3
v
2
H

2

◆
S

2 + �S S
4 + �3vH HS

2 +
�3

2
H

2
S

2
. (4.5)

The mass of the dark matter scalar and its phenomenologically relevant SSH and SSHH couplings read

mS =
q

2µ
2
S

� �3v
2
H

gSSH = �2�3vH gSSHH = �2�3 . (4.6)

The sign of �3 is a free parameter. Unlike for singlet models with a second VEV, the dark singlet does not affect
the SM Higgs relations in Eq.(4.2). However, the SSH coupling mediates SS interactions with pairs of SM
particles through the light Higgs pole, as well as Higgs decays H ! SS, provided the new scalar is light enough.
The SSHH coupling can mediate heavy dark matter annihilation into Higgs pairs. We will discuss more details
on invisible Higgs decays in Section 7.

For dark matter annihilation, the SSff̄ transition matrix element based on the Higgs portal is described by the
Feynman diagram

H

S

S

b̄(k1)

b(k2)

All momenta are defined incoming, giving us for an outgoing fermion and an outgoing anti-fermion

M = ū(k2)
�imf

vH

v(k1)
�i

(k1 + k2)2 � m
2
H

+ imH�H

(�2i�3vH) . (4.7)

In this expression we see that vH cancels, but the fermion mass mf will appear in the expression for the
annihilation rate. We have to square this matrix element, paying attention to the spinors v and u, and then sum
over the spins of the external fermions,
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2
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1
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2
H
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2
H
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H

= 4�
2
3m

2
f

4
⇥
k1k2 � m

2
f

⇤ 1

[(k1 + k2)2 � m
2
H

]
2

+ m
2
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�2
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= 8�
2
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f

(k1 + k2)2 � 4m
2
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2
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+ m
2
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�2
H

. (4.8)

What do we need?

v = 2
s

4m2
χ

− 1 Ωχh2 = mχs0Yo
8πG
3H2

≈ 2.742 × 108
mχ

GeV
Y0 mP =

hc
2πG

= 1.22 × 1019 GeV
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Mechanisms of thermal DM generation - freeze-out

Now we integrate from  (at freeze-out)  to infinityxf

dY
dx

= − λ
Y 2

x2

Ωχh2 = mχs0Yo
8πG
3H2

≈ 2.742 × 108
mχ

GeV
Y0

x =
mχ

T λ =
π

45G
g1/2

* mχ < σ v >χχ

The result is 

Y0 = Y∞ ≈
xf

λ

Considering  = 10 calculate the coupling for a DM of 100 GeV. xf
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3. Mechanisms of Thermal DM Generation

Figure 3.1.: Feynman diagrams of possible annihilation channels between �( and the SM.

Figure 3.2.: Freeze-out via the �(�( ! 11 channel for<( = 100GeV. The colored curves
show the evolution of the yield for di�erent portal couplings _3. The black
curve shows the equilibrium yield .eq.

states.

It is clear from Eq. (3.18), that the TAC is proportional to the cross section (denoted
by fjj in Eq. (3.18)) and therefore also to _23. Figure (3.2) shows how . (G) evolves for
di�erent values of _3 and as result di�erent TACs. Here, only the annihilation channel
�(�( ! 11 is considered. It shows that for larger values of _3 the yield reaches a smaller
constant value .0 and therefore via Eq. (3.31) a smaller relic density. This can be explained
by the fact, that the TAC is a measure of how strongly the SM and DM bath are coupled to
each other through the process (3.1). A large coupling allows for a better interaction rate.
As a result of that, the condition (3.2) is ful�lled at a smaller temperature which translates
into a larger G .
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Figure 3.2.: Freeze-out via the �(�( ! 11 channel for<( = 100GeV. The colored curves
show the evolution of the yield for di�erent portal couplings _3. The black
curve shows the equilibrium yield .eq.

states.

It is clear from Eq. (3.18), that the TAC is proportional to the cross section (denoted
by fjj in Eq. (3.18)) and therefore also to _23. Figure (3.2) shows how . (G) evolves for
di�erent values of _3 and as result di�erent TACs. Here, only the annihilation channel
�(�( ! 11 is considered. It shows that for larger values of _3 the yield reaches a smaller
constant value .0 and therefore via Eq. (3.31) a smaller relic density. This can be explained
by the fact, that the TAC is a measure of how strongly the SM and DM bath are coupled to
each other through the process (3.1). A large coupling allows for a better interaction rate.
As a result of that, the condition (3.2) is ful�lled at a smaller temperature which translates
into a larger G .
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Mechanisms of thermal DM generation - freeze-out

Back to the complex singlet and considering only the final state with b quarks

3.1. Freeze-out

By integrating Eq. (3.26) from the beginning of the universe G = 0with the initial condition
. (0) = .eq(0) to the current temperature )0 of the CMB with G0 =<j/)0 to obtain .0 of
today, the relic density can be calculated via

⌦j =
dj,0
dc

=
<j=0
dc

=
<jB0.0

dc
. (3.29)

Here, B0 is the entropy density of today and dc = 3� 2/8c⌧ the critical density which
separates an expanding from a collapsing universe. To match the de�nition in Eq. (1.2) for
the observed relic density, Eq. (3.29) is multiplied by the dimensionless constant

⌘2 =

 
�

100 km
sMpc

!2
. (3.30)

Inserting the corresponding numerical values gives

⌦j⌘
2 =<jB0.0

8c⌧
3� 2 ⌘

2 ⇡ 2.742 · 108
<j

GeV
.0 . (3.31)

3.1.2. Freeze-out in a Singlet Extension of the SM

To illustrate how Eq. (3.26) behaves for di�erent TACs, consider the extension of the SM
by a real singlet �eld �( , which is the DM candidate. Requiring that the Lagrangian is
invariant under the Z2 symmetry

� ! � , �( ! ��( , (3.32)

the most general renormalizable scalar potential reads

+ = `2�†� + _
⇣
�†�

⌘2
+ `2(�

2
( + _(�

4
( + _3�

†��2
( . (3.33)

Here, � is the SM scalar doublet with the corresponding parameters ` and _ which give
the VEV in Eq. (2.3) and `( , _( as well as _3 are the free, real parameters of this model.
Assuming that �( has a VEV that is zero, the relevant interactions for freeze-out and the
mass term for �( after SSB are

+ � 1
2
(2`2( � _3E)�2

( + _3E ⌘�
2
( +

_3
2
⌘2�2

B , (3.34)

where ⌘ is the Higgs �eld. The mass of the DM candidate is therefore given by

<( =
q
2`2( � _3E . (3.35)

The interaction terms given by the second and third terms in Eq. (3.34) allow for annihila-
tions of �( into the SM particle pairs via the channels shown in Fig. (3.1). Such models are
called Higgs portal models due to their connection to the SM via a Higgs mediator. This
results in the annihilation cross section being proportional to _23, independent of the �nal

21

The figure shows the evolution of  as a function of x for different cross sections, that is, for 
different portal couplings.  The larger the coupling the smaller the yield. The reason is that the thermal 
averaged cross section is a measure of how strongly the SM and the DM bath are coupled. A larger 
coupling means a more efficient interaction rate. This in turn means a smaller temperature and a larger x.

Y(x)
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3. Mechanisms of Thermal DM Generation

Figure 3.1.: Feynman diagrams of possible annihilation channels between �( and the SM.

Figure 3.2.: Freeze-out via the �(�( ! 11 channel for<( = 100GeV. The colored curves
show the evolution of the yield for di�erent portal couplings _3. The black
curve shows the equilibrium yield .eq.

states.

It is clear from Eq. (3.18), that the TAC is proportional to the cross section (denoted
by fjj in Eq. (3.18)) and therefore also to _23. Figure (3.2) shows how . (G) evolves for
di�erent values of _3 and as result di�erent TACs. Here, only the annihilation channel
�(�( ! 11 is considered. It shows that for larger values of _3 the yield reaches a smaller
constant value .0 and therefore via Eq. (3.31) a smaller relic density. This can be explained
by the fact, that the TAC is a measure of how strongly the SM and DM bath are coupled to
each other through the process (3.1). A large coupling allows for a better interaction rate.
As a result of that, the condition (3.2) is ful�lled at a smaller temperature which translates
into a larger G .
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Mechanisms of DM generation - freeze-in

Freeze-out may not happen if the portal coupling is too small. In that case the DM annihilation channels 
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happens until the condition in Eq. (3.2) applies and the SM coupling to the DM is too small
to accommodate for the expansion of the universe.

The calculation of the relic density via freeze-in is in general more involved than for
freeze-out. Due to the fact that during freeze-in the DM particles are not in thermal
equilibrium with the SM particles, the newly produced heavy DM particles have in general
less kinetic energy than at equilibrium and Eq. (3.8) does not necessarily apply [49, 50].
One has to make sure that newly produced DM particles are in kinetic equilibrium with
the thermal bath. Processes like (3.38) with 8 = 9 need to have interaction rates large
enough to keep the DM candidate in kinetic equilibrium. Because freeze-in begins at the
reheating temperature of the universe and ends at G ⇡ 2 � 5 [51], the DM particles are
relativistic throughout most of the process so that the approximation in Eq. (3.42) can not
be applied. This means that Eq. (3.41) has to be used to calculate the freeze-in for multiple
DS particles. In terms of . and G the Boltzmann equation becomes
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It is important to note that the equation only works if the DS particles are in kinetic
equilibrium with the SM. Figure (3.3) shows the relation between the coupling _3 from the
potential (3.33) and the evolution of . . As for to freeze-out a higher value of _3 results in
a larger TAC. In contrast to freeze-out though, a larger TAC results in a larger yield (and
therefore relic density), because the annihilation of SM particles into DM is more e�cient.
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This production happens until the SM coupling to 
DM is too small to accommodate for the expansion 
of the universe.
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In terms of 𝑌 and 𝑥 the Boltzmann equation now is 

The figure shows the relation between the coupling 𝜆3 

from the potential and the evolution of 𝑌 . As for to 
freeze-out a higher value of 𝜆3 results in a larger TAC. In 

contrast to freeze-out though, a larger TAC results in a 
larger yield (and therefore relic density), because the 
annihilation of SM particles into DM is more efficient.  

At temperatures lower than the dark matter mass, the 
bath no longer has enough energy to produce dark matter. 
At this point, the amount of dark matter has “frozen-in,” 

there are no other ways to produce more dark matter.
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Mechanisms of DM generation - pandemic

This is a mechanism that complements freeze-in and freeze-out production in a generic way, opening 
new parameter space to explain the observed DM abundance. 
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Toy model

Standard model extended with two real singlet scalars �2 and �3 (TRSM)
connected to the SM via Higgs portal
Also implemented is a Z2-symmetry which forbids DM particle to decay into
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Figure: Phase diagram for �t r and �f i . Here the couplings are chosen so that the correct dark
matter relic density is produced. In (a) the mass ratio is chosen to be 0.8, while in (b) the
mass ratio is chosen to be 2.

Conclusion

The pandemic process allows a wider range of parameters for specific
model not attainable through purely freeze in/out. A possible non toy model
which could benefit from this new consideration is the CP in the dark
model[2], which we are currently investigating.
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with the SM bath in the early universe.  has a small initial value abundance created by freeze-in. 
Interaction between  and  leads to an exponential growth of  that shuts down at some point.
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Conclusion

The pandemic process allows a wider range of parameters for specific
model not attainable through purely freeze in/out. A possible non toy model
which could benefit from this new consideration is the CP in the dark
model[2], which we are currently investigating.
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Dark Matter Production in a Pandemic Model
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Rodrigo Capucha, Karim Elyaouti, Johann Plotnikov
Motivation
With DM being one of the biggest hints towards new physics there is a need to study and understand the processes which lead to the currently observed DM relic
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4.1 Higgs portal 59

A possible linear term in the new, real field is removed by a shift in the fields. In the above form the new scalar S

can couple to two SM Higgs bosons, which induces a decay either on-shell S ! HH or off-shell
S ! H

⇤
H

⇤
! 4b. To forbid this, we apply the usual trick, which is behind essentially all WIMP dark matter

models; we require the Lagrangian to obey a global Z2 symmetry

S ! �S, H ! +H, · · · (4.4)

This defines an ad-hoc Z2 parity +1 for all SM particles and �1 for the dark matter candidate. The combined
potential now reads
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The mass of the dark matter scalar and its phenomenologically relevant SSH and SSHH couplings read

mS =
q

2µ
2
S

� �3v
2
H

gSSH = �2�3vH gSSHH = �2�3 . (4.6)

The sign of �3 is a free parameter. Unlike for singlet models with a second VEV, the dark singlet does not affect
the SM Higgs relations in Eq.(4.2). However, the SSH coupling mediates SS interactions with pairs of SM
particles through the light Higgs pole, as well as Higgs decays H ! SS, provided the new scalar is light enough.
The SSHH coupling can mediate heavy dark matter annihilation into Higgs pairs. We will discuss more details
on invisible Higgs decays in Section 7.

For dark matter annihilation, the SSff̄ transition matrix element based on the Higgs portal is described by the
Feynman diagram

H

S

S
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b(k2)

All momenta are defined incoming, giving us for an outgoing fermion and an outgoing anti-fermion
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In this expression we see that vH cancels, but the fermion mass mf will appear in the expression for the
annihilation rate. We have to square this matrix element, paying attention to the spinors v and u, and then sum
over the spins of the external fermions,
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In the sum over spin and color of the external fermions the averaging is not yet included, because we need to
specify which of the external particles are incoming or outgoing. As an example, we compute the cross section for
the dark matter annihilation process to a pair of bottom quarks

SS ! H
⇤

! bb̄ . (4.9)

This s-channel annihilation corresponds to the leading on-shell Higgs decay H ! bb̄ with a branching ratio
around 60%. In terms of the Mandelstam variable s = (k1 + k2)2 it gives us
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To compute the relic density we need the velocity-averaged cross section. For the contribution of the bb̄ final state
to the dark matter annihilation rate we find the leading term in the non-relativistic limit, s = 4m
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This expression holds for all scalar masses mS . In our estimate we identify the v-independent expression with the
thermal average. Obviously, this will become more complicated once we include the next term in the expansion
around v ⇡ 0. The Breit–Wigner propagator guarantees that the rate never diverges, even in the case when the
annihilating dark matter hits the Higgs pole in the s-channel.

The simplest parameter point to evaluate this annihilation cross section is on the Higgs pole. This gives us
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with �H ⇡ 4 · 10�5
mH . While it is correct that the self coupling required on the Higgs pole is very small, the full

calculation leads to a slightly larger value �3 ⇡ 10�3, as shown in Figure 9.

Lighter dark matter scalars also probe the Higgs mediator on-shell. In the Breit-Wigner propagator of the
annihilation cross section, Eq.(4.11), we have to compare to the two terms
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DM - scalar vs. vector



mDM; sin α; m2; vS

VDM: SM + vector dark matter + new scalar 

SDM: SM + scalar dark matter + new scalar
PARTICLE CONTENT

INDEPENDENT 
PARAMETERS Singlet VEV

Mass of the 
second scalar

Mixing angle between 
doublet and singlet (real)

Mass of the DM 
particle

There is obviously a 125 GeV Higgs (other 
scalar can be lighter and heavier). 

Experimental and theoretical constraints to 
be discussed next

extremely hard to disentangle the two scenarios for
the adopted parameters at this collider. On the other
hand, for

ffiffiffi
s

p
¼ 240 GeV expected for the CEPC and the

same parameters, for the minimal bin size ∼3% ×
EZjEZ¼E1ð240 GeVÞ ¼ 3.1 GeV the separation between the
two cross sections is at the level of 12σ. Therefore it is fair
to conclude that there exist regions of parameters, where the
two scenarios might be disentangled at future eþe− colliders
in resonance regions. However, without a detailed error and
background analysis that takes into account all experimental
details it is impossible to draw any solid final conclusions.

V. NUMERICAL SIMULATION

The two models described in the previous sections were
implemented in the SCANNERS [28,63] code as model
classes. The code takes as input any scalar potential that
is a polynomial in the fields of order up to four and by
considering the VEVs, mixing angle and physical masses as
independent parameters, turns the problem of deriving the
original potential parameters into a set of linear equations,
with a very significant increase in speed of the scanning
process (see [28] for details). In the most general cases, the
drawback of this method is that a given point is only verified
to be a global minimum at the end of the procedure.
However, because it is easy to obtain closed conditions
for the global minimum for the particular models under
study, this problem is avoided. The code is equipped with
a set of tools which allow to automatize the parameter
scans and also with generic modules that allow to test local
vacuum stability and library interfaces to the constraints
implemented for each model. SCANNERS is also interfaced
with other high energy tools that simplify the implementa-
tion of the constraints that will be described shortly.

The ranges for the independent parameters are listed
in Table III. The ranges are the same for both models
under study.
The points generated using SCANNERS have to be in

agreement with the most relevant experimental and theo-
retical constraints. The discovered Higgs boson mass is
taken to be mh ¼ 125.09 GeV from the ATLAS/CMS
combination [64]. In these models the Higgs couplings
to remaining SM particles are all modified by the same
factor. Therefore, the bound on the signal strength [64] is
used to constrain this parameter. The vacuum expectation
value of the Higgs doublet is fixed by the W-mass. The
points generated have to comply with the following
theoretical constraints: (i) the potential has to be bounded
from below; (ii) the vacuum is chosen so that the minimum
is the global one and (iii) perturbative unitarity holds. The
first two constraints are implemented in the code while
perturbative unitarity is imposed trough an internal numeri-
cal procedure that includes all possible two to two
processes and that is available in SCANNERS for a generic
model. In these models new contributions to the radiative
corrections of the massive gauge-boson self-energies,
ΠWWðq2Þ and ΠZZðq2Þ appear via the mixing between
the neutral components of the doublet and the singlet.
We use the variables S, T, U [65] (expressions available
in [66]) to guaranty that the models are in agreement with
the electroweak precision measurements at the 2σ level.
The phenomenological constraints are imposed either via

libraries in the code or with interfaces with other high
energy codes. The collider bounds from LEP, Tevatron,
and the LHC are all encoded in HIGGSBOUNDS [67]. The
program can be used to ensure agreement at 95% confi-
dence level exclusion limits for all available searches for
non-standard Higgs bosons. The Higgs decay widths,
including the state-of-the art higher order QCD corrections
were calculated with SHDECAY [63].2 sHDECAY is based
on the implementation of the models in HDECAY [68,69].
In our calculations all electroweak radiative corrections
are turned off for consistency. A detailed description of the
program can be found in Appendix A of [63].

FIG. 6. Exemplary diagrams of the standard model background processes. Neutrinos contribute to missing energy and can therefore
mimic dark particles. The background cross section could be reduced by polarizing the initial eþ and e− beams.

TABLE III. Independent parameters’ range for both models.

Parameter Range

SM-Higgs—m1 125.09 GeV
Second Higgs—m2 [1,1000] GeV
DM—mDM [1,1000] GeV
Singlet VEV—vs [1,107] GeV
Mixing angle—α [− π

4,
π
4]

2The program SHDECAY can be downloaded from the url:
http://www.itp.kit.edu/maggie/sHDECAY.
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Theoretical and collider constraints:

Points generated with ScannerS requiring 

- absolute minimum 
- boundedness from below 
- that perturbative unitarity holds 
- S,T and U

Signal strength: gives a constraint on cos𝛂

Searches:  for extra scalars imposed via HiggsBounds which gives a 
 bound that is a function of the new scalar mass and cos𝛂

Searches:  BR of Higgs to invisible below 24%
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Cosmological constraints:

DM abundance: we require 

(Ωh2)DM < 0.1186

or to be in the 5𝜎 allowed interval from the Planck collaboration measurement

(Ωh2)obs
DM = 0.1186 ± 0.0020

Direct detection: we apply the latest XENON1T bounds

σeff
DM,N = fDM σDM,N with fDM =

(Ωh2)DM

(Ωh2)obs
DM

Indirect detection:  for the DM range of interest, the Fermi-LAT upper bound 
on the dark matter annihilation from dwarfs is the most stringent. We use the 
Fermi-LAT bound on bb. 

[Calculated with MicroOmegas]

[Fraction contributing to the scattering]
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There are many on-going experiments with the goal of detecting the products of DM annihilation in our 
Galaxy, or beyond.  

We assume that DM annihilation is strongly suppressed after thermal freeze-out. However, it can still 
occur today and the chances of discovery can be maximised by searching in regions of very high DM 
density.  

For most extensions of the SM, DM can annihilate to most of the SM particles. 

We will just focus on photon final states. Depending on the model, DM can annihilate directly into a pair 
of photons, or into other SM states that then produce photons. The gamma-rays propagate essentially 
unperturbed, and can be detected by a satellite or ground-based telescope on Earth. 

4.1 Photon Flux from Annihilations

We assume that the DM can have multiple annihilation channels, each with velocity-averaged cross

section h�ivi. Then, the annihilation rate per particle is

X

i

⇢ [r(`, )]

m�
⇥ h�ivi , (4.1)

where r is the radial distance between the annihilation event and the Galactic Center—it is a

function of the line-of-sight (l.o.s.) distance, `, which is oriented an angle  away from the Galactic

plane. The total annihilation rate in the volume dV = `
2
d` d⌦ is obtained by multiplying (4.1) by

the total number of particles in the volume:
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2 m�
dV

◆
. (4.2)

Note that the factor of two in the denominator comes from the fact that there are two particles

involved in every annihilation interaction. To get the photon flux, we must multiply the annihilation

rate of (4.2) by dNi/dE� , which describes the number of photons at a given energy E� produced in

the i
th annihilation channel. It follows that the di↵erential photon flux d�/dE� in the observational

volume oriented in the direction  is

d�

dE�
(E� , ) =

1

4⇡

Z

�⌦
d⌦

Z

l.o.s.
d` ⇢ [r(`, )]2

X

i

h�ivi

2m2
�

dNi

dE�
, (4.3)

Importantly, (4.3) must be multiplied by an additional factor of 1/2 if the DM is not its own

antiparticle.

Exercise: How would (4.3) change for the case of DM decay rather than annihilation?

All the astrophysical uncertainties in the determination of the flux are absorbed by the J-factor,

J =
1

�⌦

Z
d⌦

Z

l.o.s.
d` ⇢ [r(`, )]2 .

The larger the J-factor, the more interesting the astrophysical target is for DM annihilation. The

J-factors for dwarf galaxies are roughly J ⇠ 1019�20 GeV2/cm5. For our nearest neighbor, the

Andromeda galaxy, J ⇠ 1020 GeV2/cm5. For our own Galactic Center, J ⇠ 1022�25 GeV2/cm5

(1022�24) within 0.1�(1�) [94].13 Choosing an ideal target involves carefully balancing the size of

the J-factor with the potential backgrounds. For example, dwarf galaxies are DM-dominated and

therefore some of the cleanest systems to search for DM because they contain very few stars and

13It is important to keep in mind that there are potentially large uncertainties on these estimates!

29

Let us consider that there are multiple DM annihilation channels, each with velocity-averaged cross 
section ⟨σiv⟩. The annihilation rate per particle is

where r is the radial distance between the annihilation event and the Galactic Center—it is a function of 
the line-of-sight (l.o.s.) distance, l, which is oriented an angle ψ away from the Galactic plane. 
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The total annihilation rate in the volume dV = l2 dl dΩ is obtained by multiplying the previous equation by 
the total number of particles in the volume

The photon flux is the annihilation rate multiplied by dNi/dEγ, that is, the number of photons at a given 
energy Eγ produced in the ith annihilation channel. The differential photon flux dΦ/dEγ in the observational 
volume oriented in the direction ψ is 
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All the astrophysical uncertainties in the determination of the flux are absorbed by the J-factor 

The larger the J-factor, the more interesting the astrophysical target is for DM annihilation. The J-
factors for dwarf galaxies are roughly J ∼ 1019−20 GeV2/cm5. For our nearest neighbour, the Andromeda 
galaxy, J ∼ 1020 GeV2/cm5. For our own Galactic Center, J ∼ 1022−25 GeV2/cm5 (1022−24) within 0.1◦(1◦). 
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74 5 INDIRECT SEARCHES

5 Indirect searches

There exist several ways of searching for dark matter in earth-bound or satellite experiments. All of them rely on
the interaction of the dark matter particle with matter, which means they only work if the dark matter particles
interacts more than only gravitationally. This is the main assumption of these lecture notes, and it is motivated by
the fact that the weak gauge coupling and the weak mass scale happen to predict roughly the correct relic density,
as described in Section 3.1.

The idea behind indirect searches for WIMPS is that the generally small current dark matter density is significantly
enhanced wherever there is a clump of gravitational matter, as for example in the sun or in the center of the galaxy.
In these regions dark matter should efficiently annihilate even today, giving us either photons or pairs of particles
and anti-particles coming from there. Particles like electrons or protons are not rare, but anti-particles in the
appropriate energy range should be detectable. The key ingredient to the calculation of these spectra is the fact that
dark matter particles move only very slowly relative to galactic objects. This means we need to compute all
processes with incoming dark matter particles essentially at rest. This approximation is even better than at the time
of the dark matter freeze-out discussed in Section 3.2.

Indirect detection experiments search for many different particles which are produced in dark matter annihilation.
First, this might be the particles that dark matter directly annihilated into, for example in a 2 ! 2 scattering
process. This includes protons and anti-protons if dark matter annihilates into quarks. Second, we might see decay
products of these particles. An example for such signatures are neutrinos. Examples for dark matter annihilation
processes are

�̃
0
1�̃

0
1 ! `

+
`
�

�̃
0
1�̃

0
1 ! qq̄ ! pp̄ + X

�̃
0
1�̃

0
1 ! ⌧

+
⌧
�

, W
+
W

�
, bb̄ + X ! `

+
`
�

, pp̄ + X ... (5.1)

The final state particles are stable leptons or protons propagating large distances in the Universe. While the leptons
or protons can come from many sources, the anti-particles appear much less frequently. One key experimental task
in many indirect dark matter searches is therefore the ability to measure the charge of a lepton, typically with the
help of a magnetic field. For example, we can study the energy dependence of the antiproton–proton ratio or the
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Dark Matter Halo Profiles

Figure 14: Dark matter galactic halo profiles, including standard Einasto and NFW profiles along with a Burkert
profile with a 3 kpc core. J factors are obtained assuming a spherical dark matter distribution and integrating over
the radius from the galactic center from r ' 0.05 to 0.15 kpc. J factors are normalized so that J(⇢NFW) = 1. Figure
from Ref.[12]
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However, when we choose a good target, there is a balance between the size of the J-factor and the 
potential backgrounds that has to be taken into account.  

As an example, dwarf galaxies are DM-dominated and therefore some of the cleanest systems to search 
for DM because they contain very few stars and little gas. In contrast, a signal from the center of the 
Galaxy, while enhanced due to the DM density and proximity, has to contend with large systematic 
uncertainties on the astrophysical backgrounds. 

The particle physics input to the flux is the factor (in most cases the velocity-averaged cross section can 
be pulled out of the integral)

< σv >χχ

m2
χ

dN
dEγ

The kinematics of the annihilation event determine the basic properties of the photon energy spectrum. 
Consider, first, the case where the DM annihilates directly into one or two photons: χχ → γX, where X = 
γ, Z, H or some other neutral state. In the non-relativistic limit, energy conservation gives 

little gas. In contrast, a signal from the center of the Galaxy, while enhanced due to the DM density

and proximity, has to contend with large systematic uncertainties on the astrophysical backgrounds.

The particle physics input to the flux is absorbed by the factor of h�vi
m2

�

dN
dE�

. In many instances,

the velocity-averaged cross section can be pulled out of the integral. However, this cannot be

done if the cross section depends strongly on velocity, as is the case for p-wave annihilation or

Sommerfeld enhancements (which we will come back to later). The kinematics of the annihilation

event determine the basic properties of the photon energy spectrum. Consider, first, the case where

the DM annihilates directly into one or two photons: �� ! �X, where X = �, Z, H or some other

neutral state. In the non-relativistic limit, energy conservation gives

2 m� = E� +
q

E2
� + m

2
X �! E� ⇡ m�

✓
1 �

m
2
X

4m2
�

◆
,

where E� is the energy of the outgoing photon in the center-of-mass frame and mX is the mass

of the X state. To get the expression on the right-hand side, we assume that the energy of the

outgoing photon is k = m� + � and expand in the mass di↵erence �. The �� final state results

in a monochromatic energy line at the DM mass. For a �Z final state, the gamma line is still

monochromatic, but is shifted to lower energies.

The blue lines in Figure 10 show the energy spectrum for a �� final state where the measured

energy resolution is �E/E = 0.15 (solid) or 0.02 (dotted). The observation of such a gamma-ray

‘line’ would be spectacular evidence for DM annihilation. However, the production of a pair of

gamma-rays is typically loop-suppressed (and therefore sub-dominant) in many theories. The red

lines in Fig. 10 illustrate how the spectrum changes if photons are radiated o↵ of virtual charged

particles in the loop. Such ‘virtual internal bremsstrahlung’ results in a broadening of the line

towards lower masses, though the spectrum still cuts o↵ at the DM mass. The green lines in

Fig. 10 illustrate the box spectrum, which arises when the DM annihilates to a new state � (e.g.,

�� ! ��) that then decays to a photon pair (� ! ��) [95].

Another possibility is that the DM annihilates to leptons, gauge bosons, or quarks, which may

produce secondary photons either through final-state radiation or in the shower of their decay

products. The photon energy spectrum dN/dE� depends on the exact details of the final-state

radiation, and must be determined with Monte Carlo tools like Pythia8 [97].14 In the case of

secondary photon production, the energy spectrum does not have a very distinctive shape, and

one must search for a continuum excess over the background. The gray band in Fig. 10 shows an

example of the spectrum for annihilation to quarks or gauge bosons.

The details of the annihilation mechanism are buried in the velocity-averaged cross section

h�vi. This cross section is the same in many simple models as what appears in the relic density

14For recipes on calculating DM annihilation signals, see the Poor Particle Physicist Cookbook for Dark Matter
Indirect Detection [98].

30

The γγ final state results in a monochromatic energy line at the DM mass. For a γZ final state, the gamma 
line is still monochromatic, but is shifted to lower energies. 

Eγ is the energy of the outgoing photon in the 
CM frame and mX is the mass of the X state. 
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Blue lines - energy spectrum for a γγ final state where the measured energy resolution is ∆E/E = 0.15 
(solid) or 0.02 (dotted). The observation of such a gamma-ray ‘line’ would be spectacular evidence for DM 
annihilation. However, the production of a pair of gamma-rays is typically loop-suppressed (and therefore 
sub-dominant) in many theories.  

Red lines - how the spectrum changes if photons are radiated off of virtual charged particles in the loop. 

Green lines - illustrate the box spectrum, which arises when the DM annihilates to a new state φ (e.g., χχ 
→ φφ) that then decays to a photon pair (φ → γγ).
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Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to N(x > 0.1) =
1. Spectra from secondary particles (gray band) are hardly distinguishable. Pronounced peaks near the
kinematical endpoint can have di�erent origins, but detectors with very good energy resolutions �E/E may
be needed to discriminate amongst them in the (typical) situation of limited statistics. See text for more
details about these spectra.

2.1. Lines
The direct annihilation of DM pairs into �X – where X = �, Z,H or some new neu-

tral state – leads to monochromatic gamma rays with E� = m�
�
1 � m2X/4m2�

�
, providing

a striking signature which is essentially impossible to mimic by astrophysical contri-
butions [51]. Unfortunately, these processes are loop-suppressed with O(�2em) and thus
usually subdominant, i.e. not actually visible against the continuous (both astrophysical
and DM induced) background when taking into account realistic detector resolutions;
however, examples of particularly strong line signals exist [32, 33, 52–56]. A space-
based detector with resolution �E/E = 0.1 (0.01) could, e.g., start to discriminate be-
tween �� and �Z lines for DM masses of roughly m� . 150GeV (m� . 400GeV) if at
least one of the lines has a statistical significance of& 5� [57]. This would, in principle,
open the fascinating possibility of doing ‘DM spectroscopy’ (see also Section 5).

2.2. Internal bremsstrahlung (IB)
Whenever DM annihilates into charged particles, additional final state photons ap-

pear at O(�em) that generically dominate the spectrum at high energies. One may dis-
tinguish between final state radiation (FSR) and virtual internal bremsstrahlung (VIB)
in a gauge-invariant way [58], where the latter can very loosely be associated to pho-
tons radiated from charged virtual particles. FSR is dominated by collinear photons,
thus most pronounced for light final state particles, mf � m�, and produces a model-
independent spectrum with a sharp cut-o� at E� = m� [59, 60]; a typical example for a

5

Figure 10: Illustration of the photon energy spectrum for the �� final state without (blue) and
with (red) virtual internal bremsstrahlung. The box spectrum (green) can be produced if the DM
annihilates to a new state, that then decays to photons, as described in the text. The dotted versus
solid lines compare two separate energy resolutions: �E/E = 0.02 and 0.15, respectively. The
spectrum for photons resulting from the annihilation into gauge bosons and quarks is shown by the
gray band. Figure from [96].

calculation. As a result, one can argue that indirect detection is the best probe of the thermal DM

hypothesis. In addition, we automatically have an interesting target scale for the cross section:

3 ⇥ 10�26 cm3 s�1. This regime is currently being probed by the best gamma-ray observatories

today. For example, the Fermi Large Area Telescope has searched for signals of DM annihilation

in the Milky Way’s dwarf galaxies [99]. Figure 11 shows the limits from their most recent analysis,

assuming annihilation to bb̄ (left) and ⌧ ⌧̄ (right). (Remember, the assumption of the final decay

products a↵ects dN/dE� .) Such limits are typically presented in terms of the velocity-averaged

cross section and the DM mass. The dashed black line shows the median expected limit with 68%

and 95% confidence bands in green and yellow, respectively. The observed limit with six years of

data is shown by the solid black line. The horizontal dotted black line shows the thermal relic cross

section, to guide the eye. Notice that the observed bounds are starting to push into the parameter

regime that is highly motivated for WIMP dark matter.

4.2 Sommerfeld Enhancement

As an example of how this story can change if h�vi is no longer constant in velocity, let us con-

sider scenarios where DM self-interactions are allowed. In such cases, some very interesting non-

relativistic e↵ects can arise that drastically alter the energy spectrum for the annihilation process.

In certain instances, this can make the di↵erence between discovering the DM or not [100,101]. The

general idea is illustrated in Fig. 12. Assume that the annihilation of the DM into Standard Model
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Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to N(x > 0.1) =
1. Spectra from secondary particles (gray band) are hardly distinguishable. Pronounced peaks near the
kinematical endpoint can have di�erent origins, but detectors with very good energy resolutions �E/E may
be needed to discriminate amongst them in the (typical) situation of limited statistics. See text for more
details about these spectra.

2.1. Lines
The direct annihilation of DM pairs into �X – where X = �, Z,H or some new neu-

tral state – leads to monochromatic gamma rays with E� = m�
�
1 � m2X/4m2�

�
, providing

a striking signature which is essentially impossible to mimic by astrophysical contri-
butions [51]. Unfortunately, these processes are loop-suppressed with O(�2em) and thus
usually subdominant, i.e. not actually visible against the continuous (both astrophysical
and DM induced) background when taking into account realistic detector resolutions;
however, examples of particularly strong line signals exist [32, 33, 52–56]. A space-
based detector with resolution �E/E = 0.1 (0.01) could, e.g., start to discriminate be-
tween �� and �Z lines for DM masses of roughly m� . 150GeV (m� . 400GeV) if at
least one of the lines has a statistical significance of& 5� [57]. This would, in principle,
open the fascinating possibility of doing ‘DM spectroscopy’ (see also Section 5).

2.2. Internal bremsstrahlung (IB)
Whenever DM annihilates into charged particles, additional final state photons ap-

pear at O(�em) that generically dominate the spectrum at high energies. One may dis-
tinguish between final state radiation (FSR) and virtual internal bremsstrahlung (VIB)
in a gauge-invariant way [58], where the latter can very loosely be associated to pho-
tons radiated from charged virtual particles. FSR is dominated by collinear photons,
thus most pronounced for light final state particles, mf � m�, and produces a model-
independent spectrum with a sharp cut-o� at E� = m� [59, 60]; a typical example for a

5

Figure 10: Illustration of the photon energy spectrum for the �� final state without (blue) and
with (red) virtual internal bremsstrahlung. The box spectrum (green) can be produced if the DM
annihilates to a new state, that then decays to photons, as described in the text. The dotted versus
solid lines compare two separate energy resolutions: �E/E = 0.02 and 0.15, respectively. The
spectrum for photons resulting from the annihilation into gauge bosons and quarks is shown by the
gray band. Figure from [96].

calculation. As a result, one can argue that indirect detection is the best probe of the thermal DM

hypothesis. In addition, we automatically have an interesting target scale for the cross section:

3 ⇥ 10�26 cm3 s�1. This regime is currently being probed by the best gamma-ray observatories

today. For example, the Fermi Large Area Telescope has searched for signals of DM annihilation

in the Milky Way’s dwarf galaxies [99]. Figure 11 shows the limits from their most recent analysis,

assuming annihilation to bb̄ (left) and ⌧ ⌧̄ (right). (Remember, the assumption of the final decay

products a↵ects dN/dE� .) Such limits are typically presented in terms of the velocity-averaged

cross section and the DM mass. The dashed black line shows the median expected limit with 68%

and 95% confidence bands in green and yellow, respectively. The observed limit with six years of

data is shown by the solid black line. The horizontal dotted black line shows the thermal relic cross

section, to guide the eye. Notice that the observed bounds are starting to push into the parameter

regime that is highly motivated for WIMP dark matter.
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As an example of how this story can change if h�vi is no longer constant in velocity, let us con-

sider scenarios where DM self-interactions are allowed. In such cases, some very interesting non-

relativistic e↵ects can arise that drastically alter the energy spectrum for the annihilation process.

In certain instances, this can make the di↵erence between discovering the DM or not [100,101]. The
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Another possibility is that the DM annihilates to leptons, gauge bosons, or quarks, which may produce 
secondary photons either through final-state radiation or in the shower of their decay products. The 
photon energy spectrum dN/dEγ depends on the exact details of the final-state radiation, and must be 
determined with Monte Carlo tools like Pythia. 

In the case of secondary photon production, the energy spectrum does not have a very distinctive shape, 
and one must search for a continuum excess over the background. The grey band in shows an example of 
the spectrum for annihilation to quarks or gauge bosons. 
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1. Spectra from secondary particles (gray band) are hardly distinguishable. Pronounced peaks near the
kinematical endpoint can have di�erent origins, but detectors with very good energy resolutions �E/E may
be needed to discriminate amongst them in the (typical) situation of limited statistics. See text for more
details about these spectra.
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The details of the annihilation mechanism are in the velocity-averaged cross section ⟨σv⟩. This cross 
section is the same in many simple models as what appears in the relic density calculation. 

In addition, we automatically have an interesting target scale for the cross section:  3 × 10−26 cm3 s−1. 
This regime was probed by the best gamma-ray observatories. For example, the Fermi Large Area 
Telescope has searched for signals of DM annihilation in the Milky Way’s dwarf galaxies. 

Figure show the results for DM annihilation (from FermiLAT) to bb (left) and tau tau (right) 7
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and �+�� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and �+�� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with �� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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Figure 11: Fermi LAT limits on DM annihilation into bb̄ (left) and ⌧+
⌧

� (right) final states. The
dashed black line is the expected bound with 68% and 95% contours shown in green and yellow,
respectively. The solid black line is the observation with six-year Pass 8 data. Figure from [99].

final states is a localized interaction—say, at the origin. If there are no self-interactions between

the DM particles, then the annihilation process looks like the left panel of Fig. 12. In this case,

the probability of finding the DM particles at the origin is just | 0(0)|2, where  0 is the incoming

wave function and a solution to the non-relativistic Schrödinger equation.

If self-interactions are allowed by the theory, then one possibility is that the DM particle can

interact with itself via a long-range force before annihilating. For example, if we introduce a new

scalar � that couples to the DM via �̄��, then the two � legs of the diagram can exchange multiple

� states before the hard annihilation occurs at the origin. The exchange of multiple mediators

alters the wave function of the incoming DM particles so that the probability of finding them at

the annihilation site is now | (0)|2, where  is the modified wave function in the presence of the

interaction potential. This is known as the Sommerfeld enhancement.

The Sommerfeld enhancement is defined as the ratio of probabilities of finding the DM at the

origin in the presence of the potential, relative to no potential:

S =
| (0)|2

| 0(0)|2
.

To calculate  (r), one must evaluate the ladder diagram in the right panel of Fig. 12. This

diagram is non-perturbative and determining  (0) would be a much more challenging problem if

we could not treat the DM system non-relativistically. Fortunately, we can and  (r) is obtained

by solving the Schrödinger equation for the non-relativistic e↵ective potential that describes the

interaction [102–105].

Let us jump into the details now and explore the interesting phenomenology of such processes.

The wave function,  , for two-particle scattering is described by the time-independent Schrödinger
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