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A (very) brief introduction to Dark Matter: evidence and 
properties

In 1933, Fritz Zwicky, while studying the Coma Cluster, estimated its mass based on the motion
of galaxies near its edge. He concluded the cluster had about 400 times more mass than what was
visually observable. He called this unseen mass dark matter (more accurate estimations show
that the discrepancy is actually by a factor of 5).

Since then, many other observations with increasing precision confirmed
these results: gravitational lensing, cosmic microwave background (CMB),
structure formation, bullet clusters. The existence of dark matter is now
widely accepted, and its amount known.

This is what we know!

Vera Rubin’s work in the 1960s and 1970s provided further evidence, 
using galaxy rotation curves. She showed that several galaxies contain about six times 

as much dark as visible mass.
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ΩDMh2 = 0.120 ± 0.001

Planck collaboration – 1807.06209

Friedmann equation:

Ωm ~ 0.3, ΩΛ ~ 0.7, Ωr ~ 10-5, Ωk < 10-2



100 TeV

mp ∼ 1 GeV

A (very) brief introduction to Dark Matter: evidence and 
properties

• What we know about DM:

➢ Dark: vanishing/suppressed coupling to photons;

➢ Collisionless/weakly interacting (mainly via gravity);

➢ Non-baryonic;

➢ If thermal relic, must be cold (λFS < 10 Kpc);

➢ Long-lived/stable, with observed relic abundance;

➢ It is some type of matter in the cosmological sense (ρ ~ a-3).

• What is it then? Don’t know!

➢ No viable DM candidates in the SM. New Particle? What are its properties (spin, mass)?

➢MOND? Something else? 6



The simplest DM model

• We need a “portal interaction” which connects the dark sector to the visible sector, otherwise the DM particle
cannot be detected.

• Coupling to photons suppressed -> zero electric charge.

• One of the simplest models is the singlet model, where a real scalar singlet field, S, is added to the SM. We
impose that our theory is invariant under the transformation S → -S (this invariance is associated with the
conservation of a “darkness” quantum number), which makes S stable.

SM Higgs potential Higgs portal coupling

singlet only part

Z2: SM -> SM, S -> - S
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Forbidden – darkness not conserved.



Mechanisms of thermal DM generation - Freeze-out

• Let us assume the existence of a WIMP (Weakly Interacting Massive Particle) which at some point in the early Universe is 
at thermal equilibrium with the thermal bath, interacting with it via scattering and annihilation/production processes, 
responsible for keeping this equilibrium.

• Considering interactions, the Boltzmann equation becomes more involved. The general problem consists in determining 
how f1, the distribution function of DM, changes over time. Let us consider 2 to 2 processes of the type DM DM <-> SM 
SM (annihilation/production), since only these result in changes in n(t). 
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How does n(t), the number density of DM, evolves over time? This is described by 
the Boltzmann equation.

Assuming no interactions

scattering

p
ro

d
u

ct
io

n

an
n

ih
ila

ti
o

n

Liouville operator 
(net rate of change in time of f)

Collision operator 
(# particles gained/lost per phase-space volume 

and unit time under collisions)



• Pretty complicated problem to tackle in full generality! But it can be much simplified considering the following 
assumptions:

➢ f1 = f1(E, t) because of isotropy and homogeneity;

➢ No CP-violation: |M|2 is the same in both directions;

➢ In equilibrium, f -> MB, thus, 1 ± f -> 1. Also, SM particles are always in equilibrium, thus f3 f4 = f3
eq f4

eq ; 

➢ DM is “almost” in equilibrium throughout most of the freeze-out, and f1 = f1
eq n1/n1

eq
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Image source: Andreas Goudelis, Freeze-in, Making sense of very weakly coupled dark matter candidates



Mechanisms of thermal DM generation - Freeze-out

• After a bit of algebra, we end up with the known Boltzmann equation for freeze-out:
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Gondolo, Gelmini – DOI:10.1016/0550-3213(91)90438-4, Edsjo, Gondolo - hep-ph/9704361

Rate!

Thermal averaged cross section (TAC)
f -> MB

Internal dof (spin, color, particle/antiparticle)

for very large x



Mechanisms of thermal DM generation - Freeze-out

• The number of active degrees of freedom in our system depends on the temperature. Above the electroweak scale v = 246 
GeV the effective number of degrees of freedom includes all particles of the Standard Model. 
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When we reduce the temperature, this number 
changes whenever a particle species vanishes at 

the respective threshold T = m. 

geff (T > 175 GeV) = 28 + 90*7/8 = 106.75 

geff (To) = 3.4



Mechanisms of thermal DM generation - Freeze-out

• Further simplifications can be made to the Boltzmann equation, by defining Y = n/ො𝒔 and x = mDM/T. Assuming that the total 
entropy on the Universe remains constant in time, and that freeze-out occurs during the radiation-dominated era, we have:

• Integrate Boltzmann equation between x = 0 and x0 = mDM/T0, T0 = TCMB, to get Y0 = Y(T0), and the relic density of DM.
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Mechanisms of thermal DM generation - Freeze-out

• DM is produced in the early Universe, when in thermal equilibrium with the thermal bath. At some point, DM decouples, and its 
density remains frozen in time. The particles that survive this process (thermal relics) are the ones that contribute to the relic 
density observed today.
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1 - T > mDM, equilibrium between DM and SM particles. 

2 - Universe cools off, DM production is disfavoured (T ~ mDM). 
DM annihilation dominates.

3 - freeze-out: DM annihilation rate ~  Universe expansion rate. 
Annihilation heavily suppressed, DM number density “freezes-out”. 

1 -  
equilibrium

x = mDM/T

Y = n/ ො𝒔

3 - freeze-out
n <σv> ~ H

DM DM 
 

SM SM

DM DM -> SM SM

ΩDMh2

2 - 
DM annihilation

Yeq ~ e-mDM/T

DM DM -> SM SM

Image source: Daniel D. Baumann, Lecture notes on Cosmology



Mechanisms of thermal DM generation - Freeze-out

• Boltzmann equation has no analytical solution (must be solved numerically). However, an explicit solution can be 
obtained if we start solving it from the freeze-out temperature (we know the approximate solution before that!). 
Neglecting the Y2

eq term (after freeze-out, Y2 >> Y2
eq), we get

• This is the freeze-out approximation. The above equation shows that the Yield is inversely proportional to the thermal 
averaged cross section. 
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DM annihilation into a final state with b-quarks, for the real 
singlet model. A larger portal coupling is equivalent to a larger 
TAC and a more efficient annihilation rate. Hence, this leads to 

a smaller Yield/relic density, as expected.



WIMP “Miracle” coincidence

• WIMPs (Weakly Interacting Massive Particles) are by far the most studied candidate.

• The “WIMP miracle”: any DM particle with an electroweak-scale mass (GeV to TeV range) and an annihilation process
mediated by the weak interaction freezes-out with a relic density very close to the correct value, which can be easily
reached by slightly adjusting the relevant parameters of the model (DM mass and portal coupling).

• Assume a new (heavy) particle X which at some point in the early Universe is in thermal equilibrium with the thermal bath.
Its relic density is:

• Many theories beyond the SM predict these WIMPs to exist, such as

Supersymmetry (SUSY). Experimental efforts to detect WIMPs via

direct detection (DD), indirect detection (ID) and collider searches have been

unsuccessful so far. 15

mX = 200 GeV, gX = α1/2                       ΩXh2 ∼ 0.1!



Mechanisms of thermal DM generation - Freeze-in

• Let us assume the existence of a FIMP (Feebly Interacting Massive Particle) which interacts so weakly with the SM (portal 
coupling ~ 10-10 or smaller) that it never reaches thermal equilibrium with the thermal bath.

• Furthermore, we start with a null initial DM abundance (Y(0) = 0). Then, DM annihilation processes are extremely 
suppressed and can be neglected. Only DM production from SM particles is responsible for changing n(t).
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At the reheating temperature, DM starts being produced from SM particles. Once 
the DM production rate ~ Universe expansion rate, production is heavily suppressed, 
and DM “freezes-in”. Usually freeze-in happens earlier than freeze-out (typical xFI = 2-5).

DM production from an initial state with b-quarks, for the real 
singlet model. Opposite to the freeze-out, a larger portal 

coupling leads to a larger Yield/relic density, since now the 
Yield depends on the production rate. 

1 – DM production
SM SM -> DM DM 

2 - freeze-in
neq <σv> ~ H

SM SM -> DM DM

ΩDMh2



Mechanisms of thermal DM generation - Freeze-in

It may appear that freeze-in is simpler than freeze-out, but that in not the case. The calculation of the relic density via freeze-
in is in general more involved than for freeze-out. 
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Image source: arXiv:1801.03509v3
Real singlet model for a portal coupling λHS = 10-11 We are still assuming f ~ MB, but this approximation is not as good for the freeze-in 

case, which happens earlier than freeze-out and through most of it, DM is relativistic. 
Using the proper distributions (FD/BE) can induce a factor of 2 difference in the 
DM abundance, depending on the model (but the integrations are more complicated).

Furthermore, DM production from the decay of a heavier mediator also plays a 
role. If the mediator is in thermal equilibrium with the bath, and decays into two 
DM particles, Y -> DM DM, the Boltzmann equation is: 

In general, this decaying particle can belong to the dark sector. Also, it may not be in thermal equilibrium, in which case the 
calculations are a bit trickier (one needs to write down a Boltzmann equation for the decaying particle as well).



micrOMEGAs: a code for calculation of DM properties

• Steps to compute the dark matter abundance predicted by your favourite model: 

➢ 1 - Write down your Lagrangian and extract all vertices. 

➢ 2 - Figure out which processes are relevant for dark matter production/annihilation and compute all the cross-sections. 

➢ 3 – Compute the TAC and then write down the relevant Boltzmann equations and numerically solve them.

• Do it all over again for a different model. Sound pretty complicated! (some models can have thousands of relevant 
processes).

• Sophisticated programs have been developed to perform precise relic density computations for models with discrete 
symmetries (mainly for WIMPs). A certain level of automation is desirable, since this computation can involve the 
contribution of a large number of processes. Major public codes capable of computing dark matter observables: SuperIso 
Relic, DarkSUSY, micrOMEGAs, MadDM. 

• Let us use micrOMEGAs to calculate the relic density for the real scalar singlet model, for both freeze-out and freeze-in. 
18

Arbey et al. - 1806.11489, Bringmann et al. - 1802.03399, Belanger et al. - hep-ph/0112278, Arina et al. - 2012.09016, 2107.04598



micrOMEGAs: a code for calculation of DM properties

• Go to the micrOMEGAs website and download its latest version. On the website you can also find the online manual 
(download it too!), lectures and tutorials, several papers about micrOMEGAs, installation and how to use information, etc.

• Download and unpack micrOMEGAs: tar -zxvf micromegas_6.0.tgz

• Go to the micrOMEGAs directory and run make: cd micromegas_6.0 && make

• If everything goes smoothly, you are good to go. If you have compiling errors, check Section 3.2 of the manual.

• Go to the directory micromegas_6.0/SingletDM/work/models (this is the directory that contains the singlet DM model).
Take a look at the files inside. Particles with a tilde before their name belong to the dark sector.

• Back to the directory SingletDM, it should contain a fille called main.c, and another called data.par. The first one is the
main file that tells micrOMEGAs what we want it to do. The second one can be used to change the free parameters of the
model. Let us take a look at both.
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https://lapth.cnrs.fr/micromegas/



micrOMEGAs: a code for calculation of DM properties

• Let us modify the default main.c file to write a simple program to:

➢ 1 – compute the freeze-out DM abundance and print the contributions of the main annihilation channels. Then, choose 
another value for the portal coupling. Did the relic density change as expected?

➢ 2 – repeat step 1 for freeze-in (first go to the file sources/freezein.c. The first line of this file contains the statement 
//#define NOSTATISTICS which can be uncommented for micrOMEGAs to compute the relic density assuming a Maxwell-
Boltzmann distribution. This option is faster).

➢ 3 – changing the values of the DM mass and the portal coupling from within the code, using the assignValW(“var”, val) 
function, compute the freeze-out (and freeze-in) DM abundance for several masses and couplings.

• After editing the main.c file, to compile and run it do: make main=main.c && ./main data.par

• To create a new model, do in the micromegas_6.0 directory: ./newProject modelName, and upload the CalcHEP mod files 
for your model to modelName/work/models. 
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Freeze-out Freeze-in

Credit to Guilherme Monsanto, Tomás Pinto and Tomás Trindade 



Practical applications? What does ChatGPT has to say?

22
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