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Syllabus

o Dark matter paradigm and searches (Day 1)

o Indirect searches with gamma rays (Day 2)

o Data analysis: specific methodologies (Day 3)

Credit: NASA, HST, Webb
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Syllabus: Day 1

Credit: NASA, HST, Webb

o Dark matter paradigm and searches

§ L cold dark matter model

§ Dark matter detection methods

• Direct production

• Direct detection

• Indirect detection
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Cosmology

o Cosmology is the scientific study of the Universe as a 
whole: its origin, evolution and ultimate fate

o It involves theories and hypotheses that can be tested 
with observations

o Theories are revisited, extended or abandoned based 
on the observations

o Observations rely on the detection of light and 
particles (and gravitational waves)
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Standard Cosmological Model

The foundations:

General Relativity Ø Newton’s gravity (c. 1680):
 Field, only valid at low energies

Ø Einstein’s gravity (1916):
 Distortion of space-time
 Valid at “all energies”

“Matter tells space how to curve, 
and space tells matter how to move”

J. Wheeler

New description of gravity è New description of the dynamics of the Universe

First question: How is the matter in the Universe distributed?
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Standard Cosmological Model

Cosmological Principle Simplest assumption: the distribution of matter appear roughly 
the same everywhere and in every direction

The distribution of matter in the Universe is*:
homogeneous

isotropic

*(at large scales!)

In agreement
with observations

The foundations:
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Standard Cosmological Model

The foundations:
General Relativity

+
Cosmological 

Principle
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Standard Cosmological Model

The foundations:
General Relativity

+
Cosmological 

Principle
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Friedmann solution:
Ø Fix the geometry: it is determined by the Universe 

energy-density content
Ø Fix the dynamics: The Universe is not static!

Today, Ωr is negligible, thus the fate of the 
Universe will be driven by Ωm and ΩΛ

One of the main challenges of modern 
cosmology is to accurately determine the 
cosmological parameters that define our 

Universe
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Standard Cosmological Model

Some remarks about the Big Bang theory:

Ø The Universe has a finite age (~13.7 billion years) and we can 
only see a finite distance into space: ~46 billion light years,      
our visible Universe

Ø The theory says nothing about what happens beyond the 
visible Universe horizon

Ø The Big Bang did not occur at a single point is space: it is 
the simultaneous appearance of space everywhere in the 
Universe

Ø If the Universe is infinite it was born infinite

Ø If the Universe is closed and finite, it was born with zero 
volume

Ø There is no such a thing as a “center of expansion” CC SA-BY 3.0 Wikimedia
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Standard Cosmological Model

Testing the Big Bang theory

The Big Bang theory predicts several phenomena that 
have been confirmed by a number of crucial observations:

Ø The expansion of the Universe

Ø The abundance of light elements

Ø The cosmic microwave background
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Standard Cosmological Model

Testing the Big Bang theory: the expansion of the Universe

Reiss et al. 1998 Adam G. Riess et al 1998 AJ 116 1009

1998: the Universe is… 
in accelerated expansion!

Hubble’s law: 

Edwin Hubble

Mt. Wilson
100’’ 

telescope

v =H ×d

1929: the Universe is…
expanding!
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Standard Cosmological Model

Testing the Big Bang theory: the abundances of light elements

Ø The early Universe was a very hot place:

• 1s after the Big Bang T = 10 billion K
• Sea of baryonic matter and radiation:
 neutrons, protons, electrons, photons, neutrinos…

Ø As it cooled down, light elements formed:

• H, Deuterium, He & Li

PDG 2021

Carrol & Ostlie
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Standard Cosmological Model

Testing the Big Bang theory: the cosmic microwave background
Ø At the early Universe baryonic matter and radiation 

were entangled

Ø As the Universe cooled down…
• 300.000 yrs / 3000 K
• Baryonic matter decoupled from radiation
• Universe expansion up to today cooled that 

radiation down to 2.72 K

Ø That radiation has been observed!
• Cosmic microwave background
• Same temperature everywhere
• However, there are extremely tiny fluctuations in the 

cosmic microwave background of the order of 10-3 K 

Map of the Universe in Galactic coordinates

2.72 K 
everywhere you look!
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Standard Cosmological Model

What the Big Bang theory can not explain

So now… What?

Ø Formation of structures in the Universe
Ø Fluctuations in the cosmic microwave background

The Big Bang theory problems
Ø Horizon problem: regions not in causal contact 

are very similar
Ø Flatness problem: today’s flatness require fine-

tuning of conditions in the past
Ø Big Bang theory predicts stable “magnetic 

monopoles”

The Big Bang theory is far from complete…

Wikimedia Commons

burro.case.edu
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Standard Cosmological Model

Inflation Theory
Ø First epoch after the Big Bang
Ø There were neither matter, nor radiation, nor dark energy
Ø Inflaton field: a kind of vacuum energy
Ø Extremely brief epoch of the Universe: 10-37s to 10-32s
Ø Extremely rapid expansion of the Universe (exponential)
Universe size increased by a factor 1026 
almost instantaneously!

It solves
Flatness problem   Horizon problem   Magnetic monopoles

And it explains
Ø Formation of structures
Ø Fluctuations in the cosmic microwave background
as the consequence of augmented 
quantum fluctuations of the inflaton field
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Standard Cosmological Model

Structure formation

Ø Quantum fluctuations of the inflaton field 
imprints fluctuations in the primordial 
matter+radiation fluid

Ø Dark matter decouples from the primordial 
fluid and those fluctuations are amplified as 
the Universe expands

Ø Structure formation simulations agree with 
observations at the large scale (and also at 
smaller scales)
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Standard Cosmological Model

Structure formation

Hot Warm Cold

Bottom-up hierarchical 
structure formation and 

abundance of substructure 
favored by observations:

Cold dark matter
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Standard Cosmological Model

Planck Collaboration 2018

Standard Cosmological Model: Big Bang + Inflation
(a.k.a. L – Cold Dark Matter Model)

Cosmological parameters are obtained as the best fit 
to the combination data from different experiments: 

Planck, BAO, SnIa
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Standard Cosmological Model
We have obtained the cosmological 

parameters with an astonishing accuracy, 
never ever dreamt by early XXth century 

cosmologists.
However…

95% of today’s Universe content remains 
completely unknown!

visualcapitalist.com
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Dark Matter

ØEvidences for the existence of the dark matter

ØWhat could be the dark matter be made of?

ØHow can we detect the dark matter?
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Dark Matter: evidences

The evidences for Dark Matter are numerous and stem from robust astrophysical observations:

Ø  Key element in the Standard Cosmological Model
• Cosmic Microwave Background
• Big Bang Nucleosynthesis
• Structure Formation

Ø Dynamics of galaxies and galaxy clusters

Ø Gravitational lensing
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Dark Matter: evidences

Dynamics of galaxies and galaxy clusters

In 1933, Zwicky found a “little” 
deficit of ~90%  in mass in the Coma 
cluster, lately confirmed in other 
clusters and galaxies…

In order to obtain, as observed, a medium-sized Doppler effect 
of 1000 km/s or more, the average density in the Coma system 
would have to be at least 400 times greater than that derived on 
the basis of observations of luminous matter If this should be 
verified, it would lead to the surprising result that dark matter 
exists in much greater density than luminous matter. 

Helvetica Physica Acta, Vol. 6, p. 110-127, 1933 
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Dark Matter: evidences

If Newtonian dynamics apply:
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Dark Matter: evidences

DARK MATTER
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Dark Matter: evidences

Gravitational Lensing
As a fundamental consequence of general relativity, light bends in a 
gravitational field proportionally to the mass that produces it.

From the lensed image one can infer 
the properties of the lense, and thus its 
mass

The inferred masses are always 
dominated by dark matter

The lensing object can change the 
shape and multiply images of 
foreground objects

NASA, ESA & L. Calçada
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Dark Matter: evidences

Gravitational Lensing
As a fundamental consequence of general relativity, light bends in a 
gravitational field proportionally to the mass that produces it.

From the lensed image one can infer 
the properties of the lense, and thus its 
mass

The inferred masses are always 
dominated by dark matter

The lensing object can change the 
shape and multiply images of 
foreground objects

NASA, ESA Abel 370
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Dark Matter: evidences

Bullet Cluster

Visible spectrum from Magellan 
and Hubble Space Telescope 
images. 

Pink overlay shows the x-ray 
emission recorded by Chandra 
Telescope (intracluster gas).

Blue overlay represents the mass 
distribution of the clusters 
calculated from gravitational lens 
effects (dark matter and galaxies).

NASA
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Dark Matter: candidates

Dark matter particle requisites:

• To match the relic abundance (density of particles at decoupling)
• To be stable at Universe lifetime scale
• Massive particle, gravitationally interacting
• Weak interactions, no EM interactions (no light emission/absorption)
• To leave BBN unchanged
• To leave stellar evolution unchanged
• To be able to reproduce structure formation
• To be experimentally verifiable!
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Dark Matter: candidates
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Dark Matter: candidates

Samuel Velasco/Quanta Magazine
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Dark Matter: candidates

Weakly Interacting Massive Particles: a good candidate

• Why WIMPs?
 - Neutral in color & electric charge
 - Gravitational & weak interaction
 - Cosmologically stable & massive
• Which WIMP? → e.g. Neutralino
 - Lightest stable SUSY particle
 - Natural candidate
 - Compatible relic abundance
 - WIMP Miracle: 

 - Cold Dark Matter candidate
 - mχ  > 50 GeV up to TeV scale arXiv:0404052
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Dark Matter: detection

cerncourier.com
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Dark Matter: direct production

Direct production

Ø Assuming that the dark matter is a 
particle, it would be subject to 
detection at particle accelerators with 
sufficient center-of-mass energy and 
luminosity

Ø The dark matter would be detected 
through its associated missing 
momentum

Ø This technique suffers from a very large 
background

E 0 ≠ E products∑
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Dark Matter: direct production

Direct production

Ø Assuming that the dark matter is a 
particle, it would be subject to 
detection at particle accelerators with 
sufficient center-of-mass energy and 
luminosity

Ø The dark matter would be detected 
through its associated missing 
momentum

Ø This technique suffers from a very large 
background

E 0 ≠ E products∑
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Dark Matter: direct production

ATL-PHYS-PROC-2022-003
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Dark Matter: direct detection

Direct detection: Principle

DM elastically scatter off nuclei

Nuclear recoils 

Measure recoil 
energy spectrum

· Direct interaction of the DM 
halo with the detector. Typical
nucleus recoil energy: ER~1-100 
keV.  

· The rate of the DM interactions 
depends on the local DM density
and relative DM velocity.
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Dark Matter: direct detection

Direct detection: Particle detection channels
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Dark Matter: direct detection

quantamagazine.org
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Dark Matter: direct detection

quantamagazine.org

DAMA-LIBRA
• Some hints
• Never confirmed and 

incompatible with rest of 
experiments

arXiv:1002.1028
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Dark Matter: direct detection

PDG 2023
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Dark Matter: indirect detection

PDG 2023

Indirect detection:

• Basis: Detection of DM annihilation 
or decay products (SM particles)

• In most cases, entangled with 
cosmic rays and subdominant

• Photons are privileged messengers
- No deflection by B-fields
- Trace back to source
- Astrophysical targets

Gregg Dinderman (S&T)
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Dark Matter: indirect detection

PDG 2023

Indirect detection:

• Basis: Detection of DM annihilation 
or decay products (SM particles)

• In most cases, entangled with 
cosmic rays and subdominant

• Photons are privileged messengers
- No deflection by B-fields
- Trace back to source
- Astrophysical targets

Gregg Dinderman (S&T)
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Dark Matter: indirect detection

PDG 2023

Indirect detection: neutrinos

PRD 105 (2022) 6, 062004

ICRC 2023

Neutrinos from the Sun Neutrinos from the Gal. Center
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Dark Matter: indirect detection

PDG 2023

Indirect detection: cosmic rays

Neutrinos from the GC

AMS-02
AntiprotonsPositrons

PRL 118, 191102 (2017)Phys. Rep. 894, 1-116 (2021)
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Dark Matter: indirect detection

PDG 2023

Indirect detection: gamma rays
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Further readings

Credit: NASA, HST, Webb

TASI Lectures on the Particle Physics and Astrophysics of Dark Matter
https://arxiv.org/abs/2303.02169

Les Houches Lectures on Indirect Detection of Dark Matter
https://arxiv.org/abs/2109.02696

TASI Lectures on Indirect Searches For Dark Matter
https://arxiv.org/abs/1812.02029

Particle Dark Matter: Observations, Models, and Searches
Bertone et al., Cambridge University Press (2010)

The Review of Particle Physics (2023) 
https://pdg.lbl.gov

https://arxiv.org/abs/2303.02169
https://arxiv.org/abs/2109.02696
https://arxiv.org/abs/1812.02029
https://pdg.lbl.gov/

