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Dark Matter Candidates and Detection 
Strategies Indirect DetectionDark Matter Introduction
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dark matter
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Lecture 1: take-home message

kpc Mpc Gpc

A single non-baryonic dark-matter component consistently explains 
observations across these scales Ci
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Dark Matter Candidates and 
Detection Techniques Indirect DetectionDark Matter Introduction

1 2 3

dark matter
What properties must the dark matter have?
What candidates satisfy these requirements?

How can we detect them?
4
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[Big Mysteries Survey: Physicists' Views on Cosmology, Black Holes, Quantum Mechanics, and Quantum Gravity, 2605.11058]
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Properties of dark matter 
(observations)
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

Planck 2018 VI, 1807.06209
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

Pitrou+ 1801.08023; Cooke+ 1710.11129
8
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark*/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

*misnomer: dark things absorb. It's transparent LZ 2410.17036; Boddy & Gluscevic 1801.08609
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$	~4×10%& s 
visible decays ≳10'( s

Slatyer & Wu 1610.06933; Essig+ 1309.4091 
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$	~4×10%& s 
visible decays ≳10'( s

weakly self-
interacting

merging clusters, halo dynamics ⁄𝜎 𝑚 ≲ 𝒪 1  cm2 g-1 @ cluster velocities

Clowe+ astro-ph/0608407; Randall+ 0704.0261; Sagunski+ 2006.12515; Tulin & Yu 1705.02358
8
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$	~4×10%& s 
visible decays ≳10'( s

weakly self-
interacting*

merging clusters, halo dynamics ⁄𝜎 𝑚 ≲ 𝒪 1  cm2 g-1 @ cluster velocities

dissipationless** extended halos rather than a cooled dark disk no universal single number
(halo axis ratio ~0.7--1)

*bounds elastic scattering. **bounds inelastic/dissipative processes. Fan+ 1303.1521; Read 1404.1938; Bruch+ 0804.2896; Ibata+ astro-ph/0004011
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$	~4×10%& s 
visible decays ≳10'( s

weakly self-
interacting

merging clusters, halo dynamics ⁄𝜎 𝑚 ≲ 𝒪 1  cm2 g-1 @ cluster velocities

dissipationless extended halos rather than a cooled dark disk no universal single number
(halo axis ratio ~0.7--1)

cold/small primordial 
velocity dispersion Lyman-𝛼 forest & small-scale structure; CMB pertubation size < 𝜆!"~𝑣 𝑡#$ /𝐻 𝑡#$  doesn’t 

survive (est. ~0.17(keV/mDM) Mpc

Viel+ 1306.2314; Iršič+ 1702.01764; Tremaine & Gunn (1979); Alvey+ 2010.03572; Zimmermann+ 2405.20374
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$, visible decays often ≳10'( s

weakly self-
interacting

merging clusters, halo dynamics ⁄𝜎 𝑚 ≲ 𝒪 1  cm2 g-1 @ cluster velocities

dissipationless extended halos rather than a cooled dark disk no universal single number

cold/small primordial 
velocity dispersion
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled*

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$, visible decays often ≳10'( s

weakly self-
interacting

merging clusters, halo dynamics ⁄𝜎 𝑚 ≲ 𝒪 1  cm2 g-1 @ cluster velocities

dissipationless extended halos rather than a cooled dark disk no universal single number

cold/small primordial 
velocity dispersion

*That is, dark matter 
cannot have a large 
charge-to-mass ratio 
(millicharge ≪
	electron charge)

color
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$, visible decays often ≳10'( s

weakly self-
interacting

merging clusters, halo dynamics ⁄𝜎 𝑚 ≲ 𝒪 1  cm2 g-1 @ cluster velocities

dissipationless extended halos rather than a cooled dark disk no universal single number

cold/small primordial 
velocity dispersion

2.6×10-25 s

1.6×10-22 s
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$, visible decays often ≳10'( s

weakly self-
interacting

merging clusters, halo dynamics ⁄𝜎 𝑚 ≲ 𝒪 1  cm2 g-1 @ cluster velocities

dissipationless extended halos rather than a cooled dark disk no universal single number

cold/small primordial 
velocity dispersion
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$, visible decays often ≳10'( s

weakly self-
interacting

merging clusters, halo dynamics ⁄𝜎 𝑚 ≲ 𝒪 1  cm2 g-1 @ cluster velocities

dissipationless extended halos rather than a cooled dark disk no universal single number

cold/small primordial 
velocity dispersion

Q1. [1980s] The only surviving candidate in the 
Standard Model. What killed it? 

[Note: neutrinos decouple at T~1MeV]
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$, visible decays often ≳10'( s

weakly self-
interacting

merging clusters, halo dynamics ⁄𝜎 𝑚 ≲ 𝒪 1  cm2 g-1 @ cluster velocities

dissipationless extended halos rather than a cooled dark disk no universal single number

cold/small primordial 
velocity dispersion
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Requirement From which observation Quantitatively

gravitates & clusters rotation curves, virial masses, lensing, CMB+BAO fix 
the cosmological abundance Ω!"~0.26

non-baryonic BBN (D/H) + CMB baryon loading Ω!"/Ω#=5.36 →   not ordinary baryonic 
gas/stars/compact remnants

dark/weakly SM-
coupled

CMB + matter power + lack of EM signatures Interaction dependent 

long-lived DM still exists; CMB/indirect decay searches 𝜏 ≳ 𝑡$, visible decays often ≳10'( s

weakly self-
interacting

merging clusters, halo dynamics ⁄𝜎 𝑚 ≲ 𝒪 1  cm2 g-1 @ cluster velocities

dissipationless extended halos rather than a cooled dark disk no universal single number

cold/small primordial 
velocity dispersion
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Observations give us requirements, not a unique particle.

11
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Observations give us requirements, not a unique particle.

→ Many very different candidates can satisfy the basic DM 
requirements and span enormous ranges in mass and 
interaction strength.

🤔

Conrad & Reimer, Nature Physics 13 (2017) 224-231

11
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Observations give us requirements, not a unique particle.

→ Many very different candidates can satisfy the basic DM 
requirements and span enormous ranges in mass and 
interaction strength.

→ We need additional input from theory: 
What is its mass?
What does it couple to?
How was it produced?
→ the dark matter zoo

Theory

Candidate

🤔

Conrad & Reimer, Nature Physics 13 (2017) 224-231
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Observations give us requirements, not a unique particle.

→ Many very different candidates can satisfy the basic DM 
requirements and span enormous ranges in mass and 
interaction strength.

→ We need additional input from theory: 
What is its mass?
What does it couple to?
How was it produced?
→ the dark matter zoo

→ Once a theoretical framework is specified, we can ask how 
that candidate could reveal itself and design the corresponding 
search.
→ Identification strategies are therefore necessarily model-
dependent — to varying degrees

Theory

Candidate

Signature 
& 

Search
Strategy

🤔

Conrad & Reimer, Nature Physics 13 (2017) 224-231
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Observations give us requirements, not a unique particle.

→ Many very different candidates can satisfy the basic DM 
requirements and span enormous ranges in mass and 
interaction strength.

→ We need additional input from theory: 
What is its mass?
What does it couple to?
How was it produced?
→ the dark matter zoo

→ Once a theoretical framework is specified, we can ask how 
that candidate could reveal itself and design the corresponding 
search.
→ Identification strategies are therefore necessarily model-
dependent — to varying degrees

Theory

Candidate

Signature 
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Search
Strategy

🤔
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Particle cosmology: thermal freeze-out
primordial thermal bath

• Possibility (not a requirement): dark matter was 
just another species in the primordial thermal bath
• Suppose dark matter has some weak non-

gravitational coupling to the Standard Model

𝜒 + 𝜒 ⇄	SM + SM

13
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Particle cosmology: thermal freeze-out
primordial thermal bath

• For a species 𝜒 in thermal equilibrium, their number 
density is governed by the Boltzmann Equation. 

dilution due to expansion

DM annihilation

DM production

13
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Particle cosmology: thermal freeze-out
primordial thermal bath

• For a species 𝜒 in thermal equilibrium, their number 
density is governed by the Boltzmann Equation. 

• Equilibrium number densities:

dilution due to expansion

DM annihilation

DM production

relativistic

non-relativistic
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Particle cosmology: thermal freeze-out
primordial thermal bath

• For a species 𝜒 in thermal equilibrium, their number 
density is governed by the Boltzmann Equation. 

• Equilibrium number densities:
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Particle cosmology: thermal freeze-out
primordial thermal bath

• For a species 𝜒 in thermal equilibrium, their number 
density is governed by the Boltzmann Equation. 

• Equilibrium number densities:

dilution due to expansion

DM annihilation

DM production

relativistic

non-relativistic

Hubble expansion
𝐻  = characteristic expansion time

13
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Particle cosmology: thermal freeze-out
primordial thermal bath

• For a species 𝜒 in thermal equilibrium, their number 
density is governed by the Boltzmann Equation. 

• Equilibrium number densities:

dilution due to expansion

DM annihilation

DM production

relativistic

non-relativistic

Hubble expansion
𝐻  = characteristic expansion time

Annihilation rate
Γ = 𝑛) 𝜎𝑣 	= 

time for a particle to annihilate

13
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Particle cosmology: thermal freeze-out

Hubble expansion
𝐻  = characteristic expansion time

Annihilation rate
Γ = 𝑛) 𝜎𝑣 	= 

time for a particle to annihilate

comoving number density

14
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Particle cosmology: thermal freeze-out
comoving number density

Hubble expansion
𝐻  = characteristic expansion time ≪

Annihilation rate
Γ = 𝑛) 𝜎𝑣 	= 

time for a particle to annihilate

~	const

14
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Particle cosmology: thermal freeze-out
comoving number density

~	𝑒 ⁄:;' <

Hubble expansion
𝐻  = characteristic expansion time ~

Annihilation rate
Γ = 𝑛) 𝜎𝑣 	= 

time for a particle to annihilate

14
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Particle cosmology: thermal freeze-out
comoving number density

= 𝑌=

Hubble expansion
𝐻  = characteristic expansion time ≫

Annihilation rate
Γ = 𝑛) 𝜎𝑣 	= 

time for a particle to annihilate

freeze
-out

14
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Particle cosmology: thermal freeze-out
comoving number density

= 𝑌=

freeze
-out

• freeze-out leaves a relic abundance controlled primarily by 𝜎𝑣
Ωχh2		≈		0.12		×		3×10−26	cm3	s−1	/	⟨σv⟩

14
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Particle cosmology: thermal freeze-out
comoving number density

= 𝑌=

freeze
-out

• freeze-out leaves a relic abundance controlled primarily by 𝜎𝑣
Ωχh2		≈		0.12		×		3×10−26	cm3	s−1	/	⟨σv⟩

⟨𝜎𝑣⟩~1 pb c (200 GeV/𝑚!")# (weak scale estimate) ~ 3×10−26	cm3	s−1 
WIMP “miracle”
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Dark Matter Landscape: A Theorist’s View 

~1070
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Dark matter spans over 
80 orders of magnitude in 

mass (+ interaction strength)

Dark Matter Landscape: A Theorist’s View 
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are
]

proton
m~10-27 kg

all baryonic matter in 
the observable Universe

m ~ 1053 kg

(c) Pablo Carlos Budassi

43
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1. model dependency bias: theory guides our 
search strategies

2. observational bias: disparity between the 
data we have and the data we need

3. identifiable signature bias: required for 
observation

Dark Matter Landscape: A Theorist’s View 

Our search strategies are 
inherently biased
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]
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Detection strategies

18
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DM

DM SM

SM

19
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DM

DM SM

SM

Collider Searches
“Make it”

Collider searches: 
Produce DM in high-energy 
collisions and look for 
missing momentum/energy 
or other signatures 
associated with particles 
escaping the detector.

An important caveat: making an “invisible” particle at the LHC does not by itself prove that particle is the cosmological dark matter.
19
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DM

DM SM

SM

Collider Searches
“Make it”

Collider searches: 
Produce DM in high-energy 
collisions and look for 
missing momentum/energy 
or other signatures 
associated with particles 
escaping the detector.

Direct detection: Look for 
DM scattering off nuclei or 
electrons in low-
background detectors as 
Milky Way halo dark matter 
passes through Earth.Di

re
ct

 D
et

ec
tio

n
“S

ha
ke

 it”

An important caveat: can only constrain the combination of the mass and cross section.
19
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DM

DM SM

SM

Collider Searches
“Make it”

Collider searches: 
Produce DM in high-energy 
collisions and look for 
missing momentum/energy 
or other signatures 
associated with particles 
escaping the detector.

Direct detection: Look for 
DM scattering off nuclei or 
electrons in low-
background detectors as 
Milky Way halo dark matter 
passes through Earth.

Indirect detection: Look 
for SM particles produced 
by DM, for example through 
annihilation or decay, in the 
Milky Way and other 
astrophysical systems.

Di
re

ct
 D

et
ec

tio
n

“S
ha

ke
 it”

Indirect Detection
“Break it”An important caveat: we need all three.

19
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Indirect detection 
formalism

→	Searching for the contribution of DM annihilation to the astrophysical flux of 
photons, neutrinos and charged particles

“Break it”

20
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Indirect observables

21
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Indirect observables

21
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Indirect observables

21
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Indirect observables
AMS-02

PAMELA

Fermi

21
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Indirect observables
IceCube

ANTARES

KM3NeT

Super/Hyper KamiokandeAlso directly to neutrinos (suppressed)…
21
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Indirect observables

H.E.S.S.

Fermi

21
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Indirect observables

H.E.S.S.

Fermi

21
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Indirect observables

H.E.S.S.

Fermi

ANTARES

VERITAS

MAGIC

HAWC

Also directly to gammas (suppressed)…
21
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Dark Matter signal: what do we observe?

DM flux
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Dark Matter signal: what do we observe?

DM flux astrophysics
J-factor
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Dark Matter signal: what do we observe?

DM flux particle physics 
astrophysics

J-factor
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Dark Matter signal: what do we observe?
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J-factors, D-factors, and density profiles

The astrophysical contribution to the flux depends entirely on the dark-matter distribution.

𝐽 ΔΩ ≡ ,
!"
dΩ	,

los
𝜌#$% 𝑟 ℓ, 𝜃 dℓ 𝐷 ΔΩ ≡ ,

!"
dΩ	,

los
𝜌#$ 𝑟 ℓ, 𝜃 dℓ

Q2. Annihilation J-factor scales with 𝜌#$% , but decay D-factor scales only with 𝜌#$ .	Why?
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J-factors, D-factors, and density profiles

The astrophysical contribution to the flux depends entirely on the dark-matter distribution.
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𝜌#$% 𝑟 ℓ, 𝜃 dℓ 𝐷 ΔΩ ≡ ,

!"
dΩ	,

los
𝜌#$ 𝑟 ℓ, 𝜃 dℓ

But what is 𝝆𝑫𝑴 𝒓 ?
• Cuspy: NFW, Einasto, Moore 
• Cored: Burkert, isothermal 
• Profiles can agree near the Solar position but differ 
dramatically toward the Galactic Center

23



M. Crnogorčević – ISCRA 2026 Lecture 2 – Candidates and Detection Techniques

J-factors, D-factors, and density profiles

The astrophysical contribution to the flux depends entirely on the dark-matter distribution.

𝐽 ΔΩ ≡ ,
!"
dΩ	,

los
𝜌#$% 𝑟 ℓ, 𝜃 dℓ 𝐷 ΔΩ ≡ ,

!"
dΩ	,

los
𝜌#$ 𝑟 ℓ, 𝜃 dℓ

But what is 𝝆𝑫𝑴 𝒓 ?
• Cuspy: NFW, Einasto, Moore 
• Cored: Burkert, isothermal 
• Profiles can agree near the Solar position but differ 
dramatically toward the Galactic Center

For annihilation searches toward the galactic centers, the inner density profile can dominate the astrophysical uncertainty.
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J-factors, D-factors, and density profiles

The astrophysical contribution to the flux depends entirely on the dark-matter distribution.

𝐽 ΔΩ ≡ ,
!"
dΩ	,

los
𝜌#$% 𝑟 ℓ, 𝜃 dℓ 𝐷 ΔΩ ≡ ,

!"
dΩ	,

los
𝜌#$ 𝑟 ℓ, 𝜃 dℓ

But what is 𝝆𝑫𝑴 𝒓 ?
• Cuspy: NFW, Einasto, Moore 
• Cored: Burkert, isothermal 
• Profiles can agree near the Solar position but differ 
dramatically toward the Galactic Center

For annihilation searches toward the galactic centers, the inner density profile can dominate the astrophysical uncertainty.

Q3. To the best of my knowledge, the first 
mention of the term J-factor appears in 
[Bergstrom & Ullio 1997, hep-ph/9706232]. I 
never was able to trace back the origin of the 
name---are you?
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• The annihilation signal depends on 𝜌;<= ,	so it is sensitive 
to clumpiness
• Dense subhalos within a larger halo can increase the 

annihilation luminosity relative to a smooth distribution 
(boost factor) 
• For annihilation, the boost factor can be non-negligible 

(for decay much less significant)
• Very difficult to characterize: the boost factor depends on 

poorly known properties of the small-scale halo 
population

Small-scale clumpiness: substructure boosts

Sanchez-Conde & Prada, 2014 [1312.1729]
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DM�halo
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Dark Matter (DM) spikes
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black�hole

DM�halo

25

Dark Matter (DM) spikes

Astrophysical Processes
adiabatic growth of a black hole embedded 

within a dark matter halo 
(see, e.g., Gondolo & Silk 1999)

High Density Fluctuations 
such as (primordial) black holes formed in 

the early Universe 
(see, e.g., Bertschinger 1985)

(cold, particle)
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Dark Matter signal: what do we observe?
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• For a specific WIMP model, we can calculate the total 
number of x particles produced per annihilation as:

where Bf are the branching fractions into the various 
final states.

• These branching fractions depend on the couplings 
and interactions of the DM model, so to be as model-
independent as possible, we often constrain a single 
annihilation channel at a time.

Primary annihilation spectra

c. Bradley J Kavanagh
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• Perhaps the simplest annihilation spectrum is for annihilation into two gamma rays (or neutrinos). This 
gives rise to a mono-chromatic photon flux. Each photon carries the rest mass energy of the DM:

• Considering DM in the mass range GeV-TeV, leads to a spectrum of gamma-rays.
• Gamma-ray lines are hard to produce in nature. This would be a ‘smoking gun’ signal of Dark Matter!
• Other annihilation channels still produce gamma rays, but with a less distinctive ‘continuum’ spectrum…
• Note: The prompt flux from neutrinos follows in a similar way as for photons

Gamma-ray lines

c. Bradley J Kavanagh
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Gamma-ray spectra

c. Bradley J Kavanagh
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Charged particles

c. Bradley J Kavanagh
30
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DM annihilation rates
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DM targets

[Conrad & Reimer 2017]
Also: Solar System (Sun, Jupiter), brown dwarfs, exoplanets, etc.
Nguyen+ 25, 26,  Leane+ 23,  Blanco+ 24, 25,  etc.
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