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Outline
Lesson 1: Evidence and Candidates

• Evidence 
• First hints

• More evidence

• The Big Picture


• DM Candidates 
• Candidates

• The WIMP paradigm

• Supersymmetry


• Our Dark Milky Way 
• The Standard Halo Model
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Outline
Lesson 2: Detection Methods

• Production in colliders 

• Indirect detection 

• Direct detection 
• Principles

• Kinematics and expected rates

• Corrections

• Nucleon scattering cross sections

• Expected WIMP signal and background sources


• Direct detection technologies 
• Cryogenic experiments

• Directional detectors

• Room temperature detectors

• Bubble chambers

• Liquid noble element experiments
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Outline

Lesson 3: Direct detection experimental overview
• 2-phase xenon TPC experiments in detail
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Lesson 4: Exercises



Evidence for Dark Matter



First hints — Galaxy cluster dynamics
Fritz Zwicky (1933)

• Compared the velocity distribution of galaxies in the Coma cluster to 
what would be expected given the observed mass (estimated from 
the luminosity) — using the virial theorem
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Note: The existence of some form of invisible matter was not new, and had been suggested by other authors in the previous decades. See “A History of Dark Matter”, by G. Bertone and D. Hooper

Coma cluster (image from SDSS)



First hints — Galaxy cluster dynamics
Fritz Zwicky (1933)

• Compared the velocity distribution of galaxies in the Coma cluster to 
what would be expected given the observed mass (estimated from the 
luminosity) — using the virial theorem

• galaxies moved much faster than expected

• visible matter only 0.5 % of the total!

• he named the invisible matter as  

dunkle materie (dark matter)

Coma cluster (image from SDSS)
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First hints — Galaxy dynamics (rotation curves)
Vera Rubin (1970s)

• During her PhD, she measured the rotation velocities of stars and 
dust in the outer regions of galaxies
Most of the mass is in the central region of galaxies. We expect that the rotation 

velocity of stars and gas clouds decreases rapidly with the distance to the center.

Milky Way



First hints — Galaxy dynamics (rotation curves)
Vera Rubin (1970s)

• During her PhD, she measured the rotation velocities of stars and 
dust in the outer regions of galaxies


• Considering the distribution of luminous matter only, we expect 
the velocity to fall as we get further away from the center  
(as in the Solar System): 

9
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expected (disk)

Vera Rubin (1970s)
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Galaxies

First hints — Galaxy dynamics (rotation curves)

• During her PhD, she measured the rotation velocities of stars and 
dust in the outer regions of galaxies


• Considering the distribution of luminous matter only, we expect 
the velocity to fall as we get further away from the center  
(as in the Solar System): 

Solar System



expected (disk)

Vera Rubin (1970s)
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Galaxies

First hints — Galaxy dynamics (rotation curves)

• During her PhD, she measured the rotation velocities of stars and 
dust in the outer regions of galaxies


• Considering the distribution of luminous matter only, we expect 
the velocity to fall as we get further away from the center  
(as in the Solar System): 

Solar System

rb

We can even estimate the 
shape of this curve



expected (disk)

Vera Rubin (1970s)
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Galaxies

Galactic Rotation Curve

• Expectations: from centrifugal force = gravitational attraction

• Observations: 

⇒ Mr ∝ r

vr ∝
1
r

vr (r ≥ R0 ) ≈ const.

=> a non-visible mass component, which increases linearly with radius, must exist!
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First hints — Galaxy dynamics (rotation curves)

• During her PhD, she measured the rotation velocities of stars and 
dust in the outer regions of galaxies


• Considering the distribution of luminous matter only, we expect 
the velocity to fall as we get further away from the center  
(as in the Solar System): 

Solar System



Vera Rubin (1970s)

• Actually she observed that stars (and dust) in the outer 
regions move approximately as fast as the inner ones!
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First hints — Galaxy dynamics (rotation curves)

expected (disk)

observed
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expected (disk)

observed

Vera Rubin (1970s)
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First hints — Galaxy dynamics (rotation curves)

Galaxies
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Milky Way

v ~ const.

• Actually she observed that stars (and dust) in the outer 
regions move approximately as fast as the inner ones!



Vera Rubin (1970s)
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First hints — Galaxy dynamics (rotation curves)

• Actually she observed that stars (and dust) in the outer 
regions move approximately as fast as the inner ones!

More examples

Galactic Rotation Curve

• Expectations: from centrifugal force = gravitational attraction

• Observations: 

⇒ Mr ∝ r

vr ∝
1
r

vr (r ≥ R0 ) ≈ const.

=> a non-visible mass component, which increases linearly with radius, must exist!
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v ~ const.



Gas (hydrogen)

Even at very large distances from the center:
rotation speed of the gas is ~ constant

measured using the 21 cm line from hydrogen 
this cannot be explained by the mass of the 
stars or the mass of the gas
evidence that there is a large amount of dark 
matter well beyond the limits of the galaxy disk

First hints — Galaxy dynamics (rotation curves)

16



• A non-visible mass component, which increases linearly with radius, must exist!


• The rotation curve depends on the distribution of this mass 

17

First hints — Galaxy dynamics (rotation curves)
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First hints — Galaxy dynamics (rotation curves)

We know this 
(luminous matter)

We measure this

• A non-visible mass component, which increases linearly with radius, must exist!


• The rotation curve depends on the distribution of this mass  
=> we can use the measured rotation curve to learn about the dark matter distribution

~90% of the mass in galaxies is “dark”



More evidence
Gravitational lensing

• General Relativity:

• Space-time is distorted by large masses


• The light path is distorted (lens effect)

Galaxy

Two images, but the same 
galaxy

Dark Matter
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More evidence
Gravitational lensing
• Weak lenses: 


• Small masses ⇒ slight distortion of the image


• Strong lenses: 

• Large masses ⇒ big distortion and multiple images

One of four images created 
by the gravitational lens

Galaxy responsible 
for the lens effect

➡ A galaxy or galaxy cluster creates the gravitational lens
➡ Using the position and distortion of the four images, 

the mass distribution responsible for creating the lens 
can be estimated

Estimated mass  >>  visible mass!
20NASA, Z. Levay, ESA. Patrick Kelly and Alex Filippenko

Refsdal Supernova

Remember: this is not a smooth lens



More evidence
Gravitational lensing
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Einstein Ring around the LRG 3-757 galaxy

• Weak lenses: 

• Small masses ⇒ slight distortion of the image


• Strong lenses: 

• Large masses ⇒ big distortion and multiple 

images

➡ A galaxy or galaxy cluster creates the 
gravitational lens

➡ Using the distortion of the images, the mass 
distribution responsible for creating the lens 
can be estimated

Estimated mass  >>  visible mass!



More evidence
The Bullet Cluster — the “smoking gun” of dark matter

• Shows the potential of using gravitational lensing for reconstruction of the mass 
distributions


• Two galaxy clusters collided  
150 million years ago

22
http://apod.nasa.gov/apod/ap060824.html

http://apod.nasa.gov/apod/ap060824.html


More evidence
The Bullet Cluster — the “smoking gun” of dark matter

http://apod.nasa.gov/apod/ap060824.html
Mass distribution (blue) 

determined using the 
gravitational lens effect

Gas distribution (red) 
measured using an 

X-ray telescope

• Shows the potential of using gravitational lensing for reconstruction of the mass 
distributions


• Two galaxy clusters collided  
150 million years ago


• While the gas clouds (red) interacted  
strongly and got distorted during the  
collision, the galaxies and the dark  
matter halos (blue) just passed by  
each other

http://apod.nasa.gov/apod/ap060824.html


More evidence
The Bullet Cluster
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FIG. 7. The bullet cluster. The colored map represents the X-ray image of this system of merging

clusters, obtained in a 500 second exposure with Chandra. The white bar is shown for scale, and

represents a distance of 200 kpc at the location of the cluster. The green contours denote the

reconstructed lensing signal, proportional to the projected mass in the system. From Ref. [81].

gravitational lens was observed [324] – two mirror images of a quasar – and another decade

after that before the first observations were made of lensing by a galaxy cluster [204, 299].

Today, gravitational lensing is frequently used to study the properties of clusters (see e.g.

Refs. [155, 211] for recent reviews).

In 2006, a group of astronomers including Douglas Clowe transformed the debate between

dark matter and MOND with the publication of an article entitled, “A direct empirical proof

of the existence of dark matter”. In this paper, the authors described the observations of a

pair of merging clusters collectively known as the “bullet cluster” (and also known as 1E0657-

558) [81]. As a result of the clusters’ recent collision, the distribution of stars and galaxies

is spatially separated from the hot X-ray emitting gas (which constitutes the majority of

the baryonic mass in this system). A comparison of the weak lensing and X-ray maps of

the bullet cluster clearly reveals that the mass in this system does not trace the distribution

More evidence
The Bullet Cluster



Cosmological evidence
Cosmic Background Radiation (CMB)

• 380 thousand years after the Big Bang, the temperature of the Universe gets too low for the 
radiation to have enough energy to ionise atoms


• Protons and electrons combine, and make the first stable hydrogen atoms


• Matter and radiation “decouple”

• This radiation is still visible, and is a snapshot of the Universe at that age

• As the Universe expands, the radiation gets colder (currently 2.73 K)

26

1948 Predicted by George Gamow, 
Ralph Alpher and Robert Herman



Cosmological evidence
Cosmic Background Radiation (CMB)
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1948 Predicted by George Gamow, 
Ralph Alpher and Robert Herman
Never won the Nobel Prize!

1965 Accidentally discovered by  
Penzias and Wilson

They thought it was just background noise
Won the Nobel Prize in 1978!

• 380 thousand years after the Big Bang, the temperature of the Universe gets too low for the 
radiation to have enough energy to ionise atoms


• Protons and electrons combine, and make the first stable hydrogen atoms


• Matter and radiation “decouple”

• This radiation is still visible, and is a snapshot of the Universe at that age

• As the Universe expands, the radiation gets colder (currently 2.73 K)



• Measured with increasing precision since its discovery

Cosmological evidence
Cosmic Background Radiation (CMB)
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Milky Way 
plane 

“foreground”

Quantum Doughnut

The most precisely measured black body radiation spectrum

https://en.wikipedia.org/wiki/Cosmic_microwave_background#/media/File:Cmbr.svg


• Measured with increasing precision since its discovery


• It is not uniform as initially thought — anisotropies

Cosmological evidence
Cosmic Background Radiation (CMB)
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Planck satellite: 
www.esa.int/Our_Activities/Space_Science/Planck

2018

Temperature fluctuations in the micro-Kelvin scale

These small anisotropies of the early universe acted as 
gravitational seeds for the structures observed today



• Measured with increasing precision since its discovery

• Analysis of anisotropies and power spectrum consistent with Λ-CDM 

model, including a large fraction of Dark Matter in the Universe

Cosmological evidence
Cosmic Background Radiation (CMB)
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Planck satellite: 
www.esa.int/Our_Activities/Space_Science/Planck

2018 ESA and the Planck Collaboration

Best fit model (Λ-CDM)

Temperature fluctuations in the micro-Kelvin scale

https://sci.esa.int/s/wRVmdjw


Baryon Acoustic Oscillations
A reflection of the early Universe

• In the plasma of the early Universe, gravity was  
higher in higher density regions (anisotropies)


• As particles (and light) got closer due to gravity,  
the temperature of baryonic matter increases  
and radiation creates an outward pressure wave


• This creates density waves in the baryonic matter,  
while dark matter remains at the center of the anisotropies


• When matter and radiation decoupled (t~380k yr) the “shells” of these waves remained imprinted 
in the matter distribution, creating overdensities, which later led to the formation of galaxies


• The size of these oscillations is determined by the properties of the early Universe and the 
abundance of its components: the normal (baryonic) matter, dark matter and dark energy.

31

BOSS project

450 kly

“sound horizon”

https://www.astro.ucla.edu/~wright/BAO-cosmology.html


Baryon Acoustic Oscillations
A reflection of the early Universe
• Still visible today, as a bump in the distribution of distances between galaxies 

and in the CMB power spectrum

32

490 Mly



The Big Picture
The Standard Model of Cosmology (Λ-CDM) is remarkably successful 

• Initial conditions photographed at the surface of last scatters (CMB) 

• Left to evolve for 13.7 Gyr under two dark ‘fluids’:  

– dark energy (Λ) and (cold) dark matter (CDM) 

• To produce what we see today  

– ordinary matter (almost) does not matter... 

70%

33

Observed universe

Simulated universe



• Fluctuations in the Cosmic Microwave Background 

• Large-scale structure of galaxies and clusters

• Motion of individual galaxies within clusters 

• How stars move within galaxies

The Big Picture
Plenty of evidence for dark matter at all scales 

https://sci.esa.int/web/planck/-/55392-the-history-of-the-universe


Dark Matter Candidates
XKCD, 2018

https://www.explainxkcd.com/wiki/index.php/2035:_Dark_Matter_Candidates


Nothing new
Maybe there is no “dark matter”

• Modified Newtonian Dynamics (MOND)

• Assumes that gravity behaves differently at large distances  

(when the gravitational force is very small)

• Simplest models modify the r-2 dependency of gravity with an additional parameter (r-(2+⍺))

• Successful at explaining galaxy rotation curves (although ⍺ is not universal, different for each galaxy) and 

cluster dynamics

• Cannot properly explain gravitational lensing — in particular the Bullet Cluster —, and CMB fluctuations


• Non-luminous baryonic matter

• MACHOs: Massive Astrophysical Compact Halo Objects


• Planets, brown dwarfs, neutron stars, etc.

• Dedicated surveys searched for these using the microlensing effect, with little success

• And we know that the total amount of baryonic matter is limited by the CMB measurements!

36



Neutrinos
Hot Dark Matter

• Sub-atomic particles with extremely small masses


• We know there are plenty of them


• Number density: similar to photons 

• ~ 109 neutrinos/proton! 


• 113 neutrinos/cm3 ! (411/cm3 for photons) 


• Probability of interaction with normal matter is  
very small, but known

37



Neutrinos

• Neutrinos can make a small fraction of the dark matter


• Contribution depends on their mass


• We don’t know what their mass is, but existing upper 
limits indicate the possible extent of neutrino contribution


• Also, neutrinos are Hot Dark Matter (HDM):

• relativistic at the time of decoupling


• would not form halos, so no galaxies or clusters would form


• cannot reproduce the large-scale structures in the Universe

• Neutrinos: thermal relics of the early Universe

• Number density: similar to photons

➡  ~ 109 neutrinos/proton!

➡  ~ 113 neutrinos/cm3 ! (411/cm3 for photons)

• Depending on their mass, neutrinos could 

have a (small) contribution to the dark matter

➡direct limits on the νe mass (3H β-decay):

➡ from cosmological observations:

Neutrinos as Dark Matter Candidates

Total density Ω in units of the critical density

Ω =
ρ
ρc

mν i
i
∑ < (0.17 − 2.0) eV

 mνe
< 2.5 eV

26Tuesday, September 15, 2009
38

Hot Dark Matter



Something new
• Elementary particles that may have been produced in the early Universe 


• They must either be stable or very long lived ( τ >> tU )


• Many candidates!


• Axions: m ≈ 10-5 eV

• light pseudo-scalar particle postulated in connection with the absence of CP violation in QCD


• WIMPs (Weakly Interacting Massive Particles): m ~ 1 GeV — 100 TeV


• Superheavy dark matter: m ~ 1012 - 1016 GeV

• SIMPzillas, WIMPzillas, DM “nuggets", etc.

39

arXiv:1904.07915

https://arxiv.org/abs/1904.07915


Something new

• Many candidates!


• And a lot of (phase) space 
to look for them!


• See reference for more details on 
each of these (and more) candidates

https://www.sciencedirect.com/science/article/pii/S0370157314003925#f000005


Something new

• Many candidates!


• And a lot of (phase) space 
to look for them!


• See reference for more details on 
each of these (and more) candidates

We’ll focus on 
the WIMP

https://www.sciencedirect.com/science/article/pii/S0370157314003925#f000005
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WIMPs
Weakly Interacting Massive Particles
• Stable heavy particles produced in the early Universe 

(half-life at least comparable to the age of the universe)


• Non-baryonic (no room for more baryons)


• Slow (i.e. non-relativistic at freeze out)

• Cold Dark Matter — required for n-body simulations to match  

the observed Universe


• Neutral (no electromagnetic/strong interactions)

• Or we would have “seen” them or “found” them in nuclei 


• Only feel the gravitational force and (possibly) the weak nuclear force 


• Mass in the ~1 GeV — ~100 TeV range 

• Thermal production fails to explain DM abundance beyond this range


• WIMP-like candidates from supersymmetry (neutralinos), from theories with universal extra dimensions 
(UED) (lightest Kaluza-Klein particle), and from most other theories beyond the SM

Computer simulation of large structure formation 
in the Universe using Cold Dark Matter

42



• The Fermi constant (GF) was introduced to 
describe beta decay


n → p + e- + 𝝂


• Its measured value, GF ~ 10-5 GeV-2, 
introduced a new mass in nature:  
the weak scale


mweak ~ 100 GeV


• We still don’t understand the origin of this 
mass scale, but could be linked to new 
particles at the weak scale

WIMP “Miracle”
The Weak Scale

43



• Local thermodynamic equilibrium in the primordial universe:

• production rate = annihilation rate (𝚪)


• As the Universe expanded, temperature decreases

• when the temperature drops below mχ, no more WIMPs are created

• their number density drops until the annihilation rate falls  

below the expansion rate (Hubble parameter)


• At this point WIMPs cease to annihilate and we are  
left with a relic abundance (“freeze-out”)

WIMP “Miracle”
Thermal freeze-out

44

THE WIMP PARADIGM (FORMERLY ³7+(�:,03�0,5$&/(´�

� Primordial universe: local thermodynamic equilibrium
± thermal production rate = annihilation rate

� Universe expands, a thermal relic is created
± Particle annihilation ceases faster than particle production
± freeze-out when annihilation rate falls below expansion rate

± from MB statistics (ܶ mFا at freeze-out),

± from cosmology in the radiation epoch,
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See e.g. Perkins, Astroparticle Physics
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C Thermal freezeout and the WIMP miracle

The first and minimal modification we can make to the above arguments is considering a species
that is non-relativistic at the time of freezeout. Using Eqs. 15-16, the behavior of the equilibrium
number density when T ⌧ m� is given by

neq

� ⇡ g
⇣

m�T

2⇡

⌘3/2
e�m�/T . (30)

The exponential suppression allows us to obtain Yfo ⌧ 1, whereas we saw above that Yfo ⇠ O(1) is
much too large.

Following the approach above, we can do a quick and dirty calculation to obtain the “miraculous”
thermal relic WIMP annihilation cross section. The details of solving these equations are reviewed
quite extensively elsewhere in this school or in reviews and books, and we will feel good about
getting at the same answer (to an order of magnitude) with not much work.

We first evaluate the condition for freezeout, by comparing the rate of annihilation per DM
particle with the Hubble expansion:

� = neq

� h�vi = H (31)

where again h�vi is the thermally averaged cross section times velocity. With this, we can write
the comoving abundance at freezeout

Yfo =
neq

�

s
=

H

sh�vi
'

p
g⇤

g⇤,S

1

h�viTfoMpl
. (32)

Yfo ⌧ 1 is possible for freezeout of a nonrelativistic species, as long as the the annihilation cross
section h�vi is sufficiently large. A larger h�vi means that interactions of the DM persist for a
somewhat longer time, which leads to a further decrease in neq

� .
Since the number density (and hence annihilation rate) drops exponentially below T ⇡ m�, we

know that Tfo should be somewhat below m�, but not too far below. For the estimate here, let’s
take Tfo ' m�/10. Again using Eq. 23, we find that the full DM relic abundance is obtained when
the annihilation cross section is given by:

h�vi '

p
g⇤

g⇤,S

10

eV ⇥ Mpl
'

1

109 GeV2 , (33)

where we estimated the result with typical values for g⇤, g⇤,S . This is a minimum annihilation cross
section needed for a thermal DM candidate, in order to avoid an overabundance. It also presents
an interesting target for indirect searches for dark matter, where the often-used benchmark is [43]

h�vi ⇡ 2 ⇥ 10
�26

cm
3/s, (34)

and we have written the result in the relevant units for those searches.
We have now established that freezeout of a non-relativistic species is a viable way to get the

observed relic abundance. As long as m� & 1 � 10 keV, we also expect that it is possible to satisfy
the warm dark matter bounds discussed in Section I A.
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WIMP “Miracle”
Thermal freeze-out

• If we assume that the unknown annihilation cross section is of the order of 
the weak interaction


• We can write, for a non-relativistic WIMP:


• From cosmology in the radiation era (first few 105 years):


• The freeze-out condition can thus be written as:


• Solving this equation numerically for mχ/T,  

                                  for a 1 — 100 GeV WIMP
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See, e.g., Tongyan Lin

IF �5(0(0%(5�7+,6«�
� If we were to assume that

± The unknown annihilation XS is of the order of a weak XS,
then we can write, for a non-relativistic WIMP:

± The freeze-out condition then becomes:

± Solve numerically for mF/T to find when freeze-out occurs

± Solution: mF/T ~ 20 ± 30 for mF�= 1 ± 100 GeV
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Freeze-out of WIMPs

• this equation can be solved numerically with the boundary condition that for small x (early times):  

• As expected, the evolution is governed by ΓA/H, the interaction rate divided by the Hubble expansion 
rate

• Find Tf and xf at freeze-out, as well as the asymptotic value Yχ(∞) of the relic abundance

• The freeze-out temperature turns out to be: 

Yχ ~ Yχ (eq) at high T the particle χ was in thermal 
equilibrium with the other particles

x
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See, e.g., Tongyan Lin for a step-by-step calculation

GF — Fermi constant (weak interaction coupling)

Equilibrium number density when T << m𝜒

(Boltzmann equation) 

https://arxiv.org/pdf/1904.07915.pdf
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using ݊ ܶ ൌ ሺܶሻȀܪ ݒ஺ߪ and noting that the scale-factor ܽሺݐሻ ן ͳȀܶ:

� Then we obtain the WIMP density parameter:
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WIMPs are indeed enough to 
close the Universe
This is known as the 

“WIMP miracle”!



A remarkable coincidence?

• There is no a-priori relationship between the weak interaction (particle physics) and 
the closure density of the Universe (cosmology)


• The energy scales involved are staggeringly different!

• H ~ 10-42 GeV

• T0 ~ 10-13 GeV

• mχ ~ 101-3 GeV


• mPl ~ 1019 GeV


• But we conclude that if there is a new stable particle associated with the 
electroweak scale, then its relic density would be enough to close the Universe!


• That particle is the dark matter!
48



Supersymmetry
SUSY

• Every standard model particle has a corresponding ‘sparticle’ with 1/2 spin difference


• SM fermions have bosonic SUSY superpartners, and vice-versa
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Supersymmetry
SUSY

• Introduced to 

• solve the hierarchy problem of quadratically-divergent quantum corrections to the Higgs mass 

• unification of the strong and electroweak interactions at (1016 GeV) GUT scale  

(if the super-partner masses are in the range 100 GeV - 10 TeV)


• If SUSY was an exact symmetry, squarks and sleptons would have the same 
mass as the quarks and leptons 

• But SUSY particles have never been observed, so the symmetry must be broken

• SUSY models require more than 100 parameters! (Including the masses of the super-partners)


• For practical applications, the number of parameters needs to be reduced using theoretically 
motivated assumptions
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Supersymmetry
SUSY

• SUSY was not intended to solve the dark matter problem

• But it predicts new, stable, elementary particles with M ~ 1 TeV


• Which should interact weakly with ordinary matter


• The neutralinos are great WIMP candidate! 

• The super-partners of the SM gauge bosons and Higgs bosons mix into 4 
fermionic eigenstates: these are the neutralinos. The lightest neutralino is:

52

The Lightest SUSY Particle

• The lightest neutralino: a linear combination

• Its most relevant interactions for dark matter searches are:

➡ self-annihilation and co-annihilation

➡ elastic scattering of nucleons

• Neutralinos are expected to be extremely non-relativistic in the present epoch, so one can keep only 
the a-term in the expansion  of the annihilation cross section:

• At low velocities, the leading channels for neutralino annihilations are to:

➡ fermion-antifermion pairs

➡gauge boson pairs

➡ final states containing the Higgs boson

 χ1
0 = α1

B +α2
W +α 3

Hu
0 +α 4

Hd
0

σv = a + bv2 +O(v4 )
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Supersymmetry
SUSY models are used to calculate neutralino properties

• They are expected to be non-relativistic


• Most relevant interactions for DM search:

• self-annihilation and co-annihilation 

• elastic scattering off nucleons 


• At low velocities, the leading annihilation channels are: 
(relevant for indirect searches)

• fermion/anti-fermion pairs (e.g., e-/e+)

• gauge boson pairs (e.g. photons)

• final states containing the Higgs boson
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Where are the neutralinos?
• The “canonical” WIMP has already been ruled out


• But there are always new SUSY models around the corner


• There is still a significant, well motivated, parameter space to be explored


• And remember: not all WIMPs come from SUSY!

2011 2015 2017

arXiv:1106.2529 arXiv: 1508.01173 arXiv: 1710.11091 



Should we get discouraged?

• Recent WIMP search results have failed to find any evidence of their 
existence


• No need to get discouraged, there is still plenty of parameter space to explore


• And good reasons to extend the thermal DM paradigm to lower masses and 
cross sections, e.g.

• Scattering with nuclei only occurs through highly suppressed loop diagrams 

• Dark matter that is lighter than a few GeV 
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Our Dark Milky Way

Amr Abdulwahab

https://earthsky.org/earthsky-community-photos/?filter_1_3=Amr&filter_1_6=Abdulwahab&mode=all


The dark Milky Way

N-body simulation of a Milky Way like halo

The Aquarius Project (https://wwwmpa.mpa-garching.mpg.de/aquarius/)



Dark matter density profile
Let’s consider an isothermal smooth spherical halo (no overdensities)

• At radius r, the mass inside the sphere is M(r)
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Dark matter density profile
Let’s consider an isothermal smooth spherical halo (no overdensities)

• At radius r, the mass inside the sphere is M(r)


• Using Newton’s laws, an orbiting body of mass m will follow:


• Where v is the orbiting velocity at radius r (which we know is ~constant)


• As our halo is spherical, we can write


• From where we can obtain the density distribution: 
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DYNAMICS: DARK HALO DENSITY PROFILE
� Consider a mass distribution ܯሺݎሻ and apply 
1HZWRQ¶V�ODZV�WR�DQ�RUELWLQJ�ERG\�ZLWK�PDVV�݉:

� If ݒ is constant,

� For a spherical halo ݀ܯሺݎሻ ൌ Ͷݎߨଶߩ ݎ ݎ݀

� So, to produce a flat rotation curve we need:
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Dark matter velocity profile

Potential energy 
contained in the halo up to radius R

Kinetic energy 
contained in the halo up to radius R 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Dark matter velocity profile

Potential energy 
contained in the halo up to radius R

Kinetic energy 
contained in the halo up to radius R 
(     is the average velocity of halo particles)

DYNAMICS: PARTICLE VELOCITY DISTRIBUTION
1. Potential energy contained in halo up to radius ܴ:

ܸ ൌ െන
଴

ோ ܯܩ ݎ Ͷݎߨଶߩ ݎ
ݎ

ݎ݀ ൌ െ
࢜૝ࡾ
ࡳ

H. Araújo 27

DYNAMICS: PARTICLE VELOCITY DISTRIBUTION
1. Potential energy contained in halo up to radius ܴ:

ܸ ൌ െන
଴

ோ ܯܩ ݎ Ͷݎߨଶߩ ݎ
ݎ

ݎ݀ ൌ െ
࢜૝ࡾ
ࡳ

H. Araújo 27

DYNAMICS: DARK HALO DENSITY PROFILE
� Consider a mass distribution ܯሺݎሻ and apply 
1HZWRQ¶V�ODZV�WR�DQ�RUELWLQJ�ERG\�ZLWK�PDVV�݉:

� If ݒ is constant,

� For a spherical halo ݀ܯሺݎሻ ൌ Ͷݎߨଶߩ ݎ ݎ݀

� So, to produce a flat rotation curve we need:

ܩ
ܯ ݎ ݉
ଶݎ

ൌ
ଶݒ݉

ݎ
՜ ଶݒ ൌ

ሻݎሺܯܩ
ݎ

ሻݎሺܯ ൌ
ݎଶݒ
ܩ

ן ݎ

ሻݎሺܯ݀
ݎ݀

ൌ
ଶݒ

ܩ
ൌ Ͷݎߨଶߩ ݎ

࣋ሺ࢘ሻ ൌ
࢜૛

૝࣊࢘૛ࡳ
ן ࢘ି૛

Rubin et al., 1978

H. Araújo 26

DYNAMICS: DARK HALO DENSITY PROFILE
� Consider a mass distribution ܯሺݎሻ and apply 
1HZWRQ¶V�ODZV�WR�DQ�RUELWLQJ�ERG\�ZLWK�PDVV�݉:

� If ݒ is constant,

� For a spherical halo ݀ܯሺݎሻ ൌ Ͷݎߨଶߩ ݎ ݎ݀

� So, to produce a flat rotation curve we need:

ܩ
ܯ ݎ ݉
ଶݎ

ൌ
ଶݒ݉

ݎ
՜ ଶݒ ൌ

ሻݎሺܯܩ
ݎ

ሻݎሺܯ ൌ
ݎଶݒ
ܩ

ן ݎ

ሻݎሺܯ݀
ݎ݀

ൌ
ଶݒ

ܩ
ൌ Ͷݎߨଶߩ ݎ

࣋ሺ࢘ሻ ൌ
࢜૛

૝࣊࢘૛ࡳ
ן ࢘ି૛

Rubin et al., 1978

H. Araújo 26

61

DYNAMICS: PARTICLE VELOCITY DISTRIBUTION
2. Kinetic energy contained in the isothermal halo up to radius ܴ:

� Now, using the Virial Theorem: ܸ ൌ െʹܶ

ܶ ൌ
ͳ
ʹ
න
଴

ோ
Ͷݎߨଶߩ ݎ ுଶݒ ݎ݀

ൌ
ͳ
ʹ
න
଴

ோ
Ͷݎߨଶ

ଶݒ

Ͷݎߨଶܩ
ுଶݒ ݎ݀

ൌ
࢜૛ ૛ࡴ࢜ ࡾ
૛ࡳ

ସܴݒ
ܩ

ൌ
ଶݒ ுଶܴݒ
ܩ

՜ ૛ࡴ࢜ ൌ ࢜૛

Remarkable result: 
rms speed of halo particles 

equals circular speed
of an orbiting body!
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Using the viral theorem (V = -2T)
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The average velocity of 
halo particles is the same 

as the orbital velocity



Local dark matter density
In the Solar System region

• Simple exercise: Calculate the WIMP density in the Solar System


• Distance to galactic center: 8.1 kpc


• Orbiting velocity of the Sun around the center of the galaxy: 220 km/s

621 kpc = 3.09x1019 m

G = 6.674x10-11 m3/kg/s2

1 GeV/c2 = 1.79 x 10-27 kg



Local dark matter density
In the Solar System region

• As we saw previously


• Now use our distance to the galactic center: r ~ 8.1 kpc = 2.5x1020 m


• And the orbiting velocity of the Sun around the center of the galaxy:  
𝓋 ~ 220 km/s


• We get our local dark matter density:

DYNAMICS: LOCAL DARK MATTER DENSITY
� And here on Earth?

� Take for the velocity the measured orbital velocity of the Sun or other nearby 
stars around the galactic centre, ݒ௖ ൎ ʹʹͲ km/s

� Our distance to the galactic centre, ݎ ൎ ͺǤͳ kpc = 2.5x1020 m 

� This gives:

ሻݎሺߩ ൌ
ଶݒ

Ͷݎߨଶܩ

଴ߩ ̱ ͲǤ͵ GeV/cm3
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DYNAMICS: LOCAL DARK MATTER DENSITY
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= One 100 GeV WIMP per litre!



• Isothermal smooth spherical halo, containing a 
Maxwell-Boltzmann gas


• DM particles follow a Maxwellian velocity 
distribution truncated at the escape velocity


• Local density: 

Standard Halo Model
aka Canonical Model, aka Spherical Cow Model 
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DYNAMICS: LOCAL DARK MATTER DENSITY
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STANDARD HALO MODEL (SHM)
� Density profile: cored isothermal halo

Isothermal sphere with flattened core 
containing Maxwell-Boltzmann gas:

Note ିݎ̱ߩଶ at large ݎ (flat rotation curve)

� Local Density

଴ߩ ൌ 0.3 GeV/cm3

� Velocity distribution

Maxwellian (Gaussian) velocity distribution,
truncated at the galactic escape velocity ݒ௘௦௖
For scattering rates need to boost to Earth (detector) frame
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Despite its simplicity, the Canonical Model is still used by experimentalists to present results from direct detection experiments

Maxwell distribution curves 
for different galaxies



Other halo models

• We will not go into details about these, just to let you know there are more 
realistic models, e.g.

• Navarro-Frenk-White (NFW)

• Moore

• Einasto


• Typically obtained from n-body simulations

• First these included only DM

• Now baryons are considered too 

(these may lead to a DM disk in the plane of the galaxy, in addition to the halo)

Figure 2: Velocity distribution functions: the left panels are in the host halo’s restframe, the
right panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative
to Galactic DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell
centered at 8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the
median and the minimum and maximum values over the 100 sample spheres, and the dotted line
represents the best-fitting Maxwell-Boltzmann distribution.

are independent of location and persistent in time and hence reflect the detailed assembly

history of the host halo, rather than individual streams or subhalos. The extrema of the

sub-sample distributions, however, exhibit numerous distinctive narrow spikes at certain

velocities, and these are due to just such discrete structures. Note that although only

a small fraction of sample spheres exhibits such spikes, they are clearly present in some

spheres in all three simulations. The Galilean transform into the Earth’s rest frame washes

out most of the broad bumps, but the spikes remain visible, especially in the high veloc-

ity tails, where they can profoundly a↵ect the scattering rates for inelastic and light DM

models (see Section 4).
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Figure 2: (left) A comparison of the NFW (solid red), Einasto (dashed blue), and Burkert with
rs = 0.5 (dotted green) and 10 kpc (dot-dashed purple) profiles. Figure from [29]. (right) The
expected velocity distribution from the Via Lactea simulation (solid red), with the 68% scatter
and the minimum/maximum values shown by the light and dark green shaded regions, respectively.
For comparison, the best-fit Maxwell-Boltzmann distribution is shown in dotted black. Figure
from [30].

form:

⇢Ein(r) = ⇢0 exp


�

2

�

✓✓
r

rs

◆�

� 1

◆�
,

with rs = 20 kpc and � = 0.17 [24]. While both NFW and Einasto are preferred by DM-only

simulations, it is possible that the story changes in full hydrodynamic simulations. It may be

possible that the inner profile is more cored (e.g., has a flatter slope) than the NFW or Einasto

profiles, which are described as ‘cuspy’ because of their steeper inner slopes. The Burkert profile [25]

is one such example:

⇢Burk(r) =
⇢0

(1 + r/rs)(1 + (r/rs)2)
,

where rs is the core radius. A comparison of the NFW, Einasto, and Burkert profiles is shown in

the left panel of Fig. 2. Observational evidence from dwarf galaxies (small galaxies with few stars)

may suggest cored profiles (see e.g., [26]). While baryonic feedback mechanisms may su�ce in

explaining such cored profiles [27], they may also be due to another cause all-together—non-trivial

DM self-interactions [28].

The fact that the density distribution recovered from N-body simulations di↵ers from isothermal

tells us with certainty that the Maxwell-Boltzmann distribution is not the correct velocity distri-

bution. Remember that the density and velocity distributions must be self-consistent, as they are

related to each other through the gravitational potential, and a Maxwellian velocity distribution

requires ⇢ / r
�2. The right panel of Fig. 2 compares the velocity distribution obtained from the Via

Lactea N-body simulation in the Solar neighborhood with the Maxwell-Boltzmann distribution.
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Milky Way DM velocity profile 
from simulations, and best fit 

to a simple Maxwellian



Conclusions
from today

• Clear gravitational and cosmological evidence of “missing” mass at all scales, including in our own 
Milky Way galaxy


• The case for the existence of Dark Matter seems irrefutable, but no direct observation has been 
made


• Many candidates to explain Dark Matter, but so far the most popular are still the WIMPs: thermal 
relics with weak scale interactions


• Models of the dark matter halo in our Milky Way

• DM halos are much larger than the visible galaxies

• Local DM density ~0.3 — 0.6 GeV

• Average velocity of DM particles ~220 km/s

• Can be used to make predictions for direct detection experiments (next class)
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