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Standard Model of particle physics

cosmological constant? 


a scalar field?

new point-like particle?


composite object? 


primordial black hole?



Evidence for dark matter



In spiral galaxies such as our Milky Way,  
most visible matter are in a galactic disk: 

. 


pc: parsec ~ 3.3 lightyears.

Rdisk ∼ 10 kpc, hdisk ∼ 0.5 kpc



Rotation Curves
Newtonian gravity tells us that the circular velocities of stars 


                                               

When  , a constant if all the mass is the visible matter mostly 
residing in the disk. The we expect  . 


Yet at large , a constant  . More “invisible” matter out there! 


Rubin, Ford 1970; Roberts, Whitehurst 1975; Rubin, Thonnard, Ford 1980; Bosma 1981; ….

vc(r) =
GM

r

r ≳ Rdisk M ∼
vc ∝ 1/ r

r vc ∼ ⇒ M(r) ∝ r

radial distance

enclosed mass 



rotational velocity of M33 (Corbelli and Salucci 1999) 



Dark matter density is 


                                          

assuming that DM is distributed in a spherically symmetric halo. 


Milky way: total mass  (  solar mass), local DM density (in the 
solar system) , then the halo radius


 one order of magnitude above !


Average velocity of DM:   Non-relativistic!

ρ(r) ∝
M(r)

r3
∼

1
r2

Mhalo ∼ 1012M⊙ M⊙
∼ 0.4 GeV/cm3

Mhalo ∼ 4π∫
Rhalo

0
drr2ρ(r) ⇒ Rhalo ∼ 100 kpc Rdisk

⟨v⟩ ∼
GMhalo

Rhalo
∼ 200 km/s



Two clusters of galaxies collide at 4500 km/s

Collisions of Galaxy Clusters: Bullet Cluster



Two clusters of galaxies collide at 4500 km/s

Collisions of Galaxy Clusters: Bullet Cluster

gravitational 
lensing: dark 
matter

X-ray: 
hot gas





Cosmic Microwave Background



Snapshot of the oldest light in our 
universe imprinted on the sky when the 
universe was 380,000 years old. 

Power spectrum, e.g., temperature 
fluctuations in the CMB at different 
angular scales on the sky. 

Planck

, fluctuation ~ TCMB = 2.7K 10−5



Acoustic oscillations: radiation 
pressure resists gravitational 
compression  peaks and troughs 
in CMB spectrum.  


CMB power spectra very well fit 
by CDM— the standard model 
of cosmology with dark matter 
makes up ~80% of the matter 
today: . 


For reviews, W. Hu’s online lecture 
notes; TASI lecture “cosmological 
perturbations” J. Lesgourgues 2013; 


⇒

Λ

ΩDMh2 = 0.12 ± 0.001

W. Hu



We have tremendous astrophysical and cosmological evidence at all astrophysical 
scales (e.g., galaxy, galaxy cluster and CMB) for the existence of dark matter as the 
dominant component of matter in the universe. 



General considerations for dark matter models



DM mass
Fermionic DM: a lower mass bound called “Tremaine-Gunn bound” Tremaine, 
Gunn 1979; Boyarsky, Ruchayskiy, and Iakubovskyi 2008


Escape velocity as an upper bound on the velocity of DM particles in galaxies + 
Pauli exclusion principle (one fermion per quantum state). 


Consider a constant-density sphere of mass  and radius  made up of fermions 
with mass  . Fermi energy (highest energy level occupied by fermions): 


                    fermion number density; 


M R
mf

Ef =
1

2mf
(nf3π2)

2/3
=

1
2mf ( 9π

4
M

mf R3 )
2/3

nf :



Fermi velocity: 

Requiring , we have 


 (from dwarf galaxies with ). 


Warm dark matter limit: for sufficiently low mass DM, there is suppression in 
matter power spectrum (the spectrum of density fluctuations in matter). 

 (not a hard boundary though). 

Ef =
1
2

mfv2
f ⇒ vf =

1
mf ( 9π

4
M

mf R3 )
1/3

vf ≲ vesc =
2GM

R

mf ≳ 100 eV M ∼ 5 × 107 M⊙, R = 2.5 kpc

mf ≳ keV



Bosonic DM: 

A lower mass bound from uncertainty principle . Taking  
 (dwarf galaxy) and ,


                                       . 


Requiring  (fuzzy DM). Astrophysical bounds push this 
limit close to . e.g. Dalal and Kravtsov 2022; Goldstein, Koushiappas and 
Walker 2022. 

ΔxΔp ≳ 1/2 Δx ∼ R
∼ 1 kpc Δp ∼ mϕv

v ≳
1

Rmϕ
∼ 20

km
s

10−22 eV
mϕ

v ≲ vesc ⇒ mϕ ≳ 10−22 eV
(10−20 − 10−19) eV



A general upper bound on particle dark matter:  (Planck scale). 
Above it, dark matter should be thought of as a finite-size black-hole or 
composite objects, instead of a point-like object. These are interesting 
possibilities though I will not talk about much in the rest of the lectures.

mχ ≲ 1019 GeV

Mass scale of dark matter

10-22 eV keV GeV

WIMP``Ultralight” DM

non-thermal  
bosonic fields"

``Light” DM

dark sectors"
sterile ν"

can be thermal

Primordial"
black holes 

10 M�
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Composite DM 
(Q-balls, nuggets, etc)

Mpl
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential
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DM lifetime
DM produced in the early universe, probed by CMB and still needs to be 
around today. Age of universe . Thus any viable DM model 
should have a lifetime at least comparable to the age of the universe and a decay 
rate  ! 


Depending on how DM decays, the bound could be stronger! E.g., DM decays 
to dark radiation, lifetime of DM has to be above 250 Gyr if all DM decays. 
Simon et.al 2022

∼ 10 Gyr ≈ 4 × 1017 s

Γ ≲ 3 × 10−18 s−1



DM self-interaction
Bullet cluster: DM did not undergo appreciable self-interactions during crossing.


Probability of scattering  (  number density; : DM scattering 
cross section; halo size). 

                                 or      


Comment: still possible to leave larger signatures of DM self-interaction in 
small-scale DM halos (i.e. dwarf galaxies) and still consistent with the bullet 
cluster bound, by invoking velocity-dependent self-interaction processes. 

, more important in dwarf with lower  than in bullet cluster with 
higher  

∼ nχσDML < 1 nχ : σDM
L : nχ = Mhalo/(4/3πL3)/mχ

σDM/mχ ≲ 1 cm2/g σDM/mχ ≲ ( 1
0.06 GeV )

3

σDM ∝
1
vn

v

v .



Benchmark DM models



T. Tait



WIMPs and thermal candidates (more in Lec. 2)
DM was in thermal equilibrium with the Standard Model thermal bath. 


👍 Relic abundance determined by a few quantities; 


👍 Interaction between DM and the SM: interesting and testable signatures.


Further categorization: 


 10 GeV - 10 TeV: weakly-interacting massive particles (WIMPs). WIMP 
miracle: thermal DM candidate embedded in a scenario addressing the origin 
of the electroweak scale. Kill two birds with one stone. 


 Example: SUSY WIMPs: higgsinos, binos, winos. 



 keV - 10 GeV: light dark matter (not ultralight bosonic dark matter). 


Dark sector models

Dark sector Standard Model 
mediator portal

Higgs, dark photon, axion, sterile neutrino 



a ≅ a + 2π fa

What is an axion ? (more in Lec. 3) 
a periodic compact pseudo-scalar field: realized as a Goldstone boson of a 
spontaneously breaking  symmetry, the Peccei-Quinn (PQ) symmetry.U(1)

θ ≅ θ + 2π
θ ≡

a
fa



Vχ =
λ
2 ( |χ |2 −

f2
a

2 )
2

 complex Peccei-Quinn (PQ) scalar fieldχ :

f a
+

ρ

θχ = (fa+ρ)
2

eia/fa = (fa+ρ)
2

eiθ

mρ = λ fa, ma = 0



U

D

D

2

+
2

3
� 1

3
p = qd (32)

✓ (33)

(34)

FIG. 1: A classical picture of the neutron. From this picture, an estimate of the neutron eDM may be made.

II. THE STRONG CP PROBLEM AND ITS SOLUTIONS AT THE CLASSICAL LEVEL

A. The Strong CP problem

At its heart, the Strong CP problem is a question of why the neutron electric dipole moment (eDM) is so
small. It turns out that both the problem and all of the common solutions can be described at the classical level.
Classically, the neutron can be thought of as composed of a single charge 2/3 up quark and two charge �1/3 down
quarks. Asking a student to draw the neutron usually ends up with something similar to that in Fig. 2. If asked to
calculate the eDM of the neutron, the student would simply take the classical formula

~d =
X

q~r. (1)

Using the fact that the neutron has a size rn ⇠ 1/m⇡, the student would then arrive at the classical estimate that

|dn| ⇡ 10�13
p

1 � cos ✓ e cm (2)

Thus we have the natural expectation that the neutron eDM should be of order 10�13e cm. Because eDMs are a
vector, they need to point in some direction. The neutron has only a single vector which breaks Lorentz symmetry,
and that is its spin. Thus the eDM will point in the same direction as the spin (possibly with a minus sign).

Many experiments have attempted to measure the neutron eDM and the simplest conceptual way to do so is
via a precession experiment. Imagine that an unspecified experimentalist has prepared a bunch of spin up neutrons
all pointing in the same direction. The experimentalist then applies a set of parallel electric and magnetic fields to
the system, which causes Larmor precession at a rate of

⌫± = 2|µB ± dE|. (3)

After some time t, the experimentalist turns o↵ the electric and magnetic fields and measures how many of the
neutrons have precessed into the spin-down position. This determines the precession frequency ⌫+. The experimen-
talist then redoes the experiment with anti-parallel electric and magnetic fields. This new experiment determines
the precession frequency ⌫�. By taking the di↵erence of these two frequencies, the neutron eDM can be bounded.
The current best measurement of the neutron eDM is [1–3]

|dn|  10�26e cm. (4)

We have thus arrived at the Strong CP problem, or why is the angle ✓  10�13? Phrased another way, the Strong
CP problem is simply the statement that the student should have drawn all of the quarks on the same line!

3
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FIG. 2: A axion solution to the Strong CP problem is treating the neutron like CO2. If the angle between the up and down
quarks is dynamical, it will relax itself to the minimum energy configuration that has no dipole moment. This dynamical
angle is called the axion.

B. Solutions

There are three solutions to the Strong CP problem that can be described at the classical level. The first requires
that parity be a good symmetry of nature. Under parity, space goes to minus itself.

P : ~x ! �~x. (5)

We first consider a neutron whose spin and eDM point in the same direction, ŝ = d̂n. Remembering that angular
momentum is ~s = ~r ⇥ ~p, we have under parity,

P : d ! �d, s ! s. (6)

Thus a neutron is taken from ŝ = d̂n to ŝ = �d̂n under parity. We have studied the neutron and it is an experimental
fact that there is only a single neutron whose spin is 1/2. Thus the only option is for the neutron to go to itself under
parity. The only way for both ŝ = d̂n and ŝ = �d̂n to be true is if the dipole moment is zero. This is the parity
solution to the Strong CP problem. However, experimentally we have observed that parity is maximally broken
by the weak interactions. Thus it is a bad symmetry of nature and any application to the Strong CP problem is
necessarily more complicated.

The second classical solution is time-reversal (T) symmetry, typically called charge parity (CP) symmetry due
to the fact that the combined CPT symmetry is a good symmetry of nature. Under time reversal,

T : t ! �t. (7)

Considering again a neutron whose spin and eDM point in the same direction, ŝ = d̂n, we find that under time
reversal,

T : d ! d, s ! �s. (8)

As before, a neutron is taken from ŝ = d̂n to ŝ = �d̂n. By the same reasoning, this again means that the neutron
eDM must be zero. As with parity, CP or equivalently T is not a symmetry of nature and is in fact maximally broken
since the CP-violating phase in the CKM matrix is about ⇡/3.

The last solution that can be seen at the classical level is the axion solution. The situation of having two negative
charges on opposite sides of a positive charge seems very natural, just look at CO2. The plus charged carbon is
exactly between the two oxygens with the equilibrium condition being that the angle between the two bonds is
exactly ⇡ or in terms of the angle ✓ = 0. The critical idea for making this situation work is that the angle between
the two bonds is dynamical. If the initial angle is not ✓ = 0, it quickly relaxes to 0. Motivated by this example, the
axion solution is the idea that the angle ✓ is dynamical and can change. It can be proven that the minimum will
always be at ✓ = 0 [4] and the Strong CP problem is solved.

III. THE STRONG CP PROBLEM AT THE QUANTUM LEVEL

We now formulate the Strong CP problem at the quantum level. As the Strong CP problem is a question about
the properties of the neutron, we need to develop a theory of neutrons and low-energy QCD. In this section, we
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UD D = CO O

FIG. 2: A axion solution to the Strong CP problem is treating the neutron like CO2. If the angle between the up and down
quarks is dynamical, it will relax itself to the minimum energy configuration that has no dipole moment. This dynamical
angle is called the axion.

B. Solutions

There are three solutions to the Strong CP problem that can be described at the classical level. The first requires
that parity be a good symmetry of nature. Under parity, space goes to minus itself.

P : ~x ! �~x. (5)

We first consider a neutron whose spin and eDM point in the same direction, ŝ = d̂n. Remembering that angular
momentum is ~s = ~r ⇥ ~p, we have under parity,

P : d ! �d, s ! s. (6)

Thus a neutron is taken from ŝ = d̂n to ŝ = �d̂n under parity. We have studied the neutron and it is an experimental
fact that there is only a single neutron whose spin is 1/2. Thus the only option is for the neutron to go to itself under
parity. The only way for both ŝ = d̂n and ŝ = �d̂n to be true is if the dipole moment is zero. This is the parity
solution to the Strong CP problem. However, experimentally we have observed that parity is maximally broken
by the weak interactions. Thus it is a bad symmetry of nature and any application to the Strong CP problem is
necessarily more complicated.

The second classical solution is time-reversal (T) symmetry, typically called charge parity (CP) symmetry due
to the fact that the combined CPT symmetry is a good symmetry of nature. Under time reversal,

T : t ! �t. (7)

Considering again a neutron whose spin and eDM point in the same direction, ŝ = d̂n, we find that under time
reversal,

T : d ! d, s ! �s. (8)

As before, a neutron is taken from ŝ = d̂n to ŝ = �d̂n. By the same reasoning, this again means that the neutron
eDM must be zero. As with parity, CP or equivalently T is not a symmetry of nature and is in fact maximally broken
since the CP-violating phase in the CKM matrix is about ⇡/3.

The last solution that can be seen at the classical level is the axion solution. The situation of having two negative
charges on opposite sides of a positive charge seems very natural, just look at CO2. The plus charged carbon is
exactly between the two oxygens with the equilibrium condition being that the angle between the two bonds is
exactly ⇡ or in terms of the angle ✓ = 0. The critical idea for making this situation work is that the angle between
the two bonds is dynamical. If the initial angle is not ✓ = 0, it quickly relaxes to 0. Motivated by this example, the
axion solution is the idea that the angle ✓ is dynamical and can change. It can be proven that the minimum will
always be at ✓ = 0 [4] and the Strong CP problem is solved.

III. THE STRONG CP PROBLEM AT THE QUANTUM LEVEL

We now formulate the Strong CP problem at the quantum level. As the Strong CP problem is a question about
the properties of the neutron, we need to develop a theory of neutrons and low-energy QCD. In this section, we
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Peccei, Quinn; Weinberg; Wilczek; Kim; Shifman, Vainshtein, Zakharov; Zhitnitsky; 
Dine, Fischler, Srednicki 1977 - 1981



θ0

Axion dark matter through misalignment
Coherent oscillation of axion around the minimal of its potential

Preskill, Wise; Wilczek, Dine, Fischler; Abbott and Sikivie 1983;
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FIG. 4. Reproduced from Ref. [21], the evolution of a scalar field in a radiation dominated universe. The
scalar field has mass ma and the dashed line indicates when H = ma/2, which is approximately when the
field starts oscillating. The lower left panel shows the evolution of the equation of state, where w = �1 at
early times. At late times, the equation of state oscillates rapidly between �1 and 1 but on cosmological
time scales of ⇠ H�1 we can approximate hwi ⇡ 0, which describes cold dark matter. The lower right panel
shows the evolution of the energy density. The orange line is the evolution of the density assuming cold
dark matter for H < ma/2, and we see there are some residual oscillations in the exact energy density as
we transition to the oscillatory phase.

conclusively test. However, if even a tiny coupling is present, there are a variety of interesting
experimental proposals to search for this kind of DM, as we will discuss later (briefly). In addition,
the QCD axion is a specific example of bosonic field dark matter where there are couplings to the
SM, which gives a compelling reason to search for weakly-coupled bosons.

The QCD axion. — In Fig. 3, there is a small but important sliver marked around 10
�5 eV. This

is the “classic” window for the QCD axion to be all of the dark matter, but note that this is not the
only allowed window. The QCD axion is a pseudo-Nambu-Goldstone boson of an approximate U(1)

called a Peccei-Quinn (PQ) symmetry, proposed to solve the strong CP problem. The classic window
corresponds to when the PQ symmetry is unbroken during inflation; applying various astrophysical
constraints and requiring that the axion comprises all of the DM leads to a remaining narrow mass
range. We limit the discussion here, as there are many reviews on axions. An introduction to the
axion as a way to solve the strong CP problem can be found within the same TASI proceedings as
these [22], while an earlier extensive review on particle physics models for axions can be found in
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Others
Primordial black holesCurrent and future PBH limits Denys Malyshev

Figure 1: The existing constraints on the fraction of the dark matter 5pbh consisting of the primordial black
holes as a function of PBH mass "pbh. Please note that the green dotted-line limited region shows the
expected limits that could be derived with the future next-generation mission THESEUS. The Figure is
generated with the help of PBHbounds code [13].

matter made of these black holes 5pbh. In absence of a-priori knowledge of the exact "pbh value all
existing constraints are shown for "pbh � 5pbh parameter space, see e.g. Fig. 1 where the shaded
areas correspond to the excluded 5pbh values.

We would like to note also, that generally speaking PBHs could be characterised by a non-
trivial mass and momenta distribution, see e.g. [9–11]. For the sake of simplicity we consider below
only the case of monochromatic mass-function and non-rotating PBHs, noting that the not-trivial
mass/momenta functions could relax the constraints on these objects by a factor of few [12].

In what below we summarize and briefly discuss the constraints on PBHs derived by date by
currently operating missions/experiments. These constraints can be broadly sub-divided over the
several classes applicable for the following characteristic PBH mass range:

• PBHs evaporation signatures-based constraints, ("pbh . 3 · 1016 g)

• NS/WD-detonation based constraints ("pbh ⇠ 1019 � 1023 g)

• Microlensing-events based constraints ("pbh & 1022 g)

• Gravitational-waves based constraints ("pbh ⇠ 1030 � 1035 g)
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Superheavy candidates and composite objects:


WIMPzillas: mass ~ (100 TeV - Planck scale); produced non-thermally (if 
produced thermally, the amount of DM would overclose the universe) or 
through gravitational particle production at the end of inflation; 


For even larger masses, bound states or nuggets of fundamental particles. 



General search strategies







More overview references
Lectures on dark matter physics, M. Lisanti, 1603.03793 [hep-ph]; 


TASI lectures on dark matter models and direct detection, T. Lin, 1904.07915 
[hep-ph]; 


TASI lectures on particle physics and astrophysics of dark matter, B. Safdi, 
2303.02169 [hep-ph]. 



Conclusions



No conclusions about dark matter now! 

Just explore and have fun! 


