Lecture 1: Evidence and Properties of Dark Matter

Dark matter is one of the greatest open questions of 21st-century physics. It bridges fields
ranging from cosmology to particle physics, and focusing too heavily on a single aspect
risks giving an overly narrow view of both the evidence and the possible solutions. In just
three hours, we cannot be expected to master all the details, but we will explore the most
important lines of evidence, their implications for potential explanations, and the diverse
approaches being pursued to detect different dark matter candidates.

Before we begin looking at the evidence I want to motivate the following sections by
a historical example when data measured in gravitationally bound systems didn’t line up
with the theory. In the first half of the 19th century, the orbit of Uranus showed a discrep-
ancy with the predicted orbit using Keplers laws. At times the planet seemed to speed up,
at others it slowed down. The french astronomer Le Verrier and the english mathematician
John Smith independently predicted an unseen mass exerting an extra gravitational pull on
Uranus. Based on the data they were able to predict the orbit of this hypothetical eighth
planet, which led to the discovery of the planet Neptune in 1846, see Figure 1. A problem
of missing mass had been solved by identifying and discovery a body missing mass. In the
meantime, data from Mercury showed some deviations as well. In the case of Mercury,
it’s closest approach to the sun (its perihelion) was gradually shifting, see Figure 2 . This
shouldn’t happen in Newtonian mechanics apart from very small effects from the other
planets and the sun not being perfectly spherical. Having had success with the prediction
of Neptune, Le Verrier (and others) proposed another planet closer to the sun than Mer-
cury and called in Vulcan. Even though there was some controversy this planet was never
observed and instead Einsteins theory of General Relativity provided the explanation for
Mercurys strange behaviour. A missing mass problem had been solved by discovering a
more fundamental theory of gravity.

When should consider this a cautionary tale. When discussing the evidence for dark
matter we should be careful to consider the implications
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Figure 1: Trajectories of Uranus, Neptune and the projections from Le Verrier and Adams based
on the anomlaous data from Uranus’ orbit. Figure taken from [1].
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Figure 2: Precession of the perihelion of Mercury because of relativistic 1/ corrections to the
Newtonian potential. Much later, perihelion shifts were also measured for Venus, Earth and Mars
for which they’re much smaller. Figure adapted from [2].

1.1 Galactic Rotation curves

The orbits of stars in galaxies can be modelled by a approximating the galaxy by a dense
core of stars and a disk. for far out stars one can treat this as a point source at first approx-
imation, so that the velocities of these stars should fall with the distance from the galactic
centre
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Whereas this relationship is almost exactly correct for orbits in our solar system, obser-
vations from galaxies show a very different dependence. Since the first observations by
the american astronomer Vera Rubin in the 1970, far from the centre the rotation curves
stay constant, see Figure 3. This isn’t an isolated measurement, but has been observed in
thousands and thousands of galaxies. What could possibly explain that?

- A new force? Maybe gravity is different at very large distances r >> Rggar sysiem-
Maybe for very small accelerations Newtons law is modified £ = mau(a/ao)

- Maybe there is more matter? It couldn’t be in a disk, but we can use the rotation
curves to estimate its distribution

Starting from (1), but instead assuming an unspecified mass distribution M (r),
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If v, is constant as observed this means M (r) o r and the density is
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Figure 3: Left: Solar system orbits and v(r) ~ 1/4/r law. Right: Orbits in the NGC 3198 with
expected curve from a disk and a dark matter halo. Figure taken from [3].

Since the integral diverges if taken from r = —oo to = o0, it needs to be cut off. As
aresult, a mass distributed like a spherically symmetric cloud, or halo in which the galaxy
is embedded could explain the observations, see Figure 4. This is also what one would
expect from an isothermal, self-gravitating gas p o< 1/72. However, with just this evidence
at hand we can’t really decide between new law of gravity and more matter.

Halo ~ 100 kpc

Disk ~ 10 kpc

Figure 4: The galactic disk in a dark matter halo (blue). Figure adapted from [4].
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Figure 5: Light deflected by the space-time curvature of massive bodies on its way to earth. Figure
from [5].

1.2 Gravitational lensing

A good way to distinguish between modified gravity and missing mass is gravitational
lensing. This is the effect from light apparently bending its path while following a trajec-
tory in the curved spacetime around massive objects, shown in Figure 5. During the solar
eclipse in 1919 the same effect was used to find evidence for general relativity. Today,
gravitational lensing has been used to map the mass distributions of galaxies and galaxy
clusters. In these measurements there a large amount of missing mass would be required
to explain the data, e.g. for the galaxy cluster CL0024+1654 it is 80% missing mass, see
Figure 6.
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Figure 6: Left: gravitational lensing image with the galaxy cluster CL0024+1654 as the lense.
Right: The reconstructed mass distribution. Figure from [6].



1.3 Clusters

Not only for stars in galaxies, but also for galaxies in clusters the velocities of orbits can’t
be explained by Newtonian gravity and the visible mass alone. Historically this was the
first sign of dark matter going back to the swiss astronomer Fritz Zwickys observations of
the COMA cluster in 1933. The reason this was the first observed effect is that it is really
significant. Zwicky suspected the dark matter must be over 99% of the clusters mass.
Today, measurements indicate that it is closer to 90%, in line with measurements in many
other clusters and with gravitational lensing.

Besides gravitational lensing and orbital measurements, there is a third line of evi-
dence for dark matter in clusters. Observations show that a cluster is composed of three
main components: galaxies, hot intracluster gas, and dark matter. Each behaves differ-
ently. For example, the gas is heated to tens of millions of degrees and emits strongly in
X-rays, allowing astronomers to map its distribution and distinguish it from galaxies and
the underlying dark matter. When two galaxy clusters collide, the interaction is dominated
by the collision of their enormous hot gas clouds, all embedded within vast halos of dark
matter. The gas clouds experience drag and slow down because they interact through elec-
tromagnetic forces. In contrast, the dark matter halos pass through one another essentially
unaffected, since dark matter does not interact electromagnetically and thus experiences
no friction. Because dark matter dominates the total mass of the system, the mass distribu-
tions must end up significantly displaced from the centre of the gas clouds. Figure 7 shows
a simulation of such a collision in the panels a, b and c. Data from optical and x-rays, as
well as from gravitational lensing is shown in Figure 7 d for the case of the Bullet cluster.
The fact that most of the mass is outside the gas is difficult to explain with a different
gravitational force.

Figure 7: Simulation of the collision of two galaxy clusters modelled as a gas cloud (red) within a
dark matter halo (blue). Panel a: the clusters approach each other. Panel b: the dark matter halos
move through each other, but the gas experiences friction and heats up. Panel c: The centre-of-mass
of each individual cluster has moved significantly further than the gas. Panel d: measured gas and
Dark matter distribution after the collision of the Bullet cluster. Figure from [7].



1.4 Matter Power spectrum

Matter isn’t uniformly distributed in the Universe, it is clumped into galaxies and clusters.
The matter power spectrum quantifies the distribution of structure in the Universe at dif-
ferent scales. If we denote the average density of matter as p, over- or under-densities as a
function of position can be can be measured by

sy = O =P (5)

p

The two-point correlation function for a distance 7 = ¥y — 5 is

£(71) = o / 0 6(7)5(7 + 7). ®)

In the case of the distribution of galaxies, {(R) > 0 means there is a higher than random
chance to find galaxies separated by » = R. The matter power spectrum is the Fourier
transform of the two-point correlation function
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where jo(kr) is the zeroth-order spherical Bessel function.

The power spectrum answers the question of whether there is a preferred separation
scale between structures in the Universe. For example, in the case of a perfectly uniform
Universe, where p(Z) = p, it follows that 6(r) = P(k) = 0, which means it has no
structure at any scale. If there is a special distance R where there is structure and at all other
distances it is zero, the correlation function is &(r) = §®) (r — R) and the power spectrum
P(k) = 4nR*sin(kR)/(kR) = 4w R?jo(k R) oscillates with an oscillation length of 7/ R.
The measured matter power spectrum is shown in Fig. 8. On smaller scales, the Universe
was still dominated by radiation when fluctuations began to evolve (more on this later),
and radiation pressure suppressed the growth of structure. This leads to a reduction in
power at small scales. The position of the turnover depends on the relative amounts of
non-relativistic matter and radiation in the Universe. Without dark matter, the turnover
would occur at larger scales, and the suppression of small-scale structure would be more
pronounced. But there is another feature in the spectrum, a small oscillation just after the
turnover point. This means there must be a specific distance at which it is more likely to
find galaxies than elsewhere. This distance at about 150 Mpc/h is related to the maximal
distance a perturbation could travel in the baryon-photon plasma before atoms formed
(recombination). It is very sensitive to the amount of dark matter in the early Universe.

1.5 Cosmic Microwave Background

About 380000 years after the Big Bang, the Universe cooled enough for neutral atoms to
form and photons were no longer constantly scattered by free electrons in the plasma and
began to travel freely through space. These photons have since been redshifted into the
microwave regime and are observed today as the cosmic microwave background (CMB)
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Figure 8: Matter power spectrum of the Universe as measured (upper panel). The middle panel
shows the changes to the turnover point if there was more baryonic matter in the early Universe.
The lower panel shows the baryon acoustic peak as a function of the two-point correllator. Images
taken from [8, 9, 8].



Figure 9: CMB temperature fluctuations decomposed into spherical harmonics. Figure taken from
[11].

radiation. The CMB has an almost perfect blackbody spectrum with an average temper-
ature of about 2.7K, and is remarkably uniform, broken only by fluctuations at the mi-
crokelvin level. Just like the variations in the large-scale distribution of matter, these tiny
anisotropies in the CMB encode a wealth of information about the early Universe and its
contents.
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Figure 10: CMB temperature fluctuations decomposed into spherical harmonics. Figure from [12].

Conventionally the CMB temperature fluctuations are represented as a function of an-
gular variables decomposed into spherical harmonics Yy, (0, ¢) (familiar from the hydro-
gen wavefunction),

= [eS) 4
eo-1T _ SN amYin(0,9), ®)

T =0 m=—{

where T is the average temperature. For larger /, spherical harmonics oscillate more
rapidly with angle, corresponding to structure on smaller angular scales. This is a general-
isation of a Fourier series on a sphere, see Figure 9. In this basis, the CMB measurement
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Figure 11: Changes in the CMB for different values of baryonic and dark matter energy densities.
Figure from [13].

provides the amplitude of each ¢ component, that is the amount of temperature fluctua-
tions at different angular scales shown in Figure 10. The position of the peaks of the CMB
encodes information about the geometry of the Universe and its matter content. They are
caused by the acoustic oscillations in the primordial plasma and correspond to the oscil-
lation modes that have compressed once (first peak), compressed and decompressed once
(second peak) compressed, decompressed and compressed again (third peak), etc. At the
time the CMB formed the Universe was roughly 1% of the sky today. This corresponds
to a value of / ~ 7 = 220. If the Universe wasn’t flat, but curved one would expect
¢ > 200 or ¢ < 200, because the CMB light would’ve been bend further apart (closed Uni-
verse) or closer together (open Universe) on he way here. The CMB measurement shows
it very close to spatially flat. The amount of matter also has an effect on these oscillations.
In the competition between radiation pressure and gravity in the primordial plasma, dark
matter contributes only to the gravitational side, as it does not interact with light and thus
exerts no radiation pressure. This imbalance strengthens the compression phases of the
acoustic oscillations while leaving the rarefaction phases relatively weaker. Since higher-
order odd-numbered peaks in the CMB correspond to modes that have undergone multiple
compressions, the cumulative influence of dark matter amplifies these peaks relative to the
even peaks. As a result, the presence of more dark matter leads to increased amplitude in
the higher odd peaks, as illustrated in Figure 11.

1.6 Properties of Dark Matter

We have seen evidence for the existence of additional matter at scales ranging from galax-
ies (10 kpc) to the whole Universe. Taken together, these observations allow us to infer
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several key properties that any new physics must possess to account for these phenomena.
A viable dark matter candidate must be

- neutral: If dark matter was charged it would contradict many observations. If it had
charges large enough to clump efficiently this would change the Halo shape signifi-
cantly. But there are even bounds on small charges. In galaxy cluster collisions, any
charge would lead to friction and the dark matter halos wouldn’t pass through each
other as observed. Currently the bound on any electric charges is

mDM)1/2

<10* (
oM 5 TeV

)

- cold: Dark matter must have been non-relativistic since the early Universe in or-
der to account for the observed features of the cosmic microwave background and
the matter power spectrum. If dark matter had been relativistic during the epoch of
acoustic oscillations in the photon-baryon plasma, it would not have acted as an ef-
fective source of gravitational potential wells. For thermal dark matter that has been
in equilibrium with the primordial plasma one can even constrain the mass from this
argument miy, > 2 keV. For dark matter to explain galaxy rotation curves today, it
must move more slowly than the typical escape velocity of galaxies. Otherwise, the
dark matter would not remain gravitationally bound to halos and could not account
for the observed flat rotation curves.

- stable: If dark matter is responsible for effects in the early Universe and still con-
tributes to gravitational lensing effects and galactic rotation curves today, it must
be stable. This doesn’t mean absolutely stable, but we can use the lifetime of the
Universe to set a bound on it’s decay width

Ipm X 1.3 x 1010 yrs > 1. (10)

- non-baryonic: One could speculate whether it would be possible to have composite
dark matter made from quarks and gluons, like the neutron, which would have many
of the required properties. In addition, the observation that the energy density of
baryonic matter and dark matter is relatively close {2py ~ 5 X €2, could be consid-
ered a hint for a common origin. However, a major challenge arises from the epoch
of nucleosynthesis in the early universe. If such dark matter particles were present
during the formation of light elements, they would have interacted with the nucle-
ons and light nuclei, such as deuterium. Scattering processes would have altered the
standard reaction rates and reduced the predicted abundance of deuterium. Since the
observed deuterium abundance matches standard Big Bang Nucleosynthesis predic-
tions remarkably well, this places stringent constraints on any dark matter candidate
with such interactions.

- collisionless: Even though dark matter can’t interact strongly with Standard Model
particles, in principle it could interact with itself. There could even be a whole
dark sector of particles and interactions similar to what we observe in visible matter.

10



However, for similar reasons that constrain dark matter electric charges, these self-
interactions need to be small. Otherwise the galaxy cluster collisions would lead to
friction between the dark matter halos. Currently the bound on the cross section is

o cm?

< 1. (1T)
MpMm gr

Lecture 2: Dark Matter Candidates

If we go through the Standard Model of particle physics we don’t find a candi-
date that has all the properties described in the last Section. Only stable, massive
particles are an option, which excludes everything apart from electrons, protons,
neutrinos and other composite states. In fact, the neutrino almost has all the right
properties. Why can’t the neutrino be dark matter? To understand that we repeat
some Cosmology.

2.1 Cosmology

The Universe expands, which can be parameterised by a scale factor a(t). Any
length scale /; stretches to the new scale ¢(t) = a(t)l, after a time ¢. This of
course is only true in a perfectly homogeneous, isotropic Universe. Local forces
will affect the motion and a pair of galaxies separated by a distance d is separated
by z(t) = a(t)d + 0z after a time ¢, where dx would be local motion for example
in a gravitational well like a cluster. One can then define the rate at which objects
become more distant from each other as a result of the expansion of the universe,
the recessional velocity,

dx(t)
dt

= a(t)d = %a(t)d = H(t)a(t). (12)

Here H(t) is the Hubble rate and its value today is

(teoda K
Hoza(“‘Y):m m (13)
a(tioday) s Mpc

It measures the current expansion rate of the Universe. One can use it to define
the Hubble horizon, which is the furthest distance over which causal processes can
operate within one Hubble time

C

Ry=—.
H H()

(14)

If you solve the Einstein equations for spatially homogeneous and isotropic Universe
that is allowed to expand or contract over time one can derive how the expansion
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rate depends on the density if the Universe has no spatial curvature, the Friedmann
equation

Pe

H(t)* = 15
where Mp is the Planck scale and p. is the critical density for a flat Universe. To
understand how the Hubble rate changes with time we need to understand how the
density of the Universe changes with time.

We can decompose all matter and radiation in the Universe into three components,
non-relativistic matter, relativistic bosons and relativistic fermions. Relativistic and
non-relativistic means that the mass of the particle is small compared to the tem-
perature. The energy density can then be written as a function of the temperature
as

mg (m—T)3/2 et T < m,

2w
d3p E 2
p(T) = g/ 2n ) BT £1 g1, bosons (7' > m), (16)
.o g1, fermions (T > m),

where ¢ is the number of degrees of freedom, e.g. photons have two polarisations
and g, = 2. The scaling of the density for relativistic particles follows directly from
dimensional analysis because T >> m and p ~ T". The density of relativistic matter
falls off with 7% when the Universe cools, but non-relativistic matter contributions
fall off with e/, We can neglect them to very good approximation. For complete-
ness we also give the number density, which is defined analogously to p(T") apart
from the factor E in the numerator of the integrand and scales like 7" for relativistic
species, so that

g ("2#;)3/2 e™T T <m,

d3p 1
T) = = (<} 3 17
n(T) g/ (2n)3 cFIT £ 1 59717, bosons (7> m), (17)

3.8 978, fermions (7> m).
This allows us to write the critical density as a function of time,

71_2

IOC(T) - geff<T)T4 9 (18)
30
where
D= Y 0B+ I3 I 19)
Geft = bosonsgB T4 T3 — gFT4 .
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The number of effective degrees of freedom changes with time (or temperature). At
the time of the CMb for example only photons and neutrinos were relativistic and
the number of effective degrees of freedom was

7 T 7 4\*
o1 =2 4+ Nz _—9 4+ _N© [ __ ) ~3.36 20
gff( CMB) 'Y+8 v T4 'Y+8 v (11> ( )

for N™ = 3. Figure 14 shows how g.s changes with time.
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Figure 12: Number of effective degrees of freedom as a fucntion of the temperature of the Uni-
verse. Figure from [14].

2.2 The Origin of Species

In the early Universe, the hot and dense plasma kept all Standard Model particles in ther-
mal equilibrium through frequent interactions. The interaction rate for a given species
depends on its interaction cross section, the relative velocity between particles, and the
number density of available interaction partners

I'=0c-v-n. 2D

Since the particles are relativistic we can set ¢ = 1 from now on. A particle species
remains in thermal equilibrium until the temperature of the plasma reaches the decoupling
temperature 1" = Ty,

H(Tdec) = F<Tdec) . (22)

13



The right hand side takes input from particle physics to calculate the cross section o and he
number density follows from (16) and needs astrophysics input. For example the density
of electrons in the primordial plasma scales like

2
Ne = FT;C (23)

Using equation (22) we can calculate for example the temperature and age of the Uni-
verse when neutrinos decoupled from the thermal plasma. Neutrinos interact via the weak
interaction with the standard model particles, so that the cross section scales like

Ove—sve ~ G%’TdQec ) (24)
We can now use (18) to write
H(T) =T(T) (25)
w2 T 1/2 2
— Get(T) — =G21? | =13 26
() =67 (5 =
get(T) 1
T3 = 27
- ™V o0 MnGE @7)
™ 1
~ ~10°GeVi——— 2
Vo = 10OV Tgingev (25)
~ 107 GeV?, (29)

using gesr(Tyec) = 10 and the neutrinos decouple when the Universe had a temperature of

TV ~1MeV (30)

dec

Using the Hubble rate at this temperature and the neutrinos decoupled from the thermal
bath when the Universe was 1 s old,

1

t= — =~ 15s. 31
PTG oy
we can calculate todays density of neutrinos, which by now are non-relativistic so that
323, 3 6 3
pv = myn,(Ty) = Z?T” = muﬁToﬁ ) (32)

and T, = 2.4 - 107* eV is the temperature of the cosmic microwave background. The
contribution to the energy density in the Universe from any species is defined as Q;h% =
pi/pe(H*), where the critical density is fixed at H* = 100km/s/Mpc so that p.(H*) =
8.1-10"'eV*. The contribution from the neutrino density is

6 Tp
Qh? =my,——:—2
"1 po(H)
m, (2.4-1074)% 1

T 18 81-10-1T eV
my

T 105eV’

(33)
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whereas the measured dark matter relic density is
Qpmh? = 0.1198 £ 0.0012. (34)

We know the neutrino mass is below m, < 1eV, so they can’t explain dark matter. But we
can turn the equation around and ask what kind of particle y would we need to explain the
relic density. The freeze-out condition reads

(35)

I'=onvn, =

7
——— /e T,
Vo0M V5"
so that the number density at the time of decoupling can be written as
s T?
n (Tdec) = T = geff(Tdec)ﬁ .
X V90 Mp OxxV

For the relic abundance of dark matter today follows

(36)

myny (To)

pe(H*)

_ My a(TdeC) Sn

= i (aginy )t

o mx <a(Tdec)Tdec ) ’ Tg
pC(H*) CL(T())T[) T3

Qpmh? =

Ny (Taec)
dec

_ My Ty T get(To) T2, (37)
MPIPC(H*) Tg)ec V 90MPI \ geff(Tdec) OxxV

_ Tg T geff(TO) xr
Mpip.(H*) /90 V Gett(Taec) TxxV 7

which is largely insensitive to the dark matter mass and inversely proportional to the
cross section. Note that we used © = m, /Ty, and 1y (Thec)a(Tuee) = 1y (T0)a(To)
and e (10)T5a(10)* = getr(Taee) Tine@(Taec)® and gegr(Tuec) =~ 100 and ges(To) = 3.36.
Anticipating z ~ 23 we find for the cross section

(38)

(0 V) =3.6-1071°GeV 2 =4.2-10"*"cm?/s. (39)

Note that this is an approximation to the full calculation which requires to solve the Boltz-
mann equation and yields a cross section a factor few larger. Also in general the cross
section enters as a thermal average, which becomes relevant when the interaction cross
section has a velocity dependence,

d3 d3
<av>:f P1 pzf(pl)f(m)UU%ajL(s_b, for UU:a+bU7+O(U4). (40)

[ &py Bps f(p1) f(p2) T

Since dark matter needs to be cold already in the early Universe, we also have

2T m\T' 3/2 mx T 2
= O — (e e T = e T 41
y mngf( 2 > Vooazy ¥ @b




where we used v = /27'/m. It follows that

) My Mp1v/90
e \/geff775/2 7

depends only logarithmically on the DM mass. Assuming a electroweak cross section

(42)

7ra2m2

_ X
o= CiMé (43)

we find

44
\/geffcﬁﬁ‘g/z M% “4)

which yields z ~ 21 — 28 for m, = 10 — 100 GeV. This is called the Weakly Interacting
Massive Particle (WIMP) miracle, because a dark matter candidate with a weak-scale
coupling strength and a weak scale mass has the right properties to explain the observed
relic abundance.
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Figure 13: Freeze-out of dark matter as a function of x for different values of the interaction cross
section. Figure from [15].
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Lecture 3: Dark Matter Detection

Dark matter that has been in thermal equilibrium needs to interact with the Standard Model
strongly enough to fulfil equation (??). It is the same way the abundance of all SM particles
can be explained (although we haven’t detected the Cosmic Neutrino Background at the
time of writing), and some people consider it a motivating fact that the relic abundance of
dark matter Qpyh? and baryonic matter Qgh? are of similar order of magnitude (instead
of many, many orders of magnitude apart). But Dark Matter could be entirely different,
freezing in instead of freezing out, or an almost classical field, e.g. an axion, or even
primordial black holes. This section will focus on the detection techniques for thermal
dark matter and at the end comment on approaches to discover dark matter that never was
in thermal equilibirum.

3.1 Direct Detection

Direct detection experiments are laboratory searches for dark matter interacting with a
target. A large target mass and good shielding are important to maximise sensitivity and
suppress background noise. Therefore, state-of-the-art experiments use multi-ton noble-
gas detectors (xenon or argon) located deep underground, often in former mines, to reduce
cosmic-ray backgrounds. A limiting factor for direct detection experiments is the recoil
energy of the target nucleus, which is determined by the momentum transferred during the
scattering process. Since dark matter particles are non-relativistic, the momentum transfer
and therefore the recoil energy depend on dark matter mass and velocity,

The velocity of DM needs to be below the escape velocity of the galaxy ves. ~ 550
km/s to stay gravitationally bound. Dark matter particles are therefore non-relativistic and
have a speed of v ~ 10~3c and a momentum of p = mv. In an elastic collision the recoil
energy of the target nucleus is given by

2 dm,mpy

|72 1 —cosd 4y
R 2mpy X 2 ’ an " mxmy  (my +my)?’ (43)

where E, = 1/2m,v? is the kinetic energy of the dark matter particle and . is the reduced
mass. In terms of the Dark Matter mass

m 100 GeV
E :10kV< X ) : 46
& Y \20Gev ( my ) (46)

where 10 keV is roughly the threshold recoil energy of Xenon-based detectors. The dif-
ferential event rate can then be written as
dR E Vesc d Vesc
%RR) = ”x/ vf(v)édv = nx/ ve " du o nye Fr/B0 - (47)

Umin Vmin

where v, is the average speed and vy, = +/2Eg/(nm,). Figure ?? shows a typical
explains the exclusion contours of direct detection bounds. At the lower mass limit it is set

by the exponential recoil suppression and towards higher masses by the reduced number
density n, = p,/m,,.
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Figure 14: Sensitivity contours from direct detection experiments (coloured, solid contours). The
orange contours denote the "neutrino fog’, below which the experiments become sensitive to solar
neutrino coherent scattering. Figure taken from [16].

3.2 Indirect Detection

If both dark matter and dark antimatter exist today, they can annihilate into Standard Model
particles, e.g. xx — 7. This is expected for thermally produced dark matter, as discussed
in Section 2.2. However, dark matter need not be symmetric. Just as visible matter exhibits
a baryon-antibaryon asymmetry, scenarios such as asymmetric dark matter allow for an
imbalance between dark matter and its antiparticle. If dark matter annihilates it happens
most likely were the dark matter density is high. Typical searches are therefore satellites
looking for energetic photons from the centre of the galaxy.

In the annihilation of two dark matter particles into photons, each photon in the final
state carries energy £, = m, up to non-relativistic corrections. In case they annihilate
into different final states, photons can be produced from final state radiation or decays of
final state particles such that £, < m,,. The energy dependence of the photon flow reads

dp(E,) 1 (ove) dN, I dN,

e S VA J = a0 2de 48
dE, 47 2m2 dE,”  47m, dE, /1 S )

where ’los’ denotes the ’line of sight’, the distance from the observer to the annihilation
event and N, the number of photons per annihilation event. Dark matter can annihilate
independent of its mass, and for lighter dark matter annihilation is more likely since the
flux scales like pi. However, for dark matter with masses at or below the MeV scale,
backgrounds like the diffuse galactic emissions make it difficult to constrain the signal. In
Figure 15 shows limit from different indirect detection searches for yx — bb annihilation.
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The annihilation cross section is the same that appears in the thermal abundance calcula-
tion in Section 1.6, so that the parameter space where the cross section is equal (or smaller
in case its a fraction of Dark Matter) than is shown in Figure 15 as *"Thermal WIMP cross
section’.
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Figure 15: Bounds from indirect detection searches for dark matter annihilating into b quarks
xX — bb. Figure taken from [17]. Here the lower limit is set by the mass of the b quark, in
searches for yx — 7y it can be as low as ~ MeV.

3.3 Collider searches

Both direct and indirect detection are limited by the mass of dark matter. If dark matter
is too light it doesn’t have enough momentum to produce recoil in direct detection targets
or produces photons too soft to be detected over the background in indirect detection.
Colliders can overcome this limitation because dark matter can be produced with large
momentum. The relevant process at colliders is the production of dark matter together with
a SM particle. Just like neutrinos, dark matter would pass through the detector invisibly,
whereas the SM particles, be it a jet, photon, lepton, etc., can be detected. The transverse
momentum of the SM particle is then unbalanced. The signal events are then single SM
particles together with missing energy, they’re called mono-jet, mono-photon, etc. There
is an additional advantage of the potential production of dark matter at colliders. Since
dark matter particles in the halo are non-relativistic, interactions with the SM are typically
suppressed by the mediator mass, see (24) and (43). The reason is that the momentum in
these interactions is much smaller than the mass of the mediator and only the leading term
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of the propagator enters the calculation of the cross section

VY o

P2 — M2 M2 ME
At a collider however the mediator can be produced on resonance p? ~ M?2, if it isn’t
too heavy. This resonant enhancement can lead to substantially enhanced cross section
as compared to direct and indirect detection. The production cross section at colliders is
also independent of the details of the dark matter halo. Therefore any possible observation
could only be linked to dark matter in a specific model. A very simple model is the Higgs
portal, which only adds a single scalar y as a dark matter candidate interacting with the
Higgs boson via the operator

A
L= —§X2HTH .. (50)

This leads to the Higgs decay h — xx with a decay rate

A2 2 4m,,
327 M, M2

I'(h — xx) = (D

If the Higgs boson is produced in association with a gauge boson ¢+ ¢ — hZ or in vector-
boson fusion ¢ + § — ¢’ + ¢ + h (where ¢’ is down-type if ¢ is up-type and vice versa),
one can detect this signal at colliders. At the same time the direct detection cross section
is sensitive to the same parameters, but suppressed by the Higgs mass

I pmi

o= TN
47T77”L§<]\/[;Z1

(52)

Dark matter annihilation and the freeze-out of dark matter in the early Universe are propor-
tional to the same parameters. For this simple model the corresponding parameter space is
shown in Figure 16. The features discussed in this section can be identified in this figure.
The low-mass threshold and the suppression of the cross section at higher masses by the
dark matter density for in the case of both direct and indirect detection, as well as the mass
independence of the constraints from invisible Higgs searches. The Higgs pole structure of
the annihilation cross section can also be seen in the contour for constant relic abundance
around m,, = M, /2.

3.4 Searches for non-thermal dark matter

If dark matter wasn’t in thermal equilibrium with the standard model plasma in the early
Universe, the relic abundance isn’t explained by the freeze-out condition. As a result
the dark matter mass and couplings to standard model particles aren’t constrained by the
freeze-out condition either. However, any candidate must still check all the boxes listed in
Section 1.6, in particular it must have been non-relativistic already in the early Universe.
A few candidates worth mentioning
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Figure 16: Bounds from collider, direct and indirect detection searches for dark matter interacting
with the SM via the Higgs portal. Figure taken from [18].

- Freeze-in dark matter is produced by the decay of a mediator particle that is very
weakly coupled to the Standard Model bath. In this scenario, the dark matter par-
ticles never reach thermal equilibrium with the plasma; instead, their relic abun-
dance is built up gradually as the mediator undergoes rare decays (or scatterings)
into the dark sector. Since the interaction strength is typically feeble, the production
is most efficient at early times when the mediator is abundant, and it shuts off as
the Universe expands and the mediator population becomes Boltzmann suppressed.
Freeze-in dark matter is so feebly interacting that it is probed indirectly via the prop-
erties and lifetimes of the mediator particle, such as displaced decays or deviations
in cosmological observables

- Asymmetric dark matter is the idea that the dark sector has an asymmetry simi-
larly to the asymmetry between matter and anti-matter in the SM. In this framework,
the relic abundance of dark matter is not set by thermal freeze-out but rather by the
primordial asymmetry between dark matter and anti-dark matter particles. The sym-
metric component annihilates efficiently in the early Universe, leaving behind a net
excess whose density is naturally comparable to the baryon density. This connec-
tion provides a possible explanation for the observed coincidence (Qpy ~ 52,
suggesting a common origin of visible and dark matter. Unlike symmetric WIMP
scenarios, asymmetric dark matter is not expected to produce significant indirect
detection signals from annihilation today.

- Ultralight dark matter can only be realised for bosons, because fermion dark
matter masses are constrained by the Pauli exclusion principle and the total halo
mass. As a consequence of the misalignment mechanism and the high occupation
number, this type of dark matter is best described by a classical wave ¢(x,t) =
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Y=PDM ff;“ sin (wt + ). This dark matter can be so light m, < 1072 eV, and so weakly

coupled that none of the strategies discussed here are sensitive. It’s interactions with
SM particles could be observed in modifications of fundamental constants, e.g. the

interaction
£ = —mediethe —me b (53)
= me(o) =me (1 + L v2pom sin (wt + 5)) (54)
A m¢

leads to a time-dependent, oscillating electron mass that would induce time-dependent
transition frequencies in atomic clocks. A particularly famous candidate for ultra-
light dark matter is the axion, because the axion has a reason to be small. At leading
order the pseudoscalar axion interactions don’t lead to oscillating constants. Experi-
mental techniques to search for axions are cavity searches and light-shining-through
a wall searches, which take advantage of the fact that axions interacting with photons
induces interactions with a magnetic field B such that a + v* — v of a wavelength
dictated by the axion mass and * is the virtual photon from the B field.

- Primordial black holes are dark matter candidates that are produced in the early
Universe from the direct gravitational collapse of large density fluctuations, phase
transitions, or other non-standard dynamics. Unlike particle dark matter, their for-
mation does not rely on new fundamental fields but on the amplification of pri-
mordial perturbations or exotic early-Universe processes. Depending on their mass,
primordial black holes can evade Hawking evaporation and persist until today, con-
tributing to or even constituting the dark matter abundance. They are searched for
not through particle interactions but via astrophysical and cosmological signatures,
such as gravitational lensing, distortions in the cosmic microwave background, or
dynamical effects on stars and galaxies.
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